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Abstract   20 

Active sensing by means of light is rare. In vertebrates, it is known only from chemiluminescent fish 21 

with light organs below their pupils, an anatomical arrangement that is ideal to generate eyeshine in 22 

the pupils of nearby organisms. Here, we test whether diurnal fish can achieve the same by 23 

redirecting sunlight through reflection instead. We recently showed that small (< 5 cm), benthic, 24 

marine triplefin fish actively redirect downwelling light using their iris. We hypothesized that this 25 

mechanism allows triplefins to improve detection of a cryptic organism by generating eyeshine in its 26 

pupil. Here, we tested this by attaching small dark hats to triplefins to shade their iris from 27 

downwelling light. Two controls consisted of triplefins with a clear or no hat. These treatments test 28 

the prediction that light redirection increases the visual detection ability of triplefins. To this end, we 29 

placed treated fish in a tank with a display compartment containing either a stone as the control 30 

stimulus, or a scorpionfish, i.e. a cryptic, motionless triplefin predator with retroreflective eyes. After 31 

overnight acclimatization, we determined the average distance triplefins kept from the display 32 

compartment over two days. Both in the laboratory (n = 15 replicates per treatment) and in a similar 33 

field experiment at 15 m depth (n = 43 replicates per treatment) fish kept longer distances from the 34 

scorpionfish than from the stone. This response varied between hat treatments: shaded triplefins 35 

stayed significantly closer to the scorpionfish in the laboratory and in one of two orientations tested 36 

in the field. A follow-up field experiment at 10 m depth revealed the immediate response of 37 

triplefins to a scorpionfish. At first, many individuals (n = 80) moved towards it, with shaded 38 

triplefins getting significantly closer.  All individuals then gradually moved to a safer distance at the 39 

opposite half of the tank. Visual modelling supported the experimental results by showing that 40 

triplefins can redirect enough light with their iris to increase a scorpionfish's pupil brightness above 41 

detection threshold at a distance of 7 cm under average field conditions and at more than 12 cm 42 

under favorable conditions. We conclude that triplefins are generally good in the visual detection of 43 

a cryptic predator, but can significantly improve this ability when able to redirect downwelling light 44 

with their iris and induce eyeshine in the predator’s pupil. We discuss the consequences of "diurnal 45 

active photolocation" for visual detection and camouflage among fish species.  46 
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Introduction 47 

The only vertebrates known to use light for active sensing are nocturnal and deep-sea fish with a 48 

subocular chemiluminescent light organ [1-3]. Recent findings in the triplefin Tripterygion delaisi 49 

suggested that diurnal fish may use an analogous mechanism that exploits downwelling sunlight and 50 

redirects it sideways using the iris, generating a phenomenon called "ocular spark" (Fig. 1a-b)[4]. 51 

Ocular sparks can arise because in fish the lens usually protrudes from the pupil. This allows 52 

downwelling light to cross the lens and be focused on the iris below. This process can be controlled 53 

by subtle eye movement [4]. The resultant bright focal point reflects sunlight sideways outside the 54 

range dictated by Snell's window, which constrains downwelling sunrays to a 96° cone pointing 55 

down from the surface [5]. The authors hypothesized that ocular sparks may be sufficient to 56 

illuminate the immediate surroundings and improve visual detection of cryptic organisms, a process 57 

called "diurnal active photolocation". Because the absolute amount of redirected light is small, the 58 

structures that can be detected in this way can be predicted to be nearby and highly reflective. We 59 

therefore focus on retroreflective eyes, which are among the strongest directional reflectors found 60 

in nature. Their key properties are a focusing lens in front of a reflective layer [6, 7]. This design is 61 

known to improve dim light vision [8], but in some cryptic species also enhances camouflage of an 62 

otherwise conspicuously black pupil during the day [9, 10] (Fig. 1d-f). As a side-effect, however, 63 

retroreflective eyes can be easily revealed when illuminated with a source next to the observer's 64 

eye. This specific configuration is required, as the retroreflected light is returned towards the source 65 

in a narrow beam [11, 12]. When this coaxial alignment of light source and detecting eye is given, 66 

even weak illumination can generate eyeshine in a nearby retroreflective target (Fig. 1e, video clip in 67 

supplement of [4]). This is also the accepted explanation for why the light organ of 68 

chemiluminescent fishes is located just below their pupil [2]. Yet, it remains to be demonstrated 69 

whether light redirection by triplefins can work in a similar way [4, 13]. 70 
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Here, we tested whether ocular sparks improve the ability of triplefins to detect scorpionfish [9], 71 

which are common, cryptic, sit-and-wait predators with large pupils and daytime retroreflective 72 

eyeshine [9, 14]. To suppress ocular spark generation in triplefins, we glued opaque mini-hats on 73 

their heads (Fig. 1c). Two controls permitted unobstructed ocular spark formation: a clear-hatted 74 

(Fig. 1b) and an unhatted sham control (Fig. 1a). Triplefins were placed in large tanks and shown one 75 

of two visual stimuli placed in the shade behind a windowpane: a scorpionfish or a stone. We 76 

expected triplefins to be attracted to the display compartment as they prefer hard substrates with 77 

shady edges over the shade-free sand in their own compartment. However, we also expected them 78 

to keep a safe distance after recognizing the scorpionfish. We predicted that shaded triplefins, 79 

deprived of the ability to use active photolocation, would display shorter "safe distances" from a 80 

scorpionfish compared to the controls. No such effect was expected for the stone stimulus. We 81 

tested this paradigm independently in the laboratory and in a field setup at 15 m depth. In both 82 

experiments, we used triplets consisting of one individual from each of the three hat treatments and 83 

observed them over two days. In a follow-up field experiment at 10 m, we tested hatted triplefins 84 

individually and observed how close they approached a scorpionfish immediately after release. We 85 

then monitored their position relative to the scorpionfish during the next 90-100 min. Although 86 

these experiments tested the effect of the triplefin’s ability to redirect ambient light, they did not 87 

directly test whether the observed effects were caused by an ability to generate eyeshine in the 88 

scorpionfish. Using visual modelling, we therefore estimated the distances at which a triplefin can 89 

perceive an increase in the brightness of a scorpionfish pupil induced by an ocular spark.  90 

Triplefins are particularly suitable for this type of research. Unlike other small benthic fish such as 91 

blennies and gobies, they do not have a hiding place or nest where they spend most of their time 92 

[15]. Instead, they roam on the substrate looking for micro-prey. This is made possible by their 93 

cryptic coloration [16], their habit of moving cautiously and secretively while assessing their 94 

surroundings with independent eye movement and by their high visual acuity and contrast 95 
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sensitivity [17, 18]. This makes them a convenient system for laboratory and field experiments that 96 

include unusual treatments such as hats. 97 

Results 98 

Distance from scorpionfish or stone in the laboratory 99 

We recorded the position of each individual triplefin relative to the visual stimulus five times per day 100 

over 2 days after triplefins had been acclimatized to their tank for more than 12 h. Due to premature 101 

hat loss, 15 out of 20 triplets were available for analysis. Triplefins kept a significantly greater mean 102 

distance from the predator than from the stone irrespective of the hat treatment (Figure 2), 103 

indicating that vision alone already allowed detection of the scorpionfish independent of diurnal 104 

active photolocation. This effect was indistinguishable between the clear-hatted and unhatted 105 

controls (Table 1a), showing that the hat manipulation did not affect fish behavior. For subsequent 106 

comparisons, the controls were thus averaged per triplet and observation. A comparison of the 107 

distances measured in controls relative to the shading hat treatment (Figure 2, Table 1b) confirmed 108 

the overall effect of the stimulus, but included an effect of hat treatment. Relative to the controls, 109 

shaded individuals stayed significantly closer to the scorpionfish (Table 1c). This was not the case 110 

when exposed to the stone (LMEM for stimulus stone: hat treatment p = 0.21). The predictor 111 

variable time of day did not contribute significantly to the model, indicating that movements 112 

towards or away from the stimulus were balanced during the observation period. 113 

 114 

  115 
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Table 1. Statistical analysis of the laboratory data presented in Figure 2. Generalized Linear Mixed 116 
Models with distance from the two visual stimuli (scorpionfish or stone) as the response variable. Given 117 
that the two control treatments did not differ in their response to the two stimuli (a), their respective 118 
measurements were averaged for the main analysis (see Fig. 2) that compared the response of control 119 
and shaded treatments to both stimuli (b, Figure 2). The final model (c) tests the difference between the 120 
controls and the shaded treatment in their response to the scorpionfish only. CI = credible interval. For 121 
factorial predictors, estimates are computed using the indicated intercept levels as reference. This choice 122 
is arbitrary and does not affect overall conclusions. 123 
 124 

