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Abstract 1 

Biological motion (BM), depicted by a handful of point lights attached to the major 2 

joints, conveys rich animacy information, which is significantly disrupted if BM is shown 3 

upside-down. This well-known inversion effect in BM perception is conserved in 4 

terrestrial vertebrates and is presumably a manifestation of an evolutionarily endowed 5 

perceptual filter (i.e., life motion detector) tuned to gravity-compatible BM. However, it 6 

remains unknown whether aquatic animals, living in a completely different environment 7 

from terrestrial animals, perceive BM in a gravity-dependent manner. Here, taking 8 

advantage of their typical shoaling behaviors, we used zebrafish as a model animal to 9 

examine the ability of teleosts to discriminate between upright (gravity-compatible) and 10 

inverted (gravity-incompatible) BM signals. We recorded their swimming trajectories 11 

and quantified their preference based on dwelling time and head orientation. Results 12 

obtained from three experiments consistently showed that zebrafish spent significantly 13 

more time swimming in proximity to and orienting towards the upright BM relative to 14 

the inverted BM or other gravity-incompatible point-light stimuli. More intriguingly, 15 

when the recorded point-light video clips of fish were directly compared with those of 16 

human walkers and pigeons, we could identify a unique and consistent pattern of 17 

accelerating movements in the vertical (gravity) direction. These findings, to our 18 

knowledge, demonstrate for the first time the inversion effect in BM perception in 19 
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simple aquatic vertebrates, and suggest that the evolutionary origin of gravity-20 

dependent BM processing may be traced back to ancient aquatic animals. 21 

Keywords: aquatic animals; terrestrial animals; gravity; biological motion; evolutionary 22 

origin 23 

  24 
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Introduction 25 

The ability to readily distinguish animate entities from inanimate objects in the 26 

environment is essential to animal survival and social interaction (Lorenzi & Vallortigara, 27 

2021). Biological motion (BM), represented by the movements of a few point lights 28 

attached to the major joints (Johansson, 1973), can provide sufficient visual information 29 

for the detection and recognition of living entities. However, visual perception of BM in 30 

point-light displays (PLDs) is strongly impaired when the PLDs are presented upside-31 

down (Bardi, Regolin, & Simion, 2014; Bertenthal, Proffitt, & Cutting, 1984; Brown, 32 

Kaplan, Rogers, & Vallortigara, 2010; Eatherington, Marinelli, Looke, Battaglini, & 33 

Mongillo, 2019; Fox & McDaniel, 1982; Parron, Deruelle, & Fagot, 2007; Shipley, 2003; 34 

Shi et al., 2010; Simion, Regolin, & Bulf, 2008; Sumi, 1984; Troje & Westhoff, 2006; 35 

Vallortigara & Regolin, 2006). This phenomenon, known as the inversion effect in BM 36 

perception, presumably reflects an evolutionarily endowed sensitivity of the visual 37 

system tuned to gravity-compatible life motion signals. 38 

Previous studies have demonstrated that the inversion effect in BM perception 39 

does not rely on postnatal experience and is widely conserved in terrestrial vertebrates, 40 

as both human newborns and visually inexperienced chicks manifest spontaneous 41 

preference for upright than inverted point-light BM signals (Bardi et al., 2014; 42 

Bertenthal et al., 1984; Fox & McDaniel, 1982; Simion et al., 2008; Vallortigara & 43 

Regolin, 2006). This superior inborn ability to discriminate and recognize the 44 
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spatiotemporal patterns of life motion is associated more with the dynamic rather than 45 

the configural processing of BM (Troje & Westhoff, 2006; Vallortigara, Regolin, & 46 

Marconato, 2005). As evidence, detection accuracy for unfamiliar upright displays, such 47 

as walking on hands, is also higher than their inverted counterparts (Shipley, 2003). 48 

More importantly, even when a point-light walker is spatially scrambled such that the 49 

configural information is severely destroyed and only the kinematic information remains 50 

unaltered, the perceived walking direction of the scrambled walker is almost unaffected 51 

for the upright displays, but the performance for the inverted ones drops to chance 52 

level (Troje & Westhoff, 2006). A similar response pattern can also be found in baboons 53 

(Parron et al., 2007).  54 

These observations encourage researchers to propose a “life motion detector” 55 

theory (Troje & Westhoff, 2006), which claims that the superior ability to detect and 56 

recognize upright BM is likely due to the innate sensitivity of the visual system tuned to 57 

the gravity-dependent dynamics of life motion signals (Wang et al., 2018), especially 58 

arising from the feet motion (Bardi et al., 2014; Chang & Troje, 2009; Troje & Westhoff, 59 

2006). Upright feet motion can attract attention rapidly at the early stage of visual 60 

processing (Wang, Yang, Shi, & Jiang, 2014) and facilitate visual search (Wang, Zhang, 61 

He, & Jiang, 2010). Even newborn infants with no visual experience spend more fixation 62 

time on upright than inverted PLDs representing the legs of a walking animal (Bardi et 63 

al., 2014). All the evidence has led researchers to enrich the “life motion detector” 64 
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theory by further proposing that for the terrestrial animals, when their feet are pushed 65 

off the ground and fall down under gravity, it is the ballistic velocity trajectories that 66 

provide valuable clues to the detection of life motion signals (Troje & Westhoff, 2006). 67 

