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ABSTRACT 43 

The use of small aquatic model organisms to investigate the behavioural effects of chemical 44 

exposure is becoming an integral component of aquatic ecotoxicology research and 45 

neuroactive drug discovery. Despite the increasing use of invertebrates for behavioural 46 

phenotyping in toxicological studies and chemical risk assessments, little is known regarding 47 

the potential for environmental factors ─ such as geometry, size, opacity and depth of test 48 

chambers ─ to modulate common behavioural responses. In this work, we demonstrate that 49 

test chambers geometry, size, opacity and depth can impact spontaneous unstimulated 50 

behavioural responses of euryhaline crustacean Artemia franciscana first instar larval stages. 51 

We found that in the absence of any obvious directional cues, Artemia franciscana exhibited a 52 

strong innate wall preference behaviour. Using different test chamber sizes and geometries, 53 

we found both increased wall preference and lowered overall distance travelled by the test 54 

animals in smaller chamber with sharper angled vertices. It was also determined through 55 

quantifiable changes in the chambers’ colour that the Artemia franciscana early larval stages 56 

can perceive, differentiate and react to differences in colour or perhaps rather to light 57 

transmittance of the test chambers. The interaction between innate edge preference and 58 

positive phototaxis could be consistently altered with a novel photic stimulus system. We also 59 

observed a strong initial preference for depth in Artemia franciscana first instar larval stages, 60 

which diminished through the acclimatization. We postulate that the impact of test chamber 61 

designs on neurobehavioural baseline responses warrants further investigation, in particular 62 

considering the increased interest in behavioural eco-neurotoxicology applications.  63 

 64 



INTRODUCTION 65 

Small aquatic organisms are increasingly used as animal models to investigate chemically-66 

induced behavioural changes from a toxicological and chemical risk assessment perspective 
1–67 

3
. Neurobehavioural phenotyping embraces the complexity of intact multicellular organisms, 68 

thus reflecting integrated functional changes at highest levels of organismal organization 
4,5

. 69 

As behaviour transcends multiple levels of biological structure and function, it can provide a 70 

direct phenotypic link in a strategy to pinpoint functional effects of environmental pollutants 71 

2,6,7
. Since neurobehavioural endpoints can change temporally in response to both the intensity 72 

and duration of toxicant exposure, they can provide an early warning stress response and help 73 

to elucidate long-term impairments upon exposure to chemical agents 
8,9

. 74 

 75 

During the past decade, increased availability of user-friendly tools to measure 76 

behavioural endpoints (such as inexpensive digital video acquisition systems and innovative 77 

animal tracking software) has led to a resurgence of interest in neurobehavioural biotests in 78 

ecotoxicology 
10–13

. Among common behavioural toxicity assays conducted under laboratory 79 

conditions, the most investigated are, by far, alterations in spontaneous locomotion and 80 

kinesis
7,14,15

. Despite their simplicity, such bioassays are often postulated to be of high 81 

physiological and ecological relevance, given their high sensitivity, non-invasive nature, as 82 

well as short response times during testing
1,2,5,16

. 83 

 84 

Interestingly, the growing popularity of these behavioural tests has not translated into 85 

any major efforts to standardize biotest conditions, digital data acquisition strategies or 86 

behavioural analytics protocols 
13,17–19

. Behaviour is very sensitive and a rapid endpoint, and 87 

any alterations in test variables can substantially influence quantitative data 
12

. The majority 88 



of behavioural assays, even when conducted with the same species, are difficult to compare 89 

due to a large number of experimental variables 
20–22

.  90 

 91 

Little is known regarding the potential for environmental factors ─ such as geometry, 92 

size, opacity and depth of test chambers ─ to modulate the intensity of common behavioural 93 

responses of planktonic invertebrates. In 2018, Kohler et al. reported differences in 94 

behavioural responses of marine and freshwater amphipods when different size and shape test 95 

arenas were used
17

. The investigators highlighted the importance for ecotoxicologists to 96 

understand the organisms ―space to behave‖ in such tests. The majority of experimental test 97 

chambers used for studies using common small aquatic test organisms including Artemia sp, 98 

Daphnia sp have circular or (less frequently) rectangular geometries with transparent or black 99 

sidewalls 
1,3,17–19

. The selection of above geometries and colours is dictated by the 100 

standardisation of laboratory vessels, but little is known about the impact of such variables on 101 

spontaneous behaviours of invertebrates.  102 

 103 

Akiyama et al. (2015), investigated a phenomenon defined as ―wall preference 104 

behaviour‖ using planarian Dugesia japonica. The study demonstrated that spontaneous wall-105 

preference, or the wall preference index (Tw) of planarians depended on the curvature of the 106 

test vessels and that the mechanisms regulating such spontaneous behaviours were not well 107 

understood 
23

. These studies are common in standard toxicology with rodent models and Tw 108 

is also becoming a more common metric in fish toxicology through novel tank tests 
24,25

. In 109 

fact, many small aquatic invertebrates tend to exhibit wall-preference behaviours when kept 110 

in small test chambers and this has been often explained as a manifestation of a ―stress 111 

phenotype‖ 
23

. The latter can directly influence outcomes of behavioural tests; however the 112 



extent to which these simple invertebrates can perceive their environment and the importance 113 

of their response remains unknown.  114 

 115 

In this work, we explored the impact of test chamber geometries, opacity, colour as 116 

well as depth, on the behaviour of marine brine shrimp (Artemia franciscana). Recent work 117 

by Faimali et al. (2017) identified this species as the most popular marine invertebrate used to 118 

assess locomotory alterations upon exposure to pollutants using swimming speed alteration 119 

