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Abstract4

Terrestrial animals compute shortcuts through their environment by integrating self-5

motion vectors containing distance and direction information. The sensory and neural6

mechanisms underlying this navigational feat have been extensively documented, but their7

evolutionary origins remain unexplored. Among extant vertebrates, the teleost fish make up8

one of the most diverse and earliest-branching phylogenetic groups, and provide a powerful9

system to study the origins of vertebrate spatial processing. However, how freely-swimming10

teleost fish collect and compute metric spatial information underwater are unknown. Using11

the Picasso triggerfish, Rhinecanthus aculeatus, we investigate the functional and mechanis-12

tic basis of distance estimation in teleost fish for the first time. We show that a fish can13

learn and remember distance travelled with remarkable accuracy. By analysing swimming14

trajectories, we form hypotheses about how distance is represented in the teleost brain, and15

propose that distance may be encoded by dedicated neural structures in a similar way to ter-16

restrial vertebrates. Finally, we begin exploring the sensory mechanisms underlying distance17

estimation in fish. Many walking animals use a step counter for odometry. By quantifying18

finbeat use during our distance task, we show that a functionally equivalent finbeat counter19

is unlikely to provide reliable and precise distance information in an aquatic environment.20
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1 Background21

A powerful way for an animal to navigate through its environment is through path integration.22

Self-movement vectors containing distance and direction information are constantly and auto-23

matically summated throughout any journey, providing the animal with an internal store of a24

vector taking it directly back to a starting position [1, 2]. The result is a dramatic increase in25

navigation efficiency - shortcuts can be constructed through entirely unexplored terrain, avoiding26

the need to use external information to retrace previous steps.27

To achieve this navigational feat, an animal must have dedicated sensory mechanisms and28

neural structures to collect and process distance and direction information from self-motion cues.29

Such mechanisms have been extensively studied in terrestrial animals ranging from mammals such30

as humans [3] and rats [4, 5], and invertebrates such as spiders [6], ants [7], and bees [8, 9].31

In contrast, how underwater species collect, process, and use metric spatial information to ac-32

curately navigate through their environment is largely unknown. An aquatic habitat is a fascinat-33

ing environment to navigate through from a sensory and computational point of view. It contains34

sensory information not available on land, such as hydrodynamic cues from water flow, hydro-35

static pressure from above, and electric currents carried through the water. Freely-swimming36

animals also have six degrees of freedom of movement (3 translational: forwards/backwards,37

left/right, up/down; 3 rotational: roll, pitch, yaw), compared to just three in surface-constrained38

animals (two translational: forwards/backwards, left/right; one rotational: yaw), which requires39

sensing and processing of spatial information in three-dimensions [10, 11, 12].40

Among the animals facing these navigational challenges are the teleost fish, which display41

huge ecological diversity, inhabiting almost every aquatic niche on earth [13]. The teleost fish are42

therefore a valuable study system to shed light on how animals occupying aquatic environments43

have evolved to solve similar navigation problems to their terrestrial counterparts. As the most44

diverse and species rich vertebrate group, located in the sister clade to the tetrapods and lobe45

finned fish, studying how teleost fish encode metric spatial information is also important for46

understanding the representation of space in the vertebrate clade as a whole. There is increasing47

evidence to suggest that the teleost pallium is not only structurally equivalent, but homologous48

to the mammalian and avian hippocampus, placing the origin of a brain structure used in spatial49
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memory as far back as 400 million years ago [14, 15, 16, 17]. However, in order to support this50

hypothesis, it must first be demonstrated at the behavioural level that the teleost fish possess51

similar navigation strategies to other vertebrates.52

Early evidence from analysing swimming trajectories of fish trained to swim to a specific53

location to a gain a food reward suggests that fish can store an internal representation of distance54

and direction to a food reward relative to home [11], and compute such information in both55

horizontal and vertical space [12, 18]. The estimation of travel direction in the context of long56

range compasses has been studied in a range of migrating fish species, indicating some analogy57

with terrestrial and aerial species. Mosquitofish are able to orient using a time-compensated sun58

compass [19], while juvenile sockeye salmon and the Mozambique tilapia orient using magneto-59

sensation [20, 21], and there is some evidence that rainbow trout use polarised light from above60

