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 2 

Nocturnal and deep-sea fish which possess a chemiluminescent subocular search light to detect prey 22 

are currently the only known vertebrates to use light for active sensing1,2. However, recent findings 23 

suggest diurnal fish may also benefit from a form of active photolocation3. The triplefin Tripterygion 24 

delaisi, a small benthic fish4,5, redirects downwelling sunlight from its irides in a controlled, context-25 

specific manner3. This close arrangement between light source and pupil is analogous to that found 26 

in bioluminescent fishes2,6-10 and suggests a specialisation in the induction and detection of 27 

retroreflective eyeshine in other organisms1,3,11. However, diurnal active photolocation has never 28 

been empirically demonstrated. Here we show that experimentally reducing triplefin iris radiance 29 

affects how closely they approach a cryptobenthic sit-and-wait predator, a scorpionfish with 30 

retroreflective eyes12.  Triplefins treated with a shading hat, which only prevented iris radiance, 31 

approached the predator significantly closer than two controls in replicate laboratory and field 32 

experiments. Visual modelling confirmed diurnal active photolocation of scorpionfish is indeed a 33 

plausible mechanism under natural light conditions. We conclude that redirection of ambient light 34 

can allow a small benthic fish to induce and detect eyeshine in its predator. Given the ubiquity of 35 

small fish with light re-directing irides3,13 and cryptobenthic predators with retroreflective eyes, this 36 

newly described form of active sensing is likely to be widespread and offers an additional explanation 37 

for the evolution of eye-related reflecting structures. 38 

 39 

A prominent anatomical feature of the eye of most fish species is the spherical lens protruding from 40 

the pupil. Depending on the exact geometry, light striking the top of the lens can be focused as a 41 

bright spot on the iris. Consequently, downwelling light is redirected sideways in the plane of vision. 42 

Previous work showed that the production of this so-called ocular spark is a behaviourally-controlled 43 

mechanism (Fig. 1a-c)3 and hypothesized that it produces sufficient light to improve visual detection 44 

of strong reflectors in potential predators. For example, retroreflective eyes, which are focusing eyes 45 

with a highly reflective layer and produce eyeshine as a result14, are particularly promising targets. 46 

They are easily detectable with a light source adjacent to the detector's pupil1 even when the source 47 

is weak (Fig. 1e).  48 

To test this hypothesis, we visually confronted triplefins with the scorpionfish Scorpaena 49 

porcus (Fig. 1d), a highly cryptic, sit-and-wait predator that features eyeshine during the day to 50 

camouflage its pupil12 (Fig 1e-f). The retroreflective component of the eyeshine was defined as 51 

narrow-sense stratum argenteum reflected (SAR) eyeshine12.  52 

We experimentally suppressed ocular spark generation in triplefins by gluing opaque mini-53 

hats onto their heads (Fig. 1c). Two controls permitted regular ocular spark formation: a clear-hatted 54 

(Fig. 1b) and an unhatted sham control (Fig. 1a). Triplefins were tested in triplets that included one 55 

individual of each treatment. A pilot experiment confirmed that typical behaviours such as fin flicks, 56 
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 3 

push-ups, active movement across the substrate, and head and eye movements did not differ 57 

between treatments15. 58 

 59 

 60 

 61 
Fig. 1 | Experimental manipulation and design. Triplefins (Tripterygion delaisi) were subjected to one of three 62 
treatments: a, Unhatted sham control, b, Clear-hatted control, and c, Shading hat. Whereas a and b can re-63 
direct light using ocular sparks, visible as bright white dots on the lower iris, c cannot. d, Their cryptobenthic 64 
predator, the scorpionfish Scorpaena porcus, which shows retroreflective eyeshine12 when illuminated 65 
coaxially, here by means of a strip of paper (compare e-f). Triplets of triplefins containing one fish from each 66 
treatment were visually exposed to a predator (deterrent) or a stone (attractant, not shown) (g-h, not to scale). 67 
Distance from the stimulus was the response variable. (Pictures by M.S. and N.K.M.)  68 