(SSA) assay 
26

. Continuous locomotion of Artemia sp. rotund nauplii stages is characterized 120 

by lurches facilitated by a single pair of phyllopodia. Even early larval stages exhibit swarm 121 

behavior, a common occurrence among zooplankton animals. In this regard, it has been 122 

shown that early larval stages can form clusters by a common phototactic response, but there 123 

appears to be no swarm coordination 
27

. Despite the increasing number of reports using 124 

Artemia sp. in chemobehavioural ecotoxicity tests, there is a paucity of data on how test 125 

chamber design can affect behavioral endpoints during swimming speed alteration assay. 126 

 127 

RESULTS 128 

Impact of test chamber size and geometry on behaviour (Experiment 1). For the first 129 

experiment, distance moved and Tw (Fig.1a) were measured upon placement of Artemia 130 

franciscana in chambers with three basic geometries (circular, square and triangular) and four 131 

different sizes with overall effective volumes of 75, 150, 300 and 2400 µL. Overall, the 132 

results indicated that there was a significant interaction between the effects of chamber 133 

geometry and chamber size on Tw (F6, 1014 = 19.70, P< 0.001). In addition, simple main 134 

effects analysis showed that Tw differed significantly depending on chamber geometry (F2, 135 

1014 = 5.63, P = 0.003) and chamber size (F3, 1014 = 82.05, P < 0.001). The results also 136 

indicated that there was a significant interaction between the effects of chamber geometry and 137 



chamber size on the distance moved (F6, 1010 = 16.85, P < 0.001). In addition, simple main 138 

effects analysis showed that the distance moved differed depending on chamber geometry (F2, 139 

1010 = 6.80, P = 0.001) and chamber size (F3, 1010 = 79.46, P < 0.001). 140 

 141 

There was a significantly greater Tw (Fig. 1b) in the circular large (L) chambers 142 

(EMM = 0.871, SE = 0.026, P < 0.001) compared to the very small (VS) (EMM = 0.510, SE 143 

= 0.026), small (S) (EMM = 0.595, SE = 0.026) and medium (M) chambers (EMM = 0.580, 144 

SE = 0.026). S chambers (EMM = 0.595, SE = 0.026, P = 0.049) also showed significantly 145 

higher wall preference compared to the VS chambers (EMM = 0.51, SE = 0.026). Likewise, 146 

in the square chambers (Fig. 1b), there was a significantly greater Tw in L chambers (EMM = 147 

0.739, SE = 0.026, P < 0.001) compared to VS (EMM = 0.548, SE = 0.026), S (EMM = 148 

0.528, SE = 0.026) and M chambers (EMM = 0.608, SE = 0.026). In the triangular chambers 149 

(Fig. 1b), there was a significant Tw increase in L (EMM = 0.669, SE = 0.027, P < 0.001), M 150 

(EMM = 0.722, SE = 0.026, P < 0.001) and S chambers (EMM = 0.681, SE = 0.026, P < 151 

0.001) compared to VS chambers (EMM = 0.517, SE = 0.026). There was no difference in 152 

Tw between S, M and L chambers.  153 

 154 

In circular chambers, animals moved a significantly greater distance in S chambers 155 

(EMM = 139.0, SE = 4.304, P < 0.001) compared to the VS chambers (EMM = 114.7, SE = 156 

4.304) (Fig. 1c). S chambers (EMM = 139.0, SE = 4.364, P = 0.038) also showed 157 

significantly higher distance moved compared to the M chambers (EMM = 124.3, SE = 158 

4.364). There was a significantly greater distance moved in square S (EMM = 123.3, SE = 159 

4.238, P < 0.001), M (EMM = 126.5, SE = 4.358, P < 0.001) and L chambers (EMM = 124.5, 160 

SE = 4.288, P < 0.001) compared with VS chambers (EMM = 105.0, SE = 4.238). No 161 

difference was found between L, M and S chambers (Fig. 1c). Furthermore, there was a 162 



significantly greater distance moved in triangular (Fig. 1c) S (EMM = 131.2, SE = 4.238, P < 163 

0.001), M (EMM = 126.7, SE = 4.264, P < 0.001) and L chambers (EMM = 142.5, SE = 164 

4.317, P < 0.001) compared with VS chambers (EMM = 77.5, SE = 4.238). In addition there 165 

was also a significantly less distance moved in M chambers (EMM = 126.7, SE = 4.377, P = 166 

0.018) compared with L chambers (EMM = 142.5, SE = 4.377). S and M chambers showed 167 

no difference.  168 

 169 

Animals in L chambers demonstrated a significantly lower Tw in square (EMM = 170 

0.739, SE = 0.027, P < 0.001) and triangular geometries (EMM = 0.669, SE = 0.027, P < 171 

0.001) compared to circular geometries (EMM = 0.871, SE = 0.027) (Fig. 1b). In M chambers 172 

(Fig. 1b) there was a significantly greater Tw in triangular geometries (EMM = 0.722, SE = 173 

0.026, P < 0.001) compared with square geometries (EMM = 0.608, SE = 0.026). There was 174 

also a significantly greater Tw in triangular geometries (EMM = 0.722, SE = 0.026, P < 175 

0.001) compared with circular geometries (EMM = 0.580, SE = 0.026). For M-size chambers, 176 

there was no difference in Tw between the square and circular geometry chambers. There was 177 

a significantly higher Tw for animals in S chambers (Fig. 1b) with triangular geometries 178 

(EMM = 0.681, SE = 0.026, P = 0.046) compared with circular geometries (EMM = 0.595, 179 

SE = 0.026). In addition there was also a significantly higher Tw in triangular geometries 180 

(EMM = 0.681, SE = 0.026, P < 0.001) compared to square geometries (EMM = 0.528, SE = 181 