[22]. However, these abilities have never been directly quantified. Moreover, it is unknown61

whether teleost fish are able to measure distance travelled, which sensory mechanisms may62

support this behaviour, and the potential neural architecture that may underlie it. In this paper,63

we address these gaps by developing a behavioural paradigm to explore three key areas: (1) Can64

a teleost fish learn and remember distance information? (2) How might distance information be65

represented in the teleost brain? (3) What sensory cues do teleost fish use to collect distance66

information?67

We develop a ‘match-to-sample’ behavioural task to assess whether fish can estimate travel68

distances. This is based on previous experiments done with the rat [5] and the desert ant [23].69

The animal is trained to a given distance, and during testing we assess how accurately the animal70

can match this distance. We use the Picasso triggerfish (Rhinecanthus aculeatus) as our study71

species, typically found on shallow reef-flats throughout the Indo-Pacific Ocean. It has proven to72

be trainable in complex behavioural tasks and is naturally territorial so can be kept in isolated73

tanks in laboratory aquaria whilst maintaining natural behaviours [24, 25].74

This behavioural paradigm can be used to form hypotheses about the mental representation,75

or neural encoding, of distance estimation in this fish species. In mammals, distance information76

is represented with remarkable accuracy by grid cells in the medial entorhinal cortex, receiving77

multiple sensory afferents from cortical brain regions [5, 26, 27, 28]. Whether teleost fish share78

this mechanism through common ancestry, or if they have evolved a separate architecture to79
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represent distance information is unknown. It has been proposed that some animals may encode80

distance as a measure of travel time [8]. We test this latter hypothesis by exploring whether travel81

time is a good predictor of the variation seen across individual distance estimates. If travel time82

is used as a measure of distance travelled, the variance observed in the time and distance metrics83

would be equivalent, and we would observe faster swimming speeds for larger distance estimates.84

We demonstrate how this analysis, in combination with the distance estimation results observed,85

can be used to form hypotheses about the mental representation of distance in the teleost brain.86

These hypotheses can be tested into the future using neural lesioning studies and single cell87

recordings, whilst observing the behavioural output using the present behavioural task.88

Finally, we explore how our study species acquires distance information using self-motion89

cues to compare how teleost fish have evolved to solve this problem in their aquatic world with90

animals walking on land. Previously studied invertebrates such as the desert ant, fiddler crab, and91

wandering spider partially or fully rely on an internal stride integrator as a measure of distance92

travelled through summation of inputs from leg mechanoreceptors [29, 30, 31, 32]. Humans are93

similarly able to estimate distance based on a function of walking speed, step length and step rate94

[33, 34]. The functionally equivalent mechanism for forward propulsion in a teleost fish would95

be the use of mechanosensory inputs from finbeat movements. The Picasso triggerfish uses three96

sets of fins for propulsion either in combination or in isolation: pectoral fins; undulating dorsal97

and anal fin pairs; and, the caudal fin. We investigate whether this species counts individual98

caudal finbeats (tailbeats), which provide the majority of rapid forward propulsion, or summates99

mechanosensory inputs across all finbeat combinations to measure distance travelled.100
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2 Methods101

2.1 Subjects102

Test subjects were five naive Picasso triggerfish, Rhinecanthus aculeatus, originating from coastal103

reefs on the Maldives, sourced through a local supplier. Individuals were housed in tanks measur-104

ing 0.45x0.30x0.75m (width x height x length) under a 12h/12h automated day/night flourescent105

light cycle, and provided with coral gravel, rocks and caves for enrichment. Salinity was kept106

constant at 35ppt using reverse osmosis water with added aquarium salts (Tropic Marine Cen-107

tre Classic Sea Salt). Marine pellets (Ocean Nutrition Formula One Marine Pellet) and krill108

(Gamma Krill Pacifica) were provided as food rewards during training. Lance fish or cockles109

(Gamma) were fed as a supplement at the end of each training day. The experiment tank and110

home tanks were cleaned and water quality tested twice weekly. Ammonia and Nitrite were kept111

at 0ppm and Nitrate was maintained below 15ppm.112

2.2 Behavioural Task113

2.2.1 Experimental set-up114

A linear Perspex maze (supplementary fig. 1) measuring 0.25m high x 0.16m wide x 1.80m long115

