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Abstract — Eels migrate long distances and their spatial learning ability based on extra-maze visual cues has been
examined in the laboratory. Here, | examine the discriminative properties of water flow in their spatial cognition.
Individuals of the Japanese eel (Anguilla japonica) were trained in a circular pool containing four pipes. One pipe was
open where the eels could enter, and the other pipes were closed. A small motor-driven water screw was placed beside
each pipe. The water screw close to the open pipe was active to allow water flow, whereas the other screws were
inactive. The position of the open pipe with the active screw was randomly changed, and the eels could learn the
position of the open pipe after approximately 15 trials. Overall, five tests were conducted. Test 1: A generalization
test showed a generalization gradient along the distance from the open pipe and the active screw. Test 2: A test using
a screw with no blades (i.e., no water flow but possible vibration or sound by a motor is present) resulted in chance
level performance, suggesting that the eels needed water flow to find the open pipe. Test 3: A test with a water pump
that produced water flow by a mechanism different from that of the original motor-driven screw showed that the eels
maintained the detection of water flow under this condition. Test 4: The eels also located the open pipe in a dark room
test; therefore, visual cues were not used for the detection of the open pipe. To confirm that the water flow was detected
by the lateral organ, streptomycin sulfate was dissolved in a home tank to impair the hair cells in the lateral line organ
in Test 5, and the eels were not able to detect the open pipe under these conditions. This observation suggests that the
detection of water flow depends on the lateral-line organ. In summary, the data show that eels can detect water flow
to find hiding locations.
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Fish display remarkable orientation and navigation abilities during migration (Dodson, 1988), and
eels, in particular, possess strong migratory capacities. Hatched larvae of the Japanese eel (Anguilla
japonica) in the West Mariana region migrate to Japan, and adult eels swim 2000 km back to the West
Mariana (Tsukamoto et al., 2011). However, their home range after upstream trips in rivers is generally
small (0.05 km?), although transport-release experiments have demonstrated their ability to return to their
original area (Itakura et al., 2017).

The relationship between large-scale spatial behavior such as migration and small-scale spatial
learning in the laboratory is not well known; however, spatial learning of fish has been studied using a
variety of experimental settings. The jJumping goby (Bathygobius soporator) swims over a tidal area during
high tide and learns the topography of the region. Aronson (1971) constructed artificial tide pools and
reported that these fish learned the configuration of the environment during high tide and used this
information to jump to safe tide pools during artificial low tide. The spatial learning of fish has been
examined using the T or Y-maze (Benhaim et al., 2013; Spence et al., 2011; White & Brown, 2015a; b;
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Zerboloio & Wickstra, 1980), plus maze (Rodriguez et al., 1994; Sison & Gerlai, 2010), diamond-shaped
enclosure (Lépez et al., 1999), radial arm maze (Roitblat et al., 1982), and Morris maze-like pool (Duran
et al., 2008; Saito & Watanabe 2004; 2005).

However, no experimental studies have been conducted on the spatial learning of eels except for
our two reports. Recently, we examined the spatial learning of the Japanese eel using the Morris maze-like
apparatus (Watanabe & Shinozuka, 2019). Eels prefer to hide in pipes, and this behavior determines the
reward for spatial learning. Four pipes were arranged in a circular water pool, one of which was open for
the eels to enter, whereas the other pipes were closed. The position of the open pipe was fixed, and there
were several extra-maze cues, such as furniture and posters, around the pool. The eels learned the task and
maintained discrimination when the pool was rotated to remove possible intra-maze cues, such as small
scratches on the wall, but did not maintain discrimination in the dark room condition where they could not
use the visual extra-maze cues. Watanabe (2020) conducted a similar experiment with eels; however, it
included both extra-and intra-maze cues. The intra-maze cue was a triangular block that was fixed to an
open pipe. While some of the subjects displayed discrimination based on the position cues (extra-maze
cue), others used the intra-maze cue. The Japanese eel is thus able to orient the position of an open pipe
based on either type of cue.