0.026). Geometry did not influence Tw in VS chambers (Fig. 1b). 182 

 183 

With respect to geometry in large chambers, there was a significant decrease in 184 

distance moved in square chambers (EMM = 124.5, SE = 4.390, P = 0.003) compared with 185 

triangular chambers (EMM = 142.5, SE = 4.390) (Fig. 1c). There was no difference in 186 

distance moved between circular and square chambers. With respect to geometry in medium 187 



chambers (Fig. 1c), there was no difference in distance moved between the chambers. With 188 

respect to geometry in small chambers (Fig. 1c), there was a significant decrease in distance 189 

moved in square chambers (EMM = 123.3, SE = 4.327, P = 0.016) compared with circular 190 

chambers (EMM = 139.0, SE = 4.327). With respect to geometry in very small chambers 191 

(Fig. 1c), there was a significant increase in distance moved in circular (EMM = 114.7, SE = 192 

4.202, P < 0.001) and square chambers (EMM = 105.0, SE = 4.214, P < 0.001) compared 193 

with triangular chambers (EMM = 77.5, SE = 4.202). There was no difference in distance 194 

moved between circular and square chambers.  195 

 196 

Colour of test chamber sidewalls induces directional alterations in spontaneous 197 

behaviors (Experiment 2). Determination of Tw in chambers from different colours 198 

indicated that, when filmed in brightfield conditions, the animals in the clear control chamber 199 

spent an average of 66% of the time in the outer zone (Fig. 2a,c). Tw was significantly lower 200 

in the other coloured chambers with Tw averages of 55%, 46%, 50%, 51%, 47% and 36% for 201 

white, yellow, green, blue, red and black chamber, respectively (Fig. 2a).   202 

 203 

While in bright conditions animals in all coloured chambers had a significantly lower 204 

Tw compared to animals in the clear chamber (Fig. 2c). In dark conditions only animals in 205 

white and yellow test chambers had a significantly lower Tw compared with animals in the 206 

clear chamber (Fig. 2d). In most of the other coloured chambers, Tw average results increased 207 

versus bright conditions and appeared to trend towards Tw results in the clear chamber 208 

control, with Tw averages of 53%, 56%, 58%, 61%, 61% and 62% for white, yellow, green, 209 

blue, red and black chamber respectively (Fig. 2b). 210 

 211 



A crosstalk between positive phototaxis and wall preference (Experiment 3). During the 212 

time the light was off (LF) using the phototactic device (Fig. 3a), the average Tw was 74% ± 213 

5% for cycle LF1, 72% ± 4% for LF3 and 73% ± 4% for LF5 (Fig, 3b). By contrast, when the 214 

light was on (LO), Tw dropped to 42% ± 7% for cycle LO2, 37% ± 6% for cycle LO4 and 215 

46%± 6% for cycle LO6, highlighting the strong phototactic behaviours of the animals.  216 

 217 

Influence of test chamber depth on innate behavioural preferences (Experiment 4). For 218 

the convex chamber arrangement (Fig. 4a and 4b, Supplementary Table 1), there was a 219 

significant effect of depth (F2,549=3.91, P=0.021). However, the effect of time was not 220 

significant (F2,549=0.27, P=0.761). The ratio of time spent at different depth zones (Tz) was 221 

significantly (P < 0.001) increased in the 18 mm depth zone compared with the 6 mm and 12 222 

mm zones, indicating that the animals spent more time in the deeper zone. Animal preference 223 

for the deeper zone was found across all three time-points (0 h, 1 h and 6 h). For the concave 224 

chamber arrangement (Fig. 4c and 4d, Supplementary Table 1), no difference in Tz was found 225 

between different zones and time-points.   226 

 227 

Influence of test chamber depth on innate behavioural preferences with removal of edge 228 

preference (Experiment 5). For the horizontal convex arrangement (Fig. 5a and 5b), there 229 

was a significant interaction between depth and time (F2,150=2.926, P=0.023) and a significant 230 

effect of depth (F2,150=3.962, P=0.021). However, the effect of time was not significant 231 

(F2,150=0.001, P=0.999) (Supplementary Table 1). For the horizontal concave arrangement 232 

(Fig 5c and 5d, Supplementary Table 1), Tz was significantly  increased in the 18 mm zone 233 

compared with the 6 mm and 12 mm zones at the 0 h and 1 h timepoints. At the 6 h timepoint, 234 

no difference in Tz was found between the different depths.    235 

 236 



DISCUSSION 237 

Impact of test chamber size and geometry on behavior (Experiment 1). The size of the 238 

test chamber can have a pronounced effect on an organism’s overall behavioural responses, 239 

especially during the initial, new habitat exploration period. In this experiment, each VS, S, M 240 

and L chamber size had an overall effective volume of 75, 150, 300, 2400 µL, respectively 241 

(Table 1). The Tw parameter indicated that overall, the use of large-sized chambers resulted 242 

in an increase of wall preference behaviour relative to all other size chambers (Fig. 1b).  243 

 244 

The trend followed by Tw indicates that, when the chamber size increases, the animals 245 

tend to spend more time in the outer zone comparatively to the smaller size chambers. This 246 

finding is interesting as the wall preference behaviour has previously been shown to be 247 

strongly associated with positive thigmotaxis 
17,23

. Our results can be taken as evidence 248 

demonstrating that Artemia franciscana exhibit positive thigmotaxis. However, the results 249 

also show that this behaviour is not as prevalent in the very small chambers. One potential 250 

explanation might lie in the parameter describing the total distance moved. According to our 251 

results (Fig. 1c), this parameter tends to decrease with the size of the chamber, which suggests 252 

that exploration might be diminished when there is less new available habitat to explore. This 253 

explanation aligns with the recent work of Kohler et al. 2021, who postulated organisms 254 

require sufficient ―space to behave‖ 
19

.   255 

 256 

The decrease of Tw in smaller test chambers could also be explained by edge 257 

preference being a stress response. The open field/water is often interpreted as risky by many 258 

animals 
24,25

, which therefore tend to prefer the edges of the containers, seeking shelter. When 259 

the test chamber is large, the middle of the chamber is also larger. This might be interpreted 260 



as very risky by the animals, which then stick to the edge. In a smaller test chamber, the 261 

middle may appear less risky, so the tendency to stick to the edge is decreased. 262 

