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Abstract  66 

This paper presents the results from two ring-tests addressing the feasibility, 67 

robustness and reproducibility of a reproduction toxicity test with the freshwater 68 

gastropod Lymnaea stagnalis (RENILYS strain).  Sixteen laboratories (from 69 

inexperienced to expert laboratories in mollusc testing) from nine countries 70 

participated in these ring-tests. Survival and reproduction were evaluated in L. stagnalis 71 

exposed to cadmium, tributyltin, prochloraz and trenbolone according to a draft OECD 72 

Test Guideline. In total, 49 datasets were analysed to assess the practicability of the 73 

proposed experimental protocol, and to estimate the between-laboratory 74 

reproducibility of toxicity endpoint values. The statistical analysis of count data 75 

(number of clutches or eggs per individual-day) leading to ECx estimation was 76 

specifically developed and automated through a free web-interface, allowing users to 77 

reproduce the whole analysis. Based on a complementary statistical analysis, the 78 

optimal test duration was established and the most sensitive and cost-effective 79 

reproduction toxicity endpoint was identified, to be used as the core endpoint. This 80 

validation process and the resulting optimized protocol were used to consolidate the 81 

OECD Test Guideline for the evaluation of reproductive effects of chemicals in L. 82 

stagnalis. 83 

Keywords  84 
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Introduction 88 

In 2010, the Organization for Economic Cooperation and Development (OECD) 89 

recommended the development of a new test guideline for reprotoxicity testing in 90 

freshwater molluscs [1]. Between 2011 and 2013, a 56-days reproductive semi-static-91 

renewal test protocol was evaluated in a prevalidation ring-test using Lymnaea stagnalis 92 

(Linnaeus, 1758) and involved seven laboratories in Europe [2]. Subsequent statistical 93 

analyses provided robust estimates of x% lethal and effective concentrations (LCx and 94 

ECx) for both clutch- and egg-based endpoints, and between-laboratory comparison 95 

demonstrated a low variability in LCx and ECx values. In addition, a consolidated draft of 96 

the standard operating protocol was provided with detailed rearing and toxicity test 97 

procedures as well as their application to evaluate reproductive toxicants [2]. 98 

Consequently, both the OECD Validation Management Group for Ecotoxicity testing 99 

(VMG-Eco) and the OECD ad-hoc Expert Group on Invertebrate Testing further 100 

supported a validation ring-test. 101 

The aim of the validation ring-test was threefold: (i) assessing the reproducibility of the 102 

test results among a larger number of laboratories with different levels of experience in 103 

mollusc testing (from inexperienced to experts); (ii) assessing consistency and 104 

reproducibility of toxicity thresholds (i.e., ECx values estimated for all laboratories) 105 

between the two ring-tests (i.e., prevalidation vs. validation steps); (iii) assessing 106 

responses of snails to a larger number of chemicals. In addition, key issues related to 107 

optimization of the test design also deserved elucidation: (i) costs, benefits and 108 

feasibility in reducing the exposure duration (i.e., could the test duration be reduced 109 

while safeguarding accuracy and precision of ECx estimates?); (ii) benefits of recording 110 

both the number of clutches and the number of eggs per clutch (i.e., does the choice of 111 

the recorded endpoint matter when estimating toxicity thresholds?). 112 
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The validation ring-test was conducted from October 2013 to October 2014 according to 113 

the draft standard operating procedure. In total, 13 laboratories from academia, 114 

government, industry and consultancy, in Europe and North-America, participated in 115 

collecting raw data and water samples for statistical and chemical analyses, respectively. 116 

Six laboratories (all new compared to the laboratories involved in the prevalidation 117 

ring-test) were in charge of testing cadmium (Cd), which had been used in the 118 

prevalidation ring-test [2]. Five laboratories tested tributyltin (TBT), four laboratories 119 

tested prochloraz (PRO), and two laboratories tested trenbolone (TRB). The choice of 120 

these substances was based upon recommendations from the OECD VMG-Eco (Table 1). 121 

They were assumed to cause adverse effects on snail reproduction (as confirmed in pre-122 

tests that were conducted for all chemicals except trenbolone). These substances reflect 123 

different levels of complexity in terms of toxicity testing; Cd is an “easy-to-test” 124 

substance, whereas TBT, PRO and TRB are more difficult substances to test (e.g., use of 125 

solvent required for TBT; limited stability of PRO in water, both difficulties being 126 

encountered for TRB [3]). Hence, performing the validation ring-test with difficult test 127 

substances could contribute to further demonstrate the robustness of the experimental 128 

protocol and to identify the most relevant reproduction endpoint in L. stagnalis. 129 