(fig. 1) was built within a flow-through tank connected to the home water system to maintain116

constant water parameters. The walls and floor were patterned with regular black and white117

stripes of width 0.02m to provide basic visual contrast information, as many species have been118

shown to have impaired distance estimation abilities in the absence of optic flow [9, 23]. A119

perforated white screen was placed at either end to create laminar water flow whilst blocking120

the visual stimuli provided by cues external to the tank or the inlet and outlet pipes themselves.121

A moveable start area of dimensions 0.25m high x 0.16m wide x 0.30m long could be placed in122

one of three start area positions, all 0.1m apart (supplementary fig. 2). An infrared detector123

(SHARP 2Y0A21 proximity sensor) was then placed at water level overhead, 0.80m from the124

start area doorway. This was attached to an Arduino microprocessor, which through a Matlab125

(Mathworks Inc.) program controlled aquarium lights (Interpret Triple LED Lighting System,126

0.75m) running along the top of the lateral maze walls. The voltage of the infrared (IR) detector127

5

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted November 8, 2019. ; https://doi.org/10.1101/834341doi: bioRxiv preprint 

https://doi.org/10.1101/834341
http://creativecommons.org/licenses/by-nd/4.0/


varied between 0V and 3.5V depending on the strength of the reflection from objects which128

passed in front of it. We tested the response of the detector to objects in water and after this we129

set a threshold of 1.7V. As the fish passed beneath the detector, a voltage change was registered130

and when this exceeded 1.7V, the aquarium lights switched on. A Point Grey Grasshopper 3M131

camera (FLIR Machine Vision Cameras) was placed 1.1m above the water level to record testing132

trials.133

Overhead IR Detector

80cm

Arduino 

Water 
Flow In 

Water 
Flow Out 

LED Aquarium Lights 

Figure 1: Distance estimation task basic training set-up. The linear maze was constructed inside
a flow-through tank, with water flow in behind the start area (blue inlet arrow) and passive water
flow out at the opposite end of the tank (blue outlet arrow). Perforated white screens separated
the fish from the inlet and outlet pipes and ensured laminar flow. The maze walls and floor
were lined with alternating black and white stripes of width 0.02m to provide constant optic flow
information. The fish was placed in a movable start area and was trained to swim to an overhead
infrared detector, which via an Arduino microprocessor caused the surrounding aquarium lights
to switch on. The fish was trained to return to the start area for a food reward once the lights
had switched on. An overhead camera recorded distance estimates during the testing phase.

2.2.2 Distance Training134

Fish were trained to swim 0.80m to the overhead infrared detector to switch on the aquarium135

lights and return home for a food reward. We trained the fish to pass beneath the detector to136

switch on aquarium lights to encourage them to learn the association between active swimming137

of a certain distance and a food reward rather than beaconing directly to a landmark. Train-138

ing sessions lasted 10 minutes, or until 10 correct trials were complete. To control for use of139

external landmarks, each session the start area was moved randomly between three positions,140

located increasingly distally through the tank by 0.10m increments (supplementary fig. 2). The141

infrared detector was moved accordingly to maintain the correct distance of 0.80m. Training was142

considered complete when the fish swam directly out to the light flash and back on 80 percent143
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of trials within the 10-minute session time limit, across three consecutive sessions.144

2.2.3 Testing: Can teleost fish estimate distance?145

Test sessions were of variable length according to individual differences in motivation, with a146

pseudo-randomly alternating training + testing trial structure. During training trials (fig. 2A),147

the IR detector was placed 0.80m from the start area as before and the fish was rewarded in the148

start area if it was correct. During testing trials (fig. 2B), the infrared detector was moved to a149

decoy position 1.30m from the start area. Moving the detector distally tested whether the fish150

had learned to swim the correct distance, or if it had learned to beacon to the infrared detector151

landmark. Sessions always began with a testing trial set-up and trial order was randomised152

thereafter. 15 testing trials were completed at each start area position, resulting in a total of153

45 distance estimates per fish. To control for use of external cues, each testing session the start154

area was once again moved between the three starting positions whilst keeping the distance to155

the infrared detector constant.156

IR Detector

80cm

A

IR Detector

80cm

B

Figure 2: Distance estimation task training and testing set-up. (A) Training - the fish was
trained to swim 0.80m to the infrared detector which when the fish passed beneath it, detected a
voltage change and via the arduino computer caused the aquarium lights to switch on, signalling
to the fish to return to the start area for a food reward. (B) Testing - during testing trials, the
infrared detector was moved distally to 1.30m from the start area entrance. This was to test
whether the fish had learned the correct distance, or to swim to the infrared detector landmark
to encounter the light stimulus.
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2.3 Analysis157

