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Abstract 14 
Phenotypic markers of animal health form an essential component of regulatory toxicology. 15 
Immobilisation of neonate water fleas - Daphnia magna - as a surrogate measure of their mortality 16 

following exposure to a chemical for 24-48 hours forms the basis of the internationally utilised OECD 17 
acute toxicity test 202. A second important marker of animal physiology and health is feeding rate, which 18 
in Daphnia is determined by measuring the algae feeding rate.  19 
 20 
Given the widespread use of OECD test 202 for acute toxicity as well as the quantification of feeding rate 21 

in toxicological studies of daphniids, significant benefits could result from miniaturising this assay. In 22 

particular, miniaturisation would use fewer animals, less media and chemicals, less laboratory space and 23 
make the tests more compatible with automation, and therefore could result in considerable time savings. 24 
Furthermore, miniaturising phenotypic markers to the ultimate level of a single animal per well would 25 

facilitate multiple measurements of other phenotypic markers, such as behavioural responses, which 26 

could be integrated at the individual level.   27 
 28 
In this study we used a wide range of exposure vessels to evaluate the impacts of systematically varying 29 

total media volume, surface to volume ratio and animal density for the acute toxicity testing of cadmium. 30 
We demonstrate that Daphnia acute toxicity tests using single animals within 24- or 48-well plates 31 

produce equivalent results as for traditional test configurations, for different chemicals. Considering algae 32 
feeding rates by Daphnia, we studied the impacts of varying algae concentration, total volume and animal 33 
density. After having demonstrated that multiwell plates can again yield equivalent test results as 34 

traditional experimental setups, we used miniaturised test vessels to show the impact of metals on the 35 
feeding activity on daphniids for both neonates and adult animals. Overall we confirm the feasibility of a 36 

multiwell approach for Daphnia toxicity testing that requires less time and materials than a traditional 37 
assay and can provide phenotypic characterisation at a single animal level. 38 

 39 
Highlights  40 

 Acute toxicity is studied as function of exposure vessel size and animal density 41 

 No significant change in toxicity occurs with miniaturisation  42 

 Daphnia feeding rate test is also miniaturised in volume and animals used  43 

 Both endpoints provide automation compatible single animal phenotypic markers  44 

 45 
1. Introduction  46 

Aquatic organisms are used extensively for toxicity testing, i.e. of water samples from the 47 

environment or of single or mixtures of chemicals. Among those organisms, Daphnia magna is widely 48 
employed because of its geographical distribution, central role in freshwater food webs, adaptation to a 49 
range of habitats and sensitivity to anthropogenic chemicals. As such, toxicity testing protocols have been 50 

reported by the U.S. Environmental Protection Agency and the international Organisation of Economic 51 
Cooperation and Development (OECD) (Dodson and Hanazato, 1995; Shaw et al. 2008; Lampert 2011). 52 
Furthermore, Daphnia are relatively easy to culture and manipulate in the laboratory.  53 
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Phenotypic markers of animal health are central components of regulatory toxicology. Specifically, 54 

in Daphnia magna, immobilisation of neonates to estimate acute mortality following exposure to a 55 

chemical for 24 to 48 hours forms the basis of the internationally utilised OECD acute toxicity test 202 56 

(OECD, 2004). A typical experimental setup comprises of a relatively high volume of media (e.g. 200 ml) 57 
and a low animal density to avoid additional stress of the daphniids due to crowding (OECD, 2004). 58 
Employment of different media volumes and alternative exposure vessels has been reported for Daphnia 59 
magna although not as a systematic variation of a wide range of test vessel parameters (Bahrndorff et al. 60 
2015; Baumann et al. 2014; Powell et al. 1996).  61 