This paper presents the results of the validation ring-tests for Cd, TBT and PRO, in 130 

comparison with those of the prevalidation ring test where applicable. Exposure of 131 

snails to TRB up to a mean measured concentration of 776 ng.L-1 had no effects on their 132 

reproduction; the corresponding results are thus not presented in this paper. For the 133 

remaining substances, ECx were estimated for each laboratory and then compared in 134 

order to assess their reproducibility between laboratories. We also investigated the 135 

consequence of reducing the exposure duration on both ECx median value and 136 

uncertainty. Finally, after having confirmed the low between-laboratory variability 137 
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when reducing the exposure duration, we considered the possibility of recording only 138 

one core endpoint to be used in the OECD test guideline for the reproduction toxicity 139 

tests with L. stagnalis. 140 

Materials and Methods 141 

Implementation of the validation ring-test 142 

The experimental design used to collect raw data during the validation ring-test 143 

followed the one used for the prevalidation ring-test. All details about test organisms, 144 

snail acclimation, tested chemicals, experimental conditions, sampling and analysis of 145 

test media, and collection of raw data are available in Ducrot et al. [2] and summarized 146 

in Supplementary Information (Table S0). The principle of the reproduction toxicity test 147 

and the specificities of the validation ring-test are here recalled. 148 

Principle of the reproduction toxicity test 149 

The primary objective of the test was to assess the effect of chemicals on the 150 

reproductive output of L. stagnalis. To this end, reproducing adults of L. stagnalis were 151 

exposed to a range of 5 concentrations of the test chemical and a control (water only or, 152 

when required, a solvent control) and monitored for 56 days for survival and 153 

reproduction. No less than 6 replicates of 5 snails were exposed to each concentration 154 

(i.e., 30 snails per treatment and per control). Prior to the test, snails were sampled from 155 

a laboratory parasite-free culture, checked for identical size (27 ± 2 mm), and 156 

introduced into test vessels for a few days acclimation period. As soon as exposure to 157 

the test chemical started (i.e., day 0 of the test), survival and fecundity were recorded at 158 

least twice a week, before feeding the snails ad libitum with (organic) round-headed 159 

lettuce and renewing water. Dead snails were counted and withdrawn from the test 160 

vessels. Both the number of clutches and the number of eggs per clutch were counted. 161 
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Raw data were collected in a spreadsheet automatically providing a text file under the 162 

appropriate format for the statistical analyses. 163 

Tested chemicals and exposure water sampling and analysis 164 

Specifications of the test chemicals are provided in Table 1. Nominal concentrations for 165 

Cd were chosen based on the prevalidation ring-test, namely 25, 50, 100, 200, 400 g.L-1. 166 

Nominal concentrations were 87.5, 175, 350, 700, 1400 ng.L-1 and 10, 32, 100, 320, 1000 167 

g.L-1 for TBT and PRO, respectively. Water samples were collected before and after 168 

water renewal, at the beginning, mid-term and end of each experiment for the 169 

determination of actual exposure concentrations (42 samples per experiment). Actual 170 

Cd concentrations in water were measured in 50 mL acidified samples (triplicates) by 171 

atomic adsorption spectrometry (limit of detection: 0.8 µg.L-1). Actual TBT 172 

concentrations in water were measured in triplicate by coupled capillary gas 173 

chromatography to mass spectrometry (GC-MS-MS; ITQ100, Thermo Scientific, USA) 174 

according to Giusti et al. [4] with slight modifications. The limit of detection (LOD) was 6 175 

ng TBT.L-1 and the limit of quantification (LOQ) was 18 ng TBT.L-1 (concentrations are 176 

expressed in ng TBT.L-1: equivalent in ng Sn.L-1 can be calculated by dividing these 177 

values by a factor 2.44). The mean recovery efficiency was 99% ± 18.6% and was in 178 

good agreement with requirements of the SANCO guidance document [5]. PRO samples 179 

were analysed directly from filtered samples by LC-MS-MS (LOD: 3.9 µg.L-1, LOQ:  1.56 180 