Testing sessions were recorded using an overhead camera (Point Grey Grasshopper 3M) at 50158

frames per second and saved as Audio Video Interleave (avi) files using the Streampix 7 video159

capture software (Image Width: 2448 pixels; Image Height: 350 pixels). Each testing trial160

was then extracted into a series of jpeg images using the Streampix 7 program making them161

compatible for analysis in a Matlab video tracking program.162

2.3.1 Extracting distance estimates163

A distance estimate was considered the maximum point of the fish’s nose within a successful164

trial prior to turning home. A Matlab program was used to track the pixel coordinate position165

of the fish’s nose upon exiting the start area and the maximum point of the nose prior to turning166

home. Using the program R (The R Project, version 3.6.1) the total pixel distance travelled was167

calculated as the difference between the exit position and turning position, and estimates were168

converted to metric distances using the following conversion: 14.4 pixels = 0.01m.169

2.3.2 Extracting travel time170

The frame number of the fish’s exit from the start area and the maximum point of the nose prior171

to turning home was recorded. The time taken was calculated as the difference between the exit172

and turning frame, and the frame rate of the video (50fps) was used to convert this to seconds173

per distance estimate.174

2.3.3 Finbeat analysis175

Video recordings of the distance estimates were used to test whether the Picasso triggerfish uses176

proprioceptive inputs from finbeats to estimate distance. The Picasso triggerfish uses three sets177

of fins for propulsion either in combination or in isolation: pectoral fins; undulating dorsal and178

anal fin pairs; and, the caudal fin. The analysis was split into two levels. Caudal finbeats,179

or tailbeats, could be counted using the video data collected. Finbeats from the pectoral and180

dorsal/anal fin pairs could not be counted because they operate in such a way that makes a181

single beat difficult to distinguish. The total distance per testing trial dedicated to each finbeat182

8

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted November 8, 2019. ; https://doi.org/10.1101/834341doi: bioRxiv preprint 

https://doi.org/10.1101/834341
http://creativecommons.org/licenses/by-nd/4.0/


type and combination was measured. Combinations included: caudal only; dorsal/anal pairs183

only; pectoral only; all finbeats; none (gliding); caudal and dorsal/anal; caudal and pectoral;184

dorsal/anal and pectoral. Information was first extracted as the total pixel distance for each185

finbeat type, and converted into a metric distance using the previous conversion (14.4 pixels =186

0.01m).187
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3 Results188

3.1 Teleost fish do have an internal representation of distance travelled189
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Figure 3: Left: Distance estimates produced by the population average and individual fish.
Error bars indicate +/- 1 std dev. The black dashed line indicates the target distance (0.80m),
and the grey dashed line indicates the decoy testing position of the overhead infrared detector
controlling the lights. Right: Absolute distance estimate position within the tunnel maze for all
fish, split by start area position. The start area moved between three positions: +0cm (dark
grey), +10cm (mid-grey) and +20cm (light grey) - the dashed lines indicate the corresponding
position of the start area doorway from the back of the tunnel.

Figure 3 shows the average distance estimates for individual fish and the sample population190

(see also supplementary fig. 3 and table 1 for individual distance estimate distributions). All191

five fish avoided the overhead infrared detector in favour of turning at the perceived correct192

distance on all 45 testing trials. The average population level distance estimate was 0.803m (3sf)193

with a standard deviation of 0.0365m (3sf), which was not significantly different from the target194

distance of 0.80m - one-sample t-test, t4,0.05=0.0232 (3sf), p=0.983 (3sf).195

Subjects were not using any additional positional cues internal or external to the maze itself196

to guide their turning points. Throughout training and testing, the start area was moved between197

three positions (identified as +0cm, +10cm, and +20cm) in order to shift the absolute position198

of the correct turning point in the tunnel while keeping the correct distance constant. If fish were199
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generalising across positions and using a fixed external positional cue rather than an internal200

representation of distance, we would expect no difference in absolute turning point across the201

three start area positions. A linear mixed effects model (Absolute Estimate Point = Start202