Given the widespread international use of OECD test 202, which in part explains why as much as 62 
8% of all experimental data for aquatic animals in toxicological databases is derived from Daphnia 63 
(Denslow et al. 2007), significant benefits could result from miniaturising this assay. In particular, 64 
miniaturisation would use fewer animals, lower volumes of media, less test chemical and less laboratory 65 
space, and therefore could result in considerable time and cost savings. Furthermore, miniaturising to the 66 

ultimate level of a single animal per exposure vessel would facilitate multiple measurements of other 67 

phenotypic markers, such as behavioural responses, which could be integrated at the individual level. 68 
However, attempting to miniaturise such a test would require taking into account the impact of several 69 

different parameters that define the exposure setup such as the total volume (V), the surface to volume 70 
ratio (S:V), which describes the shallowness or depth of the exposure vessel, and the animal density.  71 

Another marker of animal physiology and health is feeding rate, which in Daphnia is determined by 72 
measuring algae feeding over a defined time period. For this assessment of feeding rate, several 73 
approaches can be used to indirectly count the algae, including absorbance, chlorophyll fluorescence or 74 

radio-labelling of the algae (Agatz et al. 2013; Furuhagen et al. 2014; Reynaldi et al. 2006). In order to 75 

achieve sufficient sensitivity, traditional test setups require high numbers of Daphnia, focus exclusively 76 
on adults that are more than a few days old, and require high volumes of algae. Furthermore, the duration 77 
of the test is usually 24 hours, which may influence the results; e.g. sedimentation of the algae during the 78 

test. To date there has been no study reported into how several test setup parameters such as media 79 

volume, animal density or concentration of algae may affect the test performance. Therefore, 80 
miniaturising this test to use less media, fewer animals, and require less time, would provide toxicity test 81 
data more cost effectively.  82 

In this study we systematically varied a range of test parameters for both the Daphnia acute 83 
immobilisation test and algae feeding rate test with the objective to miniaturise these assays, including 84 

using multiwell plates. Such miniaturisation should improve the compatibility of these tests with 85 
laboratory automation that ultimately could improve the throughput of regulatory toxicity testing. 86 
Specifically, for the acute toxicity test that uses neonates, we evaluated several exposure vessels of 87 

differing total volume, S:V ratio and animal density, utilising cadmium chloride as a model toxicant. For 88 
measurements of algae feeding by Daphnia, we studied the impacts of total volume, algae concentration 89 

and animal density. Furthermore we sought to demonstrate the applicability of the feeding rate test for 90 
animals of different ages. 91 

 92 

2. Materials and Methods  93 

2.1. Culturing of Daphnia magna.  94 
Daphniids were cultured in conformity with the OECD guidelines in 4 litre beakers containing 95 

OECD media, using a 16h:8h light:dark photoperiod at 20
ο
C, and a total of 80 adults. Media was renewed 96 

every four days and cultures were fed with an algal suspension (Chlorella vulgaris, 0.2 mg carbon per 97 
animal per day) supplemented daily with dried baker’s yeast (0.2 mg yeast per day) and an organic 98 

seaweed extract. We used neonates (<24 hours old, from the third brood from 14 days old adults) for both 99 
acute toxicity and algae feeding rate tests, and separately used a range of Daphnia ages up to adults for 100 
algae feeding rate studies..  101 

2.2. Acute toxicity testing.  102 
For acute toxicity testing, 20 neonates were used per replicate of each chemical concentration, and 103 

the exposure conducted for 48 hours in OECD media in the absence of food, using multiple different 104 
exposure vessels. The reference condition was set to 200 ml volume of media in a glass beaker, and was 105 

compared with all other volumes and exposure vessels (glass beakers, multiwell plates and Petri dishes). 106 
Initially we focused on cadmium chloride to study the impacts of total volume (V), surface to volume 107 



ratio (S:V) and animal density on the acute toxicity of Daphnia magna neonates in different types of 108 

exposure vessels (Supplementary Figure 1). Having measured the acute toxicity under the reference 109 

conditions and calculated several effective concentration (EC) values (Supplementary Figure 2), we 110 

selected three test concentrations that correspond to three levels of toxicity under the reference conditions 111 
(EC25, EC50, EC75) to assess the effects of differing test configurations. Subsequently, we used our 112 
recommended miniaturised test setups to study the single animal toxicity of cadmium chloride, nickel 113 
chloride and formamide.  114 