µg.L-1 and mean recovery efficiency: 70%± 6.3%).  181 

Statistical modelling of reproduction data 182 

Solvent controls were used as the reference for statistical analysis of the TBT data (all 183 

laboratories). We used the Jonckheere-Terpstra hypothesis test as a way to discriminate 184 

datasets for which the chemicals had a significant effect on the reproduction endpoints. 185 
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The Jonckheere-Terpstra hypothesis test was here performed under the R software [6] 186 

with package 'clinfun' and function 'jonckheere.test' [7]; alternatively, the FREQ SAS 187 

procedure or other software may have been used. With R package 'clinfun', it was not 188 

possible to run an exact Jonckheere-Terpstra hypothesis test due to ties in some 189 

datasets. We thus used the normal approximation with a fixed number of 106 iterations. 190 

Statistical modelling of reproduction data was performed in order to estimate ECx 191 

values. ECx estimation was performed under the R software [6] with package ‘morse’ 192 

[8], according to the new approach proposed by Delignette-Muller et al. [9], both taking 193 

into account mortality among parents without losing valuable data and describing 194 

potential between-replicate variability. All the statistical analyses presented in this 195 

paper are identically reproducible using the free web-platform MOSAIC and its module 196 

MOSAIC_repro [10]. Raw data were analysed using the same procedure for both 197 

reproduction endpoints (number of clutches or number of eggs per clutch), as explained 198 

below. 199 

Calculation principle of the number of individual-day 200 

A non-negligible mortality may be recorded in exposed snails at the end of the test, due 201 

to the prolonged exposure duration (56 days) chosen to investigate optimal test 202 

duration. Nevertheless, individuals may have reproduced before dying and thus have 203 

contributed to the cumulative reproduction outcome observed at the end of the test. 204 

Information on the reproduction of individuals which died during the test, should 205 

therefore be taken into account to avoid any bias in the statistical analyses. This is 206 

particularly critical at high exposure concentrations, where mortality may be high. 207 

In the L. stagnalis reproduction toxicity test, mortality was regularly recorded at each 208 

time-point when clutches (resp. eggs) were counted. The period during which each 209 

individual was alive, corresponding to the period during which it may have reproduced, 210 
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could thus be determined. As commonly done in epidemiology for incidence rate 211 

calculations, it was possible to calculate, for one replicate, the sum of the observation 212 

periods of each individual before its death. When an organism was alive at time t but 213 

counted as dead at time (t + 1), it was then assumed to be actually dead at ((t + 1) + t)/2. 214 

The final sum for a replicate can then be expressed as a number of individual-days for 215 

the respective replicate. Hence, reproduction was expressed for each replicate as the 216 

number of clutches (resp. the number of eggs per clutch) per individual-day. 217 

Fit principle of the regression model 218 

Let Nij be the number of offspring (clutches or eggs per clutch) for replicate j at the ith 219 

concentration ui, and NIDij the number of individual-days at the ith concentration for 220 

replicate j. As a first approximation, if the possible between-replicate variability is 221 

neglected, a Poisson distribution can describe Nij: 222 

		
N

ij
= Poisson f u

i
;q( )´NID

ij( )  (1) 223 

where 
		
f u

i
;q( )  is the deterministic part of the model describing the mean tendency of 224 

the exposure-effect relationship. 225 

Depending on the dataset, several deterministic parts may be suitable: the 3, 4 or 5-226 

parameter log-logistic models, the Gompertz model, the 2 or 3-parameter exponential 227 

models, the Bruce-Versteeg model or the Brain-Cousens model [11]. In this paper, for 228 

our comparison needs between laboratories, we chose the three-parameter log-logistic 229 

model which appeared as describing at best the mean tendency in most of the datasets: 230 

		

f u
i
;q( ) =

d

1+ u EC
50( )

b
  (2) 231 

where 
		
q = EC

50
,d ,b( ), EC50 is the concentration inducing a halfway effect between upper 232 

limit d and 0, while b stands for the shape of the curve.  233 
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In order to explicitly account for the between-replicate variability, the previous Poisson 234 

model may be extended with a gamma distribution [9]: 235 

		