Our recent study with astronauts in spaceflight further confirms that the difference in 68 

sensitivity to the upright BM and inverted BM is largely shaped by the gravity of Earth 69 

(Wang et al., 2022). 70 

The inversion effect in BM perception explained by the “life motion detector” theory 71 

has so far been observed in terrestrial animals. However, it remains largely unknown how 72 

it would be like in lower aquatic vertebrates, such as teleosts, which live in a completely 73 

different environment from terrestrial animals. In fish, the shoaling behavior affiliating 74 

with conspecifics, as an important social behavior (Gerlai, 2017), has already been widely 75 

reported to be driven by one dot placed on the centroid (Larsch & Baier, 2018; Nunes et 76 

al., 2020; Schluessel, Kortekamp, Cortes, Klein, & Bleckmann, 2015) or a series of dots 77 

attached on the backbone of a swimming fish (Nakayasu & Watanabe, 2014; Shibai et al., 78 

2018). Compared with the non-BM stimuli that are composed of a similar number of dots 79 

as the BM stimuli but with very different motion dynamics, fish are more willing to swim 80 

near the BM stimuli (Nakayasu & Watanabe, 2014), indicating that they are able to detect 81 

and recognize conspecifics by only motion cues. Even juvenile fish show intimate 82 

affiliation with the movement of dots that mimics fish motion, confirming that the visual 83 

sensitivity to BM may be innate for teleosts (Larsch & Baier, 2018). We are therefore 84 
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interested in whether the inversion effect in BM perception found in the terrestrial 85 

animals essentially originates from their remote ancestors (i.e., the aquatic vertebrates). 86 

To examine this hypothesis, here we presented upright (gravity-compatible) and inverted 87 

(gravity-incompatible) BM of teleosts to zebrafish and analyzed their dwelling time and 88 

head orientation to quantify to what extent zebrafish prefer upright over inverted (and 89 

other gravity-incompatible) PLDs.  90 

Methods 91 

Fish and housing conditions 92 

Adult wild-type (AB) zebrafish (Danio rerio) with an age range of 6−7 months were used. 93 

All fish were kept in mixed sex groups in storage tanks under a recirculation life support 94 

system, with water temperature at 28.5°C, pH 7.0 and a 14L:10D light:dark cycle. Fish 95 

older than 18 dpf were fed with Brine Shrimp every morning at 10 am. All experiments 96 

were conducted in accordance with standard guidelines and regulations, and were 97 

approved by Institute of Biophysics, Chinese Academy of Sciences. 98 

 99 

Behavioral setup 100 

Cubic glass aquaria measured 15×15×20 cm was used as the test tank (Fig. 1A). Opaque 101 

gray glass films were attached to the inside sides of the test tank to prevent external 102 

influences. The test tank was filled up with housing water to 10 cm depth. In 103 
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Experiments 1 and 2, the stimuli were projected onto two opposite sides of the test tank 104 

separately through an optic reflection equipment consisting of six one-way mirrors 105 

positioned on the two opposite sides of the tank, with three mirrors per side. The first 106 

mirrors received the stimuli from a projector controlled by the experimental computer 107 

and reflected them to the second and the third mirrors, which then projected them to 108 

the two sides of the tank. Compared to presenting the stimuli with two projectors or 109 

two displays, the current setup occupied a small space and was simple to implement, 110 

and more importantly, it effectively avoided the potential interference between 111 

different instruments. In Experiment 3, the stimuli were directly projected onto one side 112 

of the test tank by the projector. Infrared lights illuminated the tank from the bottom to 113 

avoid the interference from the luminance changes produced by the stimuli, and an 114 

infrared-compatible camera (MV-1200, PDV, Beijing, China) placed above the tank was 115 

connected to another computer, which monitored and recorded the moving trajectories 116 

of the focal fish. 117 
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  118 

Fig 1. Behavioral paradigm. (A) Experimental setup. The water had a depth of 10 cm, and the infrared 119 

camera was placed just above the tank. In Experiments 1 and 2, the stimuli were projected to the tank 120 

through multiple reflections of the mirrors. In Experiment 3, the stimuli were projected directly to the 121 

tank. (B) Experimental stimuli. Upright BM and non-BM (or inverted BM) stimuli were represented as the 122 

animations of six white dots. (C) Experimental procedure. Upright BM and non-BM (or inverted BM) 123 

stimuli were either projected onto two opposite sides of the tank separately in a within-subjects design 124 

(Experiments 1 and 2) or onto one side of the tank in a between-subjects design (Experiment 3). The 125 
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habituation period took at least 5 minutes until the fish swam in the tank in a normal pattern and speed. 126 

The experiment period included a 1-minute baseline and 4-minute test.  127 

 128 

Stimuli 129 

The upright BM stimuli of three female fish used in the present study were created and 130 

provided by Nakayasu et al. (2014; 2017), and can be downloaded from figshare (doi: 131 

https://doi.org/10.6084/m9.figshare.5947447). The recorded stimuli consist of six dots 132 

placed at equal distance along the fish body, sampled at 60 fps rate during 1-minute 133 

(3600 frames) motion tracking of the fish freely swimming in a tank. In our experiments, 134 

the six dots of the upright BM stimuli were projected in white onto the gray glass films 135 

of the tank, and the projected full length of the stimuli were about 2.5 cm, comparable 136 

to the normal length of an adult zebrafish (Fig. 1B). Consistent with many other studies 137 

