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Abstract
Creation of a seabed map is a significant task for various activities including safe navigation of vessels, commercial fish-
ing and securing sea-mined resources. Conventionally, search machines including autonomous underwater vehicles 
or sonar systems have been used for this purpose. Here, we propose a completely different approach to improve the 
seabed map by using benthic (sting and electric) rays as agents which may explore the seabed by their autonomous 
behavior without precise control and possibly add extra information such as biota. For the first step to realize this con-
cept, the detail behavior of the benthic rays must be analyzed. In this study, we used a system with a large water tank 
(10 m × 5 m × 6 m height) to measure the movement patterns of the benthic rays. We confirmed that it was feasible to 
optically trace the 2D and 3D movement of a sting and an electric ray and that the speed of the rays indicated whether 
they were skimming slowly over the bottom surface or swimming. Then, we investigated feasibility for measuring the 
sea bottom features using two electric rays equipped with small pingers (acoustic transmitters) and receivers on a boat. 
We confirmed tracing of the movements of the rays over the sea bottom for more than 90 min at 1 s time resolution. 
Since we can know whether rays are skimming slowly over the bottom surface or swimming in water from the speed, 
this would be applicable to mapping the sea bottom depth. This is the first step to investigate the feasibility of mapping 
the seabed using a benthic creature.
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1 Introduction

In the past few decades, there have been increasing 
demands for seabed mapping [1, 2]. Seabed maps are 
important for safe navigation of vessels, securing natural 
resources including fossil fuels and minerals and under-
taking better commercial fishery activities. The use of 
autonomous underwater vehicles (AUVs) is one common 

method for seabed searching [3–6]. AUVs are convenient 
tools for getting the shape of the sea bottom in detail. 
Alternatively, sonar systems have been used for this pur-
pose [7–9]. These use acoustic remote sensing from ships 
and are very powerful tools to search the sea bottom even 
at great depths. Multibeam echosounders (MBES) are 
currently the main devices which are used for high-res-
olution seabed mapping [10–13]. Optical methods using 
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satellites [14–16] or laser scanning [17] are also candidates 
for searching tools. These optical methods can scan large 
areas without using ships or robots to actually visit the 
sites if the depth is within 10 m.

Although these methods are well established and 
promising to create a seabed map in large areas, we here 
propose a completely new approach to further improve 
the map. Our concept is to use benthic creatures as an 
agent for seabed exploration. A seabed map may be cre-
ated by tracing the position of the autonomously moving 
creature (Fig. 1a). Moreover, benthic creatures have some 
level of intelligence in addition to their benthic property. 
Therefore, they can be utilized to obtain not only topo-
graphic information but also information about biota 
including feed or natural enemies present in an area in 
the future.

In this method, a small communication device (slave 
unit) is attached to the benthic creature, and the slave unit 
periodically sends a position signal to a receiver (master 
unit). Considering the need for an electrical source for 
long-term tracing, we consider that the electrical energy 
should be secured from the creature. Then, we selected an 
electric ray as the best option among various benthic crea-
tures. Electric rays are found in all tropical to temperate 
waters worldwide [18], and they are known to produce a 

strong electrical current to capture prey or to escape from 
enemies [19, 20]. We have previously developed an electric 
generator using electric organs of an electric ray driven by 
adenosine triphosphate (ATP) [21]. In this previous study, 
we also measured power generation of individual electric 
rays and found that a strong pulse-type electrical power of 
over 100 W was produced. This would be enough to drive 
a communication device. There are no other creatures in 
the sea that have such a strong electrical power as electric 
rays.

As a communication device, an ultrasonic transmit-
ter called a pinger is used to trace the movement of fish 
[22]. Recently, pinger sizes have become very small, under 
3.6 cm [23, 24], and that allows them to be attached onto 
small fish. For a moving electric ray that has a pinger 
attached onto it, by receiving the signal at multiple points, 
the position of the ray can be estimated (Fig. 1b) [25]. It is 
known that electric rays are generally considered as ben-
thic [26], but detailed observations that trace their actual 
movement behavior in the sea have not been reported. 
It is indispensable to know the detail behavior of electric 
rays for creating a map by plotting 3D motion in a clearly 
known topography in a precise manner and validate 
whether the observed motion can be utilized for seabed 
mapping.