 69 

In a laboratory experiment, we visually exposed triplefins to a scorpionfish and a stone in an 70 

otherwise stone-free aquarium for two days, but only one of the two stimuli was visible on a given 71 

day. Given their preference for rocky substrates, the stone served as an attractor and positive 72 

control, whereas the scorpionfish was predicted to have a deterrent effect. We noted the distance to 73 

the visual stimulus five times per day. The results show that all individuals were positioned farther 74 

from the predator than from the stone (Fig. 2). A comparison of the two controls (unhatted and clear 75 

hatted) (Fig. 2a) showed this stimulus effect was independent of the hat treatment (Linear Mixed 76 

Effects Model LMEM: R2
marg = 0.30, R2

cond
 = 0.31, hat treatment p = 0.66, stimulus p < 0.0001, hat 77 

treatment x stimulus p = 0.41, stimulus order p = 0.10). A subsequent comparison of the pooled 78 

controls against the shading hat treatment (Fig. 2b) showed the same overall effect of the stimulus 79 

(LMEM: R2
marg = 0.28, R2

cond = 0.28: hat treatment p < 0.0001, stimulus p < 0.0001, stimulus order p = 80 

0.04), but now the effect depended on hat treatment (hat treatment x stimulus p = 0.016). Relative 81 

to the controls, shaded individuals stayed significantly closer to the scorpionfish (LMEM for stimulus 82 
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scorpionfish: R2
marg = 0.14, R2

cond = 0.23: hat treatment p < 0.0001, stimulus order p = 0.31) but not to 83 

the stone (LMEM for stimulus stone: R2
marg = 0.02, R2

cond = 0.02: hat treatment p = 0.21, stimulus 84 

order p = 0.16).  85 

 86 

 87 

Fig. 2 | Consequences of hatting on visual detection in the laboratory. Distance from the stimulus as a 88 
function of stimulus type (stone or scorpionfish) and hat treatment. a, Controls did not differ in how much they 89 
were attracted to the stone or deterred by the scorpionfish. b, Relative to the pooled controls, shaded 90 
individuals stayed significantly closer to the scorpionfish. Symbols = average of 5 measurements per triplet; n = 91 
15 triplets; error bars: model-predicted means ± 95 % credible intervals; *** = p < 0.001, n.s. = p > 0.05 (see 92 
text and methods for details). 93 

 94 

In a field-replicate of the experiment we placed 10 translucent tanks on the sea floor at 15 m 95 

depth (Fig. 1g-h). In consideration for the possible effect of orientation in relation to the sun, five 96 

tanks were oriented north, another five south (Fig. 1h). The distance to the stimulus was determined 97 

while SCUBA diving three times per day. Once more, the response of the two controls did not differ 98 

(Fig. 3a), but the response to the predator was stronger in the tanks facing south (LMEM: R2
marg = 99 

0.31, R2
cond = 0.56: hat treatment p = 0.670, stimulus p < 0.0001, hat treatment x stimulus p = 0.48, 100 

orientation p = 0.37, stimulus x orientation p < 0.0001, stimulus order p = 0.004). When comparing 101 

pooled controls against the shading treatment in the north-facing triplefins (Fig. 3b), the predator 102 

once more acted as a strong deterrent compared to the stone (LMEM: R2
marg = 0.23, R2

cond = 0.45: hat 103 

treatment p = 0.75, stimulus p < 0.0001, stimulus order p < 0.0001), but this time, the effect varied 104 

between hat treatments (hat treatment x stimulus p = 0.037): relative to the pooled controls, shaded 105 

individuals stayed significantly closer to the scorpionfish (LMEM for scorpionfish: R2
marg = 0.03, R2

cond = 106 

0.61: hat treatment p = 0.009, stimulus order p = 0.544) but not when exposed to a stone (LMEM 107 

stone: R2
marg = 0.16, R2

cond =0.73: hat treatment p = 0.094, stimulus order p = 0.025). In south-facing 108 

triplefins (Fig. 3b), the same overall stimulus was present. However, shaded individuals did not differ 109 

in response when compared to the pooled controls, regardless of the stimulus (LMEM: R2
marg = 0.39, 110 

