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 2 

Abstract 18 

In nature, animals must navigate to forage according to their sensory inputs. Different species 19 

use different sensory modalities to locate food efficiently. For teleosts, food emits visual, 20 

mechanical, chemical, and/or possibly weak-electrical signals, which can be detected by optic, 21 

auditory/lateral line, and olfactory/taste buds sensory systems. However, how fish respond to and 22 

use different sensory inputs when locating food, as well as the evolution of these sensory 23 

modalities, remain unclear. We examined the Mexican tetra, Astyanax mexicanus, which is 24 

composed of two different morphs: a sighted riverine (surface fish) and a blind cave morph 25 

(cavefish). Compared with surface fish, cavefish have enhanced non-visual sensory systems, 26 

including the mechanosensory lateral line system, chemical sensors comprising the olfactory 27 

system and taste buds, and the auditory system to help navigate toward food sources. We tested 28 

how visual, chemical, and mechanical stimuli evoke food-seeking behavior. In contrast to our 29 

expectations, both surface fish and cavefish did not follow a gradient of chemical stimulus (food 30 

extract) but used it as a cue for the ambient existence of food. Surface fish followed visual cues 31 

(red plastic beads and food pellets), but, in the dark, were likely to rely on mechanosensors—the 32 

lateral line and/or tactile sensor—as cavefish did. Our results indicate cavefish used similar 33 

sensory modality to surface fish in the dark, while adherence levels to stimuli were higher in 34 

cavefish. In addition, cavefish evolved an extended circling strategy to capture food, which may 35 

yield a higher chance to capture food by swimming-by the food multiple times instead of once 36 

through zigzag motion. In summary, we propose ancestors of cavefish similar to surface fish may 37 

have needed little modification in food-seeking strategy to adapt to the dark. 38 

 39 
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 3 

Introduction 41 

Many teleost species rely on visual information for foraging, although fishes employ a wide 42 

range of sensory modalities for foraging strategies [1–4]. These strategies range from drift-43 

hunting by coelacanths that use a single sensory modality (electroreception) to detect benthic 44 

prey [5], to the multi-sensory, active pursuit of prey by bonnethead sharks, which use long-45 

distance olfactory signals followed by visual cues to precisely locate prey [2]. 46 

 Given the breadth of sensory systems, how the coordination and hierarchical use of 47 

sensory systems change during the adaptation to a new environment remains unclear. Depending 48 

on species, different mechanisms are favored, such as mechano-, chemo-, and/or electro-sensing 49 

[1,2]. For foraging tradeoffs between finding (energy loss) and consuming food gains (energy 50 

gain), animals should strategize to maximize energy gain with minimum loss by leveraging 51 

available sensory inputs [6].To tackle this question, we chose the freshwater Mexican tetra, 52 

Astyanax mexicanus. Astyanax mexicanus is a ~6 cm freshwater fish, consisting of two morphs: 53 

riverine and sighted surface form (surface fish: colonizing in a rage of south Texas USA to the 54 

south American continent) and the cave-dwelling blind form (cavefish: limestone mountain 55 

ranges at Northeast Mexico). We then conducted foraging experiments comparing these different 56 

populations of the same species. 57 

Cavefish show higher responses to mechanical vibration stimulus at ~40 Hz than surface 58 

fish. The 40 Hz vibration can be typically generated by crawling crustaceans [7] which is 59 

promoted by the increased cranial mechanosensory lateral line. Fish with higher vibration 60 

responses, called vibration attraction behavior (VAB), dominated over prey capture in the dark 61 

[8,9]. Cavefish also have finer chemical sensing, such as the ability to respond to 105 lower 62 

concentrations of amino acids than surface fish (i.e., cavefish can respond to 10−10 M of alanine, 63 
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 4 

whereas surface fish respond to 10−5 M of it or higher) [10]. In contrast, no detectable difference 64 

in auditory response has been reported between surface fish and cavefish [11] and there is no 65 

comparative study in tactile sensing between these two morphs (but see Voneida & Fish [12]). 66 

Upon this powerful comparative model system, it remains largely unknown how these 67 

sensory systems were strategically utilized during foraging: are these sensory systems used 68 

equally for foraging, or is there any hierarchical order of the usage of the sensory systems? Then, 69 

if there is a hierarchical order, what is its ecological relevance? To provide answers to these 70 

questions, we designed experiments using varying stimuli. We used (1) water droplets as the 71 

source of mechanical stimulus (auditory only, when it hits the water surface), (2) food extract 72 

suspended in water as the source of the mechanical (auditory) + chemical stimuli—only 73 

chemical stimulus is the additional to (1), (3) red plastic beads as visual + mechanical (auditory + 74 

lateral line/tactile) stimuli, which are additional to (1), (4) food extract and plastic beads, and (5) 75 

fish commercial diet as a positive control. We then measured latency as the initial response to 76 

these stimuli, number of foraging attempts as the proxy for robustness of foraging mode, and 77 

zigzag and circling measurements (duration and bout numbers) to characterize two foraging 78 

strategies in surface fish and cavefish. Foraging with circling is typical in cavefish; however, it 79 

was not clear if surface fish showed zigzag or circling in the dark before this study (see Result 80 

and Discussion section about the behavioral characteristics of zigzag and circling). 81 