 
Predictors Predicted mean 

Lower 
95% CI 

Upper 95% 
CI 

P 

a. Response of unhatted and clear-hatted controls to both stimuli 
n = 15 triplets, R2

marg = 0.30, R2
cond

 = 0.31 

 Intercept (stone & no hat) 25.770 16.031 35.524 < 0.0001 
 Treatment (clear hat) 3.416 -4.110 10.881 0.373 
 Stimulus (scorpionfish) 32.917 25.385 40.419 < 0.0001 
 Treatment x Stimulus -4.421 -14.913 6.227 0.412 
 Stimulus order 4.526 -0.791 9.886 0.100 

b. Response of averaged controls and shaded individuals to both stimuli  
n = 15 triplets, R2

marg = 0.28, R2
cond = 0.28 

 Intercept (stone & controls) 31.994 27.466 36.667 < 0.0001 
 Treatment (shading hat) -4.849 -11.388 1.683 0.151 
 Stimulus (scorpionfish) 30.700 25.304 35.980 < 0.0001 
 Treatment x Stimulus -11.390 -20.570 -2.142 0.017 
 Stimulus order  4.580 0.190 8.936 0.041 

c. Response of averaged controls and shaded individuals to the scorpionfish stimulus only 
n = 15 triplets, R2

marg = 0.14, R2
cond = 0.23 

 Intercept (controls) 62.918 57.127 68.660 < 0.0001 
 Treatment (shading hat) -16.220 -21.417 -11.043 < 0.0001 
 Stimulus order  4.256 -4.007 12.420 0.331 

 125 

Distance from scorpionfish or stone in the field 126 

We replicated the experiment in 10 transparent tanks on the sea floor at 15 m depth (Figure 1g-h). 127 

Anticipating an effect of orientation relative to the sun without a priori expectation, five tanks were 128 

oriented north, another five south (Figure 1h). We recorded the distance of each individual to the 129 

stimulus compartment during three dives in the course of a day, after triplefins had been 130 
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acclimatized to their tank for more than 12 h. Forty-three triplets were available for the final 131 

statistical analysis. In agreement with the laboratory experiment (Table 1a), the two control 132 

treatments kept very similar distances from each combination of stimulus and orientation (Table 2a). 133 

However, south-facing controls responded stronger to the scorpionfish than north-facing controls, 134 

resulting in a significant stimulus x orientation interaction (Table 2a). For subsequent comparisons, 135 

the controls were again averaged per triplet, and the analyses performed separately for the two 136 

tank orientations. 137 

In north facing triplefins (Figure 3a), the difference between hatting treatments depended on the 138 

stimulus presented, as shown by the significant interaction term (Table 2b.1). Shaded individuals 139 

stayed significantly closer to a scorpionfish than the averaged controls (Table 2b.2). This effect was 140 

absent when exposed to a stone (LMEM stone: hat treatment p = 0.097). In south facing triplefins 141 

(Figure 3b), shaded individuals did not differ from controls in the distances they kept from either 142 

stimulus (Table 2c). Instead, all treatments kept a much larger distance from the scorpionfish than in 143 

north-facing triplefins. Because data were collected more than 12 h after adding the fish to the 144 

tanks, it was not possible to infer whether south facing triplefins were generally better at detecting a 145 

scorpionfish, or whether they had moved further away once they detected its presence. The 146 

predictor time of day did not contribute significantly to the model, indicating that triplefins had 147 

reached a stable distance to the stimulus when observations started. 148 

 149 

Table 2. Statistical analysis of the field data presented in Figure 3. Generalized Linear Mixed Models 150 
with the distance from the two visual stimuli (scorpionfish or stone) as the response variable. Given that 151 
the two control treatments did not differ in their response to the two stimuli (treatment x stimulus 152 
interaction in a), the respective measurements were averaged for the main analysis (see Fig. 3) that 153 
compared the response of control and shaded treatments to both stimuli split by the two orientations (b-154 
c, Figure 3). Predicted means and their credible intervals (CI) are based on a square-root transformation 155 
of the response variable (see Materials and Methods). For factorial predictors, estimates are computed 156 
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using the indicated intercept levels as reference. This choice is arbitrary and does not affect overall 157 
conclusions. 158 

 159 

Rapid short-term changes in distance to a scorpionfish in the field 160 

The previous two experiments observed triplefins only after they had been given much time to 161 

inspect the new environment in the tank. To better understand how the resultant distances to the 162 

 
Predictors 

Predicted 
mean 

Lower 95% 
CI 

Upper 95% 
CI 

P 

a. Response of unhatted and clear-hatted controls to both stimuli and orientations 
n = 22 triplets, R2

marg = 0.31, R2
cond = 0.56 

 Intercept (stone & no hat & facing N) 2.323 0.773 3.864 0.004 
 Treatment (clear hat) 0.085 -0.779 0.930 0.844 
 Stimulus (scorpionfish) 3.068 2.082 4.061 < 0.0001 
 Treatment x Stimulus -0.438 -1.667 0.758 0.476 
 Orientation (facing S) -0.534 -2.358 1.298 0.556 
 Stimulus x Orientation 2.698 1.422 3.962 < 0.0001 
 Stimulus order  0.895 0.268 1.528 0.005 

b. North-facing triplefins 
b.1. Response of averaged controls and shaded individuals to both stimuli  
n = 24 triplets, R2

marg = 0.23, R2
cond = 0.45 

 Intercept (stone & controls) 1.501 0.332 2.686 0.014 
 Treatment (shading hat) 0.537 -0.282 1.351 0.201 
 Stimulus (scorpionfish) 3.265 2.460 4.090 < 0.0001 
 Treatment x Stimulus -1.199 -2.337 -0.071 0.038 
 Stimulus order  1.412 0.827 2.004 < 0.0001 
b.2.  Response of averaged controls and shaded individuals to the scorpionfish stimulus only 
n = 23 triplets, R2

marg = 0.03, R2
cond = 0.61 

 Intercept (controls) 6.138 3.681 8.643 < 0.0001 
 Treatment (shading hat) -0.670 -1.185 -0.165 0.011 
 Stimulus order  0.492 -1.157 2.108 0.551 

c. South-facing triplefins 
Comparison of averaged controls and shaded individuals to both stimuli  
n = 19 triplets, R2

marg = 0.40, R2
cond = 0.58 

 Intercept (stone & controls) 5.208 3.780 6.610 < 0.0001 
 Treatment (shading hat) -0.890 -1.815 0.034 0.055 
 Stimulus (scorpionfish) 4.173 3.223 5.123 < 0.0001 
 Treatment x Stimulus 0.771 -0.522 2.108 0.248 
 Stimulus order  -0.513 -1.203 0.179 0.138 
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scorpionfish arose, we carried out a follow-up experiment. In contrast to the previous experiments, 163 

we assessed the initial response of single, clear-hatted or shaded individuals to a scorpionfish 164 

immediately following release in the tank. Triplefin positions were recorded at 7 time points from 1 165 

min until ca. 100 min after release in 10 tanks, again oriented either north or south. Upon careful 166 

release at the midpoint of the compartment (25 cm), most triplefins swam towards the display 167 

compartment (Figure 4). One min after release, 27 out of 80 fish had approached the scorpionfish to 168 

within 7 cm, which is the mean average detection distance estimated by visual modelling for north-169 

facing (6 cm) and south-facing (8 cm) triplefins (see below). Out of these 27, 18 were shading hatted, 170 

9 clear-hatted. This followed from the significant difference in distance to the scorpionfish between 171 

treatments illustrated by the non-overlapping 95% credible intervals (Figure 4, Tab. 3). During the 172 

following 90-100 min, clear-hatted fish retreated to the opposite half of the tank about 20 min 173 

earlier than shading-hatted fish (based on the time at which the curves in Figure 4 cross 25 cm). Both 174 

treatments reached a similar equilibrium distance after ~50 min. Tank orientation had no effect, but 175 

this may have been a consequence of the shorter distance (50 cm) available to triplefins to move 176 

away from the stimulus relative to the previous experiment (125 cm). 177 

 178 

Table 3. Statistical analysis of the field data presented in Figure 4. Generalized Linear Mixed Model (n 179 
clear hat = 42, n shading hat = 38, R2

marg = 0.46) with proportional distance to the visual stimulus 180 
(scorpionfish only) as the response variable.  Note that predicted means and their CI are based on a beta 181 
distribution with logit link (see Materials and Methods). CI = credible interval. For factorial predictors, 182 
estimates are computed using the indicated intercept levels as reference. This choice is arbitrary and 183 
does not affect the overall conclusions. This model includes a first-order autoregressive (AR1 = 0.86) 184 
variance structure to correct for temporal dependency in the observations of the same individuals.  185 

Predictors 
Predicted 

mean 
Lower 95% 

CI 
Upper 95% 

CI 
P 

Intercept (clear hat) 0.674 0.610 0.735 < 0.0001 
Treatment (shading hat) -0.086 -0.166 -0.007 0.034 
Time 0.103 0.071 0.137 < 0.0001 
Time2 -0.043 -0.071 -0.013 0.003 
Treatment x Time 0.052 0.004 0.099 0.036 
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 186 