 263 

The animals in the triangular wells exhibited very defined swarm-like behaviour in the 264 

corners of the chambers (Fig 1d). This behaviour could be explained not only by the angle in 265 

the vertices of the chamber, but also the relative vertices' size in comparison to the organism. 266 

Further studies should be conducted in the area of marine invertebrate spatial awareness to 267 

better understand this behaviour.   268 

 269 

The colour of test chamber sidewalls induces directional alterations in spontaneous 270 

behaviours (Experiment 2). Larval stages of Artemia sp. have previously been shown to 271 

exhibit a positive phototactic response, but no previous study had explored  how their 272 

behaviour is influenced by the colour of the test chambers they are placed in 
6
.  Our results 273 

indicate that Artemia sp. exhibit a well-defined positive phototactic response, as shown by the 274 

preference towards the edge of the clear and white chamber (high-light transmittance), and 275 

avoidance towards the black edged chambers (low-light transmittance).  276 

 277 

In bright conditions, the clear test chamber transmits a substantial amount of light 278 

through the walls, acting essentially as light guides, while chambers with coloured walls 279 

transmit less light and thus the edges are darker. Therefore, the high Tw in the clear chamber 280 

might be a positive phototactic response to the light coming through the walls. In the coloured 281 

test chambers, the animals were not as attracted to the edges as the positive phototactic 282 

response was not as strong (less light transmitted through the walls), and therefore Tw was 283 

lower than in the clear chamber. In the test chamber with black walls, the edge preference is 284 

lost (Tw < 0.5). Artemia franciscana were likely drawn to the centre of the chamber because 285 



the black walls do not transmit any light while the centre of the chamber is brighter due to the 286 

surrounding light. Therefore, these results suggest that the edge preference (or edge avoidance 287 

in the black chamber) is a positive phototactic response.  288 

 289 

In dark/IR conditions, all test chambers (including those with black walls) show an 290 

edge preference (Tw > 0.5). Furthermore, in dark/IR conditions, Artemia franciscana placed 291 

in the green, blue, red and black chambers no longer had a Tw lower than Artemia 292 

franciscana placed in the clear chamber. These results also lend support to the edge 293 

preference in the bright conditions being a positive phototactic response. In addition, our 294 

results also suggest that while illuminated under IR Artemia franciscana demonstrated 295 

predominantly positive thigmotactic edge preference response. 296 

 297 

A crosstalk between positive phototaxis and wall preference (Experiment 3). Artemia 298 

franciscana larval stages exhibit wall preference behaviours when kept in small artificial 299 

chambers, and they tend to move towards regions of the chamber that have high levels of 300 

transmitted light (positive phototaxis) 
6
. Our results suggest a behavioural response hierarchy 301 

in which the animals positive phototaxis overcomes their innate wall preference. Given the 302 

short duration of the test and repeatability of rapid phototactic responses, it warrants further 303 

exploration for sensorimotor ecotoxicity assays in which alterations to this hierarchical 304 

pattern of innate behavioural preferences could be used as a highly sensitive endpoint.        305 

    306 

Influence of test chamber depth on innate behavioural preferences (Experiments 4 and 307 

5). Little information is available on how depth of the test chambers can impact the 308 

exploratory behaviours of Artemia sp. 
3
.  In Experiment 4, our results in the convex chambers 309 

indicate that there was a strong preference for the deep zone in the chamber across all three 310 



time points (Fig 4b). This observation can be postulated to be a combination of the 311 

comparatively larger volume of this zone (Table 1) relative to the shallow inner zone and the 312 

previously highlighted innate edge preference of Artemia sp. Interestingly, despite a zone 313 

volume difference (Table 1), in the concave chambers we found no differences between the 314 

depth groups (Fig. 4d). This observation could be due to the geometry of the well enabling the 315 

innate edge preference behaviour at all depths rather than the singular edge in the convex 316 

chamber. 317 

 318 

The vertical-depth chamber in experiment 5 was built with a thickness of 4.5 mm, 319 

with the purpose to mitigate the influence of edge preference on experimental results and 320 

provide a further emphasis on depth parameter. In the convex wells, Artemia franciscana 321 

showed a preference for the deep zone at 0 and 1 hours. However, at 6 hours the animals 322 

showed an increase preference for the shallow centre zone (Fig 5b), which could be due to the 323 

slightly larger volume of the shallow zone. In the concave wells (Fig. 5d), Artemia 324 

franciscana showed a preference for the deep centre zone at 0 and 1 hour time points. This is 325 

interesting as despite the smallest volume of the deepest zone, there was a significant 326 

preference for this area. However this preference for the deepest zone was not found at the 6 327 

hour timepoint.  328 

 329 

Although it has previously been shown that Artemia exhibit diurnal patterns of vertical 330 

migration, this was dependent on light intensity
28

. Overall in experiment 4, the results indicate 331 

that under a balanced light source, there is a fine balance between the perception of depth and 332 

thus depth preference (on the edge) and edge preference. In experiment 5, where edge 333 

preference influence was mitigated, there is evidence that initially Artemia sp. prefer deeper 334 



zones in a chamber and over time alter preference to shallower zones, irrespective of 335 

differences in relative zone volume.   336 

 337 

Although preliminary, the new data presented above provide a baseline analysis of 338 

Artemia franciscana exploratory behaviours in relation to depth of the test chamber. These 339 

findings could be further exploited for the development of innovative and easy-to-employ 340 

behavioural toxicity test protocols, and they should also be considered as a potential variable 341 

that can have a significant impact on the design of experimental test chambers. 342 