Our result indicated that, for latency measurements, surface fish did not respond to sole 82 

auditory stimulus (water droplet) in either light or dark conditions, but cavefish did, suggesting 83 

surface fish require multiple sensory inputs. In contrast, the cavefish foraging behavior could be 84 

driven by auditory stimulus alone. Object stimuli (beads) evoked slightly higher foraging 85 

behavior in both surface fish and cavefish and in both light and dark conditions, where fish may 86 
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 5 

use both auditory and tactile/lateral line sensing (in the dark) in addition to visual sensing (in the 87 

light in surface fish). However, chemical stimuli (food extract) evoked a prominent foraging 88 

response in both surface fish and cavefish for both light and dark conditions than the object 89 

stimuli (beads). In the dark, both morphs directly aimed at the bottom of the tank (food extract 90 

does not stimulate visual sensation), where their food always ended up, suggesting chemical 91 

stimuli did not navigate them toward food sources but instead evoked fish to the existence of 92 

food. Cavefish showed higher foraging activities than surface fish under chemical stimulus.  93 

In summary, surface fish were visually driven and tended to require multiple sensory 94 

stimuli to evoke foraging. In contrast, the sole auditory stimulus was still able to evoke foraging 95 

behavior in cavefish. Among the given stimuli, chemical stimulus strongly drove foraging 96 

behavior immediately at the bottom of the tank and/or at the water surface in both surface fish 97 

and cavefish whilst the food extract plume was still at the middle of the water column, 98 

suggesting fish did not directly use chemical gradients but instead used this stimulus as ambient 99 

cues and searched where food was likely to exist. Further, we also detected different foraging 100 

patterns between the light and dark conditions even in blind cavefish, and the differences in diet-101 

locating strategies—zigzag and circling—between surface fish and cavefish. Our result provides 102 

new evolutionary insight into foraging strategies for diet-related stimuli. 103 

 104 

 105 
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Materials and Methods 107 

 108 

Fish maintenance and care 109 

Populations of A. mexicanus (both sighted and the blind morphs) were raised and bred at the 110 

University of Hawai‘i at Mānoa aquatic facility with care and protocols approved under IACUC 111 

(17-2560) at University of Hawai‘i at Mānoa. Both surface fish and cavefish were Astyanax 112 

mexicanus species. Surface fish raised in the lab were descendants from those collected by Dr. 113 

William R. Jeffery from Balmorhea Springs State Park in Texas and cavefish were descendants 114 

collected by Richard Borowsky and Dr. William R. Jeffery in Cueva de El Pachón in 115 

Tamaulipas, Mexico. Both surface fish and cavefish were raised on a 12:12 light cycle in 42-liter 116 

tanks in a custom water-flow tank system. Temperatures were maintained at 21ºC ± 0.5ºC for 117 

rearing, 24ºC ± 0.5ºC for behavior experiments, and 25ºC ± 0.5ºC for breeding. Their diet 118 

consisted of TetraColor tropical fish food granules and TetraMin tropical fish food crisps, tetra, 119 

Blacksburg, VA, and jumbo mysis shrimp (Hikari Sales, USA, Inc., Hayward, CA). Fish were 120 

fed on Zeitgeber time 3 and 9 and maintained at 7.0 pH with a water conductivity of 600–800 121 

μS.  122 

 123 

Experimental populations 124 

We used a 37.9 L tank to house each experimental population (surface and cavefish) prior to 125 

introducing the stimuli. Four days prior to recording, fish tanks were cleaned and the tank water 126 

was replaced with conditioned fish water (pH 6.8–7.0, conductivity: ~700 µS adjusted with Reef 127 

Crystals Reef Salt, Instant Ocean, Blacksburg, VA). At least three days prior to recording, fish 128 
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 7 

circadian rhythm was entrained by a 12:12 h light-dark cycle with 30–100 lux light. On 129 

recording days, the experiment commenced at ~2 hours of Zeitgeber time. We used a 10-min 130 

acclimation time prior to recording. Each 37.9 L tank contained three replicate fish (N = 3). The 131 

stimuli were administered in the following order: (1) water droplets (3 drops), (2) red plastic 132 

beads (4.7 mm diameter: Millipore Sigma, Burlington, MA), (3) food extract (see below), (4) a 133 

combination of food extract & beads, and (5) agar-solidified food (see below). Each of the 134 

stimuli were given in 10-min intervals. Recording was performed for ~50 min in total. The dark 135 

experiment (no light) and the light experiment (30–100 lux) were performed on different days. 136 

 137 

Experimental stimulus 138 

The water stimulus was three droplets of distilled water and 4–5 of red polystyrene beads 139 

(4.7mm in diameter). The food extract was made by suspending 0.1 g of fine ground Tropical 140 

XL Color Granules with Natural Color Enhancer (Tetra U.S., Blacksburg, VA) in 2 mL of 141 

distilled water mixed with 0.5 mL of 0.5% Methylene Blue (MilliporeSigma) and filtered with a 142 

0.45 µm syringe filter. The food extract was made fresh for each experiment and three drops 143 

were added as the stimulus. The agar-solidified food was comprised of 1.0 g of fine ground 144 

Tropical XL Color Granules with Natural Color Enhancer (red colored granules) suspended with 145 

5 mL of 1% agar (MilliporeSigma) in the fish conditioned water (pH 6.8–7.0, conductivity ~700 146 

µS), then poured into 6-cm dishes to solidify. Once solidified, a razor blade sterilized with 70% 147 

ethanol was used to cut the agar food into 5 × 5 mm squares and 3–4 pieces were given per 148 

stimulus. Sinking of red plastic beads was approximately the same as the red agar food, 149 

mimicking red agar food movement. 150 

 151 
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 8 

Recordings 152 

All light condition videos were recorded on an iPhone Xs (Apple, Cupertino, CA) at 30 fps. Fish 153 

behaviors in the dark were recorded using a custom-made infrared back-light system (SMD 3528 154 

850nm strip: LightingWill, Guang Dong, China). A LifeCam studio 1080p HD webcam 155 