Visual modelling of scorpionfish detectability through induced eyeshine 187 

To validate our experimental results, we implemented visual models to compute the contrast 188 

change in the pupil of a scorpionfish perceived by an untreated triplefin when producing an ocular 189 

spark. Even when not illuminated by an ocular spark, the pupil of a scorpionfish shows a certain 190 

brightness, which improves pupil concealment [9]. This baseline pupil brightness varies with the 191 

degree of shading and the substrate on which the scorpionfish sits. Here, we limit ourselves to 192 

parameters that match the light conditions of the second field experiment at 10 m and focus on 193 

modelling the effect of blue ocular sparks (Figure 1a, b; see [4] for spark types). Relative to a white 194 

standard, blue ocular sparks have an average reflectance of 1.34 over the 400-700 nm range, with a 195 

maximum average of 2.15 at 472 nm, illustrating the focusing effect of the lens [4]. Further 196 

parameters included spectrophotometric measures of the ambient light in the field tanks, 197 

scorpionfish pupil size, baseline pupil radiance (Figure 1d), the reflective properties of the pupil and 198 

the iris [9], and the triplefin visual system [17-19]. We used the receptor-noise model [20] for 199 

estimating chromatic contrasts and Michelson contrasts using cone-catch values of the double cones 200 

for achromatic contrasts. 201 

While ocular sparks did not generate chromatic contrast above the discriminability threshold at any 202 

distance between the triplefin and the scorpionfish, achromatic Michelson contrasts exceeded the 203 

detection thresholds across a broad range of conditions (Figure 5). For comparison, identical 204 

calculations for spark-generated contrast changes in a scorpionfish's iris rather than its pupil showed 205 

no perceptible effect under any of the tested conditions. This confirms that subocular light emission 206 

is too weak to generate detectable contrasts in structures other than strong directional reflectors 207 

such as retroreflective eyes. For north-facing triplefins, the reflection of the ocular spark from a 208 

scorpionfish’s pupil would be detectable up to 6 cm under average conditions, increasing up to 10 209 
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cm for higher values of ocular spark radiance and scorpionfish eye retroreflectance. Estimated 210 

detection distances increased by 2-3 cm for south-facing triplefins.  211 

Discussion 212 

We provided a first proof of principle for the diurnal active photolocation hypothesis. Triplefins that 213 

were prevented from redirecting light with their iris kept shorter distances from a scorpionfish than 214 

control-treated individuals. Visual modelling confirmed that this can be explained by diurnal active 215 

photolocation: triplefins can induce a perceptible contrast in a scorpionfish' retroreflective pupil 216 

over biologically relevant distances. We conclude that controlled light redirection can improve visual 217 

detection substantially under realistic conditions. At the same time, it is important to stress that 218 

diurnal active photolocation is not failproof. Visual modelling also set detection limits of this 219 

mechanism. For unfavorable, yet realistic parameter values, the explored parameter space predicts 220 

detection distances so short that they are likely to fall within the striking range of a cryptic sit-and-221 

wait predator such as a scorpionfish [21-23]. 222 

Observed distances versus detection distances 223 

Visual modelling predicted shorter distances over which diurnal active photolocation can improve 224 

predator detection than the actual triplefin-scorpionfish distances observed in the laboratory and 225 

first field experiment (Figures 2 and 3). This discrepancy arose because the first two datasets did not 226 

measure the distance of detection or closest approach, but the distance established after 227 

acclimatization to the new environment. The second field experiment (Figure 4) complemented 228 

these observations by showing that immediately after release in a new environment, many triplefins 229 

moved towards the display compartment, resulting in closer distances to the scorpionfish in shaded 230 

than in clear-hatted triplefins. Although such data are not available for the first two experiments, we 231 

assume that a similar initial assessment of the display compartment explained the differences 232 

between treatments still visible the next day.  233 

All rights reserved. No reuse allowed without permission. 
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint. http://dx.doi.org/10.1101/324202doi: bioRxiv preprint first posted online May. 19, 2018; 

http://dx.doi.org/10.1101/324202


 

12 

Alternative approaches to test one question 234 

The fact that the first field experiment showed weaker treatment effects than the similar laboratory 235 

experiment illustrates the importance of replicating this type of experiment under laboratory as well 236 

as natural light fields, even if this involves new challenges such as temporal variation in sunlight, and 237 

distraction by fish naturally occurring around the tanks. Hence, the power of this study lies in the 238 

demonstration of a similar treatment effect confirmed across three independent and different 239 

experiments. The statistical power of the first two experiments was enhanced by treatment 240 

comparison within triplets (triplet as random factor) to compensate for triplet-specific variation. 241 

Shaded fish may, however, have followed control-treated fish, weakening a treatment effect. In the 242 

second field experiment, which was designed to test for immediate responses in single individuals, 243 

we found a treatment effect that was qualitatively similar to the one observed in the first two 244 

experiments. This suggests that the results were not strongly affected by inter-individual 245 

interactions. 246 

Possible artifacts caused by hatting 247 

The superglue used to attach the hats is commonly used in veterinarian surgery, including fish. The 248 

data presented here, as well as additional experiments [24] showed that hatting did not appear to 249 

affect triplefin behavior, except for scorpionfish detection. Yet, it is still conceivable that a shading 250 

hat reduced a triplefin's visual field, offering an alternative explanation to poorer detection of a 251 

scorpionfish. Hat design, however, anticipated this problem. As explained in Materials and Methods, 252 

hats were folded as small "umbrellas", hovering well above the fish's eyes (Figure 1b-c). 253 

Consequently, the forward viewing angle was well above 45° from horizontal. Moreover, triplefins 254 

typically sit in an upright position propped up on their pectoral fins. Given that the visual cues were 255 

presented at the same level as the triplefins, we have therefore no doubt that both stimuli fell well 256 

within the viewing range (scorpionfish eye < 4 cm above the substrate). Moreover, if hats would 257 

have blocked the forward view, even clear-hatted fish must have seen the world in a distorted way 258 
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when looking through their hat from a slanted angle. Yet, there was no difference between the 259 

clear-hatted and unhatted control. The response of all treatments to the safe stimulus stone did not 260 

differ, once more indicating that overall forward vision did not appear to be affected. We therefore 261 

consider it safe to exclude visual obstruction by a hat as an alternative explanation for the 262 

experimental results. 263 

Ubiquity of ocular light redirection and its consequences 264 

We assume that the iridophore patch on the lower iris of a triplefin is a diffuse, Lambertian reflector, 265 

which has been confirmed for the equatorial plane [25]. It may therefore function as a short-266 

distance detector that covers most of the hemispherical zone seen by a single eye, and that is 267 

effective over short distances only. In lantern and flashlight fish, subocular light organs are also 268 

diffuse sources [1, 2]. Many other fish, however, possess silvery irides with near-specular properties. 269 

Such reflectors are more directional, possibly allowing specific illumination of the scene or objects of 270 

interest over larger distances. Specular reflection, however, may increase visibility to others, 271 

including predators. This trade-off may explain the variation seen in types of ocular light redirection 272 

in diurnal fish families, which varies from highly conspicuous to very subtle as in triplefins [4, 26]. In 273 

the target organisms, highly reflective structures such as retroreflective eyes [9, 14] or reflectors in 274 

cryptic crustacean prey [4, 25] are also common and diverse. For now, it is too early to speculate 275 

which structures and conditions may allow active photolocation in other species because 276 

quantitative measurements and experimental data are still missing. Yet, it is clear that the basic 277 

building blocks required for diurnal active photolocation are ubiquitous. One may even postulate 278 

that the properties of well-camouflaged, cryptic predators are partly explained as an evolutionary 279 

response to the use of diurnal active photolocation by their prey. Most marine cryptobenthic 280 

predators indeed show eye adaptations that hamper their discovery. Stonefish (Synanceia) and 281 

frogfish (Antennarius) have surprisingly small eyes for their body size. Other species have skin flaps 282 

that partially cover the pupil as in crocodile fish (Papilloculiceps) and some scorpionfishes (some 283 

Scorpaenopsis species), or possess slit-like pupils as in some flatheads (Thysanophrys), flounders 284 
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(Bothus) and sandperches (Parapercis). In lionfish (Pterois) the eyes are included in one of several 285 

black vertical lines on the body. All these traits reduce pupil size, distort its shape or mask its 286 

presence. Since eyes are commonly used for face recognition [27, 28] such modifications make 287 

detection harder for prey to detect a cryptic predator [29] or for a predator to detect cryptic prey 288 