(Nakayasu & Watanabe, 2014; Shibai et al., 2018), the upright BM stimuli were 138 

presented solely based on the data of two-dimensional coordinates (x, y) from the side 139 

view because of the dimensional limits of a computer display. In addition to the upright 140 

BM stimuli (i.e., the gravity-compatible stimuli), we created another two stimuli as 141 

gravity-incompatible comparisons. One was the non-BM stimuli, of which the six dots 142 

were kept in a constant distance (i.e., the average distance between the dots across all 143 

frames) and moved along a linear trajectory with a constant speed (i.e., the average 144 

speed across all frames). The differences between the upright and the non-BM stimuli 145 

https://doi.org/10.6084/m9.figshare.5947447
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included the body configuration, swim trajectory, and swim kinetics. The other one was 146 

the inverted BM stimuli, generated by mirror flipping the original upright BM stimuli 147 

vertically. By this means, the only difference between the upright and the inverted BM 148 

stimuli was the swim kinetics, which was specifically reflected in the direction of the 149 

vertical motion velocity and acceleration (i.e., compatible or incompatible with the 150 

direction of gravity, see demos in Supplementary Materials).  151 

 152 

Experimental procedures 153 

On the day before test, the fish from the storage tank was put into the test tank 154 

overnight (23h±1h). On the test day, the tank was moved to test bench and the fish was 155 

allowed to habituate the test environment for at least 5 minutes (Fig. 1C). After the 156 

habituation period, the behaviors of the fish were continuously recorded for a baseline 157 

period of 1 minute (no stimuli) and a test period of 4 minutes, during which the 1-158 

minute stimuli were repeated 4 times (Nakayasu & Watanabe, 2014). The fish was put 159 

back into another storage tank after the experiment. Each fish had no experimental 160 

experience before the experiment and was tested only once in this study. In Experiment 161 

1, the upright BM and the non-BM stimuli were simultaneously projected onto the two 162 

opposite sides of the test tank, respectively. In Experiment 2, the upright and the 163 

inverted BM stimuli were projected onto the two sides of the test tank as in Experiment 164 

1, while in Experiment 3, they were presented on a single side of the tank, with each fish 165 
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exposed to only one type of the stimuli. The presentation side of the BM stimuli, and the 166 

three BM stimuli recorded from different fish were balanced across subjects in all 167 

experiments.  168 

 169 

Motion tracking 170 

The motion trajectories of the fish in each experiment were recorded at a rate of 2 fps 171 

and saved by a custom-made video recording software. The saved data were offline 172 

imported into MATLAB (The MathWorks) and analyzed using custom-made scripts, 173 

which referred to a tracking software developed in Python (see 174 

https://github.com/joseaccruz/fshtracker). The motion tracking analysis here followed 175 

the pipelines of Abril-de-Abreu, Cruz, and Oliveira (2015). First, the fish was searched for 176 

in a predefined 2D region, corresponding to a 12×12 cm inner area of the test tank, 177 

which guaranteed a sufficiently high contrast for separating out the fish’s configuration. 178 

Second, the head, centroid, and tail of the fish within this 2D region were detected for 179 

each frame by our custom-made scripts, which also allowed a visual inspection of the 180 

tracking quality and a manual correction of possible tracking errors. Finally, the pixel 181 

coordinates of the head, centroid, and tail of each fish for each frame were saved for 182 

further determination of the position and orientation. 183 

 184 

Behavioral data analysis and statistics 185 

https://github.com/joseaccruz/fshtracker
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All the data analysis below was conducted by a custom-made script in MATLAB 186 

platform. The behaviors of each fish in the baseline period were quantified to exclude 187 

the fish (1) staying within a restricted area and seldom swimming around, and (2) frozen 188 

for more than 4 s. A region of interest (ROI) corresponding to an area near the stimuli 189 

with the width equal to the body length of an adult zebrafish (20% of the tank), was 190 

predefined. In all of the three experiments, the area beside the upright BM stimuli was 191 

labeled ROI 1 and the area beside the non-BM (or the inverted BM) stimuli was ROI 2 192 

(see Fig.2A–4A). 193 

Three dependent variables were calculated to examine the potential preference of 194 

the fish for the upright BM stimuli. The first one was the percentage of time the fish 195 

spent in each ROI (i.e., the time spent in the ROI divided by the whole time spent in the 196 

tank). The second one was the percentage of time the fish oriented towards the nearby 197 

stimulus in each ROI (e.g., the time when the fish oriented towards the stimulus within a 198 

tolerance range of ±90° in the ROI divided by the whole time they spent in the ROI). The 199 

third one measured the direction focus towards the stimulus, namely the Rproj value 200 

(Abril-de-Abreu et al., 2015). Briefly, for each fish, the orientation in each frame taken 201 

during the baseline and the test periods was first transformed to a unit vector, and then 202 

averaged across frames in the ROI. The norm of this vector ranged from 0 to 1, was then 203 

projected onto the direction orthogonal to the nearby screen in the ROI. The Rproj 204 

ranged from -1 to 1, with positive values indicating the directionality towards the 205 
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stimulus, negative values away from it and zero no directionality. The larger the Rproj, 206 

the more concentrated (or smaller variation) the direction focus of the fish over time. 207 