Researchers have examined the sensory modalities of eels and reported their olfaction (Barbin et
al., 1998; Westin, 1990), vision (Byzov et al., 1998; Omura et al., 1997), and magnetic sensing (Cresci et
al., 2017; Naisbett-Jones et al., 2017). The retina of Japanese eel larvae contains cones (Omura et al., 1997),
and Byzov et al. (1998) reported yellow-sensitive and green-sensitive cones in European eels (Anguilla
anguilla), indicating that these animals have color vision.

It is possible that fish use multiple sensory modalities for spatial behavior in natural settings. Eels
may also use information from water flow for spatial orientation. Under high water velocity gradients, eels
rapidly escaped back upstream, whereas exploratory search behavior was common when water acceleration
was low (Piper et al., 2015). Orientation using a lateral line system for migration in fish has been suggested
(Montgomery et al., 1995). Thus, eels may also be using this mechanism for spatial orientation.

The lateral line is a mechanosensory organ in fish that detects hydrodynamic stimuli (Coombs et
al., 1989; Janssen, 2004; Mogdans et al., 2004; Montgomery et al., 1997; Webb, 2014). This organ consists
of two types of structures: superficial neuromasts (SNs), which are distributed on the surface of the skin,
and canal neuromasts (CNs) embedded in the subepidermal canals. The SN is sensitive to water velocity or
the DC component of vibration, and the CN detects the pressure gradient between the canal pores or the
AC component (Kanter & Coombs, 2003). Electrophysiological responses to hydrodynamic stimuli have
been recorded from the lateral line organ (mottled sculpin: Coombs & Janssen, 1990; cichlid fish
(Sarotherodon niloticus) (Minz, 1985). By recording the lateral line afferent nerves of New Zealand long-
fin eels (Anguilla dieffenbochii), it was revealed that more than 80% of the nerves were water flow-sensitive
(Voigt et al., 2000). Parts of the torus semicircularis of catfish (Ancistrus spp.) that received afferents from
the lateral line organ showed selective activation by particular moving objects (Muller, 1996), and these
observations suggest a complex distant sensation of the lateral line system. The lateral line system detects
water surface waves (Bleckmann et al., 1989), moving objects (Vogel & Bleckmann, 1997), prey
(Montgomery & Hamilton, 1997; Pohlmann et al., 2004), predators (Blaxter & Fuiman, 1989), and
conspecifics (Anneser et al., 2020). This system contributes to maintaining schooling (Partrige & Picher,
1980) and spatial maps (de Perera, 2004).

There are variations in the distribution patterns of lateral line organs in different species (Cernuda-
Cernuda & Garcfa-Fernnade, 1996; Wellenreuther et al., 2010). Recently, Nakae et al. (2021) reported the
details of the morphology of the lateral line organ in the Japanese eel. They observed 13 well-developed
groups of SNs, seven groups of CNs, and specific commissures connecting the left and right canals.
Variability in the lateral line organs depends on the lifestyle or environment of the fish. Nonvisual cues are
important for nocturnal predators (Montgomery & Hamilton, 1997); therefore, the lateral line system is
useful for these eels.

The lateral line organ receptors are hair cells; therefore, antibiotics such as streptomycin impair
the functioning of this organ (Baker & Montgomery, 1999; Kaus, 1987; Mogdans & Nauroth, 2011).
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Because the streptomycin impairs protein synthesis in mycobacterium tuberculosis, it is used for treatment
of tuberculosis, but it also damages hair cells in the inner ear and causes so-called streptomycin deafness in
human patients. Thus, the streptomycin has been used to damage hair cells in the lateral line organ (for
example, Kaus, 1987; Mogdans & Nauroth, 2011). Morphologically, cell death in the lateral line organ after
gentamicin treatment has been observed (Brown et al., 2011).