[30]. Although all this can be explained by unaided vision alone, it is a tantalizing possibility that 289 

diurnal active photolocation is also involved. A special feature of scorpionfish in this context is their 290 

diurnal eyeshine, resulting in an unusually "bright", not black pupil caused by a combination of light 291 

reflection and transmission [14, 31]. It improves camouflage by reducing the contrast between a 292 

pupil and the surrounding skin. It represents an alternative mechanism to impair visual detection, 293 

and also reduces the effectiveness of active photolocation. At the same time, however, the 294 

retroreflective component of diurnal eyeshine in scorpionfish can be exploited by fish with subocular 295 

light redirection, as shown here for triplefins. Daytime eyeshine is present in other cryptobenthic 296 

predators, particularly in species such as devilfishes (Inimicus), toadfishes (Halophyme) and seem 297 

ubiquitous in scorpionfishes (Scorpaena, Scorpaenopsis, Rhinopias, Pteroidichthys). In almost all of 298 

these, pupils are large and circular, suggesting that daytime eyeshine relaxes the need to mask the 299 

shape or size of a pupil. The selective forces on cryptobenthic predators generated by active 300 

photolocation are identical to those that can be expected from regular visual detection alone, which 301 

is why experimental manipulation is required to separate their role. 302 

Future perspectives 303 

This study represents an important first step towards our understanding of a complex visual 304 

interaction between a cryptic predator and its visual prey. Topics for future work involve a 305 

manipulation of properties such as the baseline radiance and retroreflectance of scorpionfish eyes, 306 

or ocular spark size and brightness in triplefins. Furthermore, we see a potential for tests in fish 307 

species with silvery, more specular irides or other forms of light redirection. Targets other than 308 

predators are also promising. There is some indirect evidence for prey detection using active 309 

photolocation [25, 26, 32], but more empirical studies are needed for confirmation. In addition, we 310 
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described ocular sparks as illuminants, but this does not preclude other functions such as intra-311 

specific communication [4] as proposed for subocular light organs in flashlight fish [2]. Triplefins, 312 

however, have a rich signaling repertoire involving body postures and fin raising or flicking. How 313 

ocular sparks fit in is unclear and remains to be studied. A role in inter-specific signaling is also 314 

conceivable: assuming ocular sparks represent a signal to attract the attention of a scorpionfish, it 315 

may respond by turning its gaze towards the triplefin. If so, it would improve the efficiency of active 316 

photolocation because retroreflection of a lens eye is strongest when it is focused on the target's 317 

light source. Finally, this work made us realize that surprisingly few credible facts have been 318 

published concerning the visual and behavioral interactions between cryptobenthic predatory fish 319 

and their fish prey. This field has thus far been governed by intuitive but untested interpretations 320 

and therefore offers plentiful opportunities for those prepared to explore it. 321 

Materials and Methods 322 

Model species and location 323 

Triplefins (Fam. Tripterygiidae) are small, cryptobenthic micropredators that favor marine hard 324 

substrates. Our model species is Tripterygion delaisi. With a standard length of 3–5 cm it is one of 325 

the larger members of this family. T. delaisi occurs in the NE-Atlantic and Mediterranean on rocky 326 

substrates between 3-50 m depth, but reaches highest densities in 5-15 m. Aside from breeding 327 

males, it is highly cryptic and regularly produces blue and red ocular sparks [4].  328 

Scorpaena porcus (Fam. Scorpaenidae) is a cryptobenthic sit-and-wait predator (12–20 cm) from 329 

coastal marine hard substrates and seagrass habitats across the NE-Atlantic and Mediterranean Sea 330 

[33]. It responds to moving prey; non-moving or dead prey is ignored. Small benthic fish, such as 331 

triplefins, are often a component of its diet [34]. It possesses a reflective stratum argenteum and 332 
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partially translucent retinal pigment epithelium that allows the generation of daytime eyeshine, 333 

which is considered to improve pupil camouflage [9].  334 

All experiments were conducted in Calvi (Corsica, France) under the general permit of STARESO 335 

(Station de Recherches Sous Marines et Océanographiques). The hatting technique was developed 336 

at the University of Tübingen under permit ZO1-16 from the Regierungspräsidium Tübingen prior to 337 

the field experiments. 338 

Hatting technique to block ocular sparks 339 

We blocked ocular spark formation by means of mini-hats excised from polyester filter sheets using 340 

a laser cutter (RLS 100, AM Laserpoint Deutschland GmbH, Hamburg, Germany). A dark red filter 341 

with average transmission 1 % was used as the shading treatment (LEE #787 “Marius Red”, LEE 342 

Filters, UK). Clear filter hats (LEE #130, “Clear”) were used in the first control group, and no hat, but 343 

the same handling procedure, in the second control group. Hats were individually adjusted with 344 

clippers and folded into their final configuration with a triangular base for attachment and raised, 345 

forward-projecting wings to shade the eyes from downwelling light only. Hats formed an "umbrella" 346 

well above the eye, allowing full eye movement in all directions (Figure 1b-c). They varied from 6 to 347 

9 mm in diameter, matching individual head size. Given that T. delaisi possesses a fovea that is 348 

looking forward and downward when the eye is in a typical position [17], it seems unlikely that 349 

shading alone may have resulted in poorer visual detection of a benthic predator in front of the fish 350 

relative to a triplefin without hat and without ocular spark. Animals in the clear-hatted and unhatted 351 

control groups regularly generated ocular sparks both in the laboratory and in the field. 352 

Triplefins were collected using hand nets while SCUBA diving and brought to a stock aquarium in the 353 

laboratory. Individuals were anaesthetized (100 mg L-1 MS-222 in seawater, pH = 8.2) until all 354 

movements ceased except for breathing (3–4.5 min). Subsequently, the dorsal head surface was 355 

gently dried with paper tissue. Hats were glued to the triangular dorso-posterior head area just 356 

All rights reserved. No reuse allowed without permission. 
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint. http://dx.doi.org/10.1101/324202doi: bioRxiv preprint first posted online May. 19, 2018; 

http://dx.doi.org/10.1101/324202


 

17 

behind the eyes using surgical glue (Surgibond, Sutures Limited, UK or Vetbond Tissue Adhesive, 357 

3M). After allowing the glue to polymerize for 45 s, fish were moved into recovery containers with 358 

aerated seawater. Individuals regained consciousness and mobility within 5–10 min. This non-359 

invasive hat fixation protocol minimized impacts on the fish's natural behavior and health, as 360 

indicated by a 97.4 % survival rate. As a trade-off, however, hats detached within 0–4 days, which 361 

reduced the number of fish that could be used for analysis (see Statistical analysis). All fish were 362 

treated and included in trials once, but kept in the laboratory for recovery. They were returned to 363 

the field after completion of the experiment. 364 

Pilot experiments confirmed that typical behaviors such as fin flicks, push-ups, active movement 365 

across the substrate, and head and eye movements did not differ between shading and control 366 

treatments [24].  367 

Laboratory experiment 368 

Four aquaria (L × W × D: 130 × 50 × 50 cm3) were used for 20 experimental runs, each employing a 369 

new triplet of size-matched T. delaisi. In each tank, we placed a rock and a scorpionfish in two 370 

separate perforated containers (L × W × H: 24 × 14 × 16 cm3) with a glass front. The bottom of the 371 

aquarium was barren (avoided by the fish), except for a 10 cm strip of gravel placed along the long 372 

side of the tank, providing a sub-optimal substrate. Each tank was illuminated with a 150 W cold 373 

white LED floodlight (TIROLED Hallenleuchte, 150 W, 16000 Lumen) shielded with a LEE Filters #172 374 

Lagoon Blue filter to simulate light at depth. The area of the tank where stimuli were displayed was 375 

shaded. Both stimuli were simultaneously present in the tank, but only one was visible on a given 376 

day. On day one, all fish were treated and placed in the tank in the evening. Observations took place 377 

on days two and three. Two aquaria started with stimulus "scorpionfish", the other two with 378 

"stone", and stimuli were swapped after day two. Hence, all triplets were exposed to a stimulus for 379 

one full day. Since fish are moving regularly, we assessed the distance to the stimulus five times per 380 

day, 5 min per individual, at 0800, 1100, 1300, 1500 and 1800. 381 
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Replicate experiment in the field 382 

We replicated the laboratory experiment in the field using ten tanks of spectrally neutral Evotron 383 

Plexiglas (L × W × D: 150 × 25 × 50 cm3) placed at 15 m depth on a sandy patch in the seagrass 384 

meadow in front of STARESO. We used local silica sand mixed with gravel as substrate for the 385 

compartment in which triplefins were kept (125 x 25 cm2). It was separated from a display 386 

compartment (15 x 25 cm2) for the shaded visual stimulus with transparent Plexiglass. Another 387 

similar-sized compartment behind the display compartment was used to keep the stimulus not 388 

currently visible to triplefins, separated by an opaque grey PVC plate. All separators were perforated 389 

to assure that a scorpionfish invisible to the triplefins could be chemically perceived even when the 390 

stone was visible. Visual contact between tanks was excluded by surrounding each enclosure with 10 391 

cm white side covers along the bottom edge. As a response variable, we noted the distance of each 392 

individual from the stimulus compartment three times a day at 0900, 1200 and 1500 for two days 393 

following deployment in the early evening of the first day. Stimuli were always changed after the 394 

first observation day. Triplets were replaced every three days. In total, 50 triplets were tested. 395 

Second field experiment: short-term response over time 396 

We carried out a second field experiment with the goal of observing the temporal pattern of triplefin 397 

inspection behavior immediately after release. To this end, we only tested shading hatted and clear-398 

hatted triplefins individually (not in pairs or triplets) and exposed them to a shaded scorpionfish only 399 