Area Position (fixed effect) + Fish (random effect)) revealed start area position to be a good203

predictor of the absolute estimate point within the tunnel across fish (fig. 3, right): F215,2=69.8204

(3sf), p<0.001, with absolute turning position for all three start area positions significantly205

different from each other (Tukey HSD pairwise comparison: 0:10 - t215,0.05=5.81, p<0.001; 10:20206

- t215,0.05=6.00, p<0.001; 0:20 - t215,0.05=11.8, p<0.001). Individual fish identity explained some207

of the residual variation in distance estimates (Likelihood Ratio Test with and without random208

effect of fish = 7.63 (3sf), p=0.00575 (3sf), supplementary fig. 8). We therefore conclude that our209

fish are using an internal metric representation of distance travelled independently of external210

information.211
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3.2 Distance is not represented as a measure of travel time212
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Figure 4: Left: Regression of Time taken against corresponding distance estimate. Equation of
the linear regression line: Distance = 6.69 x Time taken + 61.9, t219,0.05= 9.16, p¡0.001. Right:
Plot of distance estimate against corresponding trial swimming speed. There was no significant
relationship between distance estimate and swimming speed: Distance = 0.0679 x Speed + 77.9,
t44,0.05=0.694, p = 0.492. In both plots, coloured points represent individual fish identity.

To date, there is no evidence that any species uses travel time as a measure of distance. We213

tested this hypothesis for the distance estimates produced by our fish.214

Travel time was a good predictor of distance travelled for our fish, with a positive relationship215

between the two at population level, fig. 4 - left (Linear Mixed Effects Model – Distance Estimate216

= Time Taken (fixed effect) + Fish Identity (random effect): t219,0.05= 9.16, p<0.001). A217

significant degree of residual variance was explained by the individual fish (Likelihood Ratio218

Test (model with and without the random effect of fish) = 43.9, p<0.001).219

This relationship is intuitive as if an individual is travelling at a near constant speed then220

we would expect to see larger distance estimates to take more time. The positive relationship221

would therefore emerge as a by-product of the error in their distance estimates. However, if222

time were to predict distance, then the coefficients of variation (measured as (standard devia-223

tion/average)x100) for each fish would be equal for both the time and the distance measurements.224

However, for all five fish the ratio of the coefficients was between 1.5 and 3, with a greater error225
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Fish
Distance Estimate

Coefficient of Variance
Time Taken Coefficient

of Variance
Ratio of Coefficients

A 14.7 22.5 1.53
B 11.8 35.7 3.01
C 19.2 35.6 1.86
D 8.23 15.3 1.85
E 13.7 24.3 1.77

Table 1: Comparing coefficients of variance for distance estimates and time taken. Coefficients
were calculated for all five tested fish separately, calculated using the equation: (sample standard
deviation/sample mean)x100. The ratio of coefficients was calculated using the equation: Time
Taken Coefficient of Variance/Distance Estimate Coefficient of Variance.

for travel time than for the distance estimates produced (table 1).226

We would also expect to see variation in swimming speed to be predicted by distance: if a fish227

was using time to measure distance, then further distance estimates would be associated with228

faster swim speeds. A linear mixed effects model was constructed as follows: Distance Estimate229

= Speed (fixed effect) + Fish (random effect). Speed was not a good predictor of distance230

estimate with no significant relationship between the two variables, fig. 4 - right (t44,0.05=0.492,231

p=0.492 (3sf)). Once more a significant degree of residual variance explained by the random232

effect of individual fish (Likelihood Ratio Test (model with and without the random effect of233

fish) = 9.06, p=0.00262(3sf)).234

We conclude that Picasso triggerfish are therefore unlikely to represent metric distance as a235

measure of time travelled.236
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3.3 The Picasso triggerfish does not use finbeats to measure distance237
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Figure 5: Left: Boxplot showing the range of tailbeat numbers for distance estimates for each
fish (Fish A, 3-14; Fish B, 3-10; Fish C, 0-14; Fish D, 5-14; Fish E, 3-14). Right: Regression
of tailbeat number against corresponding distance estimate for each fish (Distance Estimate =
Tailbeats x 1.49 + 69.6, t202,0.05=5.52, p¡0.001). Coloured points indicate individual fish identity.