In the three experiments, the above dependent variables in each ROI were not only 208 

calculated for the baseline and the test period, but also for separate time bins, each 209 

with a duration of 1 minute (i.e., the 1st, 2nd, 3rd, and 4th minutes of the test period). 210 

To obtain more reliable estimates, the three dependent variables computed in the test 211 

period were normalized by subtracting the corresponding values in the baseline and 212 

represented by Δ% or Δ in Figs. 2–4. Data normality was tested by the Shapiro-Wilk 213 

normality test. Parametric paired and independent t-tests were used for normally 214 

distributed data and non-parametric permutation t-tests were used for non-normally 215 

distributed data by using the PERMUTOOLS available at 216 

https://github.com/mickcrosse/PERMUTOOLS. The differences between the baseline 217 

and the test periods, and the differences between the upright BM and the non-BM (or 218 

the inverted BM) conditions were statistically compared in Experiments 1–3. The 219 

statistical analyses were performed using MATLAB and SPSS. All significant p-values 220 

obtained from the comparisons of the baseline and separate time bins, if not specifically 221 

indicated, had passed the false discovery rate (FDR) correction (Benjamini et al., 2001; 222 

Singh and Dan, 2006). All behavioral results were represented as mean±SD. 223 

 224 

Results 225 
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Experiment 1 226 

Experiment 1 aimed to confirm in our experimental setup that the shoaling behavior is 227 

driven by the upright BM (gravity-compatible) stimuli rather than the non-BM (gravity-228 

incompatible) stimuli. A total of 31 fish (16 female) were tested, with 24 qualified fish 229 

(12 female) for statistical analyses (see the exclusion criteria in the Method section, and 230 

one fish was excluded as more than 500 frames were missed due to the technical issue).  231 

The sampled swimming positions of all fish were pooled together during the 232 

baseline and the test periods and drawn in 2D heatmaps (Fig. 2A). The fish swam 233 

towards the upright BM rather than the non-BM stimuli after these two types of stimuli 234 

simultaneously appeared on the opposite sides of the screen during the test period. 235 

First of all, we showed that there was no difference between the percentage of time 236 

spent in ROI 1 and ROI 2 during the baseline period (16.86±10.40% and 17.65±13.16%, 237 

respectively; t23 = -0.228, p = 0.830), confirming that the fish had no prior preference for 238 

certain positions in the tank. Next, we demonstrated that the fish on average spent 239 

significantly more time in ROI 1 during the test period compared with that during the 240 

baseline (t23 = 2.738, p = 0.012, the orange square in Fig. 2C). This trend started from the 241 

beginning of the test period and was more obvious in the 3rd and 4th minutes. By 242 

contrast, no significant difference of the average time spent in ROI 2 between the test 243 

and the baseline periods was found (t23 = -1.167, p = 0.255, the green square in Fig.2C), 244 

and the fish even spent less time with the non-BM stimuli in ROI 2 in the 1st minute of 245 
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the test period compared with the baseline (t23 = -3.230, p = 0.004). When the relative 246 

time percentage spent in ROI 1 was directly compared with that in ROI 2, the results 247 

further confirmed that the fish preferred to approach the upright BM than the non-BM 248 

stimuli, i.e., they would like to spend significantly more time in ROI 1 than ROI 2 249 

(8.21±14.69% and -3.31±13.89%, t23 = 2.431, p = 0.023). This pattern was more 250 

pronounced in the 1st minute of the test period (t23 = 3.154, p = 0.004). 251 

 252 

Fig 2. The results of Experiment 1. (A) 2D heatmaps of the fish’s swimming positions in each of the 1-253 

minute time bins. The density is calculated by dividing the amount of time that the fish stayed at each 254 

position by the total amount of time in each time bin, and then scaled to [0, 1]. The warmer the color, the 255 

more frequently the fish stayed at this position. The bottom side is the screen on which the upright BM 256 
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stimuli were presented. (B) Average oriented direction of each fish in each ROI. Each dot on the circle 257 

represents one fish. The orange and green dots represent the fish in ROI 1 and ROI 2, respectively. The tail 258 

of the dot points to the average oriented direction of the fish across frames, with its length inversely 259 

representing the variation. The shorter the length, the larger the variation. The central two rods show the 260 

average vector of direction focus across fish in each ROI. (C) The relative percentage of time the fish spent 261 

in each ROI over separate time bins as well as the average (test minus baseline). (D) The relative 262 

percentage of time the fish oriented towards the nearby stimulus in each ROI. (E) The relative magnitude 263 

of the mean direction focus of the fish towards the nearby stimulus in each ROI (the Rproj). The circles (or 264 

squares) and the error bars represent the sampled mean±SEM. Note: *p < 0.05, with FDR corrected for 265 

separate time bins; #p < 0.05, uncorrected; †p < 0.1. The orange and green signs mark the significant 266 

differences between the test and the baseline periods for the upright BM and the non-BM stimuli, 267 

respectively, while the black ones mark the significant differences between the upright BM and the non-268 

BM stimuli during the test period. 269 

The head orientation of each fish and the group average direction focus relative to 270 

the stimulus direction (the Rproj) were depicted in Fig. 2B. Similarly, during the baseline 271 

period, the percentage of time when the fish oriented towards the nearby stimulus 272 