(no stone to maximize sample size). As before, we used 10 Plexiglass tanks, 5 with triplefins facing 400 

north, another 5 with triplefins facing south. Tanks were identically built (Figure 1) and equally high, 401 

but with a smaller footprint, offering 50 x 25 cm2 substrate for the triplefins and 12 x 25 cm2 for the 402 

scorpionfish. To improve SCUBA diving safety, tanks were positioned at a depth of 10 m and 403 

mounted on floats with 4 plastic chains attached to 1 m metal rods anchored in the ground. The 404 

substrate on which triplefins were placed was covered with darker sand than in the previous 405 

experiments, and we used black side covers to block their view to the outside, creating a slightly 406 

All rights reserved. No reuse allowed without permission. 
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint. http://dx.doi.org/10.1101/324202doi: bioRxiv preprint first posted online May. 19, 2018; 

http://dx.doi.org/10.1101/324202


 

19 

darker background than in the previous experiment. Scorpionfish (n = 10) were kept as a resident in 407 

the display compartment. One triplefins was added to each tank at the beginning of a dive and its 408 

position determined about 1 min after release. Once all triplefins had been released and their 409 

distance recorded for the first time, each tank was visited another 3 times during this first dive. After 410 

a ~30 min surface interval, the divers went back to collect another 3 data points, after which all 411 

triplefins were removed. Due to this procedure, time intervals between tanks and surface interval 412 

between first and second dive varied slightly. Eight cohorts of 10 triplefins were observed, 38 shaded 413 

and 42 clear-hatted triplefins. Using controlled randomization, treatments were equally distributed 414 

across cohorts, tank ID and tank orientations to prevent any systematic bias.  415 

Statistical analysis 416 

Repeatability analysis 417 

In all three experiments, distance measurements were not blind for hat treatment. However, room 418 

for error was limited as we did not interpret a behavior, but merely noted the position of the head 419 

of a fish relative to a ruler placed alongside the tank. In the laboratory, fish and ruler were very close 420 

to each other and therefore easy to align to take virtually error-free measurements. In the field, the 421 

SCUBA diver was hovering above the tank and used rulers on both long sides for alignment and to 422 

determine fish position. To test repeatability in the field, the two divers who collected the distance 423 

data in the field (MS, UKH) determined 116 distances of triplefins in the 15 m field tanks. Using the R 424 

package rptR [35], datatype Gaussian and 1000 permutations, the repeatability estimate was R = 425 

0.995 (Likelihood Ratio Test: P < 0.0001). 426 

Statistical model choice and pooling of controls 427 

Behavioral data were analyzed using Generalized Linear Mixed Models (GLMM) with the lme4 428 

package [36] and glmmTMB package [37] for R v3.4.3. [38]. For the first two experiments, we first 429 

compared the two control treatments (sham and clear hat) to verify that hatting a fish did not affect 430 
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behavior, and to confirm their ability to distinguish a cryptic predator from a stone. Because controls 431 

did not differ, we then averaged the data of the two control-treated fish per triplet per observation 432 

for the final models and compared them to the shaded treatment. This allowed us to also include 433 

triplets in which only the clear-hatted fish had lost its hat for the comparison with the shaded fish 434 

(such triplets had been excluded from the comparison of the controls). This explains the variation in 435 

triplet numbers in the final analyses. Distance from the display compartment was used as the 436 

response variable in all three models, implemented using a normal distribution for the first two 437 

experiments and a beta binomial distribution (link = log) for the third one. 438 

Predictors and transformations 439 

For the laboratory experiment, the initial fixed model component included the main predictors 440 

stimulus (stone vs scorpionfish), hat treatment (no hat vs clear hat, or averaged controls vs shaded) 441 

and their interaction. We further included the fixed covariates time of day for each observation, 442 

stimulus order, cohort and tank ID. The models for the replicated field experiment were identical, 443 

but also included the fixed factor orientation (north or south) and its interactions with the main 444 

predictors. We square-root-transformed the response variable distance to improve residual 445 

homogeneity in the analysis of the first field experiment. The transformation of the response 446 

variable did not cause any change in the effects of the interactions between covariates. Models to 447 

compare the response of controls vs shaded fish were calculated separately for north vs south 448 

orientation because fish responded differently to the scorpionfish depending on orientation (Figure 449 

3, Table 2). 450 

For the third experiment, the initial fixed model component included the main predictors hat 451 

treatment (clear hat or shaded), time, orientation and their three-way interaction. We also included 452 

time as a quadratic component to explain the non-linear patterns of the data, assessed using the 453 

gam function of the mgvc R package [39], and the covariate day, as data were collected on three 454 

subsequent days. The response variable was transformed as proportion (0 < x < 1) of distance 455 
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obtained by dividing all distances by the maximum length of the tank plus one (51 cm). The 456 

transformation of the response variable did not affect the interactions between covariates, yet 457 

allowed us to implement a beta binomial distribution, thus improving residual homogeneity. We 458 

finally included a first-order autoregressive (AR1) variance structure to correct for temporal 459 

dependency in the observations of the same individuals. 460 

Triplet as random factor and model selection 461 

In the first two models, the initial random component contained triplet ID with random slopes over 462 

the hat treatment. This accounts for the repeated measurements of each triplet and captures 463 

variation arising from different hat-treatment responses among triplets [40]. Random slopes were 464 

uninformative and subsequently removed. In the third model, the random component included 465 

triplefin ID, tank ID and cohort. We then performed backward model selection using the Akaike 466 

Information Criterion (AIC) to identify the best-fitting model with the smallest number of covariates 467 

[41]. We only report the reduced final models and provide proxies for their overall goodness-of-fit 468 

(marginal and conditional R2) using piecewiseSEM [42]. The marginal R2 expresses the proportion of 469 

variation explained by the model considering fixed factors only, whereas the conditional R2 470 

expresses the same including the random factors [43]. We used Wald z-tests to assess the 471 

significance of fixed effects. To explore significant interactions between stimulus and hat treatment, 472 

we implemented new models within the two levels of the stimulus treatment. Model assumptions 473 

were validated by plotting residuals versus fitted values and each covariate present in the full, non-474 

reduced model [44].  475 

Estimating scorpionfish pupil radiance with and without ocular spark  476 

We assumed both triplefins and scorpionfish were looking orthogonally at one another to calculate 477 

the photon flux of the scorpionfish pupil reaching the triplefin pupil (SI 1). Using retinal quantum 478 

catch estimates, we calculated the chromatic contrast [20] between the scorpionfish pupil with and 479 
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without the contribution of the blue ocular sparks. The achromatic contrast between the same two 480 

conditions was estimated by calculating the Michelson contrast using the quantum catches of the 481 

two-long-wavelength photoreceptors. For comparison, we also performed the same calculations 482 

using photon flux from the scorpionfish iris with and without the contribution of an ocular spark. We 483 

parameterized the equations using measurements of: (1) ambient light in the tanks at 10 m depth, 484 

(2) the range of ocular spark radiance under downwelling light conditions, (3) baseline scorpionfish 485 

pupil radiance in the experimental tanks, (4) sizes of triplefin pupil, ocular spark and scorpionfish 486 

pupil, and (5) scorpionfish pupil and iris reflectance [9].  487 

Spectroradiometric measurements were obtained with a calibrated SpectraScan PR-740 (Photo 488 

Research, New York USA) encased in an underwater housing (BS Kinetics, Germany). This device 489 

measures spectral radiance (watts sr-1 m-2 nm-1) of an area with defined solid angle. The downwelling 490 

light was estimated by measuring the radiance of a polytetrafluoroethylene (PTFE) diffuse white 491 

reflectance standard (Berghof Fluoroplastic Technology GmbH, Germany) positioned parallel to the 492 

water surface from a 45° angle. Radiance values were subsequently transformed into photon 493 

radiance (photons s-1 sr-1 m-2 nm-1). 494 

We determined the relationship between the radiance of the ocular spark and that of a white PTFE 495 

standard exposed to downwelling light in live triplefins. Fish mildly sedated with clove oil (n = 10) 496 

were placed in an aquarium illuminated with a Leica EL 6000 source and a liquid light guide 497 

suspended ~20 cm above the tank. Spark radiance was normalized by comparing it to a white 498 

standard at 45° from normal positioned at the same location as the fish. For each fish, three 499 

measurements were obtained from each eye. The highest value for each fish relative to the standard 500 

was used for the model. The sizes of the triplefin pupil (n = 35), the ocular spark (n = 10), and the 501 

scorpionfish pupil (n = 20) were measured in ImageJ [45] using scaled images. Natural baseline pupil 502 

radiance of three different scorpionfish was measured orthogonally to the pupil from the 503 

perspective of the triplefins during the field experimental trials using a Photo Research PR-740 504 

spectroradiometer. 505 
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Solid angles of the ocular spark as perceived from the perspective of the scorpionfish, and the pupil 506 

of the scorpionfish as perceived by the triplefin were computed using simple calculations (see 507 

below).  508 

Visual models and maximum detection distance 509 

The receptor-noise limited model for calculation of chromatic contrast was informed using triplefin 510 

ocular media transmission values, photoreceptor sensitivity curves [19, 46], and the relative 511 

photoreceptor density of single to double cone of 1:4:4 as found in the triplefin fovea [17]. We used 512 

a Weber fraction (ω) value of 0.05 as in previous studies [47, 48]. Chromatic contrasts are measured 513 

as just-noticeable differences (JNDs), where values greater than 1 are considered to be larger than 514 

the minimum discernible difference between two objects. We calculated the Michelson achromatic 515 

contrast as  516 

𝐶 =
(𝑄% − 𝑄')
(𝑄% + 𝑄')