(Microsoft, Redmond, WA, USA) with a zoom lens (Zoom 7000, Navitar, Rochester, NY, USA) 156 

fitted with an IR high-pass filter (Optical cast plastic IR long-pass filter, Edmund Optics 157 

Worldwide, Barrington, NJ, USA). A USB webcam (LifeCam studio 1080p HD webcam, 158 

Microsoft, Redmond WA, US) was used to record at 16–20 fps using virtual dub software 159 

(version 1.10.4, http://www.virtualdub.org/). Once recorded, videos were uploaded to Google 160 

Drive for accessibility. 161 

 162 

Video analysis 163 

Videos were analyzed using Behavioral Observation Research Interactive Software (BORIS V. 164 

7.4.11-2019-02-28, Department of Life Sciences & Systems Biology, University of Torino-165 

Italy). For video analysis, the tank was divided into nine square sections, with areas 1, 2, 3, and 5 166 

as the top row and areas 7–9 as the bottom (Fig 1B, the far-left panel). Using BORIS, each fish’s 167 

actions were recorded during the videos. Latency was defined as the measurement of time 168 

duration between when stimulus hit the water surface and when fish of interest approached at the 169 

dropping point. “Attempts” were measured as the number of capturing or biting motion against 170 

the stimulus by observing the opening and closing of the mouth rapidly or picking up a 171 

bead/food. A “zigzag” motion was defined as rapid changes of the swimming direction every ~ 1 172 

s and was measured as occurrence (bout number) and duration (s). “Circling” motion was 173 

defined as the continuous unidirectional turnings without glide swimming, and was measured as 174 
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 9 

occurrence (bout number) and duration (s) by unidirectional turning to make at least one full 175 

circle at the tank bottom or water surface. 176 

 177 

 178 

Fig 1. Latencies in response times to different sensory stimuli. (A) Overall latency (s) 179 
between when the object hit the water surface and when fish directly aimed toward the object. 180 
Three fish in a tank were given three droplets of reverse-osmosis (RO) purified water (water: 181 
panels Aa and Ba), three red plastic beads 4.7 mm in diameter (beads: Ab and Bb), three 182 
droplets of food extract (extract: Ac and Bc), three droplets of food extract followed by three red 183 
beads (extract and beads: Ad and Bd), and 3–4 granules (3–5 mm in diameter) of actual food 184 
(diet: Ae and Be; see Materials and Methods). (A) Latencies of surface fish (SF: left) and 185 
cavefish (CF: right) are shown on the y-axis. Top: shorter latency; bottom: no response within a 186 
10 min observation (600 s). Latencies under light conditions (L: yellow bars and dots) and dark 187 
conditions (D: gray bars and dots) are also shown. The first 60 seconds after the object hit the 188 
water surface are shaded red. The statistical test results of the generalized linear model are shown 189 
on the far right. For each comparison, light and dark conditions were compared within the 190 
population per treatment (e.g., a bracket in CF with the water stimulus). Within each population, 191 
different stimuli were compared with the water stimulus and significances were calculated via 192 
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 10 

Mann-Whitney tests adjusted by Holm’s correction, shown as brackets at the top of boxes. All 193 
comparisons were non-significant (n.s.) in latencies. (B) Fish locations were tracked as the top 194 
(top row) or bottom (bottom row) and measured latencies. The far-left panels indicate the areas 195 
counted as the top (areas 1, 2, 3 and 5), and the bottom (areas 7, 8 and 9). The y-axes and 196 
brackets in Ba-Be represent the same as (A). All stars represent P-values after Holm’s correction. 197 
Statistical test summaries using the generalized linear model including arena locations (top-198 
bottom) are shown at the bottom of the boxes. Only interaction results are shown. Details of all 199 
statistics scores in this figure are found in Supplementary Data 1. n.s.: not significant, *: P < 200 
0.05, **: P < 0.01, ***: P < 0.001. 201 
 202 

We recorded the tank areas where each behavior was observed. Quantitative data 203 

collected from BORIS was then consolidated in the Excel macro (Microsoft, Redmond, WA) 204 

(https://zenodo.org/record/7996590). 205 

 206 

Statistical analysis 207 

Quantitative data were exported from BORIS to Excel. Using macros in Excel, data were 208 

compiled and the totals of each foraging behavior were calculated (shared on Zenodo: 209 

https://zenodo.org/record/7996590). All statistical analyses were performed in RStudio 4.0.3 210 

(RStudio, Boston, MA, USA). The R packages used included lme4, lmerTest, car, coin, yarrr, 211 

ggplot2, AICcmodavg, and ggpubr. Linear or generalized linear models were selected using 212 

Akaike’s information criterion function to identify the best fit models for analyses for latency, 213 

attempt, and zigzag and circling motions. We used multifactorial variance analyses using 214 

generalized linear model fitting functions (glm or glmer in the lme4 package). Post-hoc tests 215 

were performed using the Wilcoxon signed-rank test followed by Holm’s multiple-test 216 

correction. 217 

 218 
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 11 

Results and Discussion 220 

Foraging attempt was composed of initial investigation (measured by latency), adherence to the 221 

stimulus source (proxy of the number of attempts) and searching mode (zigzag or circling 222 

motion) to analyze differences in sensory modality between surface fish and cavefish. 223 