Video recordings of testing trials were used to explore whether the Picasso triggerfish uses239

mechanosensory inputs from finbeats as a sensory mechanism to collect information on distance240

travelled. Picasso triggerfish use caudal finbeats (here-on tailbeats) for rapid propulsion. They241

come in discreet units and can easily be counted from video recordings. A linear mixed effects242

model was constructed to test whether tailbeat number varied with distance estimates: Distance243

Estimate = Tailbeat Number (fixed effect) + Fish Identity (random effect). There was a pos-244

itive relationship between tailbeat number and distance estimate, fig. 5, right (t202,0.05=5.52,245

p<0.001), with a significant degree of residual variation explained by the random effect of246

fish identity (Likelihood Ratio Test (model with and without the random effect of fish)=6.96,247

p=0.00835 (3sf)). However, there was a large variance in tailbeat number for each fish (fig. 5 –248

left, Range: Fish A, 3-14; Fish B, 3-10; Fish C, 0-14; Fish D, 5-14; Fish E, 3-14). Comparing249

the ratios of the coefficients of variance between distance estimates produced and the associated250

tailbeat number found the ratios varied from almost 2 (Fish A) to almost 4 (Fish C), table 2. The251
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Fish
Distance Estimate

Coefficient of Variance
Tailbeats Coefficient

of Variance
Ratio of Coefficients

A 14.7 27.7 1.88
B 11.8 29.8 2.52
C 19.2 81.2 4.23
D 8.23 20.7 2.51
E 13.7 30.9 2.25

Table 2: Comparing coefficients of variance for distance estimates and tailbeat number. Coeffi-
cients were calculated for all five tested fish separately, calculated using the equation: (sample
standard deviation/sample mean)x100. The ratio of coefficients was calculated usign the equa-
tion: Tailbeats Coefficient of Variance/Distance Estimate Coefficient of Variance.

sensory information gathered from tailbeat number is therefore unlikely to provide the metric252

precision we see in the distance estimation data.253

Tailbeat movements also only provide propulsion for a small fraction of the distance travelled254

for each estimate. The Picasso triggerfish exhibits three swimming modes using the caudal fin,255

pectoral fins and undulating dorsal and ventral fins together or in isolation for propulsion and256

steering. The distance travelled per swimming modality combination for each distance estimate257

was calculated. Combination categories were as follows: All fin types, caudal only, pectoral258

only, dorsal/ventral only, dorsal/ventral and pectoral, pectoral and caudal, dorsal/ventral and259

caudal, none (gliding). Results can be seen in fig. 6, revealing little consistency between trials260

both within and between individual fish. Tailbeats were often used in combination with pectoral261

fin movements and the undulating dorsal and anal fin pairs. There are also prolonged periods262

when the fish are not using tailbeats at all, instead relying on the other fin pairs for propulsion.263

Moreover, there are periods where the fish is gliding and no fins are moving. Even if the fish are264

able to sum the total mechanosensory inputs experienced across the fin types, this information265

is unlikely to provide the metric precision observed from the distance estimates.266
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Figure 6: Bar plots showing the distance travelled using each finbeat type for each testing trial.
Categories are as follows. All: All finbeat types used in combination, DA: Dorsal and Anal fins,
DA+P: Dorsal, Anal and Pectoral fins, None: gliding - no fins used, P: Pectoral, T: Tail/caudal
fin, T+DA: Caudal, Dorsal/Anal, T+P: Caudal + Pectoral.
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4 Discussion267

We show, for the first time, that teleost fish can estimate distance with remarkable accuracy268

(fig. 3). We explored how this distance information may be represented in the brain, and conclude269

that distance is not represented as a measure of travel time (fig. 4). Finally, we analysed video270

recordings of the distance estimates to begin investigating how Picasso triggerfish fish may acquire271

distance information. We tested whether the Picasso triggerfish uses mechanosensory inputs from272

finbeats to measure distance travelled, which would be functionally equivalent to using a step273

counter - a mechanism used by many vertebrate and invertebrate species walking on land. Based274

on the variance in finbeat types and number used, we conclude that the Picasso triggerfish is275

unlikely to use this mechanism to estimate distance (fig. 5, fig. 6).276

Fish were trained to swim a distance of 0.80m to an overhead infrared detector. Passing277

beneath the detector switched on surrounding aquarium lights, which provided the cue to return278

to the start area for a food reward. During testing, this infrared detector was moved to a decoy279