(41.55±17.04% and 44.57±14.49%, respectively; t22 = -0.733, p = 0.472) and the Rproj 273 

(0.019±0.151 and 0.025±0.122, respectively; t22 = -0.148, p = 0.887) had no significant 274 

differences between the upright BM and the non-BM stimuli. We then examined 275 

whether the fish were prone to head towards the upright BM stimuli during the test 276 
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period than during the baseline period. As shown in Fig. 2D, the fish spent significantly 277 

more time watching the upright BM stimuli during the whole test period (10.77±16.27%, 278 

t23 = 3.241, p = 0.004, the orange square). By contrast, no significant difference was 279 

found in ROI 2 where the non-BM stimuli were presented during the whole test period 280 

(5.27%±16.39%, t22 = 1.542, p = 0.137, the green square). In particular, the time spent 281 

towards the stimuli significantly increased in ROI 1 from the baseline in the 1st and the 282 

3rd minutes (the 1st minute: t23 = 3.908, p = 0.001; the 3st minute: t22 = 2.614, p = 283 

0.016), and increased in ROI 2 in the 4th minute (t20 = 2.865, p = 0.010). Further 284 

comparison revealed that the time spent towards the stimuli in ROI 1 was significantly 285 

more than that in ROI 2 in the 1st minute (t21 = 3.373, p = 0.003). The Rproj showed a 286 

similar response pattern and time course (Fig. 2E). The fish concentrated more on the 287 

direction towards the upright BM stimuli, as the Rproj value was marginally increased 288 

relative to the baseline (0.064±0.162, t23 = 1.936, p = 0.065, the orange square). The 289 

results together suggest that the fish prefer to watch the upright BM stimuli rather than 290 

the non-BM stimuli. 291 

 292 

Experiment 2 293 

Consistent with previous findings (Nakayasu & Watanabe, 2014; Nunes et al., 2020), 294 

Experiment 1 demonstrated that the zebrafish are prone to the upright BM stimuli and 295 

prefer to approach and look at the upright BM stimuli especially in the first minute 296 
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during the test period. Based on these results, we carried out Experiment 2 to further 297 

explore whether the zebrafish are able to distinguish between the upright and the 298 

inverted BM stimuli simultaneously presented on the two opposite screens using the 299 

same setup. A total of 28 fish (14 female) were tested, and finally 24 fish (12 female) 300 

were included in the following statistical analyses. 301 

Similar to Experiment 1, the fish swam freely with no preference to each ROI in the 302 

baseline period (15.55±8.10% and 18.71±10.60%, respectively; t23 = -1.088, p = 0.288; 303 

see Fig. 3A), and they headed towards the upright and the inverted BM stimuli in equal 304 

probability (48.15±12.80% and 47.00±16.64%, respectively; t22 = 0.289, p = 0.775) and 305 

with equal direction focus (i.e., the Rproj: 0.048±0.134 and 0.029±0.107, respectively; t22 306 

= 0.540, p = 0.595). In the test period, we found the fish were more willing to swim near 307 

the upright BM stimuli (Fig.3C). Specifically, the fish spent more time in ROI 1 during the 308 

whole test period compared with the baseline (5.47±11.46%, t23 = 2.339, p = 0.017, the 309 

orange square). This trend seemed to emerge once the fish saw the upright BM, and 310 

became more obvious in the 3rd and 4th minutes. By contrast, the fish did not spend 311 

more time in ROI 2 during the whole test period compared with the baseline (-312 

1.47±11.47%, t23 = 0.627, p = 0.537, the green square). A marginally significant 313 

difference between the average time percentage the fish spent in ROI 1 and ROI 2 was 314 

found (t23 = 1.776, p = 0.089). However, neither did we observe significant changes of 315 
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the time spent towards the stimuli and the Rproj in the test period for ROI 1 and ROI 2, 316 

nor their differences between these two ROIs (ps > 0.15, Fig.3D and 3E).  317 

 318 

Fig 3. The results of Experiment 2. (A) 2D heatmaps of the fish’s swimming positions in each of the 319 

1-minute time bins. The warmer the color, the more frequently the fish stayed at this position. The 320 

bottom side is the screen on which the upright BM stimuli were presented. (B) Average oriented direction 321 

of each fish in each ROI. Each dot on the circle represents one fish. The orange and green dots represent 322 

the fish in ROI 1 and ROI 2, respectively. The tail of the dot points to the average oriented direction of the 323 

fish across frames, with its length inversely representing the variation. The central two rods show the 324 

average vector of direction focus across fish in each ROI. (C) The relative percentage of time the fish spent 325 

in each ROI over separate time bins as well as the average. (D) The relative percentage of time the fish 326 



21 

 

oriented towards the nearby stimulus in each ROI. (E) The relative magnitude of the mean direction focus 327 

of the fish towards the nearby stimulus in each ROI (the Rproj). The circles (or squares) and the error bars 328 

represent the sampled mean± SEM. Note: *p < 0.05, with FDR corrected for separate time bins; #p < 0.05, 329 

uncorrected; †p < 0.1. The orange signs mark the significant differences between the test and the baseline 330 

periods for the upright BM stimuli.  331 

The results obtained from Experiment 2 suggest that the zebrafish seem to own the 332 

ability to discriminate the upright and the inverted BM stimuli and tend to stay with the 333 