 224 

Latency 225 

For the response to the water droplet stimulus, there was no detectable difference between 226 

surface fish and cavefish, yet we detected different responses between light and dark conditions 227 

in cavefish (water droplets; Fig 1Aa and Supplementary File 1). Detailed scoring further revealed 228 

that cavefish were attracted to water droplet stimulus when droplets hit the water surface (top) in 229 

the dark (Fig 1Ba). In contrast, under light conditions, cavefish did not respond to the water 230 

droplet. Since cavefish seem to sense ambient light with brain opsins [13] and light conditions 231 

pose increased exposure risk to the surrounding environment [14], cavefish may have a reserved 232 

response under light conditions. Surface fish did not respond to water droplets, suggesting 233 

auditory stimulus was not sufficient to evoke foraging behaviors. 234 

 For beads, which potentially stimulate visual, auditory (when it hit water surface), and 235 

tactile (when fish touched it at the bottom) sensors, surface fish responded quickly (~10 s) by 236 

swimming toward the top and toward the bottom of the arena under light and dark conditions, 237 

respectively (Fig 1Ab and 1Bb). The latter result indicates that surface fish responded to beads 238 

without visual stimulus. This response in the light seems primarily driven by visual stimulus. In 239 

contrast, these initial responses in the dark suggest surface fish used auditory (at the top of the 240 

arena), lateral line and/or tactile sensing (at the bottom) to locate stimulus sources in the dark 241 

(Fig 1Bb). Cavefish responded to beads similarly to surface fish in the dark irrespective of light 242 
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or dark conditions (Fig 1Bb), suggesting surface fish and cavefish used similar sensory 243 

modalities in initial responses against solid food-like objects in the dark. 244 

 Using food extract showed somewhat similar results to water droplets but showed strong 245 

engagement toward the bottom (surface fish in the light and dark and cavefish in the light) or the 246 

top (cavefish in the dark) (Fig 1Ac and 1Bc). Importantly, food extract always dispersed in the 247 

middle of the recording tank and the dense food-extract plume (dye with methylene blue; see 248 

Materials and Methods; Movie 1) never reached the bottom before dispersing, suggesting 249 

chemical stimulus was not used to orient food location, but may be used as a signal of food 250 

existence in a given environment (ambient existence). Cavefish aimed at the top of the tank in 251 

the dark could be explained similarly to that evoked by water droplets (i.e., boldness in the dark; 252 

see above), but significantly responded and aimed to the bottom in the lighted condition, which 253 

was not observed with the water droplet stimulus (Fig 1Bc). 254 

 The combined bead and food-extract stimulus invoked the summed response of beads-255 

only and food extract-only stimulus in cavefish, which responded to the stimulus by either 256 

aiming to the bottom (light) or top (dark; Fig 1Bd). Surface fish were engaged toward the top 257 

under light conditions and aimed at either the top or bottom under dark conditions, which was 258 

also similar to food stimulus (Fig 1Bd and 1Be). Cavefish aimed at either the top or bottom with 259 

food stimulus and no notable difference in the feeding was detected compared with the food 260 

extract (Fig 1Bc and 1Bd). 261 

 In summary, water droplet stimulus (auditory) evoked a light-dependent response in the 262 

blind cavefish, whereby dark conditions seemed to make cavefish bold to come to the water 263 

surface. Other stimuli induced different light- and area-dependent responses in surface fish and 264 

cavefish, but opposite responses: surface fish foraged in the light, but cavefish foraged in the 265 
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dark, assuming attraction to the top area as a bolder response. However, overall latencies were 266 

similar between surface fish and cavefish in different stimuli and under dark conditions (Fig 1A), 267 

suggesting cavefish did not evolve particular sensory responses during initial foraging attempts 268 

in the dark. 269 

 270 

 271 

Number of foraging attempts 272 

Fish attempted to bite or capture the stimulus source following initial contact. We measured this 273 

engagement to foraging defined by darting/thrusting and biting motions against the stimulus 274 

source (i.e., attempts). In contrast to the initial response (i.e., latency), water droplets did not 275 

evoke any attempts in either surface fish or cavefish in either light or dark conditions (Fig 2Aa). 276 

All other stimuli led to significantly more attempts in both surface fish and cavefish (Fig 2Ab-277 

Ae). For the bead stimulus, as expected, surface fish were well engaged by showing more 278 

attempt numbers than water droplets under light conditions (both at the top and bottom of the 279 

recording arena; Fig 2Bb), but still responded to dark conditions (at the arena bottom; Fig 2Ab 280 

and 2Bb). Surface fish responses in the dark may be based on tactile or lateral line sensors since 281 

surface fish attempted to bite beads only close to or when touching beads (1–2 cm), which is the 282 

sensing range of tactile and lateral line sensors. Chemical sensing is likely not involved here 283 

because beads did not emit food-like chemicals. Most surface fish mouthed beads, suggesting 284 

chemical stimulus—typically detected by extra mouth taste buds [15,16]—is not necessary 285 

involved in capturing ‘food’-like objects. Cavefish were less attracted to beads (effect size, r = 286 

0.66 compared with surface fish’s r = 0.82; Fig 2Ab), but showed more attempts compared with 287 

water droplets (Fig 2Ab). Some cavefish showed a number of attempts at the top tank area in the 288 
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dark (Fig 2Bb). Cavefish attempts in the top tank area could be based on similar reasons as 289 

latency: using auditory input and being bold in the dark. Cavefish did not show many attempts 290 

for beads in the bottom tank area under light or dark conditions compared with surface fish (Fig 291 