2.3. Algae feeding rate.  115 
For algae feeding, we investigated the test configurations using daphniids from neonates to adults. 116 

The test was performed in various well plates (6, 12, 24 and 48 multiwell plates) to determine the impacts 117 
of total volume, algae concentration and adult Daphnia density. Daphniids were incubated for 1 hour in 118 
OECD media and the feeding of algae (Chlorella vulgaris) was measured using a cell counter (CASY, 119 
Roche). The CASY counter requires 0.2 ml from the media appropriately diluted in the linear measuring 120 

range of the instrument. In addition, the feeding rate was assessed as a function of animal age (1, 2, 3, 5, 121 

7, 10, 14, 21 and 28 days), and also after exposing daphniids of different ages to metals (Cd, Cu, Ni) to 122 
estimate the impact of stress on their feeding performance.  123 

2.3. Statistical analysis.  124 
Statistical analysis was performed using one-way analysis of variance (ANOVA) by means of the 125 

GraphPad Prism program. Results were expressed as average±SD and considered statistically significant 126 
for P<0.05. Following the collection of data as described above, which provided us with experimental 127 
measurements of % mortality, we conducted a power analysis (Minitab version 17.1.0, Lead 128 

Technologies) to determine the power of our statistical tests. Selecting an effect size of 20%, for n=5 129 

biological replicates and with a standard deviation derived from our experimental data, we determined 130 
that our Daphnia acute toxicity studies have a power of ca. 0.7. While a power of 0.8 is generally 131 
regarded as ideal, this result confirms that n=5 biological replicates is sufficient for us to make robust 132 

inferences from our sample data. 133 

 134 

3. Results and Discussion  135 

3.1. Miniaturisation of acute toxicity testing.  136 
In this study we investigated the impacts of total volume (V), surface to volume ratio (S:V) and 137 

animal density on the acute toxicity of cadmium chloride using Daphnia magna neonates in several 138 

different types of exposure vessels (Supplementary Figure 1) and our hypothesis was that as we 139 
miniaturise the test environment the acute toxicity of the Daphnia would change significantly. First, the 140 
maximum number of neonates that could survive in each type of exposure vessel using different volumes 141 

of OECD media (in the absence of cadmium) was determined (Supplementary Table 1); none of the 142 
following experiments exceeded this animal density.  143 

An acute toxicity curve for cadmium (Supplementary Figure 2) was generated using 20 animals per 144 
beaker, each containing 200 ml OECD media, which was considered as the reference condition. Using 145 
cadmium chloride concentrations corresponding to three levels of mortality (EC25=0,98 mg/l, EC50=1.43 146 
mg/l and EC75=1.91 mg/l, for this reference condition), we measured the differences in % of mortality 147 

occurring at these concentrations across a range of exposure vessels (glass beakers, multiwell plates and 148 
Petri dishes).  149 

Surface to volume ratio describes an important part of the shape of the exposure vessels, e.g. the 150 
shallowness or depth of that exposure vessel. Aquatic organisms have evolved to have an increased 151 
surface area in their body plan to increase their drag in the water. This reduces their rate of sinking and 152 

allows them to remain near the surface with less energy expenditure. An increased S:V (e.g. a Petri dish) 153 
corresponds to a shallow exposure vessel, with less space available for vertical migration. Table 1 shows 154 
the % of mortality in high volume exposure vessels at the three test concentrations of cadmium chloride 155 

(from 40-200 ml). In terms of observed mortality, no significant deviation from the reference conditions 156 
was observed (ANOVA, p>0.05) for all of the exposure vessels (for each Cd concentration), indicating no 157 
detectable impact of total volume, S:V or animal density for the beakers and Petri dishes (Table 1). 158 
Therefore, we conclude that reducing the total volume for the acute toxicity test is feasible.  159 

 160 

Table 1. Effect of total volume and S:V on the toxicity of cadmium chloride.  