BM for more time. But as there was no significant supportive evidence that the fish 334 

more likely orient towards the upright BM stimuli during the test period, it needs to be 335 

further verified whether the discrimination between the upright and the inverted BM 336 

can be robustly reflected in the head orientation of the zebrafish. 337 

 338 

Experiment 3 339 

Experiment 2 demonstrated that the zebrafish were more willing to swim near the 340 

upright BM stimuli, but did not find the preference of the zebrafish to head towards the 341 

upright BM stimuli. This was likely due to the potential competition from the 342 

simultaneous presentations of these two very similar stimuli. The zebrafish would have 343 

more time exploring the stimuli in a single-display setup, which could likely increase the 344 

probability that the zebrafish orient towards the BM stimuli. Hence, we further tested in 345 

Experiment 3 whether the head orientation is a sensitive index for the discrimination 346 
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between the upright and the inverted BM when the stimuli were presented on a single 347 

screen for each fish. A total of 71 fish were tested, and finally 48 fish remained in 348 

statistical analyses with half of them exposed to the upright BM stimuli (9 female) and 349 

the other half to the inverted BM stimuli (9 female).  350 

First, the two group of fish spent a similar amount of time in ROI 1 and ROI 2 during 351 

the baseline period (21.12±13.35% and 17.89±10.39%, respectively; t46 = 0.937, p = 352 

0.346). As depicted in Fig. 4A and 4C, although the average time the fish spent during 353 

the test period in both ROIs had no significant changes relative to the baseline (ps > 354 

0.32), they swam quickly to the stimulus immediately after its appearance. The time 355 

spent increased in the 1st minute in both ROI 1 (9.53±20.94%, t23 = 2.230, puncorrected = 356 

0.033) and ROI 2 (9.65±14.77%, t23 = 3.200, p = 0.004), suggesting both stimuli are 357 

attractive to the zebrafish at the first glance. In Experiment 3, we did not find significant 358 

differences between ROI 1 and ROI 2 (ps > 0.28), probably due to the reduced statistical 359 

power in a between-subjects design.  360 



23 

 

 361 

 362 

Fig 4. The results of Experiment 3. (A) 2D heatmaps of the fish’s swimming positions in each of the 363 

1-minute time bins. The warmer the color, the more frequently the fish stayed at this position. The 364 

bottom side is the screen on which the stimuli were presented. (B) Average oriented direction of each fish 365 

in each ROI. Each dot on the circle represents one fish. The orange and green dots represent the fish in 366 

ROI 1 and ROI 2, respectively. The tail of the dot points to the average oriented direction of the fish across 367 

frames, with its length inversely representing the variation. The central two rods show the average vector 368 
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of direction focus across fishes in each ROI. (C) The relative percentage of time the fish spent in each ROI 369 

over separate time bins as well as the average. (D) The relative percentage of time the fish oriented 370 

towards the nearby stimulus in each ROI. (E) The relative magnitude of the mean direction focus of the 371 

fish towards the nearby stimulus in each ROI (the Rproj). The circles (or squares) and the error bars 372 

represent the sampled mean± SEM. Note: *p < 0.05, with FDR corrected for separate time bins; #p < 0.05, 373 

uncorrected; The orange and green signs mark the significant differences between the test and the 374 

baseline periods for the upright and the inverted BM stimuli, respectively, while the black ones mark the 375 

significant differences between the upright and the inverted BM stimuli during the test period. 376 

The time percentage of the fish heading towards the screen (44.54±11.92% and 377 

46.97±12.10%, respectively; t46 = -0.699, p = 0.488) and their direction focus 378 

(0.015±0.098 and 0.062±0.123, respectively; t46 = -1.449, p = 0.154) from the two ROIs 379 

did not differ from each other in the baseline period. Crucially, the fish spent more time 380 

on orienting toward the upright BM stimuli (9.87±12.88%, t23 = 3.754, p = 0.001, the 381 

orange square in Fig.4D) with a significantly higher Rproj (0.111±0.097, t23 = 5.571, p < 382 

0.001, the orange square in Fig.4E) during the test period compared with the baseline. 383 

These differences went larger as time progressed, particular in the 3rd (head 384 

orientation: t23 = 2.953, p = 0.007; Rproj: t23 = 3.155, p = 0.004) and the 4th minutes 385 

(Rproj: t23 = 2.398, p = 0.014), which substantiated the facts that the fish may require 386 

more time to distinguish the upright from the inverted BM stimuli and a single-display 387 

setup is more suitable to observe the head orientation effect. The results in Experiment 388 
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3 thus further confirmed that the zebrafish indeed spent more time looking at the 389 

upright BM stimuli rather than the inverted counterparts. 390 

 391 

Discussion 392 

The current study investigated an intriguing question whether fish, like land 393 

animals, are able to discriminate the upright BM of conspecifics from the inverted 394 

counterpart. Our results clearly showed that the zebrafish spent significantly more time 395 

dwelling on the area where the upright BM was displayed (Experiments 1 and 2), and 396 

was more willing to watch the upright BM compared with the inverted BM (Experiment 397 

3). Taken together, the current study, to our knowledge, is the first demonstration of 398 

the inversion effect in BM perception in teleosts, a phenomenon that has already been 399 

found in humans, marmosets, baboons and chicks (Bardi et al., 2014; Bertenthal et al., 400 

