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Abstract Chronic toxicity data for Daphnia magna are

information requirements in the context of regulations on

chemical safety. This paper proposes a linear model for the

prediction of chemically-induced effects on the reproduc-

tive output of D. magna. This model is based on data

retrieved from the Japanese Ministry of Environment

database and it predicts chronic effects as a function of

acute toxicity data. The proposed model proved to be able

to predict chronic toxicities for chemicals not used in the

training set. Our results suggest that experiments involving

chronic exposure to chemicals could be reduced thanks to

the proposed model.
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Daphnia magna is a crustacean in the order Cladocera that

is widely used for conducting acute and chronic toxico-

logical testing because of its ecological importance and

responsiveness to a wide range of chemical stressors

(Adema 1978). Moreover, it is the preferred species for

short and long-term toxicological testing on invertebrates

in the framework of the European regulation REACH

(EC 2006) (Registration, Evaluation, Authorization and

Restriction of Chemical substances) on chemical safety

(Henegar et al. 2011). In the context of this regulation,

long-term aquatic toxicity studies on D. magna are a

mandatory requirement for substances manufactured or

imported in quantities of 100 tons or more, but these

studies have also to be considered for lower tonnage levels

if the substance is poorly water soluble (EC 2006).

The assessment of long-term toxicity is demanding in

terms of time and resources, and the possibility of pre-

dicting chronic EC50 values without the necessity of per-

forming these time-consuming experiments would be an

advantage in economic and operational terms. This paper is

therefore focused on the statistical modeling of chemically-

induced chronic toxicity effects on D. magna in order to

quantify the impact that chemicals have on the reproduc-

tion of the crustacean. In the model proposed in this paper,

long-term effects on reproduction are predicted as a func-

tion of acute toxicity data (immobilization test) whose

determination takes only 48 h (OECD 1984) instead of the

21 days required by the standard reproduction test (OECD

1998).

The only works we found relative to the extrapolation to

chronic effects in D. magna were performed by Santojanni

et al. (1998), who acknowledged the robustness of the

relationship between body length at the 7th and 15th day

and fecundity. Our work extends these observations further

by proposing statistical models that can directly predict

EC50 for chronic effects as a function of EC50 for acute

effects. To our knowledge, there are no available models

for the direct prediction of EC50 chronic toxicity values for

D. magna and the results discussed in this paper can pro-

vide a practical and useful tool for the assessment of the

toxicity of chemicals to aquatic species. It is also important

to point out that, according to the current state of knowl-

edge on daphnids, mechanistic links between acute effects

on mortality/immobilization and chronic effects on
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reproduction have not been established yet. Nevertheless,

this article highlights that for the adopted database there is

a statistically sound and predictive linear relationship

between the two toxicities.

Materials and Methods

Chronic and acute toxicity EC50 values were retrieved from

the website of the Japanese MoE (2010). Data therein

reported were obtained by adopting the OECD technical

guidance 202 for acute toxicity tests (OECD 1984) and the

OECD technical guidance 211 for chronic toxicity tests

(OECD 1998). Some of the tests performed before 2002

were conducted using a dispersant but it was impossible

to identify the concerned chemicals on the basis of exist-

ing information. Before undergoing statistical analysis,

acute and chronic toxicities were converted into decimal

logarithm of the reciprocal of EC50 values (expressed in

mmol/L).

Only data relative to discrete organic chemicals were

considered during our analysis and data on inorganic sub-

stances and polymers were discarded. Chemicals charac-

terized by a ratio between chronic and acute EC50[1 were

also not considered when deriving our model. Statistical

analyses were carried out thanks to the free software

environment R v2.12.0 (R Development Core Team 2010)

and the following packages: robustbase (for robust

regressions) and gvlma (for the global validation of linear

models assumptions). The aquatic toxicity classifications

mentioned in the paper (e.g., anilines, neutral organics)

were obtained by applying the ECOSAR aquatic toxicity

profiler integrated within the OECD (Q)SAR Toolbox v2.0

(OECD 2010). Values for the partition coefficient logP

between n-octanol and water and water solubility (logS)

were estimated thanks to the free online software

(http://www.vcclab.org/) ALOGPS 2.1 (Tetko et al. 2005).

Log D estimations were carried out thanks to the online

software (http://www.archemcalc.com/sparc/) SPARC

(Hilal et al. 1995).