Vessel 

Total 

volume  

(ml) 

Surface:Volume 

(S:V) cm
2
ml

-1
 

Animals 

per ml  

% mortality after CdCl2 exposure 

0.98 mg/l 

CdCl2 

1.43 mg/l 

CdCl2 

1.91 mg/l 

CdCl2 

Beaker 200 0.17 0.1 25±7.8 46±10.8  83±5.7 

Beaker 40 0.85 0.5 19±6.5 49 ±12.5 80±5 

Beaker  40 0.12 0.5 20±9.4 46.3±12.5 85±7.9 

Beaker  40 0.31 0.5 17±7.6 48±7.6 82±4.5 

Beaker  100 0.66 0.2 18±4.5 41.3±8.5 90±13.2 

Petri dish 40 1.5 0.5 23±5.7 53.8±13.2 86.3±8.5 

Petri dish  100 1.4 0.2 27±4.5 52±9.1 81±4.2 

Toxicity is expressed as % of mortality compared to the absence of cadmium chloride in different 

exposure vessels. Data represent average±SD (n=5) of values expressed as a percentage of mortality. The 

reference condition is in bold. No statistically significant changes were detected (ANOVA, p>0.05).  

 161 

Next we used well plates to examine the toxicity in smaller volumes. Keeping the animal density 162 
constant at one animal per ml in the well plates, with the exception of the 96-well plate for which there 163 
was a restriction on the volume used, we compared the toxicity of cadmium chloride in different types 164 
and sized multiwell plates (Table 2). Again, no statistically significant changes in % mortality were 165 
detected (ANOVA, p>0.05) at each of the three concentrations of CdCl2. Therefore, transforming the 166 

acute toxicity test into a miniaturised version appears possible. To our knowledge this is the first attempt 167 

to perform this test in the most confined condition using a 96 well plate, which shows no significant 168 
difference from the other plate designs. Finally, to examine the potential impact of the material of the 169 
exposure vessels, we compared plastic multiwell plates with equivalent glass vessels, which were again 170 

shown to induce no difference on Daphnia mortality (Supplementary Table 2).  171 
 172 

Table 2. Performance of different multiwell vessels at the same animal density and their impact on 

cadmium toxicity.  

Vessel 

Total 

volume  

(ml) 

Surface:Volume 

(S:V) cm
2
ml

-1
 

Animals 

per ml 

% mortality after CdCl2 exposure 

0.98 mg/l 

CdCl2 

1.43 mg/l 

CdCl2 

1.91 mg/l 

CdCl2 

Beaker 200 0.17 0.1 34.5±4.3 64±6.5 79±4.2 

6 well plate 12 0.9 1 37.9±4.9 65.7±7.3 76.7±5.2 

12 well plate 6 0.63 1 31±6.5 63±5.7 81±4.2  

24 well plate 3 0.76 1 31±7 57±3.4 79.2±3.7 

48 well plate 1 0.95 1 32.3±4 63.3±3.5 78.3±3.5 

96 well plate  0.3 1.23  3.3 36.3±4.8 66.3±4.8 80±7.9 

Toxicity is expressed as % of mortality compared to the absence of cadmium chloride in different 

exposure vessels. Data represent average±SD (n=5) of values expressed as a percentage of mortality. The 

reference condition is in bold. No statistically significant changes were detected (ANOVA, p>0.05). 