2Bb), suggesting cavefish may need additional stimuli, such as chemicals. In summary, cavefish 292 

may need further sensory inputs (integrating alternative sensory inputs) in addition to the object 293 

stimulus to maintain foraging behavior compared with surface fish. 294 

 295 

Fig 2. Measured attempts responding to different sensory stimuli. Overall attempt number in 296 
the 10-minute experiment defined as when fish obviously attempted a strike at the stimulus 297 
within the top or bottom areas. Three fish in a tank were given three droplets of RO purified 298 
water (water; Aa and Ba), three red plastic beads 4.7 mm in diameter (beads; Ab and Bb), three 299 
droplets of food extract (extract; Ac and Bc), three droplets of food extract followed by three red 300 
beads (extract and beads; Ad and Bd), and 3–4 granules (3–5 mm in diameter) of actual diet 301 
(diet; Ae and Be) (see Materials and Methods). In Aa-Ae, attempt(s) of surface fish (SF: left) and 302 
cavefish (CF: right) are plotted on the y-axis. Attempts under light condition (L: yellow bars and 303 
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dots) and dark condition (D: gray bars and dots) are also shown. Statistical test result of the 304 
generalized linear model are shown on the far right (A). For each comparison, light and dark 305 
conditions were compared within the population per treatment as in Fig 1. Within each 306 
population, different stimuli were compared with the water stimulus and significances were 307 
calculated via Mann-Whitney tests adjusted by Holm’s correction, shown as brackets at the top 308 
of the boxes. Comparisons between light and dark and between stimuli were significant. We also 309 
found significant differences when comparing light and dark responses and the stimuli and 310 
several interactions among the stimuli, populations, and light conditions. Details are available in 311 
Supplemental Table 1. (B) Fish locations were tracked as the top (top row) or bottom (bottom 312 
row) and measured attempts. The Y-axes and brackets represent the same as (A). All stars 313 
represent P-values after Holm’s correction. Statistical test summaries using the generalized linear 314 
model including arena locations (top-bottom) are shown at the bottom of the boxes. Only 315 
interaction results are shown. Details of all statistics scores in this figure are in Supplementary 316 
Data 1. n.s.: not significant, ˚: P < 0.10, *: P < 0.05, **: P < 0.01, ***: P < 0.001. 317 
 318 

 Diet-extract chemical stimulus facilitated more attempts in both surface fish and cavefish 319 

irrespective of light or dark conditions (Fig 2Ac and Bc). These foraging attempts were mainly 320 

observed in the bottom tank area where food always sunk, suggesting fish may forage based on 321 

their previous experiences where the food always ended up. 322 

 For combined beads and food-extract stimulus, surface fish foraging patterns were similar 323 

to those observed in bead-only trials (see above; Fig 2Ad and Bd). However, cavefish increased 324 

their foraging attempts under light conditions probably based on higher activity under ambient 325 

light [13]. Compared with bead- and food extract-only trials, the combined stimulus with light 326 

may simultaneously facilitate foraging attempts where cavefish showed higher activities under 327 

light. This notion was supported by food stimulus where cavefish also showed high attempts 328 

under light (Fig 2Ae and 2Be). For food stimulus, cavefish were more active under light than 329 

dark conditions, which seems to contradict the result of latency measurements (Fig 2Ae and 2Be; 330 

Fig 1Ba-d). However, these and the latency results indicate cavefish could be more alert with 331 

light during initial approaches, but higher cavefish activity under light could have resulted in 332 

more attempts toward the stimulus source. 333 
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 Surface fish showed higher attempts in dark than light conditions (Fig 2Ae and 2Be). 334 

However, the mechanism remains unclear. One possible explanation in the food stimulus trial is 335 

that the foraging sound of their cohorts evokes foraging behaviors in others [17]. Surface fish 336 

may respond to such sounds in the dark [18,19], although cavefish may have reached at the 337 

plateau of their response to external foraging sounds. This prediction requires further testing. 338 

 339 

Food discovery strategy (zigzag and circling motions) 340 

Surface fish and cavefish showed specific movement patterns to locate stimulus (food), namely 341 

zigzag and circling motions (see Materials and Methods-Video Analysis). Both patterns were 342 

observed in surface fish and cavefish but used to varying degrees and in different contexts. 343 

 344 

Zigzag motion 345 

The zigzag motion was detected mainly with chemical stimulus (food extract, combined and diet 346 

stimulus) and evoked in the dark (Figs 3 and 4). This trend changed when cavefish confronted 347 

multiple stimulus (i.e., combined beads and food extract), where cavefish showed higher 348 

instances of zigzag motion under light conditions, as well as for surface fish toward foraging 349 

sounds (agar food stimulus). In summary, this zigzag motion is a shared response in surface and 350 

cavefish primarily without visual inputs. 351 
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 352 

Fig 3. Bout number of zigzag searching behavior in response to different sensory stimuli. 353 
(A) Overall bout (i.e., event) counts for searching behavior using zigzag(s) in the 10-minute 354 
experiment. Zigzag searching behavior was defined as fish searching by zigzag motion (back and 355 
forth) frequently at the water surface or tank bottom with sensory stimuli (see Materials and 356 
Methods). The zigzag bout numbers of surface fish (SF: left) and cavefish (CF: right) are plotted 357 
on the y-axis. Zigzag behavior under light condition (L: yellow bars and dots) and dark condition 358 
(D: gray bars and dots) are also shown. Statistical test result of the generalized linear model is 359 
shown on the far right. For each comparison, light and dark conditions were compared within the 360 
population per treatment. Within each population, different stimuli were compared with water 361 
stimulus and significances were calculated via Mann-Whitney tests adjusted by Holm’s 362 
correction (See Supplementary Data 1). (B) Fish locations were tracked as the top (top row) or 363 
bottom (bottom row) and measured zigzag behavior. The y-axes and brackets represent the same 364 
as (A). All stars represent P-values after Holm’s correction. Statistical test summaries using the 365 
generalized linear model including arena locations (top-bottom) are shown at the bottom of the 366 
boxes. Only interaction results are shown. Details of all statistics scores in this figure are in 367 
Supplementary Data 1. n.s.: not significant, ˚: P < 0.10, *: P < 0.05, **: P < 0.01, ***: P < 0.001. 368 
 369 