 517 

where Q1 and Q2 are the quantum catches of the two members of the double cones which are 518 

associated with the achromatic channel, under photon flux1 and photon flux2. Flux1 is the sum of the 519 

photon flux into a triplefin's eye caused by the baseline radiance of a scorpionfish pupil and the 520 

photon flux caused by the retroreflection of an ocular spark in the scorpionfish pupil (sum of 521 

equations (2) and (6) below). Flux2 is calculated from the baseline radiance of a scorpionfish pupil 522 

only (no ocular spark reflection, equation (2) below). We determined the maximum discernible 523 

distance of the ocular spark radiance reflected through a scorpionfish pupil by calculating the 524 

chromatic and achromatic contrast at each millimeter, between 1 and 15 cm, and extracting the first 525 

value at which the contrast was equal to or exceeded the threshold of 1.0 JND for chromatic 526 

contrasts and 0.008 for Michelson contrasts as measured in T. delaisi [18] and other fish species 527 

[49]. All visual models were performed using the R package pavo [50]. 528 

 529 
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Table 4. Symbols and indices used in the equations to calculate the photon flux of the scorpionfish pupil 530 
reaching the triplefin, with and without the contribution of an ocular spark. 531 
 532 

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) 

D Mean displacement of ocular spark relative to triplefin pupil center (0.00109 m) 

r Radius (m) 

𝛺 Solid angle (sr) 

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) 

Indices Meaning and use 

0 Distance = 0, as used in L0 

w Used for downwelling light from the water surface, used in Lw 

ns Abbreviation for "no ocular spark", used in Fns 

os Abbreviation for ocular spark of a triplefin, used in Los, ros and Wos 

sp Abbreviation for scorpionfish pupil used in Lsp, rsp and Wsp 

t Abbreviation for triplefin, used in rt 

 533 

Visual model details 534 

Triplefin – scorpionfish interaction 535 

The starting conditions assume that both fish look at each other at normal incidence, i.e. the full area of 536 

the pupil of the triplefin is visible to the scorpionfish and vice versa. Solid angles are computed as 537 
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explained below, assuming the ocular spark is positioned at the edge of the iris (displacement from pupil 538 

center D = 1.09 mm) in the plane of the triplefin pupil. 539 

Photon flux without ocular spark 540 

The photon radiance of the scorpionfish pupil reaching the triplefin (𝐿-) is a function of the measured 541 

scorpionfish pupil photon radiance (𝐿.) attenuated by the aquatic medium over distance d such that 542 

𝐿- = 𝐿. × 𝑒12-          (1) 543 

The photon flux reaching the retina of the triplefin without the ocular spark (𝛷34) (Figure S1) is the 544 

proportion of attenuated photon radiance reaching the triplefin's pupil (𝐿-) multiplied by the solid angle 545 

of the scorpionfish pupil (𝛺45) and the area of the triplefin pupil (𝜋𝑟8'): 546 

𝛷34 = 𝐿- × 𝛺45 × 𝜋𝑟8'        (2) 547 

This value was used to calculate the quantum catches Q1 and Q2 mentioned earlier. 548 

 549 

Photon flux with ocular spark 550 

The photon radiance of the ocular spark reaching the scorpionfish (𝐿94) is a function of the radiance 551 

of a PTFE white standard parallel to the water surface (𝐿:), the focusing power of the lens, and the 552 

reflective properties of the iridal chromatophores on which the light is focused. For now, the 553 

focusing power and reflective properties have only been measured together as blue ocular spark 554 

reflectance (𝑆) relative to 𝐿:: 555 

𝐿94 = 𝐿: × 𝑆 × 𝑒12-         (3) 556 

The radiance of the scorpionfish pupil (𝐿45) defined as the proportion of the attenuated ocular spark 557 

photon radiance that reaches the scorpionfish pupil and is re-emitted towards the triplefin is 558 

estimated by multiplying the photon radiance of the ocular spark reaching the scorpionfish (𝐿94) 559 
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with the solid angle of the ocular spark as seen by the scorpionfish (𝛺94) and the retroreflectance of 560 

the scorpionfish pupil with illumination co-axial to the receiver (𝑅). Because the properties of the 561 

retroreflective eye are measured in relation to a diffuse white standard, the photon exitance from 562 

the scorpionfish pupil is converted to photon radiance by dividing by 𝜋 steradians:  563 

𝐿45 = 𝐿94 × 𝛺94 × 𝑅 × 𝜋1%        (4) 564 

The scorpionfish pupil radiance (𝐿45) travelling towards the triplefin pupil is further attenuated, and 565 

the photon flux reaching the triplefin’s retina (𝛷94) is obtained by multiplying the attenuated 566 

radiance by the solid angle of the scorpionfish pupil, and the area of the triplefin pupil: 567 

𝛷94 = 𝐿45 × 𝑒12- × 𝛺45 × 𝜋𝑟8'         (5)  568 

The photon flux generated by the ocular spark, which reaches the triplefin retina after being 569 

reflected by the scorpionfish pupil is therefore approximated by (see also Figure S2): 570 

𝛷94 = 𝐿: × 𝑆 × 𝑒12- × 𝛺94 × 𝑅 × 𝜋1% × 𝑒12- × 𝛺45 × 𝜋𝑟8'      (6) 571 

The total photon flux reaching the retina of the triplefin with the ocular spark is then the sum of 572 

equations (2) and (6) (Figs. 5 and 6 combined). This sum was used to calculate the quantum catches 573 

Q1 and Q2 from a scorpionfish eye illuminated by an ocular spark, as mentioned earlier. 574 

Calculation of solid angles 575 

The solid angle of the scorpionfish pupil (𝛺45) as perceived by the (dimensionless) center of the 576 

triplefin's pupil at distance d was estimated using the formula  577 

𝛺45 =
𝜋	𝑟45'

𝑑'
 578 

The solid angle of the ocular spark as seen from the perspective of a scorpionfish eye (𝛺94) needs to 579 

be corrected for the fact that the ocular spark is below the triplefin's pupil by a distance D = 0.00109 580 

m. The radius of the ocular spark at this distance as perceived by the scorpionfish can be calculated 581 
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by multiplying the original diameter ros with the ratio of the original distance d divided by the 582 

hypotenuse of the right-angled triangle defined by D and d: 583 

𝑟94? = 𝑟94
𝑑

@D' + 𝑑'
 584 

The solid angle of the ocular park as perceived by the (dimensionless) center of the scorpionfish’s 585 

pupil can then be calculated as  586 

𝛺94 =
𝜋	𝑟94?'

𝑑'
 587 

 588 

Acknowledgments 589 

Thanks to Martin J. How for useful suggestions on an earlier draft. Jonas Dornbach, Thomas 590 

Griessler, Katharina Hiemer, Michael Karcz, Valentina Richter, Peter Tung, Sabine Urban, Laura 591 

Warmuth and Florian Wehrberger supported data collection in the field. Gregor Schulte provided 592 

creative and technical support. Thanks to Pierre Lejeune, director of STARESO and his staff for 593 

providing excellent working conditions. N.K.M. was supported by Koselleck Grant Mi 482/13-1 from 594 

the Deutsche Forschungsgemeinschaft and Experiment! grant Az. 89148 and Az. 91816 from the 595 

Volkswagen Foundation. P-P.B. was funded by a Postdoctoral Fellowship from the Natural Sciences 596 

and Engineering Research Council of Canada. 597 

  598 

All rights reserved. No reuse allowed without permission. 
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint. http://dx.doi.org/10.1101/324202doi: bioRxiv preprint first posted online May. 19, 2018; 

http://dx.doi.org/10.1101/324202


 

28 

References 599 

1. Nicol JAC. Studies on luminescence. On the subocular light-organs of stomiatoid 600 
fishes. J Mar Biol Assoc U K. 1960;39:529-48. PubMed PMID: 601 
ZOOREC:ZOOR09700016854. 602 

2. Howland HC, Murphy CJ, McCosker JE. Detection of eyeshine by flashlight fishes of 603 
the family Anomalopidae. Vision Res. 1992;32(4):765-9. Epub 1992/04/01. doi: 604 
10.1016/0042-6989(92)90191-k. PubMed PMID: 1413559. 605 

3. Hellinger J, Jagers P, Donner M, Sutt F, Mark MD, Senen B, et al. The Flashlight Fish 606 
Anomalops katoptron Uses Bioluminescent Light to Detect Prey in the Dark. PLoS 607 
ONE. 2017;12(2):e0170489. Epub 2017/02/09. doi: 10.1371/journal.pone.0170489. 608 
PubMed PMID: 28178297; PubMed Central PMCID: PMCPMC5298212. 609 

4. Michiels NK, Seeburger VC, Kalb N, Meadows MG, Anthes N, Mailli AA, et al. 610 
Controlled iris radiance in a diurnal fish looking at prey. R Soc open sci. 611 
2018;5(2):170838. Epub 2018/03/09. doi: 10.1098/rsos.170838. PubMed PMID: 612 
29515824; PubMed Central PMCID: PMCPMC5830713. 613 