R2
cond =0.58, hat treatment p = 0.119, stimulus p < 0.0001, hat treatment x stimulus p = 0.247). In 111 
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south-facing triplefins, light conditions may have been optimal for the detection of the camouflaged 112 

scorpionfish through regular vision, precluding the benefits of active photolocation. 113 

 114 

 115 

Fig. 3 | Consequences of hatting on visual detection in the field.  Distance from stimulus as a function of 116 
stimulus type (stone of scorpionfish) and hat treatment. a, Controls did not differ in their response, but south-117 
facing controls responded stronger (n = 22 triplets). b, In north-facing triplefins, shaded fish stayed closer to a 118 
scorpionfish than the controls (n = 21 triplets). c, In south-facing triplefins, such effect was absent (n = 19 119 
triplets). Symbols: average of 3 measurements per individual; error bars: model-predicted means ± 95 % 120 
credible intervals. *** = p < 0.001, n.s. = p > 0.05 (see text and methods for details). 121 

 122 

To validate our experimental results, we implemented visual models to compare the 123 

radiance of the pupil of a scorpionfish as perceived by a triplefin with and without an ocular spark. 124 

Such change in radiance can be caused either by the triplefin switching its ocular spark on or off, or 125 

by the scorpionfish changing its gaze. We limited ourselves to modelling blue ocular sparks (Fig. 1a, 126 

b), which have an average reflectance (expressed as proportion) of 0.99 over the 400-700 nm range, 127 

with a maximum of 1.55 at 472 nm, illustrating the effect of light focussing3 by the lens. Further 128 

parameters included ambient light estimates in the field tanks, scorpionfish pupil size, baseline 129 
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radiance (Fig. 1d) and reflective properties12, and the triplefin visual system4. We used the receptor-130 

noise model16 for estimating chromatic contrasts and computed Michelson contrasts using cone-131 

catch values for achromatic contrasts. 132 

 133 

 134 

Fig. 4 | Theoretical active photolocation detection distance of a scorpionfish's eye by a triplefin. Visual 135 
modelling output showing maximum detection distance (colour) of achromatic contrast differences in a 136 
scorpionfish’s pupil as triggered by a triplefin’s blue ocular spark. The outcome is shown as a function of ocular 137 
spark reflectance and scorpionfish pupil retroreflectance, separated by triplefin orientation (Fig. 1g-h). Values 138 
were obtained from calculating the Michelson contrast based on triplefins’ cone-catches for each millimetre 139 
between 1 and 15 cm, and identifying the maximum distance at which the contrast was equal to or exceeded 140 
the achromatic contrast threshold of T. delaisi (0.8 %). Both axes cover the range of measured values. 141 

 142 

Ocular sparks did not generate a chromatic contrast above discriminability threshold at any 143 

distance between the triplefin and scorpionfish but produced detectable achromatic contrasts across 144 

a broad range of conditions (Fig. 4). For north-facing triplefins, the reflection of the ocular spark from 145 

a scorpionfish’s pupil would be detectable from ~5 cm under average conditions. In situations when 146 

ocular spark radiance and scorpionfish eye retroreflectance have greater value, the reflection of the 147 

ocular spark would be detectable from over 8 cm. The calculated detection distances increase slightly 148 

for triplefins facing south. Recognising a predator at these distances is likely to reduce the probability 149 

of capture by scorpionfish since they strike over short distances only17-19. For comparison, identical 150 

calculations for spark-generated contrast changes in a scorpionfish's iris rather than pupil showed no 151 

perceptible effect under any of the tested conditions. 152 

Our results provide convincing evidence for the diurnal active photolocation hypothesis by 153 

showing that small benthic fish can significantly increase the distance at which they detect life-154 

threatening predators by redirecting downwelling light. The properties described here for the 155 

triplefin and the scorpionfish are not unique: mechanisms for light redirection are widespread and 156 

diverse across diurnal fish families3,13, as are retroreflective eyes featured by cryptic predators12. 157 
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Diurnal active photolocation could be an important, yet previously neglected, vision enhancement 158 

mechanism, and thereby represent a significant force in the evolution of fish eyes. 159 