N
ij

~ Poisson f
ij
´NID

ij( ) with f
ij

~ gamma
f u

i
;q( )

w
;
1

w

æ

è

ç
ç

ö

ø

÷
÷
  (3) 236 

where parameters 
		
f u

i
;q( )  and 

		
w f u

i
;q( )   are respectively the mean and the variance of 237 

the gamma distribution. Parameter w  corresponds to an over-dispersion parameter (the 238 

greater its value, the greater the between-replicate variability). 239 

Because non-standard stochastic parts (Poisson or gamma-Poisson) were required, we 240 

chose the Bayesian framework to infer parameter estimates from experimental data. For 241 

that purpose, we chose the R package ‘morse’ [8] that proposes the combined use of 242 

freeware JAGS [12] and software R [6]; alternatively SAS MCMC procedures or the 243 

WinBUGS software may also be used. Both models (Poisson and gamma-Poisson) were 244 

systematically fitted on each dataset, and the Deviance Information Criterion (DIC) was 245 

used to choose the most appropriate stochastic part of the model. In situations where 246 

over-dispersion (that is between-replicate variability) could be neglected, the Poisson 247 

model provided more reliable estimates (with narrower credible intervals). Hence a 248 

Poisson model was preferred unless the gamma-Poisson model had a significantly lower 249 

DIC (in practice we required a difference of 10). 250 

The use of Bayesian inference requires the choice of appropriate priors based on expert 251 

knowledge on L. stagnalis reproduction process and the experimental design itself: 252 

 
		
log

10
EC

50( ) ~ N m ,s( )  where m  and s  are defined from 
		
u

min
 and 

		
u

max
 , that is the 253 

minimum (excluding the control) and the maximum tested concentrations, 254 

respectively, as follows: 255 
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m =

log
10

u
min( )+log

10
u

max( )
2

 and 
		
s =

log
10

u
max( )-log

10
u

min( )
4

 256 

We thus assumed a normal distribution for 
		
log

10
EC

50( )  centred on the mean of 257 

		
log

10
u

min( )  and 
		
log

10
u

max( ) , with the probability that 
		
log

10
EC

50( )  lies between 258 

		
log

10
u

min( )  and 
		
log

10
u

max( )equals to 0.95; 259 

 As d stands for the reproduction output in controls, we set a normal prior 260 

		
N m

d
,s

d( ) based on the data themselves: 261 

		

m
d

=
1

r
0

N
0 j

NID
0 jj

å  and 

		

s
d

=

N
0 j

NID
0 j

-m
d

æ

è

ç
ç

ö

ø

÷
÷

2

j

å

r
0

r
0
-1( )

 262 

where  is the number of replicates in the controls. Note that since the replicates 263 

in the controls were used to define the prior distribution of d, they were excluded 264 

from the fitting process; 265 

 
		
log

10
b( )~U -2,2( )  a quasi-non-informative prior for the shape parameter; 266 

 
		
log

10
w( )~U -4,4( ), a quasi-non-informative prior for the over-dispersion 267 

parameter of the gamma-Poisson distribution. 268 

The major advantage of Bayesian inference lies in the posterior distributions it provides 269 

as estimates of each parameter. From there, a posterior distribution can also be 270 

obtained for any ECx whatever x. Posterior distributions are usually summarised as a 271 

median value and its associated 95% credible interval extracted from 2.5, 50 and 97.5% 272 

quantiles, respectively. An alternative analysis was conducted based on standard models 273 

of adjusted reproduction data, defined as Nreproadj = Nreprocumul/Nindtime 274 

computed on a replicate basis (results not shown); this alternative analysis provided 275 
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ECx estimates very similar to those from the (gamma-)Poisson models, including those 276 

with alternative deterministic forms for the mean tendancy (results not shown). 277 

Datasets 278 

A full statistical analysis was conducted on all available datasets, i.e., datasets from the 279 

prevalidation ring-test [2] and datasets from the validation ring-test presented 280 

hereafter. Combining ring-tests (prevalidation and validation), endpoints (number of 281 

clutches and number of eggs per clutch) and chemicals (Cd, TBT and PRO) from the 282 

participating laboratories resulted in a total of 84 datasets to analyse. For each dataset, 283 

EC50 values were estimated for cumulative reproduction per individual-day over 56 284 

days, expressed via either the number of clutches, or the number of eggs per clutch. 285 