 343 

Conclusions.  344 

This work aimed to determine if diverse habitat parameters used in laboratory biotests can 345 

impact the innate behaviour of larval stages of marine brine shrimp (Artemia franciscana), a 346 

species commonly employed in marine ecotoxicity testing 
3,7,29

. We found that in the absence 347 

of any obvious directional cues, Artemia franciscana exhibited a strong innate wall preference 348 

behaviour. We postulate that this behaviour can be further explored with more complex 349 

geometries as well as at different stages of central nervous system development. 350 

 351 

It was also determined through quantifiable changes in pixel intensity that the Artemia 352 

early larval stages can perceive, differentiate and react to differences in colour or perhaps 353 

rather light transmittance of the chambers they are placed in. The interaction between innate 354 

edge preference and positive phototaxis was able to be consistently altered with a novel 355 

stimulus system.  356 

 357 

We also observed an initial preference for depth in Artemia franciscana first instar 358 

larval stages. In this regard there is a compelling evidence that depth preference may be a 359 



useful parameter for the further study of how anxiolytic pharmaceuticals can impact aquatic 360 

organisms. 361 

 362 

Information processing capabilities of early larval stages of Artemia franciscana 363 

appear to only be sufficient to manifest in spontaneous hypoactive or hyperactive behavioural 364 

alternations when exposed to a toxicant, making them a consistent and reliable model for use 365 

in ecotoxicology 
3,5

. The simplicity of the Artemia franciscana nervous system can be a 366 

limiting factor for the computational complexity required for exhibiting adaptive behaviour in 367 

more difficult spatial tasks (e.g., higher number of spatial options).  368 

 369 

Altogether, our results indicate that variable artificial laboratory test conditions can 370 

impact the behaviours of Artemia franciscana in the absence of any other obvious 371 

environmental stimuli such as toxicants or food sources. We were able to demonstrate the 372 

novel stimulus interactions resulting in phototaxis and thigmotaxis and further standardize the 373 

baseline in Artemia franciscana behaviour. We postulate that a more in depth elucidation of 374 

the impact of test chamber designs on neurobehavioural baseline responses is needed, in 375 

particular considering an increased interest in behavioural toxicology and neuropharmacology 376 

applications 
1,8,22

. We also suggest that major efforts should be aimed at standardizing 377 

behavioural biotest conditions, digital data acquisition strategies or behavioural analytics 378 

protocols, in particular for ecotoxicology applications 
4,12,13

. Further standardization of 379 

behavioural ecotoxicology test protocols will enable this testing to be brought into regulatory 380 

toxicology 
30

. Furthermore, the neural mechanisms underlying habitat sensing and spatial 381 

integration in lower invertebrates are understudied, whereas they could expand our 382 

understanding of the neuronal data processing and integration, with practical applications in 383 

ethology and ecotoxicology. 384 



 385 

METHODS 386 

Test organisms and culture conditions. Eggs of the marine crustacean Artemia franciscana 387 

(Southern Biological Pty Ltd, Melbourne, Australia) were hatched according to a standard 388 

operating protocol as described previously 
12

. Briefly, approximately 100 eggs were placed in 389 

an 85 mm Petri dish filled with approximately 35 mL of filtered sea water (pH 8.0 ± 0.5). The 390 

vessels were incubated at 25°C and illuminated at 3000-4000 lux for 24 hours to induce 391 

hatching. Upon hatching, viable larval stages were manually sorted to achieve uniform 392 

developmental staging at first instar and moved to a fresh medium at 22 hours. Naupli were 393 

manually aspirated and randomly loaded into each test chamber for testing between 24 –30 394 

hours post hatching. 395 

 396 

Test chamber design and fabrication. All test chambers were designed using CorelDraw X3 397 

(Corel Corporation, Ottawa, Ontario, Canada) computer assisted design (CAD) package. 398 

Vessels were fabricated in a fully biocompatible poly(methyl methacrylate) (PMMA) 399 

transparent or dyed thermoplastic using a non-contact 30W infrared laser machining system 400 

(Universal Laser Systems, Scottsdale, AZ, USA) as described before. Fabricated PMMA 401 

layers were thermally bonded at 100 °C in a fan-assisted oven for 90 minutes to create 402 

watertight test chambers of various sizes, geometries and colours as listed in Table 1. The 403 

depth gradient wells, utilized in both top-down filming and horizontal filming assays were 404 

also fabricated with the above method.  405 

 406 

Wide-field videomicroscopy. Acquisition of behavioural data was performed using a custom 407 

build digital video imaging system, which consisted of a LED (full spectrum and infrared 850 408 

nm) backlit illumination stage and a digital video camera mounted on a vibration-less 409 



photographic column (Polaroid M3, Polaroid Inc, USA). The brightfield imaging was 410 

performed using a Canon EOS 7D Mk2 system, equipped with a CMOS APS-C type sensor 411 

(22.4 x 15.0 mm, 20.20 Megapixel resolution, individual pixel size of 4.1 µm). The infrared 412 

imaging was performed using Panasonic Lumix G7 digital camera (Panasonic Australia Pty 413 

Ltd) with a 850 nm filter attached. The cameras were paired with a true 1:1 Macro objective 414 

lenses with focal length of 90 mm (Tamron Corp, USA) and 30 mm (Olympus Corp, USA), 415 

respectively. The setup of the system enabled simultanous imaging of up to 12 chambers, 416 

eliminating any need for a motorized stage and potentially disruptive manipulations of the test 417 

specimens. Native videos were recorded at standard resolution of 1920×1080 pixels (1080p) 418 

and a framerate of 24 fps. All video files were acquired using an external High-Definition 419 

Multimedia Interface (HDMI) recorder (Atomos Shogun, Melbourne, Australia) equiped with 420 

a programmable time-resolved video acquisition functionality. Native files were saved in 421 