 370 
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 371 
Fig 4. Zigzag searching duration in response to different sensory stimuli. (A) Overall 372 
searching duration (s) using zigzag(s) in the 10-minute experiment. Zigzag searching duration 373 
was measured when fish were searching with back-and-forth movements. The experimental 374 
setup was the same as Figs 1 and 3 (see Materials and Methods). The measured duration (s) of 375 
zigzag behavior of surface fish (SF: left) and cavefish (CF: right) are plotted on the y-axis in 376 
each panels (Aa-Ae). Zigzag behavior under light condition (L: yellow bars and dots) and dark 377 
condition (D: gray bars and dots) are also shown. Statistical test result of the generalized linear 378 
model is shown on the far right. For each panel, light and dark conditions were compared within 379 
the population per treatment. Within each population, different stimuli were compared with the 380 
water stimulus, and significances were calculated via Mann-Whitney tests adjusted by Holm’s 381 
correction (See Supplemental Data 1). (B) Fish locations were tracked as the top (top row) or 382 
bottom (bottom row) and measured the zigzag behavior duration. The y-axes and brackets 383 
represent the same as (A). All stars represent P-values after Holm’s correction. Statistical test 384 
summaries using the generalized linear model including arena locations (top-bottom) are shown 385 
at the bottom of the boxes. Only interaction results are shown. Details of all statistics scores in 386 
this figure are in Supplementary Data 1. n.s.: not significant, ˚: P < 0.10, *: P < 0.05, **: P < 387 
0.01, ***: P < 0.001. 388 
 389 

 390 
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Circling motion 391 

The circling motion was observed mainly with chemical stimulus as seen in the zigzag motion, 392 

but was more dominant in cavefish than surface fish (Figs 5 and 6). Cavefish exhibited high 393 

levels of circling motion under light conditions with chemical stimuli (food extract and 394 

combined beads and food extract). Circling could be a better strategy than zigzagging given that 395 

circling yields fish come nearby the same food multiple times while only once while zigzagging. 396 

 397 

Fig 5. Bout numbers of circling searching behavior in response to different sensory stimuli. 398 
(A) Overall bout (i.e., event) numbers of circling motions fish during the 10-minute assay. 399 
Circling searching behavior is defined as fish repeating a circle pattern. The stimuli were given 400 
as in Fig 1 (see Materials and Methods too). The bout numbers of the circling motions of surface 401 
fish (SF: left) and cavefish (CF: right) were plotted on the y-axis during a 10-min observation in 402 
each panel of Aa-Ae. Circling behavior under light condition (L: yellow bars and dots) and dark 403 
condition (D: gray bars and dots) are also shown. Statistical test result of the generalized linear 404 
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model is shown on the far right. For each comparison, the light and dark conditions were 405 
compared within the population per treatment. Within each population, different stimuli were 406 
compared with the water stimulus and significances were calculated via Mann-Whitney tests 407 
adjusted by Holm’s correction (see Supplementary Data 1 too). (B) Fish locations were tracked 408 
as the top (top row) or bottom (bottom row) and measured circling behavior. The y-axes and 409 
brackets represent the same as (A). All stars represent P-values after Holm’s correction. 410 
Statistical test summaries using the generalized linear model including arena locations (top-411 
bottom) are shown at the bottom of the boxes. Only interaction results are shown. Details of all 412 
statistics scores in this figure are in Supplementary Data 1. n.s.: not significant, ˚: P < 0.10, *: P 413 
< 0.05, ***: P < 0.001. 414 
 415 

 416 

Fig 6. Circling searching duration in response to different sensory stimuli. (A) Overall 417 
duration of searching showing circling during the 10-minute observation. Circling searching 418 
duration is defined from when fish began searching in a repeated circle pattern to when fish 419 
stopped the behavior. Stimuli were given as in Figs 1 and 5 (see Materials and Methods). 420 
Duration of circling behavior of surface fish (SF: left) and cavefish (CF: right) were plotted on 421 
the y-axis within a 10 min observation in each panel of Aa-Ae. Circling behavior under light 422 
condition (L: yellow bars and dots) and dark condition (D: gray bars and dots) are also shown. 423 
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Statistical test results of the generalized linear model are shown on the far right. For each panel, 424 
light and dark conditions were compared within the population per treatment. Within each 425 
population, different stimuli were compared with the water stimulus and significances were 426 
calculated via Mann-Whitney tests adjusted by Holm’s correction, shown as brackets at the top 427 
of the boxes (see also Supplemental Data 1). (B) Fish locations were tracked as the top (top row) 428 
or bottom (bottom row) and measured circling behavior time. The y-axes and brackets represent 429 
the same as (A). All stars represent P-values after Holm’s correction. Statistical test summaries 430 
using the generalized linear model including arena locations (top-bottom) are shown at the 431 
bottom of the boxes. Only interaction results are shown. Details of all statistics scores in this 432 
figure are in Supplementary Data 1. n.s.: not significant, ˚: P < 0.10, *: P < 0.05, **: P < 0.01, 433 
***: P < 0.001. 434 
 435 

Conclusion 436 

We examined foraging responses of surface and cavefish using water droplets (auditory 437 

stimulus), plastic beads (visual+auditory+lateral line+tactile), food extract (auditory+chemical), 438 

plastic beads & food extract, and actual food. To maximize foraging efficiency and minimize 439 

energy loss, visual/light conditions for surface fish favored beads and actual food (low latency; 440 

Fig 1) and surface fish captured these sources with a low number of attempts (Fig 2Ab, 2Ad, 441 