Optimizing the exposure duration 286 

For each of the considered endpoints, the possible reduction in the experiment duration 287 

was investigated by comparing the EC50 estimates (median and 95% credible interval) 288 

obtained in a given laboratory at time 21, 28, 35, 42 and 49 days with the median EC50 289 

value obtained after 56 days (denoted by EC50-56d hereafter) surrounded with the 290 

variability between all laboratories. This inter-laboratory variability was calculated as 291 

plus or minus the standard deviation (sd) of all median EC50-56d values, separately from 292 

the pre-validation and validation ring-tests. We considered as optimal the shortest 293 

exposure duration that was outside the inter-laboratory variability range. For this 294 

shortest exposure duration, the EC50-d estimate for a given laboratory at day d was 295 

considered as not different from the EC50-56d estimate, meaning that a stable enough EC50 296 

estimate had been reached at day d already. 297 

Analyses of the datasets from the prevalidation and validation ring-tests were handled 298 

separately because the experimental design slightly changed between the; indeed, the 299 
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validation ring-test was performed based on a consolidated draft of the standard 300 

operating protocol two (see SI, Table S0). Consequently, we used 4 different sd values: 2 301 

different sd values for the clutch- and egg-based endpoints within the prevalidation ring-302 

test and 2 different sd values for the clutch- and egg-based endpoints within the 303 

validation ring-test. 304 

Comparing results from clutch- and egg-based endpoints 305 

For the chosen optimal exposure duration, we investigated whether the EC50 could be 306 

accurately estimated based upon the number of clutches alone or whether eggs must be 307 

also counted. For that purpose, we compared the posterior probability distributions of 308 

EC50 values, as provided by the Bayesian inference method, using clutch and egg data. 309 

We used the R package ‘fitdistrplus’ [13] in order to obtain the Cullen and Frey graph. 310 

This skewness-kurtosis plot helps to choose the most appropriate distribution among 311 

common ones. Given that priors on EC50 were lognormally distributed, we may expect 312 

also a lognormal distribution for the posteriors. Once the suitability of the lognormal law 313 

for the posteriors was established, we used the following indices to check similarities 314 

between posterior distributions of EC50 estimates from clutch and egg data: 315 

 the 2.5 and 97.5% quantiles (denoted Q2.5EC50 and Q97.5EC50, respectively) from 316 

the EC50 posterior distribution; 317 

 the mean, standard deviation and coefficient of variation from the fitted 318 

lognormal distribution; 319 

 the uncertainty of EC50 estimates, namely Qextent = Q2.5EC50 – Q97.5EC50. 320 

Results 321 

Validation ring-test results at day 56 322 

Test validity 323 
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Test validity criteria as stated in the consolidated standard operating procedure were 324 

achieved in all laboratories: temperature remained within the 20 ± 1 °C range; oxygen 325 

saturation did not drop below 60% air saturation value (ASV; 5.4 mg.L-1 at 20°C); 326 

mortality did not exceed 20% in control groups by the end of the test; fecundity in the 327 

controls was at least 8 egg-clutches per snail at the end of the 56d test. In addition, each 328 

laboratory was able to maintain an appropriate water quality: pH was in the 7.0 - 8.5 329 

range; conductivity in the 400 – 800 µS.cm-1 range; and water hardness was in the 140 – 330 

250 mg.L-1 range. 331 

Measured exposure concentrations 332 

Mean measured concentrations were calculated for each chemical and laboratory as the 333 

arithmetic mean of all measured values over the test duration. They were linearly 334 

related to the nominal concentration (see SI, Figure S0). Mean measured Cd 335 

concentrations (calculated for all participating laboratories) were 19, 35, 70, 149 and 336 

300 µg.L-1, which compare to nominal values of 25, 50, 100, 200 and 400 µg.L-1. Mean 337 

measured TBT concentrations were 39, 78, 118, 251 and 435 ng.L-1, which compare to 338 

nominal values of 87.5, 175, 350, 700 and 1,400 ng.L-1. Mean measured PRO 339 

concentrations were 13, 21, 56, 324 and 765 µg.L-1, which compare to nominal values of 340 

10, 32, 100, 320 and 1,000 µg.L-1. The mean measured exposure concentration values 341 

specific to each laboratory were used for the estimation of ECx values. 342 

Test results 343 

For all laboratories (with two exceptions) and all tested chemicals, both clutch- and egg-344 

based endpoints significantly decreased with increasing concentrations (Jonckheere-345 

Terpstra p-values < 0.05, Table S1). ECx-56d estimates (x = 10, 50) are detailed in SI 346 

(Tables S2, S3 and S4) and summarized in Figure 1 for Cd (in SI, Figures S1 and S2, for 347 

TBT and PRO, respectively). 348 
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Reproducibility of results between laboratories  349 