5. Lythgoe JN. The Ecology of Vision. Oxford: Clarendon Press; 1979. 614 

6. Schwab IR, Yuen CK, Buyukmihci NC, Blankenship TN, Fitzgerald PG. Evolution of the 615 
tapetum. Trans Am Ophthalmol Soc. 2002;100:187-99; discussion 99-200. PubMed 616 
PMID: 12545693; PubMed Central PMCID: PMCPMC1358962. 617 

7. Fritsch R, Ullmann JFP, Bitton PP, Collin SP, Michiels NK. Optic-nerve-transmitted 618 
eyeshine, a new type of light emission from fish eyes. Front Zool. 2017;14:14. Epub 619 
2017/03/07. doi: 10.1186/s12983-017-0198-9. PubMed PMID: 28261313; PubMed 620 
Central PMCID: PMCPMC5327540. 621 

8. Ollivier FJ, Samuelson DA, Brooks DE, Lewis PA, Kallberg ME, Komaromy AM. 622 
Comparative morphology of the tapetum lucidum (among selected species). Vet 623 
Ophthalmol. 2004;7(1):11-22. doi: 10.1111/j.1463-5224.2004.00318.x. PubMed 624 
PMID: WOS:000188354500003. 625 

9. Santon M, Bitton PP, Harant UK, Michiels NK. Daytime eyeshine contributes to pupil 626 
camouflage in a cryptobenthic marine fish. Sci Rep. 2018;8(1):7368. Epub 627 
2018/05/11. doi: 10.1038/s41598-018-25599-y. PubMed PMID: 29743512; PubMed 628 
Central PMCID: PMCPMC5943592. 629 

10. Feller KD, Cronin TW. Hiding opaque eyes in transparent organisms: a potential role 630 
for larval eyeshine in stomatopod crustaceans. J Exp Biol. 2014;217(Pt 18):3263-73. 631 
doi: 10.1242/jeb.108076. PubMed PMID: 25232197. 632 

11. Von Helmholtz H. Handbuch der physiologischen Optik: Voss; 1867. 633 

All rights reserved. No reuse allowed without permission. 
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint. http://dx.doi.org/10.1101/324202doi: bioRxiv preprint first posted online May. 19, 2018; 

http://dx.doi.org/10.1101/324202


 

29 

12. Greene NR, Filko BJ. Animal-eyeball vs. road-sign retroreflectors. Ophthalmic and 634 
Physiological Optics. 2010;30(1):76-84. doi: 10.1111/j.1475-1313.2009.00688.x. 635 
PubMed PMID: WOS:000272660500008. 636 

13. Jack CB. Detecting the Detector: A Widespread Animal Sense? 2014 [12/02/2016]. 637 
Available from: http://vixra.org/abs/1411.0226. 638 

14. Best ACG, Nicol JAC. Eyeshine in fishes. A review of ocular reflectors. Can J Zool. 639 
1980;58(6):945-56. doi: 10.1139/z80-133. 640 

15. Wirtz P. The Behaviour of the Mediterranean Tripterygion Species (Pisces, 641 
Blennioidei). Zeitschrift für Tierpsychologie. 1978;48(2):142-74. 642 

16. Brandl SJ, Goatley CH, Bellwood DR, Tornabene L. The hidden half: ecology and 643 
evolution of cryptobenthic fishes on coral reefs. Biol Rev. 2018. 644 

17. Fritsch R, Collin SP, Michiels NK. Anatomical analysis of the retinal specializations to 645 
a crypto-benthic, micro-predatory lifestyle in the mediterranean triplefin blenny 646 
Tripterygion delaisi. Front Neuroanat. 2017;11:122. Epub 2018/01/10. doi: 647 
10.3389/fnana.2017.00122. PubMed PMID: 29311852; PubMed Central PMCID: 648 
PMCPMC5732991. 649 

18. Santon M, Münch TA, Michiels NK. The contrast sensitivity function of a small 650 
cryptobenthic marine fish. Journal of Vision. 2019:in press. 651 

19. Bitton P-P, Harant UK, Fritsch R, Champ CM, Temple SE, Michiels NK. Red 652 
fluorescence of the triplefin Tripterygion delaisi is increasingly visible against 653 
background light with increasing depth. R Soc open sci. 2017;4(3):161009. Epub 654 
2017/04/14. doi: 10.1098/rsos.161009. PubMed PMID: 28405391; PubMed Central 655 
PMCID: PMCPMC5383848. 656 

20. Vorobyev M, Osorio D. Receptor noise as a determinant of colour thresholds. Proc R 657 
Soc B Biol Sci. 1998;265(1394):351-8. doi: DOI 10.1098/rspb.1998.0302. PubMed 658 
PMID: WOS:000072540500001. 659 

21. Montgomery JC, Hamilton AR. Sensory contributions to nocturnal prey capture in the 660 
dwarf scorpion fish (Scorpaena papillosus). Mar Fresh Behav Physiol. 1997;30(4):209-661 
23. doi: Doi 10.1080/10236249709379026. PubMed PMID: WOS:000071530700001. 662 

22. La Mesa M, Scarcella G, Grati F, Fabi G. Age and growth of the black scorpionfish, 663 
Scorpaena porcus (Pisces: Scorpaenidae) from artificial structures and natural reefs 664 
in the Adriatic Sea. Sci Mar. 2010;74(4):677-85. 665 

23. Harmelin-Vivien M, Kaim-Malka R, Ledoyer M, Jacob-Abraham S. Food partitioning 666 
among scorpaenid fishes in Mediterranean seagrass beds. J Fish Biol. 667 
1989;34(5):715-34. 668 

All rights reserved. No reuse allowed without permission. 
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint. http://dx.doi.org/10.1101/324202doi: bioRxiv preprint first posted online May. 19, 2018; 

http://dx.doi.org/10.1101/324202


 

30 

24. Dehm J. Does wearing a hat change the demeanour of a fish? A behavioural study of 669 
the manipulation of active photolocation in the benthic fish Tripterygion delaisi. Kiel: 670 
University of Kiel; 2015. 671 

25. Bitton P-P, Christmann SAY, Santon M, Harant UK, Michiels NK. Visual modelling 672 
validates prey detection by means of diurnal active photolocation in a small 673 
cryptobenthic fish. bioRxiv. 2018:338640. 674 

26. Anthes N, Theobald J, Gerlach T, Meadows MG, Michiels NK. Diversity and ecological 675 
correlates of red fluorescence in marine fishes. Front Ecol Evol. 2016;4(126). doi: 676 
10.3389/fevo.2016.00126. 677 

27. Gothard KM, Brooks KN, Peterson MA. Multiple perceptual strategies used by 678 
macaque monkeys for face recognition. Anim Cogn. 2009;12(1):155-67. 679 

28. Jones R. Reactions of male domestic chicks to two-dimensional eye-like shapes. Anim 680 
Behav. 1980;28(1):212-8. 681 

29. Cott HB. Adaptive coloration in animals. London: Methuen; 1940. 682 

30. Kjernsmo K, Grönholm M, Merilaita S. Adaptive constellations of protective marks: 683 
eyespots, eye stripes and diversion of attacks by fish. Anim Behav. 2016;111:189-95. 684 

31. Santon M, Bitton P-P, Dehm J, Fritsch R, Harant UK, Anthes N, et al. Diurnal active 685 
photolocation enhances predator detection in a marine fish. bioRxiv. 2018:324202. 686 

32. Harant UK, Michiels NK. Fish with red fluorescent eyes forage more efficiently under 687 
dim, blue-green light conditions. BMC Ecol. 2017;17(1):18. Epub 2017/04/22. doi: 688 
10.1186/s12898-017-0127-y. PubMed PMID: 28427391; PubMed Central PMCID: 689 
PMCPMC5397785. 690 

33. Louisy P. Europe and Mediterranean marine fish identification guide: Ulmer; 2015. 691 

34. Compaire JC, Casademont P, Cabrera R, Gómez-Cama C, Soriguer MC. Feeding of 692 
Scorpaena porcus (Scorpaenidae) in intertidal rock pools in the Gulf of Cadiz (NE 693 
Atlantic). J Mar Biol Assoc U K. 2017:1-9. 694 

35. Stoffel MA, Nakagawa S, Schielzeth H. rptR: repeatability estimation and variance 695 
decomposition by generalized linear mixed-effects models. Methods Ecol Evol. 696 
2017;8(11):1639-44. 697 

36. Bates D, Mächler M, Bolker BM, Walker S. Fitting linear mixed-effects models using 698 
lme4. J Stat Softw. 2014;67:1-51. 699 

37. Brooks ME, Kristensen K, van Benthem KJ, Magnusson A, Berg CW, Nielsen A, et al. 700 
glmmTMB balances speed and flexibility among packages for zero-inflated 701 
generalized linear mixed modeling. The R journal. 2017;9(2):378-400. 702 