Results and Discussion

Acute Toxicity as a Predictor Variable

Acute toxicity values (48 h EC50) and chronic toxicity

values (21 days EC50) for 244 chemicals (Table 1 in

supporting information) were retrieved from the MoE

database (MoE 2010). Seventy-two chemicals were inclu-

ded in an external test set that was not used in the devel-

opment of the linear regression model. This external set

served only as an independent evaluation set for the

assessment of the predictive performance of the regression

equation. The chemicals composing the external test set

were chosen in a way to cover the whole toxicity range of

the entire dataset while also adequately representing its

structural heterogeneity. The remaining 172 chemicals

(training set) were used to derive a model for the prediction

of chronic effects on D. magna as a function of acute

toxicity data obtained on the same crustacean.

In order to check for the presence of outliers, a robust

regression was carried out according to the procedure

described in (Varmuza and Filzmoser 2009). The plot

showing the robust standardized residuals versus the robust

Mahalanobis distances highlighted eight outliers in the

y-variable (i.e., chronic toxicity) that lie beyond the two

horizontal dotted lines at ±2.5 that separate regular

observations from outliers (Fig. 1). According to the

ECOSAR profiler of the OECD QSAR Toolbox, seven of

these data points are anilines (chemicals 5, 19, 72, 95, 155

and 158, 172 listed in the supplementary material together

with all the other chemicals hereafter cited) and one of

them (chemical 62) is a neutral organic. All of these out-

liers are characterized by high values of the ratio between

acute and chronic EC50. Indeed, several published studies

(Dom et al. 2010; Neuwoehner et al. 2010) indicate that

anilines are particularly toxic towards daphnids by means

of a specific mode of action involving the steric accessi-

bility of the NH2 group (Ramos et al. 2002). Three data

points are also outlying in the x-space (i.e., acute toxicity)

while being inliers for the y-variable. These objects are

characterized by a high leverage but they stabilize the

Fig. 1 Diagnostic plot for the robust regression on D. magna data.

Data beyond the horizontal dotted lines are outliers in the y-space and

were excluded from the model
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regression line because they are along the direction of the

linear trend of the data (Varmuza and Filzmoser 2009) and

therefore they were not excluded from the model.

The eight outliers in the y-space were excluded from the

training set together with all the aromatic amines and the

robust regression was repeated on the remaining 152

chemicals. The analysis of the plot of the robust stan-

dardized residuals versus the robust Mahalanobis distances

identified 2-Acetoacetylaminotoluene (chemical 149) as

the only outlier in the y-space. This chemical is an amide

that can be hydrolyzed to an aromatic amine and it was

therefore also excluded from all the subsequent analysis.

The final training set (151 chemicals) did not contain any

aromatic amines or aromatic amides that can be hydrolyzed

to aromatic amines.

A linear fit was performed by ordinary least squares

(OLS) on this final training set and the linear model

assumptions (linearity, normality of residuals and homo-

scedasticity) were met at a level of significance of 0.05.

Since the OLS regression estimator is the most precise

estimator among all the unbiased estimators, this linear

regression on 151 data points was adopted as a model

(Fig. 2). Toxicity parameters estimated after the year 2002

(black dots in Fig. 2) and before the year 2002 (white dots

in Fig. 2) confirm to same linear trend without any major

differences indicating that the potential effect of a disper-

sant (potentially used for some tests performed before

2002) does not have an impact on the linear relationship

between chronic and acute toxicities. The estimated

regression parameters are reported in Table 1. The null

hypothesis that the estimated parameters are equal at 0 can

be firmly rejected as the t values clearly indicate.

The anilines that were present within the original

external test set were removed and the predictivity of the

model was checked on the remaining 62 chemicals that

were not used during the calibration of the linear fit. The

squared correlation coefficient between predicted versus

observed values for the external test set was equal at 0.82

and the median absolute error of prediction was equal at

0.28 indicating the good predictivity of the model. Eleven

chemicals were characterized by an absolute error of pre-

diction [0.5 and among them only two chemicals (CAS

RN 3380-34-5 and 101-83-7, Table 1 in Supporting

Information) were characterized by an absolute error [1.

For six chemicals belonging to this subset, toxicities were

under-predicted and for 5 chemicals they were over-pre-

dicted. From a structural point of view, these eleven

chemicals are very heterogeneous and their high absolute

error cannot be explained on the basis of some specific

structural features.