The coefficients of variation of EC50-56d values between laboratories are given in Table 2 350 

for all tested chemicals. They were in the range 28.0 - 52.5% for the validation ring-test, 351 

that is similar values to those obtained during the prevalidation ring-test (21.8 - 42.0%). 352 

Optimizing the experimental design 353 

For Cd, median EC50-56d ± sd intervals used to compare EC50 estimates (median and 95% 354 

credible interval) at each exposure duration (from 21 to 56 days) are given in Figures 2 355 

and 3 for the prevalidation and validation ring-tests, respectively. Results for TBT and 356 

PRO are given in Supplementary Information (Figures S3-S5). 357 

The between-laboratory variability was less important in the prevalidation ring-test 358 

than in the validation ring-test, due to the higher expertise of participating laboratories 359 

in the prevalidation phase. This resulted in smaller median EC50-56d ± sd intervals (i.e., 360 

thinner grey band). Therefore, optimal exposure duration was greater in the 361 

prevalidation ring-test (i.e., 35 days) than in the validation ring-test (i.e., 28 days) 362 

(Figures 2 and 3). Considering that the experimental protocol was in its final version for 363 

the validation ring-test (see SI, Table S0, for differences between the pre-validation and 364 

validation tests), we referred to the corresponding results to decide whether  an 365 

exposure duration of 28 days would be sufficient to ensure adequate test sensitivity  366 

Test results at day 28 367 

All datasets corresponding to both the prevalidation and validation ring-tests were 368 

analysed simultaneously at day 28. As shown in Table S1, both endpoints were 369 

significantly altered within the tested concentration range for all laboratories whatever 370 

the chemical, except for Lab. 11 with Cd and the clutch-based endpoint (Jonckheere-371 

Terpstra test, p-value = 0.62) and for Lab. 07 with PRO and the clutch-based endpoint 372 
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(Jonckheere-Terpstra test, p-value = 0.080). ECx-28d estimates are detailed in SI 373 

(Tables S2, S3 and S4). Results show robust EC50-28d estimates with small uncertainty 374 

and a good agreement between values obtained in the different laboratories (Table 2). 375 

In addition, for all datasets, several goodness-of-fit criteria were checked, in particular 376 

the comparison of prior-posterior probability distributions as well as the so-called 377 

posterior predictive checks, that is plots of the observed values against their 378 

corresponding estimated predictions, along with their 95% credible interval (results not 379 

shown). 380 

For Cd, there was less variability in the EC50 values estimated at day 28 than at day 56, 381 

as shown by smaller coefficients of variation between laboratories at day 28. For TBT, 382 

the variability was also reduced between results at day 28 and results at 56, but only for 383 

the prevalidation ring-test; the high coefficient of variation values for the clutch (57.3%) 384 

and the egg (63.4%) endpoints of the validation ring-test at day 28 were due to high 385 

estimates of EC50-28d for Lab. 02 compared to those obtained at day 56 (see SI, Figure S1). 386 

For TBT, low EC50 estimates for Lab. 03 probably also biased calculations of the 387 

coefficients of variation (see SI, Figure S1). At last, for PRO, coefficients of variation were 388 

similar between results at day 28 and results at day 56, as well as between both 389 

endpoints. 390 

To confirm that EC50 estimated at days 28 and 56 were close, we also calculated ratios 391 

between EC50 medians at 28 and 56 days, as well as ratios between EC50 medians from 392 

clutches at 28 days and EC50 medians from eggs at 56 days. Only three of these ratios 393 

were slightly over 2 (twice for Cd, once for TBT). 394 
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Choosing the main core endpoint 395 

Overlapping boxplots on Figure 1 (resp. Figures S1 and S2) illustrate the similarity 396 

between EC50 estimates from clutch and egg-based endpoints at day 28. Figure S6 397 

strengthens this result based on the comparison of full posterior distributions of EC50 398 

estimates superimposed to prior ones: distributions have similar positive skewness and 399 

similar kurtosis; peaks of distributions are also closely located in most cases. 400 