There have been no known laboratory studies on the discrimination of water flow in eels, and here,
| trained Japanese eel individuals to detect water flow using an apparatus invented for spatial learning of
eels (Watanabe & Shinozuka, 2019). In the present experiment, the water flow cue was produced by a small
motor-driven water screw, and the eels were then tested in dark conditions with a bladeless screw and a
water pump to examine how the water flow controls the spatial behavior of the eel. They were also tested
at different distances from the screw to the open pipe. Finally, | used streptomycin sulfate to confirm that
inactivation of the lateral line organ impairs the water flow detection.

Methods
Ethical Approval

Ethical review and approval were not required for the animal study because the fish were not the
target of our animal experiment committee. All animals were treated in accordance with the guidelines of
the Japanese Society for Animal Psychology. No evidence of deprivation or physical invasion was found.

Subjects

Eleven Japanese eel individuals were obtained from the NPO Safty Life River (Miyazaki, Japan).
The eels were cultured before arrival at the laboratory. They were all in the yellow stage (not ready for
reproduction), but their exact ages were unknown. Their total body lengths ranged from 22.5 cm to 38.2
cm. The eels were housed individually in a home tank (39.8 x 25.4 x 28 cm) with an air pump. The depth
of water was 24 cm. Sand was placed on the floor of each tank, and a gray vinyl polychloride tube (inner
diameter: 25 mm; length: 240 mm) was placed in each tank. The experiments were initiated one week
after the arrival of the eels in the laboratory. A 13 L:11 D artificial illumination cycle was used. However,
the racks for the tanks were covered by a gray vinyl curtain so that the animals received only indirect,
low-intensity illumination. Earthworms were provided once a week, although some eels did not consume
them.

Apparatus

The experimental apparatus consisted of a white polypropylene circular pool with a diameter of
110 cm and a height of 38 cm (Figure 1d). The water level was maintained at 10 cm from the bottom of
the pool. The water temperature was maintained at 22°C, and the water was changed every five days. The
experimental room was illuminated by a fluorescent lamp. The illuminance of the water surface was 368
IX. The pool contained four gray vinyl polychloride pipes (inner diameter: 25 mm; length: 340 mm), and
each pipe had four lead weights (20 x 20 x 20 mm) to affix it to the floor. The distance between the outer
edges of the pipes was 50 cm. A transparent acrylic cylinder (length: 20 mm) was inserted into each end
of the three closed pipes and fixed by acryl screws such that the eels could not enter the tube (Figure 1c).
For the open pipe, acrylic cylinders were placed but not fixed with screws. Thus, the eels could push the
cylinders and enter the pipe.

Small motor-driven water screws designed for toy submarines (Figure 1a. Submarine motor
NINI, Tamiya Inc., Shizuoka, Japan) that were activated by a 1.5 V battery were used to produce the
water flow. Each screw was 8.0 cm in length, had two blades, and was fixed on a copper cylinder
(diameter: 4.0 cm; height: 1.0 cm). The screws were placed on the right side of the pipe at a distance of
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5.0 cm. One of the motor screws was turned on and the pipe beside it was open. The screws faced the
pool wall; thus, the water flow was directed toward the wall, and the distance between the blades and the
wall was 40 mm. The other three water screws close to the closed pipes were turned off, thereby
preventing water flow. The battery was changed every third day to maintain a constant power. The
surface speed of the water flow was measured at 5[remove .0], 10, and 20 cm from the screw using a float
(diameter: 5 mm) (Figure 1e). During measurements, no pipes were placed in the pool, and the direction
of the flow was toward the open space as opposed to toward the wall. Mini water aquarium pumps
(Figure 1b; Qiilu, China) with heights of 4.0 cm and diameters of 2.0 cm were used for the test 3
described later. A nozzle (inner diameter of 5 mm) was connected to the bottom to produce water flow. A
DC power controller supplied electricity to the pump to produce approximately the same water flow to the
screw. Dechlorinated tap water was used in both test pool and home tanks.