The statistical validity of the proposed model is also

supported by the analysis recommended by (Golbraikh

et al. 2003) with respect to the external validation of QSAR

models (Table 2). Moreover, the means of the ratios in the

training set between chronic and acute toxicities for the

actual experimental data (mean = 6.2; SD = 6.8) and for

the values predicted by the model (mean = 4.4; SD = 1.5)

are not significantly different as indicated by a Wilcoxon

test at the 0.05 significance level.
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Fig. 2 Linear regression by OLS relating chronic toxicity to acute

toxicity for D. magna. The black dots indicate data obtained after the

year 2002

Table 1 Estimated parameters of the linear model (R2 = 0.89)

relating chronic toxicity to acute toxicity for D. magna

Estimate SE t value Pr ([ tj j)

Intercept 0.80651 0.04341 18.58 \2e-16

Slope 0.86520 0.02457 35.21 \2e-16

Table 2 Validation parameters from Golbraikh et al. (2003)

R2
R2

0 R020 K

0.82 0.74 0.82 0.97

A model is regarded as adequate if (R2 - R2
0)/R2 \ 0.1,

0.85 \ k \ 1.15 and R2
0 � R020

�
�

�
�\ 0.3, where R2 is the coefficient of

determination between the predicted and observed toxicities, R2
0 is the

coefficient of determination between the predicted versus the

observed toxicities with the Y intercept set to zero, R020 is the coef-

ficient of determination of the observed versus predicted toxicities

with the Y intercept set to zero, K is the slope of the predicted versus

observed toxicities through the origin. The model detailed in this

article satisfies all these requirements
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The applicability domain (i.e., the range of chemical

structures for which the model is applicable) can be defined

on the basis of the ECOSAR chemical classes. Indeed, the

model could yield unreliable predictions for chemical

classes other than those reported in Table 3. Aromatic

amides that could be hydrolyzed to the corresponding

anilines should also be excluded from the applicability

domain of the model.

The range of acute toxicities that the model can reliably

cover goes from -0.9 to 4.5 on a logarithmic scale [Log(1/

EC50), EC50 expressed in mM/L]. Moreover, because of the

important role that log P and D have in modulating eco-

toxicological effects, the applicability domain of the model

should be limited to chemicals characterized by a log

P comprised between 0.4 and 5.9 (as predicted by the

online software ALOGSP 2.1) and a log D (for ionizable

chemicals) comprised between -5.3 and 5.7 (as predicted

by the online calculator SPARC).

From a mechanistic point of view, it is interesting to

observe that when toxicity values for base surface narcotics

(according to the OASIS acute aquatic toxicity profiler of

the OECD (Q)SAR Toolbox) are plotted against water

solubility together with data for baseline fish acute toxicity

(Mackay et al. 2009), both data sets follow the same linear

trend (Fig. 3). This result is consistent with a direct linear

relationship between increasing lethal exposure concen-

trations and increasing solubility in the exposure media

regardless of the organism as Mackay et al. (2009) previ-

ously pointed out.
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Table 3 Chemical classes (as defined by the ECOSAR aquatic toxicity profiler) defining the applicability domain of the linear model relating

chronic toxicity to acute toxicity for D. magna

Acid halides Carbamate esters Thiocarbamates, mono

Acid moiety|aliphatic amines Dinitrobenzenes Thiols and mercaptans

Acid moiety|neutral organics Dinitrophenols|phenols Thiophenes

Acid moiety|phenols Epoxides, mono|methacrylates Thioureas

Acid moiety|thiols and mercaptans Esters Vinyl/allyl alcohols

Acrylates Esters, monothiophosphates Vinyl/allyl aldehydes

Acrylates|aliphatic amines Esters|esters (phosphate) Vinyl/allyl amines

Aldehydes (mono) Esters|peroxy acids Vinyl/allyl halides

Aldehydes (mono)|phenols Esters|phenols Vinyl/allyl ketones

Aldehydes (poly) Esters|vinyl/allyl esters Vinyl/allyl nitriles

Aliphatic amines Halo alcohols

Aliphatic amines|benzyl amines Halo ethers

Aliphatic amines|esters Hydrazines

Aliphatic amines|methacrylates Imides|thioureas

Amides Methacrylates

Amides|hydrazines Neutral organics

Amides|imides Peroxy acids

Benzyl alcohols Phenols

Benzyl halides Phenols, poly

Bromoalkanes Phthalonitriles

For chemicals belonging to chemical classes other than those reported in the table the model could yield unreliable predictions
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Fig. 3 Linear regression by OLS relating acute toxicity and water

solubility for the base surface narcotics of the training set (white dots)

and the fish acute toxicity data (black dots) extracted from Mackay

et al. (2009)
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