.mov digital containers and encoded with a ProRes 422 HQ codec that provided no temporal 422 

compression artefacts (Inter frame-only encoding) and variable bitrate. 423 

 424 

Behavioural data analysis. Video files were post-processed using DaVinci Resolve 15 425 

(BlackMagicDesign Inc., USA) video editing software. This involved sharpening, baseline 426 

contrast correction and background subtraction. The corrected files were then analysed using 427 

an animal tracking software Ethovision XT ver. 15 (Noldus Information Technology, The 428 

Netherlands) as per previous methods 
12

. Zones of interest (Fig 1, Table 1) were inserted in 429 

order to calculate the edge preference index of the organism.  430 

 431 

Behavioural bioassay. Behavioural assays were performed on Artemia franciscana first 432 

instar larval stages. Upon introduction of the animals, all test chambers were completely filled 433 

with seawater to eliminate any impact of meniscus on edge shadows during video imaging. 434 



Animals were allowed to acclimate for 30 minutes at 25.0 ± 0.5 ºC in a temperature-stabilized 435 

room under a transmitted brightfield or infared illumination before first video recording. In 436 

each experiment four or five animals (as further detailed below) were introduced per chamber. 437 

This number of animals was chosen as animals were able to interact and demonstrate 438 

consistent and robust exploration behaviour within each experiment 
12

. 439 

 440 

Experiment 1: Impact of test chamber size and geometries on behavioural endpoints. For the 441 

first experiment three basic chamber geometries (circular, square and triangular) were chosen 442 

(Fig. 1a). For simplicity of comparison, each geometry was represented by four sizes of the 443 

chambers. The circular chambers had a bottom surface area of 96.55, 285.21, 573.62, 2854.59 444 

mm
2
, with overall effective volume of 75, 150, 300 and 2400 µL, respectively (Table 1). The 445 

circular chamber sizes were considered as controls, and were guided by the size of wells in 446 

standard 96, 48, 24, 12 laboratory multi-well plates. The size of the triangular and square 447 

chambers was matched to the overall effective volume mentioned above. A custom plate 448 

comprised of 9 custom chambers was made for each size and shape. For each chamber design, 449 

five nauplii at first instar stage were randomly selected and manually dispensed into the 450 

individual chambers using a 2 ml transfer pipette. Subjects were filmed for 5 minutes after 451 

initial acclimatisation. In summary, we had 45 individual organisms per geometries-size 452 

treatment in one experiment (i.e. circular, square and triangular, at 75, 150, 300, 2400 µL) and 453 

three independent experiments were included for analysis, resulting in a total of 1620 454 

behavioural measures.  455 

 456 

Experiment 2: Colour of test chamber sidewalls induce directional alterations in spontaneous 457 

behaviours. Customized chambers were constructed to hold the organism with a transparent 458 

base to allow for background lighting and coloured plastic edges. A total of 6 colours; white, 459 



yellow, green, blue, red and black were compared against a transparent (clear) edged control 460 

in chambers sized at 15.6 mm in diameter. A custom plate comprised of 4 chambers was 461 

made for each colour. The diameter chosen aligns with a standard 24 well culture plate. To 462 

determine the effect of colour or perception of light transmittance of the edge of the chamber, 463 

the pixel intensity of the reflected light from the surface was quantified (Fig. 2). The pixel 464 

intensity data was calculated with the software ImageJ (NIH, USA) from a multitude of 465 

images taken of the edge of the coloured chambers under brightfield conditions. These values 466 

were averaged and normalized with respect to the clear-edged chamber.  467 

 468 

The organisms were filmed in brightfield (Fig. 2a and 2c) and in complete darkness, 469 

via infrared (IR) backlighting (Fig. 2b and 2d) after 6 hours in the chamber. For each chamber 470 

colour, four nauplii at first instar stage were randomly selected and manually dispensed into 471 

the individual chambers using a 2 ml transfer pipette. In summary, we had 16 individual 472 

organisms per colour treatment in one experiment (i.e. clear, white, yellow, green, blue, red 473 

and black) and three independent experiments were included for analysis, resulting in a total 474 

of 336 behavioural measures. Peripheral walls of the coloured plastic chambers were 475 

photographed and analysed to characterize the different chambers in order of highest spectral 476 

intensity (SI), the SI of the colours were normalized with respect to the clear chamber. This is 477 

assumed to be linked to the light transmittance of the plastic (Fig. 2a and 2b). 478 

 479 

Experiment 3: A crosstalk between positive phototaxis and wall preference behaviours. To 480 

test whether the innate edge preference and positive phototaxis behaviours could be altered in 481 

real time, a custom illumination device was constructed (Fig, 3a). The test chambers were 482 

15.6 mm in diameter, a comparable size to a standard 24 well plate. A custom plate comprised 483 

of 3 chambers was made for the experiment. The setup included a black plastic layer with a 484 



2mm pinhole aligned with the center of the test chamber located above (Fig, 3a). The pinhole 485 

allowed a white light-emitting diode (130lx measured at camera) to illuminate only the central 486 

region (3.14 mm², 1.64% of surface) of the test chamber. The animals were then introduced 487 

into the chamber and filmed in the dark utilizing IR side lighting through the clear plastic 488 

edge of the chamber. The photic stimulus was turned on (LO) and off (LF) in alternating 5 489 

min cycles (Fig. 3b). For each chamber, four nauplii at first instar stage were randomly 490 

selected and manually dispensed into the individual chambers using a 2 ml transfer pipette. In 491 

summary, we had 12 individual organisms per phototaxis experiment and two independent 492 

experiments were included for analysis, resulting in a total of 24 behavioural measures. 493 

 494 

Experiment 4: Influence of test chamber depth on innate behavioural preferences. To 495 

establish a proof-of-concept baseline, a series of custom chambers was constructed. The outer 496 