2Ae, 2Bb, 2Bd and 2Be). Surface fish could also conserve energy by reducing total attempts 442 

toward non-visible objects (water droplets; Fig 2Aa and 2Ba). In contrast, in the dark, both 443 

surface and cavefish responded to auditory stimulus (water droplets; Fig 1Aa and 1Ba) to 444 

investigate without performing extra attempts (fewer attempts in water droplets; Fig 2Aa and 445 

2Ba), which may be an efficient strategy to investigate objects if it is food. However, surface fish 446 

were less efficient with plastic beads by showing much higher attempts toward this inedible 447 

object (Fig 2Ab and 2Bb) than cavefish, suggesting visual stimulus is highly favored in foraging. 448 

In contrast, chemical stimulus evoked a higher number of attempts in cavefish than surface fish, 449 

indicating higher sensory emphasis on chemical sensing (olfaction and taste buds) for foraging in 450 

cavefish. This sensory priority in olfaction in cavefish is supported by the previous report 451 
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indicating that cavefish responded to 105 times lower concentrations of amino acid stimulus (10-5 452 

M vs 10-10 M of alanine in surface fish vs cavefish, respectively [10]. However, neither cavefish 453 

nor surface fish appeared to use chemical stimulus to navigate themselves toward sources as 454 

cavefish (and surface fish in the dark) started searching for food at the water surface or tank 455 

bottom immediately after touching food extract clouds in the middle of the water column (Movie 456 

1), suggesting chemical stimulus indicated food presence instead of that fish use the odor 457 

gradient. This feeding strategy seems to contradict the previous reports where the chemical 458 

gradient looked to navigate Astyanax fish [10,20]. However, we suspect that, while the chemical 459 

gradient informs the approximate direction that the fish must swim to approach the source of 460 

food in a still-water pool [20], the precise location of any suspended food particle is difficult to 461 

identify based on chemical sensing because of the slow diffusion of molecules, which are 462 

advected by the fluid flow over a long time before they reach the fish’s chemoreceptors. In 463 

contrast, the relatively fast diffusion of momentum through the viscous boundary layer around 464 

the fish enables particles near the boundary layer to be located quickly based on mechanical 465 

sensing [21]. Further study is needed to confirm this in a noisy environment. 466 

Cavefish were more active by showing more attempts under light than dark when food scent was 467 

available (food extract and agar food), possibly due to higher activity under light [13] while 468 

foraging behavior was evoked by chemical stimulus (Fig 2Ad and 2Ae). We suspect this light-469 

dependent response in cavefish is due to an evolutionary artifact of ambient light detection based 470 

on non-ocular opsins [13]. 471 

 While both surface fish and cavefish showed similar levels of zigzag foraging in the dark 472 

(Figs 3 and 4), cavefish exhibited much more circling foraging than surface fish (Figs 5 and 6), 473 

suggesting circling may be an evolutionarily-enhanced strategy in cavefish, i.e. food could be 474 
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less dispersed at the tank bottom compared with zigzagging, and also, cavefish have more 475 

chances to sense the same food multiple times compared with zigzagging, yielding only once in 476 

given time. This idea needs further investigation to measure differences in foraging efficiency 477 

between zigzagging and circling. 478 

 479 

 480 

Acknowledgments 481 

We are grateful to V Crystal, J Choi, L Lu, J Nguyen, C Balaan, K Lactaoen, M Worsham, H 482 

Hernandez, N Doeden, J Kato, M Ito, R Balmilero-Unciano, E Doy, A Martinez, D Mones, H 483 

Yoshizawa for fish care assistance. We also thank to M Iwashita for reviewing the final version 484 

of manuscript. We gratefully acknowledge support from the National Institute of Health 485 

(P20GM125508) to MY, Hawaii Community Foundation (18CON-90818) to MY. 486 

 487 

 488 

Author contributions 489 

KK: designed the experiments, performed the experiment and analyses, wrote the initial draft, 490 

and edited the manuscript. 491 

VFLF: designed the experiments, performed and assisted the experiment, and edited the 492 

manuscript. 493 

DT: designed the experiment, consulted the experiment, and edited the manuscript. 494 

MY: designed the experiments, performed the experiment and analyses, wrote the initial draft 495 

with KK, and edited the manuscript 496 

 497 

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

The copyright holder for this preprintthis version posted June 13, 2023. ; https://doi.org/10.1101/2023.06.12.544672doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.12.544672
http://creativecommons.org/licenses/by-nc-nd/4.0/


 24 

Data Availability 498 

The video datasets generated and/or analyzed during the current study are available at the 499 

university’s shared server and will be deposited to Zenodo (https://zenodo.org/). The MS Excel 500 

macro used in this study is available at https://zenodo.org/record/7996590 501 

  502 

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

The copyright holder for this preprintthis version posted June 13, 2023. ; https://doi.org/10.1101/2023.06.12.544672doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.12.544672
http://creativecommons.org/licenses/by-nc-nd/4.0/


 25 

References 503 

1.  Higham TE, Stewart WJ, Wainwright PC. Turbulence, Temperature, and Turbidity: The 504 

Ecomechanics of Predator-Prey Interactions in Fishes. Integr Comp Biol. 2015;55: 6–20. 505 

doi:10.1093/icb/icv052 506 

2.  Gardiner JM, Atema J, Hueter RE, Motta PJ. Multisensory integration and behavioral 507 

plasticity in sharks from different ecological niches. PLoS One. 2014;9. 508 

doi:10.1371/journal.pone.0093036 509 

3.  Atema J, Holland K, Ikehara W. Olfactory responses of yellowfin tuna (Thunnus 510 

albacares) to prey odors: Chemical search image. J Chem Ecol. 1980;6: 457–465. 511 

doi:10.1007/BF01402922 512 

4.  Savoca MS, Tyson CW, McGill M, Slager CJ. Odours from marine plastic debris induce 513 

food search behaviours in a forage fish. Proc R Soc B Biol Sci. 2017;284. 514 

doi:10.1098/rspb.2017.1000 515 

5.  Berquist RM, Galinsky VL, Kajiura SM, Frank LR. The coelacanth rostral organ is a 516 

unique low-resolution electro-detector that facilitates the feeding strike. Sci Rep. 2015;5: 517 