Eel behavior was monitored using a charge-coupled device (CCD) camera (G100, NEC Avio,
Tokyo, Japan) fixed above the pool. A night scope (Super Night Compact 1000 NDX; Kenko Tokina Co.,
Ltd., Tokyo, Japan) was used to observe the eels in the dark room test.

Figure 1
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Note. a: Water screw designed for a toy submarine. It has two blades at the left end and a battery is inserted into the right part. b:
Water pump designed for an aquarium. It produces water flow from a small nozzle at the bottom. Electricity is provided by a
wire. c: Closed pipe with a small acryl fixed by a screw at each end. The screws are not fixed for an open pipe. d: Pool for
training (the diameter 110 cm). It contains four pipes and four water screws. Only the screw closed to the open pipe produces
water flow toward the wall. e: Surface speed of water flow at different distances. Horizontal axis is distance from the blades and
vertical axis speed of surface water flow.

Procedure
Habituation to the Apparatus

Each eel was individually removed from the home tank into a carrying bucket using a nylon net
and subsequently gently released into the pool from the bucket. During the habituation phase, all pipes were
opened, and the eels were allowed to move around the pool for 10 min. Screws were not placed in the pool.
Generally, eels entered one pipe and remained there. After 10 min, the pipe was removed, the eel slid back
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into the net, and was returned to the home tank. All pipes were cleaned with a brush, and the water was
gently stirred to remove possible olfactory cues. Subsequently, the next eel underwent habituation training.
This procedure was repeated for two days.

Discriminative Training

The subjects were divided into an experimental group (n = 7) and a control group (n = 4). The
experimental group underwent discriminative training that was identical to that in the habituation phase,
except that the water screws were placed beside the pipes, and only one pipe with an active screw was open.
An active screw refers to the activation of its motor by a battery to produce water flow. The remaining three
pipes were closed. An eel could visit the closed pipes as it searched for the open pipe. Upon entering the
open pipe, it could remain there for 10 min. If an eel did not enter the pipe, it was retrieved after 10 min.
The eels underwent one training trial per day and the position of the open pipe was randomly changed. A
visit or choice was defined as the insertion of the head into the pipe. The first choice of pipes was used as
the data for the day. When the eel directly entered the open pipe without visiting other pipes, it was counted
as the correct response. The number of incorrect visits to the closed pipes and the time taken to reach the
goal (open pipe) were also recorded. Three correct responses in four successive trials was selected as the
discrimination criterion. The eels underwent at least ten training trials.

For the four eels in the control group, the positions of the open pipe and the active screw were
randomly changed independently every day; thus, the water flow did not provide any information about the
position of the open pipe. However, the subjects might have learned through rapid scans of the four pipes
or avoided revisiting the closed pipes that they had already visited. The subjects underwent 15 such trials.

Tests

The experimental group underwent five tests after achieving the discrimination criterion. Each test
consisted of four trials. The first test was a water flow generalization test, consisting of three subtests, each
containing four trials. The distance between the open pipe and the screw was 5 cm at the subset one, 10 cm
at the subset two, and 20 cm at the subset three. The procedure was identical to that used for the ordinal
training. The second test, the dark room test, was identical to ordinal training, except that the room light
was not turned on. In the third test, the no-blade test used an active water screw without blades to produce
no water flow but vibration of the motor in the toy screw. In the fourth test, a mini water pump was used
instead of a screw. The pump was placed beside each pipe and only the pump near the open pipe was active.
Finally, in the fifth test, the eels were treated with streptomycin. Two grams of streptomycin sulfate (Fuji
film Wako Pure Chemical Corporation, Osaka, Japan) was dissolved in 10 L of water in the home tank (0.2
g/L). The eels lived in a tank with streptomycin during the four days of testing.

In addition to the number of correct responses, the numbers of incorrect visits to closed pipes and
excursions to the correct pipes were recorded.