From Table 3, we notice that EC50 medians and uncertainty extents (given by Qextend) are 401 

very good proxies of mean and standard deviation of the fitted lognormal distribution: 402 

 and . The coefficients of variation confirm these results 403 

with equal values from clutch- or egg-based endpoint, except in three cases out of 22 404 

comparisons (bold numbers in Table 3). EC50 medians from clutches were generally 405 

similar to EC50 medians from eggs (Table 3); indeed, both EC50 medians remained similar 406 

based on EC50 median ratios close to 1 (except for Lab.13 with Cd in the validation ring-407 

test). 408 

Discussion  409 

The feasibility, robustness and reproducibility of the protocol proposed for an OECD 410 

reproduction toxicity test guideline with L. stagnalis was addressed in two validation 411 

exercises (see Ducrot et al. [2] for the prevalidation ring-test and the present paper for 412 

the validation ring-test) with four different chemicals. In total, 16 laboratories (from 413 

inexperienced to expert laboratories in mollusc testing) from nine countries 414 

participated in these ring-tests.  415 

Within these validation exercises, 23 reproduction toxicity tests were performed, among 416 

which only a few did not achieve the given validity criteria. Two laboratories had 417 

technical issues to satisfy the temperature criterion of 20°C and another laboratory had 418 
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issues in maintaining the appropriate concentration of dissolved oxygen in test water. 419 

Such technical issues could easily be fixed. In addition, these three laboratories did not 420 

meet the biological criteria (maximum control mortality or minimum clutch number in 421 

control groups) as established during the prevalidation ring-test. Minimum clutch 422 

number in control groups was set to the lowest value obtained in the prevalidation ring-423 

test to ensure that the presently given test validity criteria are appropriate and 424 

achievable.  425 

For all tested chemicals, results of the reproduction tests were estimated with good 426 

precision, i.e., small 95% credible intervals, indicating that the test protocol and method 427 

used to estimate the ECx values were robust. Results were also homogenous between 428 

laboratories, since most of the laboratories provided comparable EC10 (see Table S2-S4) 429 

and EC50 values with overlapping 95% credible intervals (Figure 1). For Cd and TBT 430 

(with the exception of Lab. 08), a 2-fold difference was obtained between the lowest and 431 

the highest estimated EC50-56d values (using either the number of clutches, or the 432 

number of eggs per individual-day). For Cd, lower EC50-56d values were found for both 433 

endpoints in Lab. 02. The softness of test water used in this laboratory (< 50 mg.L-1 of 434 

CaCo3) may explain this result, as water softness is known to increase the Cd toxicity 435 

[14]. A similar trend was already observed in the prevalidation ring-test (see Lab. 07 436 

Figure 1, [2]). The high coefficient of variation value for the clutch-based endpoint with 437 

Cd in the validation ring-test (52.5%) was due to the high estimate of EC50-56d for Lab. 11 438 

(Figure 1). For PRO, inter-laboratory variability in EC50 values was below a factor 2. 439 

These results attest to a good reproducibility of the EC50-56d values between laboratories. 440 

Indeed, these differences are in the range of acceptable variation defined for reference 441 

chemicals in OECD guidelines for acute toxicity tests with invertebrates (i.e., factor 3.5 442 

for K2Cr2O7 in TG 202 and factors 3.5 and 7.2 in TG 235 for KCl and 3,5-DCP, respectively 443 
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[11, 12]). Obtaining consistent endpoint values among all laboratories and when 444 

repeating the ring-tests demonstrates the robustness of the proposed test protocol, as 445 

well as the reproducibility of derived results. 446 

EC50 values estimated based on the number of clutches per individual-day did not 447 

significantly differ from EC50 values estimated based on the number of eggs per 448 

individual-day: both endpoints were equally sensitive for all tested chemicals. 449 

Therefore, both endpoints could be used in the reproduction toxicity tests with L. 450 

stagnalis. However, assessing only the number of clutches produced per individual-day 451 

is sufficient to obtain robust EC50 estimates. Indeed, the ratio between median EC50 452 

values estimated based on clutches vs. eggs is close to 1 for all laboratories, except 453 

Lab. 13 where it reached a value of 2 (Table 3).  454 

EC50 values estimated based on either clutches or eggs per individual-day after 28 and 455 

56 days did not significantly differ, for any of the tested chemicals. Indeed, the mean 456 

ratio (for all laboratories, endpoints, chemicals, and the two ring-tests) between median 457 