 173 
Animal density represents a potentially important factor in determining toxicity and could be 174 

limiting in a small volume environment. We therefore assessed the impact of animal density by 175 

maintaining all other vessel characteristics for two different exposure vessels (Table 3). Again, no 176 
statistically significant changes in % mortality were detected (ANOVA, p>0.05) at each of the three 177 

concentrations of CdCl2. This indicated that we could perform the toxicity testing in low volume vessels 178 

while concentrating more animals per well in order to save materials (e.g. media) and increase the level of 179 
replication.  180 

Table 3. Impact of animal density on cadmium toxicity using multiwell plates and beakers.  

Vessel 

Total 

volume 

(ml) 

Surface:Volume 

(S:V) cm
2
ml

-1
 

Animals 

per ml 

% mortality after CdCl2 exposure 

0.98 mg/l 

CdCl2 

1.43 mg/l 

CdCl2 

1.91 mg/l 

CdCl2 



 181 

To prove that our miniaturisation approach can be performed using single animal monitoring in the 182 
acute toxicity test, we investigated the two multiwell systems (24- and 48-well plates) further. 183 
Specifically we measured the % mortality of cadmium chloride, nickel chloride and formamide, each at 184 

three concentrations (low, medium and high; Table 4). Relative to the corresponding reference condition 185 
(standard glass beaker), we showed that there were no significant differences between the observed 186 
toxicities, for each chemical at each concentration. This result strengthens our conclusion that 187 
miniaturised exposure vessels using multiwell plates is a suitable system for Daphnia acute toxicity 188 

testing.  189 

 190 

Table 4. Comparison of single animal toxicity testing in 24- and 48-well plates with the reference 

condition for Cd, Ni and formamide.   

Vessel 

(V; S:V; Animals per ml) 

Beaker  

(200; 0.17; 0.1) 

24-well plate  

(3; 0.76; 0.33) 

48-well plate  

(1; 0.95; 1) 

Cd (mg/l)   

0.98 

1.43 

1.91 

36.6±4.1 

70.7±4.5 

86±6 

36.3±4.8 

66.3±4.8 

80±7.9 

44±5.9 

63.3±10 

78.3±3.3 

Ni (mg/l)   

6.1 

9.1 

14.3 

14±2.6 

39±6.3 

70±6.3 

16±2.5 

44.2±5.9 

67.6±6.5 

16.3±4.8 

42.8±8.3 

71.5±6.6 

Formamide (%)  

0.5 

0.85 

1.15 

20.3±6.8 

59±4 

65.6±9 

20.8±7 

55±4 

67±6.6 

22.2±6.2 

56.5±5 

68±6 

Toxicity is expressed as % of mortality compared to the absence of metal in different exposure vessels. 

Data from independent experiments for each metal represent average±SD (n=5) of values expressed as a 

percentage of mortality. Toxicity was compared for each chemical with the reference condition which is 

in bold. No statistically significant changes were detected (ANOVA, p>0.05). 

 191 
Although from our toxicity measurements for cadmium chloride (Tables 1-4) we observe that the % 192 

mortality induced by a specific concentration (low, medium, high) may vary slightly across different 193 
experiments, in all cases there were no significant differences between the different conditions tested. 194 
This subtle variation could also be explained by age-related toxicity as recently reported by Traudt et al. 195 

(2017a, 2017b) in neonates of Daphnia magna who observed a 10-fold difference between their tests in 196 
neonates and batch experiment effects. For our study we spot checked the alterations in pH and oxygen 197 
and found there were no differences between miniaturised and higher volume vessels (Supplementary 198 
Table 3). To our knowledge there has been no study to date describing in such a systematic manner the 199 
effects of miniaturisation on Daphnia acute toxicity testing.  200 

 201 
3.2. Miniaturisation of algae feeding rate  202 

In this study we present a miniaturised approach for algae feeding studies in daphniids. For the 203 
initial tests we used both neonates (<24 hours old) and adult Daphnia (up to 28 days old) as the minimum 204 
and maximum ages, respectively. Initially, various numbers of neonates and adults were tested for 205 
performing the test for up to one hour. Neonates, due to their small size, consume a relatively small 206 
amount of algae and consequently the number of algae consumed per animal per hour is constant for 207 