The tests were performed in the same order as described above. Two trials of regular training were
performed between different tests. When the subject showed an incorrect response during this period, more
training was provided to maintain the discrimination level.

Statistical Analyses

Detection was defined as the number of correct responses (i.e., entering the open pipe). To analyze
performance in the tests, the number of correct responses divided by the number of trials (four) was
compared with the chance level (.25) using single-sample t-tests (significance level .05). One-way analysis
of variance (ANOVA) was used to analyze the generalization test. The factor was the distance between the
screw and the open pipe, and the analysis was applied to the number of correct responses, number of errors,
and time taken to reach the open pipe.
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Results
Discrimination

Figure 2a shows the average forward learning curve of the experimental group, expressed as the cumulative
number of correct responses. The number of eels decreased in later trials because the eels that met the
discrimination criterion did not receive further discriminative training. The fastest eel met the criterion in
10 trials and the slowest in 19 trials (average: 14.1 trials). The solid black line indicates the average, the
broken line indicates the expected cumulative number by chance, and the gray lines indicate the highest
and lowest numbers in each trial. All the eels achieved the discrimination criterion. Figure 2b shows the
results for the control group. The cumulative correct responses were lower than the expected values for the
15 trials. None of the eels met the discrimination criterion within the 15 trials.

Figure 2
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Note. Forward discriminative learning curves of the experimental group (left) and control group (right). a and b: Cumulative number
of correct responses. Black line indicates average, and broken lines with circles denote the best and worst number of cumulative
correct responses. The straight broken line indicates expected cumulative responses. ¢ and d: The number of incorrect visits. e and
f: time taken to reach the goal (open pipe). Vertical axis in each graph is averaged value. Small vertical bars indicate standard
deviations.

Figures 2c and d show the number of incorrect visits to the closed pipes before the eels reached
the open pipe. The eels often revisited the pipes that they had previously visited. Clearly, the experimental
group showed a reduction in the number of incorrect visits, whereas no such reduction was observed in the
control group.

Figures 2e and f present time taken to reach the goal during the trainings. The experimental group
showed a decrease in time taken to reach the goal. The mean time taken to reach the goal for the first five
trials was 141.2 sec (SD = 119 sec) and 52 secs (SD = 38.3 sec) for the last five trials, and these were
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significantly different (t(4) = 2.74, p = .05, 95% CI [ 103.4, 179 for the first five and 32.7, 71.3 for the last
five trials], Cohen’s d = 1.01). In the control group, the mean time taken to reach the goal in the first five
trials was 120.1 sec (SD = 40 sec) and 123.7 sec (SD = 43.1 sec) in the last five trials, and no significant
difference was shown (confidence interval of the first and last five trials were 120.1 £ 110.5 and 123.7 +
27.8 respectively, t(4) = 0.08, p = .94, 95% CI [96, 230.6 for the first five and 95.9, 151.5 for the last five
trials], Cohen’s d = 0.09).

Tests

Figures 3a—c reveal generalization along the distance from the open pipe to the screw. The eels
showed a reduced number of correct responses depending on the distance (Figure 3a). The correct responses
differed significantly from the chance level at 5 cm (t(6) = 12.02, p <.001, 95% CI[.73, .97], Cohen’s d =
43.1) and 10 cm (t(6) = 7.78, p < .001, 95% CI [.52, .76], Cohen’s d = 27.6), but not at 20 cm (t(6) =.79, p
=.45,95% CI [.1, .54], Cohen’s d = 4.95). The eels could not find the correct pipe when the water screw
was placed 20 cm away. One-way ANOVA of the correct responses/trial showed a significant effect of the
distance (F (2/20) = 16.55, p = .001, #* = 0.65). Thus, the systematic decrement of water flow detection by
distance was clearly observed. In the case of the number of incorrect visits (Figure 3b), one-way ANOVA
revealed a significant effect of distance (F (2/20) = 9.16, p = .002, »* = 0.50), whereas no effect was shown
for the times to the goal (F (2/20) = 0.06, p = .94, »° = 0.01) (Figure 3c).