 160 

 161 

Methods 162 

Model species 163 

Tripterygion delaisi is a small (4–5 cm) NE-Atlantic and Mediterranean micro-predatory fish species 164 

found in rocky substrates at 5 to 20 m depth (max 1 to 50 m). Aside from breeding males, it is highly 165 

cryptic and regularly produces blue and red ocular sparks3. Scorpaena porcus is a cryptobenthic sit-166 

and-wait predator (12–20 cm) from coastal marine hard substrates and seagrass habitats within the 167 

NE-Atlantic and Mediterranean Sea20. Small benthic fish, like triplefins, are often a component of its 168 

diet21. It possesses a reflective stratum argenteum and partially translucent retinal pigment 169 

epithelium that allows for the generation of daytime eyeshine, which is considered to be a form of 170 

pupil camouflage12. All experiments were conducted in Calvi (Corsica, France) under the general 171 

permit of STARESO (Station de Recherches Sous Marines et Océanographiques).  172 

 173 

Hatting technique to block ocular sparks 174 

We prevented downwelling light from reaching the iris to inhibit ocular sparks by fitting triplefins 175 

with plastic micro-hats from polyester filters excised using a laser cutter (RLS 100, AM Laserpoint 176 

Deutschland GmbH, Hamburg, Germany). A dark red filter with average transmission 1 % was used 177 

for the shading treatment (LEE Filters #787 “Marius Red”, LEE Filters, UK). Clear filter hats (LEE Filters 178 

#130, “Clear”) were used in the first control group, and no hat, but the same handling procedure, in 179 

the second control group. Hats were individually adjusted with clippers and folded into their final 180 

configuration with a triangular base for attachment and forward-projecting, raised wings to shade 181 

the eyes from downwelling light only. Hats allowed full eye movement in all directions (Fig. 1b-c) and 182 

varied from 6 to 9 mm in diameter, matching individual head size. Animals in both control groups 183 

regularly generated ocular sparks both in the laboratory and in the field. 184 

T. delaisi were collected using hand nets while SCUBA diving and brought to a stock 185 

aquarium in the laboratory. Individuals were anaesthetised (100 mg L-1 MS-222 in seawater, pH = 8.2) 186 

until all movements ceased except for breathing (3–4.5 min). Subsequently, the dorsal head surface 187 

was gently dried with paper tissue. Hats were glued to the triangular dorso-posterior head area just 188 

behind the eyes using surgical glue (Surgibond, Sutures Limited, UK). After allowing the glue to 189 

polymerise for 45 s, fish were moved into recovery containers with aerated seawater. Individuals 190 
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regained consciousness and mobility within 5–10 min. This non-invasive hat fixation protocol 191 

minimised impacts on the fish's natural behaviour and health, as indicated by a 97.4 % survival rate. 192 

As a trade-off, however, hats detached within 0–4 days, which reduced the number of triplets that 193 

could be used for analysis (see Statistical analysis). All fish were treated and included in trials once 194 

and only returned to the field after completion of the experiment. 195 

 196 

Laboratory experiment 197 

Four tanks (L × W × D: 130 × 50 × 50 cm3) were used for 20 experimental runs, each employing a new 198 

triplet of size-matched T. delaisi. In each tank, we placed a rock and a scorpionfish in two separate 199 

perforated containers (L × W × H: 24 × 14 × 16 cm3) with a glass front. Both stimuli were 200 

simultaneously present in the tank, but only one was visible to the triplefins. The bottom of the 201 

aquarium was barren (avoided by the fish), except for a 10 cm strip of gravel placed along the long 202 

side of the tank, providing a sub-optimal substrate. Each tank was illuminated with a 150 W cold 203 

white LED floodlight (TIROLED Hallenleuchte, 150 W, 16000 Lumen) shielded with a LEE Filters #172 204 

Lagoon Blue filter to simulate light at depth. The area of the tank where stimuli were displayed was 205 

shaded. All triplets were exposed to each stimulus for one full day. Since fish are moving regularly, 206 

we assessed the distance to the stimulus five times per day, at 0800, 1100, 1300, 1500 and 1800. 207 

Stimuli were presented in random order. 208 

 209 

Field experiment 210 

We replicated the experiment in the field using ten tanks of spectrally neutral Evotron Plexiglas (L × 211 