1984; Brown et al., 2010; Fox & McDaniel, 1982; Parron et al., 2007; Shipley, 2003; 401 

Simion et al., 2008; Sumi, 1984; Troje & Westhoff, 2006; Vallortigara & Regolin, 2006). 402 

The findings thereby expand the applicability of the specialized “life motion detector” 403 

from terrestrial vertebrates to lower aquatic vertebrates, and may further imply that 404 

this privileged ability of animacy detection is widely conserved in all vertebrates.  405 

Consistent with the findings of Nakayasu and Watanabe (2014), we found that the 406 

non-BM composed of 6 dots at equal distance with constant speed is much less 407 

attractive to fish. The fish could easily distinguish the upright BM and the non-BM 408 
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through the body configuration, swim kinetics, or swim trajectory (Larsch & Baier, 2018; 409 

Shibai et al., 2018). However, some previous studies found that the fish were similarly 410 

attracted by the upright and upside-down real video clips of the conspecifics (Neri, 411 

2012, 2019), while the current study demonstrated that the zebrafish preferred to dwell 412 

on and orient towards the side of the screen displaying the upright relative to the 413 

inverted point-light BM. One possible reason for the discrepancy is that compared with 414 

the light-point BM stimuli, real video clips contain not only motion cues but also many 415 

other salient visual features including color, shape, and stripe pattern (Gerlai, 2017; 416 

Rosenthal & Ryan, 2005; Saverino & Gerlai, 2008). These distracting visual features do 417 

not change much with inversion and thus substantially increase the difficulty for the fish 418 

to distinguish the upright BM of the conspecifics from the inverted one. On the other 419 

hand, their selectively videoed motion clips (such as their exemplar demos) are probably 420 

short of crucial motion cues especially about the swimming trajectories in the vertical 421 

dimension, which may also lead to the decreased discriminability between the upright 422 

and the inverted BM. Considering that the only difference between the upright and the 423 

inverted point-light BM stimuli was the profile of the vertical motion velocity and 424 

acceleration (i.e., compatible or incompatible with the direction of gravity), it would be 425 

more difficult for fish to distinguish between the upright and the inverted BM than 426 

between the upright BM and the non-BM. Nevertheless, compared with the inverted 427 

BM, the fish were prone to spending more time near the upright BM in a multi-display 428 
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scene and more willing to orient towards the upright BM in a single-display scene. By 429 

and large, the zebrafish indeed can distinguish the upright point-light BM stimuli from 430 

the inverted counterparts, manifesting a robust inversion effect in BM perception. 431 

The life detection ability of the zebrafish revealed by the current study echoes with 432 

those of the terrestrial animals in general. For terrestrial animals, the inversion effect in 433 

BM perception is contributed significantly by the dynamic motion cues (Brown et al., 434 

2010; Shipley, 2003; Troje & Westhoff, 2006; Wang & Jiang, 2012), as reviewed in the 435 

Introduction that even scrambled motion cues without any global configural information 436 

is sufficient for the discrimination between the upright and the inverted BM. For 437 

teleosts, it has already been shown that biological postures, motion trajectories and 438 

swimming kinetics all provide valuable clues to distinguish between constant motion 439 

and fish-like BM (Larsch & Baier, 2018; Nakayasu & Watanabe, 2014; Nunes et al., 2020; 440 

Shibai et al., 2018). In the current study, the fish BM stimuli consisted of a few dots with 441 

equidistance, and the inverted BM created by mirror flipping the upright BM vertically 442 

did not change the fish’s postures (see the demos in Supplementary Materials). 443 

Accordingly, the observed inversion effect in BM perception in fish should be largely 444 

accounted for by motion dynamics rather than postures. 445 

Type Vertical acceleration (a.u./s2) Vertical velocity (a.u./s) 

Fish1 (+)734.53 / (-)728.34 (+)34.76 / (-)43.63 

Fish2 (+)533.10 / (-)531.73 (+)23.11 / (-)27.81 
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Fish3 (+)573.37 / (-)564.29 (+)23.33 / (-)31.88 

Human Walker1 (+)1721.30 / (-)1406.30 (+)51.43 / (-)47.25 

Human Walker2 (+)3685.38 / (-)3320.34 (+)335.26 / (-)309.40 

Pigeon2 (+)2738.10 / (-)2691.70 (+)120.88 / (-)230.13 

Cat2 (+)2337.70 / (-)2424.20 (+)139.27 / (-)109.70 

Table 1. Average vertical accelerations and velocities for fish BM and the feet BM of humans and other 446 

animals. Positive and negative vertical acceleration and velocity values indicate upward and downward 447 

acceleration and velocity, respectively. Fish BM stimuli are from Nakayasu and Watanabe (2014), while 448 

humans and other animal BM stimuli are from Vanrie and Verfaillie (2004)1 and D. H. Chang and Troje 449 

(2008)2, respectively. 450 

 451 

Regarding what kind of kinetic cues the “life motion detector” in terrestrial animals 452 

is attuned to, researchers propose that the gravity-dependent dynamics of life motion, 453 

especially arising from the feet motion, has unique advantages in visual processing 454 

(Bardi et al., 2014; Bertenthal et al., 1984; Fox & McDaniel, 1982; Simion et al., 2008; 455 