Beaker 200 0.17 0.1 27.5±8.2 53±8.37 79±8.2 

Beaker 40 0.12 0.42 20 ± 9.4 50±11.7 81±5.5 

Beaker 40 0.12 0.83 26 ± 8.2 54±6.5 84±6.5 

Beaker 200 0.17 0.1 16.7± 2.6  38.3±5.2  66.4±7.5  

6 well plate  12 0.90 1.25  16.1± 2.5  43.9±4.9 61.1±6.9  

6 well plate 12 0.90 0.83  15±3.2  40±4.5 63.3±6.1  

6 well plate  12 0.90 0.43  19±6.5  39.2±4.9  65±4.1  

Data represent average±SD (n=5) of values expressed as a percentage of mortality. The reference 

condition is in bold.  No statistically significant changes were detected (ANOVA, p>0.05).  



different numbers of neonates tested (Supplementary Figure 3A and 3C). In contrast, for adults (28 days), 208 

the test is linear for up to one hour (Supplementary Figure 3B and 3C) because adults consume higher 209 

amounts of algae, therefore,  decreasing significantly the excess of algae in their media more rapidly.  210 

Next we examined the performance of the test for adults. Specifically, we explored the impact of 211 
algae concentration, absolute number of algae, total volume of media and the number of adult Daphnia 212 
(i.e. animal density) on the feeding rate. Daphniids constantly filter their media and remove algae from 213 
their environment. Therefore, the concentration of algae in media is crucial to their feeding rate. In 214 
addition, the total volume and the absolute amount of algae are also important. The number of daphniids 215 

per ml of media will also impact the available amount of algae per animal. Although this concept has 216 
been introduced previously in the literature (Shashkova and Grigor’ev, 2013), it has not been studied in 217 
Daphnia feeding tests.  218 

Keeping the concentration of algae constant and increasing the volume of the well plate results in a 219 
proportional increase of the absolute amount of algae. Initially, with constant animal density (one adult 220 

daphniid per 1.2 ml), we determined that there was no difference in the algae feeding rate per animal by 221 

increasing the volume of the test vessel with a constant concentration of algae (Figure 1A). This proved 222 
the reproducibility of our test from smaller to larger volumes as well as repeatability when the vessel 223 

parameters are maintained proportionally, i.e. when doubling the volume (for a fixed concentration of 224 
algae) the algae feeding rate per individual remained the same when the animal density is held constant.  225 

In contrast, with a constant animal density and constant total volume, and varying the concentration 226 
(and therefore the absolute amount) of algae, we concluded that the concentration of algae could 227 
significantly alter the test results (Figure 1B). This is explained by the fact that daphniids filter their 228 

media to remove the algae constantly.  229 

Finally, by increasing the volume and decreasing the concentration of algae proportionally to 230 
achieve the same absolute amount of algae, and keeping the animal density constant (one adult daphniid 231 
per 1.2 ml or alternatively to one animal for each test vessel size) we verified again that the more 232 

concentrated algae suspension resulted in a higher algae feeding rate in the lowest volume (Figure 1C). 233 

Therefore, it is not the absolute number of algae but their concentration that played a crucial role in the 234 
test. In addition, particularly for the case of small volumes, daphniid density becomes restricting, e.g. 4 235 
daphniids in 4.8 ml underestimates the individual algae feeding because the animals compete for the 236 

limited supply of algae (Figure 1C).  237 
 238 



 239 
Figure 1. Impact of (A) total volume, (B) concentration of algae and (C) total volume and 240 
concentration of algae, on the feeding rate of adults. (A) The density of adult daphniids and the 241 
concentration of algae were constant and the consumption of algae was tested in varying volumes. (B) 242 