EC50 values estimated at 28 days vs. 56 days was 1.2 (Table S5). The highest difference 458 

was found in Lab. 02 where it reached a value of 2.1 during the TBT validation test and 459 

using the clutch-based endpoint (Figure 1). For Cd and TBT, inter-laboratory variability 460 

in EC50 values was smaller at 28 days compared to 56 days, as shown by smaller values 461 

of the between-laboratory coefficient of variation at 28 days, while the same between-462 

laboratory variability was observed after 28 days vs. 56 days for PRO. Based on these 463 

results, the test duration could be reduced to 28 days without hampering the accuracy of 464 

the EC50 estimate.  465 

Overall, the above-mentioned results suggest that the test duration can be reduced from 466 

56 days to 28 days, and the number of clutches per individual-day can be used as the 467 

core measure for the reproductive output (instead of counting all eggs) with no 468 
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influence on the accuracy and precision of EC50 estimate. To further strengthen this 469 

assumption, we calculated the ratio between EC50 values obtained under the optimized 470 

test design (28 d, using clutch number as a measure for the reproductive output) and 471 

those obtained using the non-optimized test design (56 d, using egg number as a 472 

measure of the reproductive output). This calculation was performed for all laboratories 473 

and chemicals and for both the validation and prevalidation ring-tests. The obtained 474 

mean ratio was 1.3 showing that, on average, the median EC50 estimate obtained with 475 

the optimized design was 1.3 fold lower than the median EC50 estimate obtained with 476 

the non-optimized design. The maximal difference was estimated to be a ratio of 2.7 477 

(obtained in Lab. 13 for the Cd validation test), which was the only ratio exceeding the 478 

value of 2 out of the 21 ratios calculated (Table S6). Even in this case, the difference 479 

between endpoint estimates remains small enough to cause no concern from the risk 480 

assessment point of view, as a safety factor of 10 is systematically applied on endpoints 481 

from chronic toxicity tests with invertebrates in the EU [17]. The gain following a 56-482 

days test duration (resp. counting eggs) is negligible compared to a 28 days test 483 

duration (resp. counting only clutches). This gain is too small to justify the investment in 484 

terms of human resources and experimental costs that occur when doubling the 485 

experiment duration and significantly increase the workload when counting eggs (which 486 

is the most time-consuming part of the experiment).  Shorter test duration also reduces 487 

risk of failure, both in achieving validity criteria and in issues with equipment [1]. It can 488 

be therefore concluded that the optimized test design provides an adequate balance 489 

between endpoint accuracy and testing effort.  490 
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Conclusion 491 

The present work demonstrated the feasibility, robustness and reproducibility of the 492 

experimental protocol designed for testing reproductive toxicity of chemicals with L. 493 

stagnalis according to the draft OECD Test Guideline. In addition, it allowed optimizing 494 

the experimental design in terms of test duration and choice of the core reproductive 495 

endpoint. Based on our results a test duration of 28 days is recommended for the 496 

reproduction toxicity test with L. stagnalis. As the core test endpoint, we recommend to 497 

use the mean cumulative number of clutches per individual-day, calculated over 28 days, 498 

providing that the number of clutches is determined at least twice a week in six 499 

replicates of five snails (at test initiation) per treatment (at least five concentrations) 500 

and control. Such a test design was proved as optimal, making the reproduction toxicity 501 

test both sensitive and cost effective for estimating accurate ECx values according to 502 

current OECD requirements. 503 
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Figure legends 559 

Figure 1. Cadmium median EC50 estimates from clutch data at day 28 (in red) or at day 560 

56 (in orange), and from egg data at day 28 (in dark green) or at day 56 (in light green). 561 

Dotted lines separate laboratories, while the black solid line separates the prevalidation 562 

from the validation ring-test. 563 

 564 

Figure 2. EC50 estimates (medians and 95% credible intervals) as a function of exposure 565 

duration (in days) for all laboratories and both endpoints of the prevalidation ring-test. 566 

Open symbols indicate the first exposure duration at which the EC50 median obtained in 567 

a given laboratory becomes similar to that of other laboratories (grey band, which 568 

represents the standard deviation of the EC50-56d for all laboratories from the 569 

prevalidation ring-test). 570 

 571 

Figure 3. EC50 estimates (medians and 95% credible intervals) as a function of exposure 572 

duration (in days) for all laboratories and both endpoints of the validation ring-test. 573 

Open symbols indicate the first exposure duration at which the EC50 value obtained in a 574 

given laboratory becomes similar to that of other laboratories (grey band, which 575 

represents the standard deviation of the median EC50-56d for all laboratories from the 576 

validation ring-test). 577 