W × D: 150 × 25 × 50 cm3) placed at 15 m depth on sandy patch in the seagrass meadow in front of 212 

STARESO. We used local silica sand mixed with gravel as substrate. Visual contact between tanks was 213 

excluded by surrounding each enclosure with 10 cm white side covers. As a response variable, we 214 

noted the distance of each individual from the stimulus compartment three times a day at 0900, 215 

1200 and 1500 for two days following deployment in the early evening of the first day. Stimuli were 216 

always changed after the first observation day. Triplets were replaced every three days. In total, 75 217 

triplets were tested. 218 

 219 

Statistical analysis 220 

Behavioural data were analysed using Linear Mixed Effects Models (LMEM) with the lme4 package22 221 

for R v3.3.2.23. For both experiments, we first compared the two control treatments (sham and clear 222 

hat) to verify that hatting a fish did not affect behaviour, and to confirm their ability to distinguish a 223 

author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was not peer-reviewed) is the. https://doi.org/10.1101/324202doi: bioRxiv preprint 

https://doi.org/10.1101/324202


 9 

cryptic predator from a stone. Because controls did not differ, we pooled their data for the final 224 

models and compared them to the shaded treatment. This allowed us to include triplets in which 225 

only the clear-hatted fish had lost its hat for the comparison with the shaded fish (such triplets were 226 

excluded from the comparison of the controls). This accounts for the variation in triplet numbers in 227 

the final analyses. Distance from the display compartment was used as the response variable in both 228 

models. 229 

For the laboratory experiment, the initial fixed model components included the main 230 

predictors stimulus (stone vs scorpionfish), hat treatment (no hat vs clear hat, or pooled controls vs 231 

shaded) and their interaction. We further included the fixed covariates daytime, stimulus order, 232 

cohort and tank ID. The models for the replicated field experiment were identical, but also included 233 

the fixed factor orientation (north or south) and its interactions with the main factors. We also 234 

square-root-transformed the response variable distance to improve residual homogeneity. The 235 

transformation of the response variable did not cause any change in the effects of the interactions 236 

between covariates. Models to compare the response of controls vs shaded fish were calculated 237 

separately for north vs south orientation because fish responded differently to the scorpionfish 238 

depending on orientation (Fig. 3).  239 

In all models, the initial random component contained triplet ID with random slopes over the 240 

hat treatment. This accounts for the repeated measurements of each triplet and captures variation 241 

arising from different hat-treatment responses among triplets24. Random slopes were not 242 

informative and subsequently removed. We then performed backward model selection using the 243 

Akaike’s Information Criterion (AIC) to identify the best-fitting model with the smallest number of 244 

covariates25. We only report the reduced final models and provide proxies for their overall goodness-245 

of-fit (marginal and conditional R2) using pairwiseSEM26. The marginal R2 expresses the proportion of 246 

variation explained by the model considering fixed factors only, whereas the conditional R2 expresses 247 

the same including the random factors27. We used Wald z-tests to assess the significance of fixed 248 

effects. To explore significant interactions between stimulus and hat treatment, we implemented 249 

new models within the two levels of the stimulus treatment. Model assumptions were validated by 250 

plotting residuals versus fitted values and each covariate present in the full, non-reduced model28.  251 

 252 

Estimating scorpionfish pupil radiance with and without ocular spark  253 

We assumed both triplefins and scorpionfish were looking orthogonally at one another to calculate 254 

the photon flux of the scorpionfish pupil reaching the triplefin, with and without the contribution of a 255 

blue ocular spark (SI 1). Using retinal quantum catch estimates, we calculated the chromatic 256 

contrast16 between the scorpionfish pupil with and without ocular sparks. The achromatic contrast 257 

between the same two conditions was estimated by calculating the Michelson contrast for the 258 
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quantum catches of the two-long-wavelength photoreceptors. For comparison, we also performed 259 

the same calculations using photon flux of the scorpionfish iris with and without the contribution of 260 

an ocular spark. We parameterized the equations using measurements of: (1) ambient light in the 261 

tanks at 15 m depth, (2) the range of ocular spark radiance under downwelling light conditions, (3) 262 

baseline scorpionfish pupil radiance in the experimental tanks, (4) sizes of triplefin pupil, ocular spark 263 

and scorpionfish pupil, and (5) scorpionfish pupil and iris reflectance12.  264 

Spectroradiometric measurements were obtained with a calibrated SpectraScan PR-740 265 