Figure 3
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Figure 3d shows the correct responses in the other four tests. The correct responses were
significantly higher than those by chance in the dark room test (t(6) = 12.40, p <.001, 95% CI [.71, .93 ],
Cohen’s d = 6.72). The test with the pump produced significantly greater correct responses than those by
chance (t(6)=15.0, p<.001, 95% CI [.70, .88], Cohen’s d = 8.49). The test with no blades resulted in chance
level performance (t(6) = 0.31, p = .76, 95% CI [0, .56 ], Cohen’s d = 0.19). The performance in the
streptomycin test was no greater than that by chance level (confidence interval = 0.39 £ 0.11, t(6) =1.93, p
=.10, 95% CI [.28, .50], Cohen’s d = 0.82). None of the animals displayed three or more correct responses
during the test. There was no significant difference between the dark test and the test with the pump
(confidence interval of the dark test and test with the pump were 0.82 £ 0.11 and 0.79 £ 0.09 respectively,
t(7) = 0.55, p = .60, 95% CI [071, .93 for the dark and .70, .58 for the pump tests], Cohen’s d = 0.28) or
between the test with no blades and that with streptomycin (t(7) = 0.60, p = .57, 95% CI [.01, .57 for the no
blades and .11, .57 for the streptomycin tests ], Cohen’s d = 0.28).

Figure 3e shows the number of incorrect visits. There was no significant difference between the
dark test and that with the pump (t(7) = 0.37, p = .73, 95% CI [0, .64 for the dark and .13, .65 for the pump
tests ], Cohen’s d = 0.22) or between the test with no blades and that with streptomycin (t(7) = 0.42, p = .69,
95% CI [1.03, 2.69 for the no blades and .44, 2.92 for the streptomycin tests ], Cohen’s d = 0.18). There
was no significant difference. Figure 3f shows the time required to achieve this goal. A one-way ANOVA
showed no significant effects of the tests (F (3,/27) = 0.56, p = .65, #* = 0.07).

Discussion

The present experiments demonstrated the detection of water flow by the Japanese eel. Clearly, the
experimental group showed an increment in the correct response and a reduction in the number of incorrect
visits, whereas no such reduction was observed in the control group. The reduction in the correct response
along the distance between the open pipe and the screw shows the control of the eels’ behavior by the water
flow. The dark room test demonstrated that visual cues from the active blades possibly did not provide
sufficient information for detection. The test with the screw without blades showed that the water flow
produced by the blades was crucial for the detection. Contrasting this, the eels maintained their
discriminative behavior in the test with the water pump, indicating that the water flow produced by a
mechanism different from the original screw controlled the behavior of the eels. Streptomycin was expected
to impair hair cells in the lateral organs and disturb the detection of water flow.

No significant difference between the test with no blades and that with streptomycin suggested
that the effects of streptomycin mimicked the absence of water flow, and no significant difference between
the dark test and that with the pump suggested that the pump mimicked the water flow produced by the
water screw.

The detection criterion was based on the number of correct responses, but | also analyzed the
number of incorrect visits to the closed pipes and the time taken to reach the goal. The correct responses
and number of incorrect visits displayed a similar pattern in the five tests, but the time taken to reach the
goal did not differ among the tests. The time taken to reach the goal had a large variability owing to the
spatial relationship between the release points and the goal. This large variability should result in no
significant differences in the statistical analyses.