position in the tunnel. The fish were therefore presented with a conflict: whether to favour280

the previously learned distance information and turn around at the previous position of the281

landmark cue, or to ignore the distance information and swim further to the new position of282

the landmark. Our fish consistently chose to ignore the novel position of the landmark cue in283

favour of returning to the start area once they had travelled the learned distance. We observed284

little deviation between individuals, producing a population average of 0.803m, (fig. 3 (left),285

supplementary fig. 3 and table 1). Each training and testing session, the start area moved286

systematically between three positions within the maze to control for use of absolute positional287

information. The fish were not using any absolute positional cues internal or external to the288

maze, as they did not generalise their turning point across these positions (fig. 3, right). We289

therefore conclude that the fish must be using a distance metric based on self-motion information.290

Ignoring the overhead landmark and not using any other external cues indicate that use of metric291

information acquired from self-motion may be prioritised by teleost fish when making navigation292

decisions. In an aquatic environment, landmarks may be scarce, hard to discern at a distance,293

or temporally unreliable. It may therefore be advantageous to prioritise use of internal metric294

information when making navigation decisions. Indeed, it has been demonstrated that reliance295
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on external visual information declines for fish species and populations occupying environments296

with turbulent or variable flow [35].297

We proceeded to explore how distance information could be encoded in the teleost brain. By298

extracting the time taken for each distance estimate from video recordings of test sessions, we299

tested the hypothesis that distance is encoded as a time metric. Although distance estimates300

did increase with time taken (fig. 4, left), the variability in travel time consistently surpassed301

the variability in distance estimates produced across all test subjects (table 1). Larger distance302

estimates were also not associated with faster swimming speeds, as would be expected if fish303

were using time as a measure of distance (fig. 4, right). This is consistent with results from304

previously studied vertebrate and invertebrate species. In the mammalian brain, spatial cells305

that are sensitive to elapsed travel time (time cells) have been discovered [36], but there is no306

evidence that such cell types underlie distance estimation. Indeed, humans tested in a similar way307

to our fish also exhibit greater error in time measurements compared to the distance estimates308

produced [34]. Among the invertebrates, honeybees also show no evidence of using travel time309

to estimate distance. Bees tested in a headwind underestimated distance travelled despite flights310

taking longer, and vice versa in a tailwind [37, 38]. For animals navigating in realistic, complex311

environments travel time is sensitive to disruption which reduces its reliability. For example, a312

Picasso triggerfish navigating through its coral reef habitat will have variable swimming speeds313

during any journey depending on whether it is in open sandy areas or enclosed reef areas, or314

whether it is alone or interacting with another animal. Time will therefore be progressing linearly,315

but distance travelled is likely to be non-linear and highly variable. The result is that travel time316

would not be a useful or reliable measure of distance.317

Overall, our results indicate that a teleost’s mental representation of distance travelled is318

more accurate than a representation of travel time would support (table 1), if indeed travel319

time is represented in the teleost brain at all. The distance estimates produced by our fish320

are highly accurate, and must be supported by neural regions permitting precise representation321

of metric distance. In mammals, the most likely candidates for encoding distance estimation322

in mammals are the grid cells located in the medial entorhinal cortex. Rats with lesions to323

their MEC are unable to return to their home cage based on self-motion cues [4], and rats with324

medial entorhinal cortex lesions cannot estimate distance based on self-movement information325
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[5]. Artificial agents trained to self-localise within a virtual environment using self-movement326

information spontaneously produced grid-like representations, convergent with the grid network327

found in mammals [39]. The authors argued that a grid cell like network provides the most328

parsimonious Euclidian map of space that enables vector based navigation. Our behavioural329

task produced similar results to an equivalent distance estimation task used to test distance330

estimation in rats [5]. However, whether a grid cell-like system also exists in the teleost fish, and331

if this would be a result of convergence or common ancestry is unknown. As neural manipulation332

and recording technologies have been developed for use in fish [40], our behavioural distance task333

now provides a valuable tool that can be used into the future alongside single cell recordings and334

lesioning studies to begin searching for brain regions and eventually cell types directly associated335

with distance estimation in teleost fish.336

Finally, we explored the mechanosensory basis of distance estimation in our test species.337