(Photo Research, New York USA) encased in an underwater housing (BS Kinetics, Germany). This 266 

device measures spectral radiance (watts sr-1 m-2 nm-1) of an area with defined solid angle. The 267 

downwelling light was estimated by measuring the radiance of a polytetrafluoroethylene (PTFE) 268 

diffuse white reflectance standard (Berghof Fluoroplastic Technology GmbH, Germany) positioned 269 

parallel to the water surface from a 45° angle. Radiance values were transformed into photon 270 

radiance (photons s-1 sr-1 m-2 nm-1). 271 

We determined the relationship between the radiance of the ocular spark and that of a 272 

white PTFE standard exposed to downwelling light in live triplefins. Fish mildly sedated with (n = 10) 273 

were placed in an aquarium illuminated with a Leica EL 6000 source and a liquid light guide 274 

suspended ~20 cm above the tank. Spark radiance was normalised by comparing it to a white 275 

standard at 45° from normal positioned at the same location as the fish. For each fish, three 276 

measurements were obtained from each eye. The highest within-fish value relative to the standard 277 

was used for the model. The sizes of the triplefin pupil (n = 35), the ocular spark (n = 10), and the 278 

scorpionfish pupil (n = 20) were measured in ImageJ29 using scaled images. Natural baseline pupil 279 

radiance of three different scorpionfish was measured orthogonally to the pupil from the perspective 280 

of the triplefins during the experimental trials using a Photo Research PR-740 spectroradiometer. 281 

Solid angles of the ocular spark as perceived from the perspective of the scorpionfish, and 282 

the pupil of the scorpionfish as perceived by the triplefin, were estimated through Monte Carlo 283 

simulations using SACALC3 v1.430. Source and detector were both approximated as circular disks with 284 

the source radiating equally in all directions of a hemisphere (i.e. 2π steradians). 285 

 286 

Visual models and maximum detection distance 287 

The receptor-noise limited model for calculation of chromatic contrast was informed using triplefin 288 

ocular media transmission values, photoreceptor sensitivity curves4,31, and the relative 289 

photoreceptor density of single to double cone of 1:4:4 as found in the triplefin fovea5. We used a 290 

Weber fraction (ω) value of 0.05 as in previous studies32,33. Chromatic contrasts are measured as just-291 

noticeable differences (JNDs), where values above one are considered to be larger than the minimum 292 
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discernable difference between two objects. We calculated the Michelson achromatic contrast as 293 

(Q1-Q2)/(Q1+Q2) where Q1 and Q2 are the quantum catches of the two members of the double cones 294 

which are associated with the achromatic channel, under photon flux1 and photon flux2. We 295 

determined the maximum discernable distance of the ocular spark radiance returned by the 296 

scorpionfish pupil by calculating the chromatic and achromatic contrast at each millimeter, between 297 

1 and 15 cm, and extracting the first value at which the contrast was equal to or exceeded 1.0 JND 298 

for chromatic contrasts and 0.008 for Michelson contrasts as measured in T. delaisi (Matteo Santon, 299 

unpublished data) and other fish species34. All visual models were performed using the R package 300 

pavo35. 301 

 302 

End notes 303 

Supplementary Information (list) 304 

Supplementary Information 1: Visual model details  305 
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Supplemental Information 1 424 

 425 

Visual model details 426 

Table S1 | Symbols and abbreviations used in the equations to calculate the photon flux of the scorpionfish 427 
pupil reaching the triplefin, with and without the contribution of an ocular spark 428 
 429 

Symbol Definitions and units 

L Photon radiance (photons s-1 sr-1 m-2) 

S Blue ocular spark reflectance (proportion in relation to PTFE white standard) 
d Distance between triplefin and scorpionfish (m) 

rt Radius of triplefin pupil (m) 