38. R-Core-Team. R: A language and environment for statistical computing: R Foundation 703 
for Statistical Computing, vienna, Austria; 2013. 704 

All rights reserved. No reuse allowed without permission. 
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint. http://dx.doi.org/10.1101/324202doi: bioRxiv preprint first posted online May. 19, 2018; 

http://dx.doi.org/10.1101/324202


 

31 

39. Wood SN. Generalized additive models: an introduction with R: Chapman and 705 
Hall/CRC; 2006. 706 

40. Schielzeth H, Forstmeier W. Conclusions beyond support: overconfident estimates in 707 
mixed models. Behav Ecol. 2009;20(2):416-20. Epub 2009/05/23. doi: 708 
10.1093/beheco/arn145. PubMed PMID: 19461866; PubMed Central PMCID: 709 
PMCPMC2657178. 710 

41. Zuur AF, Ieno EN, Walker NJ, Saveliev AA, Smith GM. Mixed Effects Models and 711 
Extensions in Ecology with R. Krickeberg K, Samet JM, Tsiatis A, Wong W, editors: 712 
Springer, New York; 2009. 713 

42. Lefcheck JS, Freckleton R. piecewiseSEM: Piecewise structural equation modelling 714 
inr for ecology, evolution, and systematics. Methods Ecol Evol. 2016;7(5):573-9. doi: 715 
10.1111/2041-210x.12512. 716 

43. Nakagawa S, Schielzeth H. Repeatability for Gaussian and non-Gaussian data: a 717 
practical guide for biologists. Biol Rev. 2010;85(4):935-56. Epub 2010/06/24. doi: 718 
10.1111/j.1469-185X.2010.00141.x. PubMed PMID: 20569253. 719 

44. Zuur AF, Ieno EN, Freckleton R. A protocol for conducting and presenting results of 720 
regression-type analyses. Methods Ecol Evol. 2016;7(6):636-45. doi: 10.1111/2041-721 
210x.12577. PubMed PMID: WOS:000378731900002. 722 

45. Abràmoff MD, Magalhães PJ, Ram SJ. Image processing with ImageJ. Biophotonics 723 
Int. 2004;11(7):36-42. 724 

46. Govardovskii VI, Fyhrquist N, Reuter T, Kuzmin DG, Donner K. In search of the visual 725 
pigment template. Visual Neurosci. 2000;17(4):509-28. doi: 726 
10.1017/s0952523800174036. PubMed PMID: WOS:000089291800003. 727 

47. Wilkins L, Marshall NJ, Johnsen S, Osorio D. Modelling colour constancy in fish: 728 
implications for vision and signalling in water. J Exp Biol. 2016;219(Pt 12):1884-92. 729 
Epub 2016/04/06. doi: 10.1242/jeb.139147. PubMed PMID: 27045090. 730 

48. Matz MV, Marshall NJ, Vorobyev M. Are corals colorful? Photochem Photobiol. 731 
2006;82(2):345-50. Epub 2006/04/15. doi: 10.1562/2005-08-18-RA-653. PubMed 732 
PMID: 16613484. 733 

49. Douglas RH, Djamgoz M. The visual system of fish: Springer Science & Business 734 
Media; 2012. 735 

50. Maia R, Eliason CM, Bitton PP, Doucet SM, Shawkey MD. pavo: an R package for the 736 
analysis, visualization and organization of spectral data. Methods Ecol Evol. 737 
2013;4(10):906-13. doi: 10.1111/2041-210x.12069. PubMed PMID: 738 
WOS:000325459600002. 739 

  740 

All rights reserved. No reuse allowed without permission. 
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint. http://dx.doi.org/10.1101/324202doi: bioRxiv preprint first posted online May. 19, 2018; 

http://dx.doi.org/10.1101/324202


 

32 

LEGENDS TO FIGURES 741 

 742 

Figure 1. Overview of experimental manipulation and design. Triplefins (Tripterygion 743 

delaisi) were subjected to one of three treatments: a. Unhatted sham control, b. Clear-744 

hatted control, and c. Shading hat treatment. While a and b can re-direct light using blue 745 

ocular sparks (bright bluish dots on the lower iris), c cannot. d. Scorpionfish (Scorpaena 746 

porcus) show retroreflective eyeshine [9] when illuminated coaxially, here by means of a 747 

strip of matt white paper (e and f). g-h. Triplets of triplefins, one of each treatment, were 748 

exposed to a shaded predator or stone (not shown) behind a windowpane. We tested two 749 

opposite orientations in the field (triplefins facing north or south). This was not required in 750 

the laboratory (not shown). The response variable was distance from the stimulus, 751 

measured the day after adding fish to the tanks. Drawings not to scale, see Materials and 752 

Methods for dimensions. Pictures by M.S. and N.K.M. 753 

 754 

Figure 2. Consequences of hatting in the laboratory shown as the average distance from 755 

the stimulus compartment as a function of stimulus type (stone or scorpionfish) and hat 756 

treatment. Relative to the controls, shaded individuals stayed significantly closer to the 757 

scorpionfish. Symbols = average of 5 measurements per triplet; n = 15 triplets; error bars: 758 

model-predicted group means ± 95 % credible intervals; *** = p < 0.001, n.s. = p > 0.05 (see 759 

Table 1 and Methods). Note that statistical comparisons between treatments rested on the 760 

connected measures within triplets and 5 observations per stimulus, making group means 761 

and error bars imprecise indicators of the statistical significance of paired measures. 762 
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Figure 3. Consequences of hatting in the field at 15 m depth shown as the average 764 

distance from the stimulus compartment as a function of stimulus type (stone or 765 

scorpionfish), hat treatment, and orientation. a. Among north-facing triplefins shaded 766 

individuals stayed closer to a scorpionfish than the controls averaged per-triplet (n = 24 767 

triplets). b. Among south-facing triplefins such effect was absent (n = 19 triplets). Symbols: 768 

average of 3 measurements per individual; error bars: model-predicted means ± 95 % 769 

credible intervals. * = p < 0.05, n.s. = p > 0.05 (see text and Materials and Methods for 770 

details). Note that statistical comparisons between treatments rested on the connected 771 

measures within triplets and 5 observations per stimulus, making group means and error 772 

bars imprecise indicators of the statistical significance of paired measures. 773 

 774 

Figure 4. Short-term changes in distance between hatted triplefins and a scorpionfish as a 775 

function of time and hat treatment. The first measurement took place about one minute 776 

after releasing a single triplefin in the middle of a 50 cm long tank at 10 m depth in the field 777 

(n clear hat = 42, n shading hat = 38). The curved lines show predictions from the most 778 

parsimonious, Generalized Linear Mixed Model that describes the movement of shaded 779 

(dark gray) and clear-hatted (light grey) triplefins with 95% credible intervals (shaded areas). 780 

See Table 3 for statistical details. Each triplefin was observed at 7 time points. Black dashed 781 

line: point of release (25 cm). Long-dashed line at 7 cm: average detection distance at which 782 

diurnal active photolocation allows a triplefin to induce and perceive scorpionfish eyeshine 783 

using a spark, according to visual modelling (Figure 5). Symbols were slightly jittered to 784 

reveal overlapping observations in the graph. 785 
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Figure 5. Theoretical detection distances by a triplefin of reflections in a scorpionfish's eye 787 

induced by a triplefin’s blue ocular spark. Visual modelling output using parameters from 788 

the field experiment in 10 m, showing maximum detection distance (color, dotted lines) of 789 

achromatic contrast differences in a scorpionfish’s pupil as triggered by a triplefin’s blue 790 

ocular spark at 10 m depth. The outcome is shown in color as a function of ocular spark 791 

reflectance and scorpionfish pupil retroreflectance, separated for north facing and south 792 

facing orientations (see Figure 1g-h). The red dotted lines represent intermediate detection 793 

distances for both orientations and were summarized as the average detection distance at 7 794 

cm in Figure 4. Values were obtained from calculating the Michelson contrast based on 795 

triplefin cone-catches of the double cones for each millimeter distance between 1 and 15 796 

cm, and identifying the maximum distance at which the contrast reached the achromatic 797 

contrast threshold of T. delaisi (0.8 % [18]). The X and Y axes cover the range of measured 798 

values for these predictors (Material and Methods). 799 

 800 

Figure 6: Visual representation of how the photon flux 𝜱ns originating from baseline 801 

scorpionfish eyeshine entering a triplefin's pupil is calculated. This case excludes the effect 802 

of an ocular spark, which is shown in Figure 7. 803 

 804 

Figure 7: Visual representation of how much of the photon flux 𝜱os generated by a 805 

triplefin's ocular spark is reflected as scorpionfish eyeshine and ultimately reaches a 806 

triplefin's pupil. This effect needs to be added on top of baseline scorpionfish eyeshine 807 

(explained in Figure S1), to obtain the total photon flux from a scorpionfish eye reaching the 808 

eye of a triplefin with its ocular spark on.  809 
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F I G U R E S 810 

 811 

FIGURE 1 812 
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FIGURE 2 817 
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FIGURE 3 822 
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FIGURE 4 826 
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FIGURE 5 830 
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FIGURE 6 834 
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FIGURE 7 837 
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