22 mm diameter was comparable to the well of a standard 12-well culture plate and allowed 497 

for a sufficient volume for a depth gradient to be constructed within the chamber. The initial 498 

circular experimental chambers were designed with a three-tiered concentric depth zones of 6, 499 

12 and 18 mm. Two configurations of the  chambers were constructed with respect to 500 

increased depth: center shallow to outer deep (Fig. 4a), defined as convex; as well as outer 501 

deep to center shallow, defined as concave (Fig. 4c). These chambers were filmed from above 502 

and had a total volume of 3,578 mm³ and 5,623 mm³ for the concave and convex chambers, 503 

respectively. A custom plate comprised of 12 chambers was made for the experiment. For 504 

each chamber four nauplii at first instar stage were randomly selected and manually dispensed 505 

into the individual chambers using a 2 ml transfer pipette. Videos of 5 minute duration were 506 

recorded at 0, 1 and 6 hour time points. The relative time spent in each of the depth zones 507 

(Tz) was used to measure depth preference. In summary, we had 48 individual organisms per 508 



depth treatment for each time point (i.e. convex and concave at 0, 1 and 6 hours, 509 

respectively), resulting in a total of 288 behavioural measures.  510 

 511 

Experiment 5: Influence of test chamber depth on innate behavioural preferences with 512 

removal of edge preference through horizontal filming. A series of custom designed vertically 513 

oriented 4-well chambers were fabricated with a sloped depth gradient aiming to mitigate the 514 

influence of edge preference on experimental results. These were filmed horizontally to 515 

analyse the stratification of animals in the test chambers. The depth gradient was more 516 

gradual than in the previous experiments with the three-tiered depth zones set at 6, 12 and 18 517 

mm. As previously, one set of chambers were shallow (Fig. 5a) at the center (convex) and the 518 

other deep (concave) (Fig. 5c). For each chamber, five nauplii at first instar stage were 519 

randomly selected and manually dispensed into the individual chambers using a 2 ml transfer 520 

pipette. Videos of 5 minute duration were recorded at 0, 1 and 6 hour time points. Two 521 

independent experiments were included for analysis. The relative time spent in each of the 522 

depth zones (Tz) was used to measure depth preference. In summary, we had 20 individual 523 

organisms per depth treatment for each time point (i.e. convex and concave at 0, 1 and 6 524 

hours, respectively) per experiment and 2 independent experiments were included for 525 

analysis, resulting in a total of 240 behavioural measures. 526 

 527 

Statistical analysis. The data was averaged out as an average per unit of time (minute). 528 

Cumulative distance travelled by the animals was measured by summing the incremental 529 

distance moved by each animal between frames of video files. Wall preference index (Tw) 530 

was determined by dividing the time spent in the outer zone of the well (Fig. 1a) by the total 531 

time of the assay. 532 

 533 



To analyse the effect of chamber geometry and size upon the organism’s Tw and total 534 

distance travelled, we ran a two-way ANOVA followed by a Tukey’s HSD test. To visualize 535 

the findings, we plotted the estimated marginal means (EMM) and the standard errors (SE) of 536 

the Tw and the total distance travelled as the function of geometry and size. Data sets were 537 

considered significantly different when P < 0.05.  538 

 539 

To analyse the effect of chamber edge colour, data sets were checked for normality of 540 

distribution using Shapiro-Wilk’s test prior to hypothesis testing. For normally distributed 541 

data sets, two-way analysis of variance (ANOVA) followed by a Tukey’s HSD test was used 542 

to assess differences of Tw of nauplii kept in chambers of varying design parameters and 543 

recorded at 6 hours. Data presented in charts were expressed as means ± standard error (SE) 544 

of the replicates and data sets were considered significantly different when P < 0.05.  545 

 546 

To analyze the effect of crosstalk between positive phototaxis and wall preference, 547 

data sets were checked for normality of distribution using Shapiro-Wilk’s test prior to 548 

hypothesis testing. For normally distributed data sets one-way analysis of variance (ANOVA) 549 

followed by a Tukey’s HSD test was used to assess differences of wall preference index of 550 

nauplii kept in custom phototaxis chambers (Fig. 3a). Data presented in charts were expressed 551 

as means ± standard error (SE) of the replicates and data sets were considered significantly 552 

different when P < 0.05. 553 

 554 

To assess the effect of time upon the organism's depth preference, with and without 555 

mitigating the influence of edge preference, we used a generalized linear mixed model 556 

(GLMM) (Supplementary Table 1)
31

. GLMM was used to investigate the effects of depth of 557 

each zone (6mm, 12mm, 18mm) and time (0h, 1h, 6h) on the organism’s depth preference. 558 



The time and depth of each zone were treated as fixed effects, as well as their interaction 559 

terms. The organisms nested within experimental runs (as per experiment 4 or 5) were 560 

included as random effects. Multiple comparisons were performed using Tukey’s corrections 561 

to evaluate the difference between time and zone depth. Data sets were considered 562 

significantly different when P < 0.05. All statistical analysis was performed using IBM SPSS 563 

Statistics, version 26 (IBM Corp., United States), and all graphs were plotted using GraphPad 564 

Prism 8 software suite (Graph Pad, San Diego, CA, USA), unless otherwise specified. 565 

 566 

Reporting Summary. Further information on research design is available in the 567 