Vallortigara & Regolin, 2006). Based on this, one possible explanation is that fish rely on 456 

the similar gravity-dependent dynamics of motion to perceive animacy, just like 457 

terrestrial vertebrates do. We therefore calculated the vertical accelerations and 458 

velocities of the BM stimuli from three fish and found a consistent pattern that the 459 

vertical accelerations of swimming up are slightly faster than swimming down, but their 460 

vertical velocities are a bit slower than swimming down. In other words, the subtle 461 
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differences in motion dynamics between swimming up and swimming down may 462 

provide crucial clues for fish to perceive animacy (Table 1). It is conceivable that the 463 

movements of fish are also affected by the gravity of Earth because fish live in an 464 

environment where the difference in hydrostatic pressure is a direct product of gravity 465 

(ΔP = ρg Δh, where P, ρ, g, and h represent hydrostatic pressure, mass density, gravity, 466 

and height of vertical fluid column). More intriguingly, the similar pattern of the vertical 467 

accelerations also exists in the feet movements of human walkers and pigeons but not 468 

cats, which is consistent with previous observation that the cat’s feet motion carries the 469 

smallest inversion effect in comparison to other stimulus types (Chang & Troje, 2009). 470 

These findings hint that at least the different magnitudes of vertical acceleration 471 

compatible or incompatible with the gravity of Earth may serve as valuable clues for 472 

most, if not all, vertebrates to perceive animacy conveyed by BM (Wang et al., 2022). 473 

For terrestrial vertebrates, it has been hypothesized that the optic tectum (OT) and 474 

its mammalian equivalent, the superior colliculus (SC) (Isa, Marquez-Legorreta, Grillner, 475 

& Scott, 2021; Nevin, Robles, Baier, & Scott, 2010), are responsible for the early 476 

detection of BM via gravity-driven visual invariants derived from the upright feet motion 477 

(Indovina et al., 2005; Troje & Chang, 2013). Given that the OT of teleosts has been 478 

revealed as one of the most prominent structures for visual motion information 479 

processing (Wang, Hinz, Haikala, Reiff, & Arrenberg, 2019; Wang, Hinz, Zhang, Thiele, & 480 
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Arrenberg, 2020), it may also be involved in distinguishing between the upright and 481 

inverted swimming kinetics of their conspecifics. The detection of gravitational 482 

acceleration in visual motion engages the vestibular network in humans (Indovina et al., 483 

2005), which is likely the case in zebrafish as well. Indeed, it has been shown that 484 

neurons in the zebrafish OT are involved in vestibular processing (Favre-Bulle, 485 

Vanwalleghem, Taylor, Rubinsztein-Dunlop, & Scott, 2018). Therefore, the OT may play 486 

a crucial role of “life motion detector” in zebrafish.  487 

On the other hand, as social animals, zebrafish prefer to shoal with their partners, 488 

but its underlying neural circuits remain largely unexplored. It has been suggested that 489 

the amygdala, septal and preoptic areas are involved in many aspects of social behaviors 490 

in birds and mammals (Lorenzi et al., 2017; Mayer et al., 2017; 2019). Particularly, the 491 

activations of the septal and preoptic areas have been observed when chicks are 492 

exposed to motion cues (Lorenzi et al., 2017; Mayer et al., 2017). The zebrafish brain 493 

regions including the dorso-medial and ventral telencephalon as well as the preoptic 494 

area are homologous to the mammalian amygdala, septum, and paraventricular nucleus 495 

of the hypothalamus, respectively (Kermen et al., 2020). Maybe these brain regions in 496 

zebrafish are also involved in BM perception. In many other species, such as humans 497 

and chicks, BM information is processed with apparent brain asymmetry (Grossman, et 498 

al., 2000; Rugani, et al., 2015), but the evolutionary origin of which remains to be 499 
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explored. What’s more, it has been shown that lesion of the zebrafish ventral forebrain 500 

disrupts social orienting behaviors, indicating the indispensable role of the forebrain in 501 

social interaction (Stednitz et al., 2018). In addition, oxytocin is a key neuropeptide for 502 

regulating social behaviors (Liu et al., 2018), and the expression of receptors affecting 503 

the release of oxytocin can modulate BM perception in zebrafish as well (Nunes et al., 504 

2020). Interestingly, a specific effect of valproic acid (VPA) on dynamic cues of animate 505 

motion has been found in newly-hatched chicks (Lorenzi et al., 2019). This means that 506 

VPA, which affects the social behaviors of zebrafish (Baronio et al., 2018; Dwivedi et al., 507 

2018), may also have a specific effect on BM perception. However, the mechanism of its 508 

influence is still unclear. Further investigations need to be carried out to determine and 509 

delineate the neural correlates of BM processing in zebrafish. 510 

In sum, the current study demonstrated that zebrafish, similar to the terrestrial 511 

vertebrates, perceive BM in a gravity-dependent manner. The observed inversion effect 512 

in BM perception in zebrafish lends necessary support to the notion that the 513 

evolutionary origin and significance of the BM processing may be at least traced back to 514 

ancient vertebrates living in the ocean, or even to some invertebrates such as spiders 515 

(De Agro, Rossler, Kim, & Shamble, 2021). Although the evidence so far provides an 516 

evolutionary possibility that the animacy detection ability is an ancient function 517 
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inherited and developed for purposes of animal survival and social interaction, its 518 

underlying neural mechanism still awaits investigations by future research. 519 
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