Previously, we used a maze similar to the present study to demonstrate spatial learning in the
Japanese eel (Watanabe & Shinozuka, 2019). On average, the eels learned the maze task in 16.4 trials (n =
12). There was no significant difference in the number of trials required to reach the criterion between that
study and the present experiment (unpaired two-tailed t-test, t(17) = 1.04, p = .31, 95% CI [13.22, 19.6 for
the previous and 10.73, 17.53 for the present results ], Cohen’s d = 2.80). In another experiment, eels were
trained in a pool with extra- and intra-maze cues (Watanabe, 2020). In this case, the animals learned the
task in 14.3 trials on average (n=9). There was also no significant difference in the number of trials required
in that study compared to the present experiment (unpaired two-tailed t-test, t(14) = 0.12, p = .90, 95% ClI
[12.34, 16.32 for the previous and 10.73 , 17.53 for the present results ], Cohen’s d = 0.06). Thus, the
Japanese eel learned spatial discrimination based on visual or water flow cues with approximately the same
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amount of training. Goldfish demonstrated spatial learning in a Morris-type maze with a food reward in
35.2 trials on average without intra-maze cues, and in 22.4 trials with intra-maze cues (Saito & Watanabe,
2004).

Studies on spatial learning based on non-visual cues, such as that of C57/BL6 mice, have shown
successful spatial discrimination in a dry-type Morris maze based on auditory cues (Watanabe & Yoshida,
2007) in an average of 12 trials (in terms of reduction of reaction time to reach the goal). The mice also
learned the maze based on airflow cues (Bouchekioua et al., 2015) in approximately 12 trials. These
observations suggest successful spatial learning based on non-visual cues in two distant species: eels and
mice.

There have been several studies on damage to the lateral line organ due to antibiotics. Kaus (1987)
trained striped panchax (Aplocheilus lineatus) to react to waves using a food reward, and then tested the
effect of streptomycin. He added streptomycin to the home tank and found that 5.5 mg-44 mg/L
streptomycin disturbed the detection of the wave. Mogdans and Nauroth (2011) trained oskars (Astronotus
ocellatus) to discriminate a 100 Hz sinusoidal vibration from other frequencies using a food reward, and
found a reduction in detection following streptomycin treatment (1 g/L); however, the detection recovered
after two—four weeks. In the present experiment, 0.2 g/L streptomycin was added to the home tank, and
disturbance of the water flow detection was observed. The testing was repeated for four days, but an
increment in impairment over time did not occur. Most previous studies with streptomycin placed animals
in a tank with the drug for 3 h and then transferred them to a pool with fresh water, while the subjects in
the present experiment were kept in the tank with the drug. Because the eels remained in a tank with the
drug for 24 h, it is most likely that the hair cells of the lateral line organs were already strongly damaged.
Thus, an increment in impairment over the four days was not observed. The present results suggest that the
eels detected the water flow through the lateral line organ but did not show an increase in the time taken to
reach the correct pipe, suggesting that the drug did not disrupt their swimming ability. As described in the
introduction section, the lateral line organ has two subsystems, the SN and CN, and damage to the hair cells
by streptomycin is non-selective; therefore, functional separation of the SN and CN in water flow
discrimination is undetermined in the present experiment.

There is wide diversity in the distribution of the lateral line organ in different fish, and this diversity
is probably related to their ecology (Jansen, 2004). The eel adapts to different environments during its life
cycle, namely sea water or fresh water, in different stages such as migration and staying stages. Nakae et
al. (2021) suggested that morphological changes occur in lateral lines depending on the developmental
phase. The eels in the present experiment were cultivated, that is, they were in the yellow phase (staying
phase). Those in the silver phase (migrating phase) may display faster learning, because they require finer
water flow discrimination for migration. Thus, experimental analysis of spatial learning based on
hydrodynamic perception in eels at different developmental stages will provide an ecological understanding
of the functions of the lateral line organ and its function in migration.

Conclusions

The present study demonstrated successful spatial learning using water-flow cues in the Japanese
eel. Several tests clarified that the learning was based on water flow and not on other possible cues. In
particular, the gradient of the water flow detection along the change in the water flow demonstrated the
control of detection by the water flow. The streptomycin test confirmed that the lateral line organ was
crucial for water flow discrimination.
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