Nature Research Reporting Summary linked to this article. 568 

 569 

Data Availability 570 

Data from all experiments is available upon request.  571 

 572 
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 671 

Fig 1| Impact of test chamber size and geometries on behavioural endpoints. 672 

a, Geometry of chambers with defined inner and outer zones, and formula for calculation of 673 

wall preference index (Tw) for circular, square and triangular chambers. b,c Estimated 674 

marginal means and the standard errors were plotted as the function of chamber geometry and 675 

chamber size relative to Tw (b) and total distance travelled (c). Means sharing a letter are not 676 

significantly different (P>0.05) according to a two-way ANOVA followed by a Tukey’s HSD 677 

test. d, Representative heatmaps based on the movement of the animals within the triangular, 678 

circular and square chambers.   679 

 680 

Fig 2| Colour of test chamber sidewalls induces directional alterations in spontaneous 681 

behaviours.  682 

a, Wall preference index (Tw) of Artemia franciscana, backlit with white light in custom 683 

coloured organism chambers after 6 hours.  b, Tw of Artemia franciscana, backlit with IR, in 684 



the outer zone of all tested coloured edge chambers after 6 hours. c,d, Representative 685 

heatmaps of the animal’s trajectory in clear, white and black chambers under white light (c) or 686 

dark (d) conditions. The normalised spectral intensity (SI) is indicated  for each colour 687 

chamber. A two-way ANOVA followed by a Tukey’s HSD test was used to assess differences 688 

of Tw. * P<0.05, **P<0.01, ***P<0.001 versus the clear edged control chamber. 689 

 690 

  691 

Fig 3| A crosstalk between positive phototaxis and wall preference behaviours. 692 

a, The unique layering of the prototype chamber of the phototactic device allows only a 693 

central 2 mm circular dot of white light to transmit through to the chamber. b, When the LED 694 

is switched from off (―LF‖) to on (―LO‖) in 5 min cycles,  the wall preference index (Tw) is 695 

consistently altered. This change in behaviour is highlighted in the respective animal 696 

trajectory heatmaps. A two-way ANOVA followed by a Tukey’s HSD test was used to assess 697 

differences of Tw. * P<0.05, **P<0.01, ***P<0.001.  698 

 699 

Fig 4| Influence of test chamber depth on innate behavioural preferences. 700 

a, Schematic of the convex chamber used in Experiment 4. b, The ratio of time spent (Tz) at 701 

time points 0, 1, and 6 hours within vertically filmed convex chambers, where each zone 702 

denotes a different depth. c, Schematic of the concave chamber used in Experiment 4. d, Tz at 703 

time points 0, 1, and 6 hours within vertically filmed concave chambers, where each zone 704 

denotes a different depth. Background colour indicates zone depth (light blue: 6mm, sky blue: 705 

12mm, deep blue: 18mm). A generalized linear mixed model (GLMM) was used to 706 

investigate the effects of depth of each zone (6 mm, 12 mm, 18 mm) and time (0 h, 1 h, 6 h) 707 

on the organism’s depth preference with multiple comparisons performed using Tukey’s 708 

corrections. *P<0.05.  709 



 710 

 711 

Fig 5| Influence of test chamber depth on innate behavioural preferences with removal 712 

of edge preference through horizontal filming.  713 

a, Schematic of the convex chamber used in Experiment 5. b, The ratio of time spent (Tz) at 714 

time points 0, 1, and 6 hours within horizontally filmed convex chambers, where each zone 715 

denotes a different depth. c, Schematic of the concave chamber used in Experiment 5. d, Tz at 716 

time points 0, 1, and 6 hours within vertically filmed concave chambers, where each zone 717 

denotes a different depth. Background colour indicates zone depth (light blue: 6mm, sky blue: 718 

12mm, deep blue: 18mm). A generalized linear mixed model (GLMM) was used to 719 

investigate the effects of depth of each zone (6 mm, 12 mm, 18 mm) and time (0 h, 1 h, 6 h) 720 

on the organism’s depth preference with multiple comparisons performed using Tukey’s 721 

corrections. *P<0.05.   722 

 723 

 724 

 725 

 726 

Table 1| Dimensions of assayed custom wells for geometric, colour and depth 727 

experiments. 728 

 729 

 730 

 731 

 732 

 733 

 734 



 735 

 736 

 737 
 738 

Assay 
Type 

Chamber 
colour 

Chamber 
Shape 

Chamber Dimensions: Width x Depth 

Geometry* 

Clear 

Triangle 

VS: 8.62 x 3.00 mm 
S: 14.82 x 3.00 mm 
M: 21.01 x 3.00 mm 
L: 46.88 x 3.00 mm 

Circle 

VS: 6.4 x 3.00 mm 
S: 11 x 3 mm 
M: 15.6 x 3.0 mm 
L: 34.8 x 3.0 mm 



L, Large;  M, Medium; S, Small; VS, Very Small,*Effective volume consistent across 739 
geometries: VS: 75 µL; S: 150 µL; M:  300 µL; L: 2400 µL 740 
 741 
 742 

Square 

VS: 5.67 x 3.00 mm 
S: 9.75 x 3.00 mm 
M: 13.83 x 3.00 mm 
L: 30.85 x 3.00 mm 
 

Colour 

Clear  

Circle 15.6 x 3.0 mm; Volume:  573 µL 

White  
Yellow 
Green  
Blue  
Red  
Black  

Depth 

Clear 
Circular 
Convex 

Centre zone: 8 x 6 mm;  Volume: 301 µL 
Middle zone:  16 x 12 mm; Volume: 1809 µL 
Outer zone:  24 x 18 mm;  Volume: 4522 µL 

Circular 
Concave 

Centre zone:  8 x 18 mm; Volume: 904 µL 
Middle zone:  16 x 12 mm;  Volume: 1809 µL 
Outer zone:  24 x 6 mm;  Volume: 1507 µL 

Vertical 
Convex 

Upper zone: 4.5 x 6 mm;  Volume: 648 µL 
Middle zone:  4.5 x 12 mm; Volume: 378 µL 
Lower zone:  4.5 x 18mm;  Volume: 270 µL 

Vertical 
Concave 

Upper zone:  4.5 x 18mm;  Volume: 576 µL 
Middle zone: 4.5 x 12mm;  Volume: 432 µL 
Lower zone: 4.5 x 6mm;  Volume: 288 µL 
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