8962. doi:10.1038/srep08962 518 

6.  Fernandes VFL, Glaser Y, Iwashita M, Yoshizawa M. Evolution of left–right asymmetry 519 

in the sensory system and foraging behavior during adaptation to food-sparse cave 520 

environments. BMC Biol. 2022;20. doi:10.1186/s12915-022-01501-1 521 

7.  Montgomery JC, Macdonald JA. Sensory tuning of lateral line receptors in Antarctic fish 522 

to the movements of planktonic prey. Science (80- ). 1987;235: 195–196. 523 

doi:10.1126/science.235.4785.195 524 

8.  Yoshizawa M, Gorički Š, Soares D, Jeffery WR. Evolution of a behavioral shift mediated 525 

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

The copyright holder for this preprintthis version posted June 13, 2023. ; https://doi.org/10.1101/2023.06.12.544672doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.12.544672
http://creativecommons.org/licenses/by-nc-nd/4.0/


 26 

by superficial neuromasts helps cavefish find food in darkness. Curr Biol. 2010. 526 

doi:10.1016/j.cub.2010.07.017 527 

9.  Yoshizawa M, Jeffery WR, Van Netten SM, McHenry MJ. The sensitivity of lateral line 528 

receptors and their role in the behavior of Mexican blind cavefish (Astyanax mexicanus). J 529 

Exp Biol. 2014;217: 886–895. doi:10.1242/jeb.094599 530 

10.  Hinaux H, Devos L, Blin M, Elipot Y, Bibliowicz J, Alié A, et al. Sensory evolution in 531 

blind cavefish is driven by early embryonic events during gastrulation and neurulation. 532 

Dev. 2016;143: 4521–4532. doi:10.1242/dev.141291 533 

11.  Popper AN. Auditory capacities of the Mexican blind cave fish (Astyanax jordani) and its 534 

eyed ancestor (Astyanax mexicanus). Anim Behav. 1970;18: 552–562. doi:10.1016/0003-535 

3472(70)90052-7 536 

12.  Voneida TJ, Fish SE. Central Nervous System Changes Related to the Reduction of 537 

Visual Input in a Naturally Blind Fish (Astyanax hubbsi) 1. 1984. Available: 538 

https://academic.oup.com/icb/article/24/3/775/179605 539 

13.  Simon N, Fujita S, Porter M, Yoshizawa M. Expression of extraocular opsin genes and 540 

light-dependent basal activity of blind cavefish. PeerJ. 2019;2019: e8148. 541 

doi:10.7717/peerj.8148 542 

14.  Yoshizawa M, Jeffery WR. Evolutionary tuning of an adaptive behavior requires 543 

enhancement of the neuromast sensory system. Commun Integr Biol. 2011;4: 89–91. 544 

doi:10.4161/cib.14118 545 

15.  Yamamoto Y, Byerly MS, Jackman WR, Jeffery WR. Pleiotropic functions of embryonic 546 

sonic hedgehog expression link jaw and taste bud amplification with eye loss during 547 

cavefish evolution. Dev Biol. 2009;330: 200–211. doi:10.1016/j.ydbio.2009.03.003 548 

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

The copyright holder for this preprintthis version posted June 13, 2023. ; https://doi.org/10.1101/2023.06.12.544672doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.12.544672
http://creativecommons.org/licenses/by-nc-nd/4.0/


 27 

16.  Schemmel C. Vergleichende Untersuchungen an den Hautsinnesorganen ober- und 549 

unterirdisch lebender Astyanax-Formen - Ein Beitrag zur Evolution der Cavernicolen. 550 

Zeitschrift für Morphol der Tiere. 1967;61: 255–316. doi:10.1007/BF00400988 551 

17.  Hyacinthe C, Attia J, Rétaux S. Evolution of acoustic communication in blind cavefish. 552 

Nat Commun. 2019;10: 1–12. doi:10.1038/s41467-019-12078-9 553 

18.  Boggs TE, Friedman JS, Gross JB. Alterations to cavefish red blood cells provide 554 

evidence of adaptation to reduced subterranean oxygen. Sci Rep. 2022;12: 1–10. 555 

doi:10.1038/s41598-022-07619-0 556 

19.  Hüppop K. Food-finding ability in cave fish (Astyanax fasciatus). Int J Speleol. 1987;16: 557 

59–66. doi:10.5038/1827-806x.16.1.4 558 

20.  Bibliowicz J, Alié A, Espinasa L, Yoshizawa M, Blin M, Hinaux H, et al. Differences in 559 

chemosensory response between eyed and eyeless Astyanax mexicanus of the Rio 560 

Subterráneo cave. Evodevo. 2013. doi:10.1186/2041-9139-4-25 561 

21.  Takagi, D., Strickler, J.R. Active hydrodynamic imaging of a rigid spherical particle. Sci 562 

Rep. 2020; 10: 1—10. doi: 10.1038/s41598-020-58880-0 563 

 564 

 565 

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

The copyright holder for this preprintthis version posted June 13, 2023. ; https://doi.org/10.1101/2023.06.12.544672doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.12.544672
http://creativecommons.org/licenses/by-nc-nd/4.0/