The volume (2.4 ml) and the density of adult daphniids (one adult per 2.4 ml) were constant and the 243 
consumption of algae was tested in varying algae concentrations. (C) The animal density was explored at 244 
one adult per test vessel and constant at one adult per 1.2 ml with varying volumes and concentration of 245 

algae in order to achieve the same absolute algae amount. Data represent average±SD (n=5).  246 

 247 

Having standardised our approach, we employed the test system to analyse the impacts of metals on 248 
feeding rate as well as study the feeding rate as a function of daphniid growth using the 24 well plate 249 

(Figure 2). As daphniids grow, there is an increase in their individual feeding rates (Figure 2A) which is 250 
related to their size; this feeding rate is decreased when the animals are starved for 24 or 48 hours (Figure 251 
2A insert). This observation is consistent with the prevailing knowledge that feeding rate is related to the 252 

size of the animal since as the animal grows it can filter more media, and explains why adults filter their 253 
media more rapidly.  254 

During growth, the response of daphniids to a 24-hour metal exposure is different for different ages 255 
(Figure 2B). Finally, exposure of adult daphniids to Cu, Cd or Ni for 24 hours, or exposure for 24 hours 256 
followed by a 24-hour recovery, or exposure for 48 hours, results in a decrease to the individual feeding 257 

rate both in a concentration-dependent and time-dependent manner (Figure 2C). This decrease does not 258 
recover, even when the animals are transferred to clean OECD media for 24 hours.  259 

 260 



 261 
Figure 2. Feeding rate at different growth stage and after exposure to metals. (A) Feeding rate was 262 

determined during Daphnia growth during feeding (circles) and starvation (squares). (B) Daphniids of 263 
different ages were exposed for 24 hours to metal stress and the impact on algae consumption was 264 

assessed. (C) The impact of exposure to Cu, Cd, Ni for 24 or 48 hours, or exposure for 24 hours followed 265 
by a 24-hour recovery, was assessed for algae consumption using adult daphniids. Data represent 266 
average±SD (n=5). *Statistically significant effect of metal treatment relative to unexposed controls, 267 

conducted for each age group (ANOVA, p<0.05).  268 
 269 
In the literature, algae feeding rates are mainly measured using either the fluorescence of 270 

chlorophyll or using radio-labelled algae (Furuhagen et al. 2014). Shashkova and Grigor’ev (2013) 271 
measured algae feeding in a period of 17 hours using several daphniids in culture flasks, while Agra et al. 272 
(2010) employed five 4-day old juveniles of Daphnia longispina in 20 ml algae suspensions. Such 273 
approaches require a significant number of animals, and therefore, cannot measure single animal feeding 274 
rates, and increased algae volume and testing time for testing, which in turn increases the testing time for 275 

several experimental conditions as reported elsewhere (Agra et al. 2010). Moreover, increasing the time 276 
of an experiment may potentially result in sedimentation of the algae which can introduce measurement 277 
variation, also it introduces the confounding factor of daphniid age which potentially affects feeding rates 278 

during the test. Our approach is more rapid, providing consistent feeding rates at specific animal ages, is 279 
reproducible, and can measure single animal algae feeding allowing multiple measurements of other 280 
phenotypic markers on individuals, simultaneously.  281 

 282 

4. Conclusions  283 
In this study we present miniaturised test systems for acute toxicity and algae feeding 284 

measurements in daphniids. Acute toxicity testing is widely used in ecotoxicological studies in 285 



cladocerans. Using multiple types of vessel, we systematically and extensively studied a complete set of 286 

test design parameters (V, S:V, animal density) and optimised the acute toxicity performance for single 287 

animals per vessel, which could be combined, for example, with live animal tracking using cameras to 288 

automate the monitoring of mobility (Ekvall et al. 2013; Chevalier et al. 2014). Feeding rate is an 289 
important parameter for estimating the allocation of energy supplies in cladocerans and this test could aid 290 
in toxicological studies. Our studies show how several parameters, i.e. algae concentration, animal 291 
density, and total volume, affect the feeding rate performance of daphniids. We validated the approach for 292 
daphniids during growth and applied it to estimate the impact of metal stress on the feeding physiology of 293 