We tested whether the Picasso triggerfish uses mechanosensory input from fin beats to measure338

distance travelled. Many terrestrial species use idiothetic information from a step counter for339

odometry. Humans are able to estimate distance travelled based on a function of walking speed,340

step length and step rate [33, 34]. Terrestrial invertebrates such as the desert ant, wandering341

spider and fiddler crab use proprioceptive inputs from slit sense organs on their legs internal stride342

integrators to measure distance ([29, 30, 31, 41]). We proposed that the functionally equivalent343

proprioceptive mechanism in fish would be the use of an internal finbeat counter. The Picasso344

triggerfish exhibits three swimming modes using the caudal fin, pectoral fins and undulating345

dorsal and anal fins together or in isolation for propulsion and steering. We primarily tested346

the role of tailbeat number in distance estimation, revealing a high variability in the number347

of tail beats across distance estimates (fig. 5). Comparing the coefficients of variance between348

tailbeat number and distance estimates show that tail beats alone are unlikely to provide the349

information needed to produce the precision seen in our distance estimate data (table 2). Trials350

with low tailbeat numbers are associated with increased use of the other two swimming modes,351

and during some trials fish use all three fin sets (fig. 6). There are also extended stretches352

during some, but not all, distance estimates where the fish glide through the water with no fin353

movements. We therefore suggest that even if the fish is capable of summing and integrating the354

total mechanosensory inputs from the different fin types, they are not using fin beat number to355
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estimate distance. Unlike walking terrestrial species, where there is minimal ground movement356

as they walk across the surface, for fish swimming through variably moving water there is less357

likely to be a reliable directly proportional relationship between distance travelled relative to358

absolute space and the finbeat number used. This is especially true in rapidly moving bodies of359

water such as intertidal zones or fast-flowing rivers, where fin movements are often required to360

keep the fish stationary relative to the background [42]. The reliance on finbeats for odometry361

may therefore vary across fish species. Fish that occupy entirely motionless environments are not362

moving against or with currents may be more likely to experience a linear relationship between363

finbeat movements and distance travelled. Between-species variation in the sensory mechanisms364

used for odometry is observed among terrestrial animals. For example, while a step-counter365

is widely used by both vertebrate and invertebrate animals, flying honeybees which experience366

variable wind load instead rely almost fully on self-induced optic flow (the speed of visual motion367

across the retina) [9], and other species show varying reliance on energy use [43] and internal368

vestibular cues [5].369

Future work should focus on unravelling species and habitat specific sensory mechanisms used370

for measuring distance travelled across the teleost clade. Different teleost species are likely to371

show a similar variation in sensory mechanisms to terrestrial animals, and this variation may372

be linked to their evolutionary ecology. As a coral reef fish occupying well-lit, spatially complex373

intertidal zones, the Picasso triggerfish may instead rely on visual information for odometry in374

a similar way to honeybees. In comparison, other less visual species such as blind cavefish may375

measure distance as a summation of proprioceptive inputs to their lateral line, and fish with an376

electric sense could measure distance using electrical currents in the water. Our behavioural task377

provides a robust paradigm through which we can continue to test these hypotheses.378
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5 Conclusion379

Overall, we have demonstrated that teleost fish are able to estimate distance with comparable380

accuracy to terrestrial vertebrates, and they do so using self-motion cues alone. This distance381

information is not represented in the teleost brain as a measure of travel time, but we propose382

that it is more likely to be represented as a separate metric in the brain, perhaps in a similar way383

to mammalian grid cells. Our results indicate that it is unlikely that teleost fish use idiothetic384

information from finbeats to collect distance information, implying that the use of idiothetic385

cues from a stride integrator to estimate distance may have evolved in walking land animals386

alone. The behavioural task developed in this paper can be used into the future as a universal387

tool to explore the functional and mechanistic basis of distance estimation in fish at the neural388

and behavioural levels. Assessing distance estimation following neural lesioning and single cell389

recordings of candidate brain regions will allow us to study the neural mechanisms underlying390

distance estimation. By manipulating the sensory information provided during training and391

testing, we can also continue to explore the sensory mechanisms used in the odometers of different392

fish species. Gaining a more comprehensive understanding of how teleost fish encode metric space393

in their aquatic environment is a crucial next step in understanding the origin of metric spatial394

encoding in the vertebrate clade, and the navigational challenges faced by animals occupying an395

aquatic three-dimensional world.396
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