R Reflectance of coaxially illuminated scorpionfish pupil  
(prop. in relation to PTFE white standard) 

k Diffuse attenuation coefficient (m-1) 

𝛷 Photon flux (photons s-1) 

Ω Solid angle (sr) 

 430 

Triplefin – scorpionfish interaction 431 

The starting condition assume that both fish look at each other at normal incidence, i.e. the full area 432 

of the pupil of the triplefin is visible to the scorpionfish and vice versa. Solid angles are computed 433 

assuming the ocular spark is positioned at the edge of the iris (displacement = 1.09 mm) in the plane 434 

of the triplefin pupil.  435 

 436 

Photon flux without ocular spark 437 

The photon radiance of the scorpionfish pupil reaching the triplefin (𝐿#) is a function of the 438 

measured scorpionfish pupil photon radiance (𝐿$) attenuated by the aquatic medium over distance d 439 

such that 440 

𝐿# = 	𝐿$ × 𝑒)*#                (1) 441 

 442 

The photon flux reaching the retina of the triplefin without the ocular spark (𝛷+,) is the proportion of 443 

attenuated photon radiance reaching the triplefin's pupil (𝐿#) multiplied by the solid angle of the 444 

scorpionfish pupil (𝛺,.) and the area of the triplefin pupil (𝜋𝑟12): 445 

𝛷+, = 𝐿# × 𝛺,. × 	𝜋𝑟12      (2) 446 

 447 
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Photon flux with ocular spark 448 

The photon radiance of the ocular spark reaching the scorpionfish (𝐿3,) is a function of the radiance 449 

of a PTFE white standard parallel to the water surface (𝐿4), the focussing power of the lens, and the 450 

reflective properties of the iridal chromatophores on which the light is focused. For now, the 451 

focussing power and reflective properties have only been measured together as blue ocular spark 452 

reflectance (𝑆): 453 

𝐿3, = 	 𝐿4 	× 	𝑆 ×	𝑒)*#       (3) 454 

 455 

The radiance of the scorpionfish pupil (𝐿,.) defined as the proportion of the attenuated ocular spark 456 

photon radiance that reaches the scorpionfish pupil and is re-emitted towards the triplefin is 457 

estimated by multiplying the photon radiance of the ocular spark reaching the scorpionfish (𝐿3,) with 458 

the solid angle of the ocular spark as seen by the scorpionfish (𝛺3,) and the retroreflectance of the 459 

scorpionfish pupil with illumination co-axial to the receiver (𝑅). Because the properties of the 460 

retroreflective eye are measured in relation to a diffuse white standard, the photon exitance from 461 

the scorpionfish pupil is converted to photon radiance by dividing by 𝜋 steradians:  462 

𝐿,. = 	 𝐿3, ×	𝛺3, × 𝑅 ×	𝜋)7	     (3) 463 

 464 

The scorpionfish pupil radiance (𝐿,.) travelling towards the triplefin pupil is further attenuated, and 465 

the photon flux reaching the triplefin’s retina (𝛷3,) is obtained by multiplying the attenuated 466 

radiance by the solid angle of the scorpionfish pupil, and the area of the triplefin pupil: 467 

𝛷3, =	 𝐿,. ×	𝑒)*# ×	𝛺,. ×	𝜋𝑟12      (4)  468 

 469 

The photon flux generated by the ocular spark, which reaches the triplefin retina after being 470 

reflected by the scorpionfish pupil is therefore approximated by: 471 

𝛷3, = 𝐿4 × 𝑆 × 𝑒)*# × 𝛺3, × 𝑅 × 𝜋)7 × 𝑒)*# × 𝛺,. × 𝜋𝑟12    (5) 472 

 473 

The total photon flux reaching the retina of the triplefin with the ocular spark is then the sum of 474 

equations (2) and (5).  475 

 476 

The solid angle of the scorpionfish pupil from the perspective of the triplefin eye (𝛺,.), and the solid 477 

angle of the ocular spark from the perspective of the scorpionfish eye (𝛺3,) at distance d was 478 

estimated by Monte Carlo simulations30. 479 

 480 

 481 
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