daphniids. Importantly, both assays have been miniaturised to enable phenotypic measurements on single 294 
animals, opening the door to multi-endpoint, automated testing platforms. With the on-going international 295 
shift away from vertebrate animal testing in toxicology, we envision testing in lower animal species will 296 
increase substantially in importance. For example, state of the art omics approaches (Bluemel 2012) are 297 
beginning to gain support by industry and regulators; such studies conducted on aquatic invertebrates 298 

such as Daphnia could utilise a miniaturised high throughput toxicity range finding experiment to first 299 

select appropriate exposure concentrations for the subsequent omics investigations.  300 
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Supplementary Material  360 

 361 

Supplementary Table 1. Maximum number of animal concentration of neonates 

surviving in the multiwell plates tested with different volumes. 

Vessel 

Total 

volume 

(ml) 

Animals Animals/ml % Mortality 

6 well plate 8 20 2.5 10±4.5 

6 well plate 10 20 2 9.2±3.8 

6 well plate 12 20 1.66 10.8±6.7 

6 well plate 12 18 1.5 12±7 

6 well plate 12 15 1.25 0 

6 well plate 12 12 1 0 

6 well plate 12 10 0.8 0 

6 well plate 12 8 0.66 0 

12 well plate 5 8 1.6 0 

12 well plate 5 10 2 0 

24 well plate 2 5 2.5 0 

48 well plate 1 2 2 0 

48 well plate 1 4 4 5±7.07 

48 well plate 1.5 2 1.33 5 

48 well plate 1.5 4 2.67 0 

Data represent average±SD (n=5) of values expressed as a percentage of mortality.  

 362 

Supplementary Table 2. Impact of exposure vessels material.  

Vessel 
V  

(ml) 
S:V 

Animals 

per ml 

% mortality after CdCl2 exposure 

0.98 mg/l 

CdCl2 

0.98 mg/l 

CdCl2 

0.98 mg/l 

CdCl2 

Beaker 200 0.17 0.1 13.00 ± 2.7 35.83 ± 3.8  67.00 ± 4.5 

Beaker  12 1.03 0.83 12.50 ± 2.9 33.00 ± 7.6 62.00 ± 4.5 

Petri dish 12 1.08 0.83 13.00 ± 2.6 30.83 ± 5.9 63.33 ± 7.5 

Data represent average±SD (n=5) of values expressed as a percentage of mortality. The reference 

condition is in bold. Statistical significant values were determined with ANOVA (p>0.05).  

 363 

Supplementary Table 3. Oxygen and pH were measured in beaker and the 24-multiwell plates to 

check for differences during miniaturisation after 48 hours exposure.  

Vessel 

Total 

volume 

(ml) 

Animals Animals/ml 
Oxygen 

μmol/ml 
pH 

Beaker 200 0.17 0.1 259.2±5.2 7.364±0.005 

24 well plate 3 0.76 1 285.9±5.3 7.366±0.005 

Data represent average±SD (n=5).  

  364 



 365 

Supplementary Figure 1. Different vessels are represented with V, S:V, and animal density. Beakers (B) 366 
and Petri dishes (P) are indicated by letters, and multiwell plates by their number of wells.  367 

 368 

 369 
  370 



Supplementary Figure 2. Toxicity curves of cadmium chloride, nickel chloride and formamide. Toxicity 371 

is expressed as % of mortality compared to the absence of each chemical in the reference condition tested 372 

(200 ml volume in glass beakers). Data represent average±SD (n=4) of values expressed as a percentage 373 

of mortality.  374 

  375 



Supplementary Figure 3. Feeding rate of different number of (A) neonates or (B) adults in 1 hour and 376 

for (C) neonates and adults for 1 and up to 2 hours. Data represent average±SD (n=5).  377 

 378 

 379 
 380 
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