Fig. 1  Concept of this study. a A method for seabed mapping 
using an electric ray agent. b Measurement principle for determin-
ing the position of the agent using a pinger. Parameters x0, y0 and 
z0 denote the position of the agent, while xi, yi and zi are the posi-

tion of the receiver (i = 1, 2, 3, …). The position of the agent can be 
calculated from the positions of the receivers and communication 
time, ti (i = 1, 2, 3, …) when i is 3 (the number of parameters: x0, y0, 
and z0) or over
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Based on this concept, our aim in this study was to opti-
cally measure the 3D motion of electric rays using a large 
water tank with transparent windows, followed by the 
actual measurement in the open sea of 3D trajectories of 
electric rays by acoustic tracing using a pinger installed 
on the rays.

In this study, before carrying out the experiments using 
electric rays, we used sting rays due to the following rea-
son. Although sting rays do not generate electricity, they 
are similar in size with electric rays and also known as ben-
thic rays [27]. More importantly, sting rays can be obtained 
in the summer which is just opposite to the electric rays 
which can be often obtained in the winter statistically. This 
fact means that the limitation of research period could be 
overcome by using sting rays. Although electric rays are 
favorable because they have electricity, the final goal is to 
use similar benthic creatures like sting rays if energy har-
vesting methods can be developed. In such a viewpoint, it 
is important to confirm that sting rays can be also used as 
agents for seabed mapping for future experimental con-
venience toward creature-based exploration in a large 
area. Another purpose of this experiment was to confirm 
that the large water tank and video cameras are useful for 
tracking the movement of fish with satisfactory resolution.

2  Materials and methods

2.1  Ethical approval

All animal experiments were approved by the Animal 
Care and Experimentation Committee of RIKEN (Institute 
of Physical and Chemical Research, Japan) and were car-
ried out in accordance with the approved guidelines. The 
underwater weight of the small camera and pinger was 
less than 5% of the weight of the rays used.

2.2  The water tank

The water tank used for the experiments was located at 
the Hakodate Research Center for Fisheries and Oceans, 
Hokkaido, Japan. This water tank had front and back 
lengths of 10 m each, 5 m side length, and 6 m height. 
Because the bottom of the water tank was slimy, it was 
washed and dried before being prepared for the prelimi-
nary experiments. Retroreflective yellow tapes (RF30Y50, 
DIATEX, Tokyo, Japan) were affixed parallel to the side walls 
at intervals of 2.5 m on the bottom of the water tank. Two 
nets with a length of 5 m, a height of 2.5 m, and 3-cm 
square mesh (Nihon Matai, Tokyo, Japan) were used for 
partitioning of the water tank and limiting the move-
ment space of the sting and electric rays. The tank was 
partitioned to make rays be in the area where cameras 

can trace. Six aluminum pipes as weights were attached 
using cable ties to the lower end of each net at equal inter-
vals. Four styrofoam floats were attached with cable ties 
to the top of each net at equal intervals. Two suction cups 
were attached to the ends of each net for attachment to 
the water tank walls. The nets were installed at positions 
2.5 m from the left and right sides of the water tank (this 
placed the nets above 2 of the yellow tapes). Weights were 
attached to a plastic plate (70 cm width, 2 m height), a 
desk (45 cm width, 80 cm depth, 75 cm height) and a sea-
weed bed (50 cm × 40 cm). These objects were placed in 
the water tank to imitate the seabed. After this, the water 
tank was filled to a depth of 2.3 m. We did not use natural 
seafloor. This is because we focused on tracing the behav-
ior by the video image. If rays were hidden under sedi-
ment, it would be difficult.

2.3  Setup of video cameras

We set video cameras as follows. Video cameras (HDR-
PJ800 and HDR-CX485, Sony, Tokyo, Japan) were attached 
to tripods and were placed at the front, on the left side of 
the tank as viewed from the front, and at the top of the 
water tank. The camera height was adjusted to 1.5 m on 
the tripods. The area around the water tank was covered 
with a black curtain to block out ambient light. The video 
resolution and frame rate were 1280 × 720 pixels and 30 
frames per second, respectively. The video data for more 
than 8 h were recorded on SD cards (128 GB).

2.4  The sting rays and electric rays

Sting rays (Dasyatis akajei) and electric rays (Narke japon-
ica) were obtained from Aquamarinzu (a fishing company 
located in Minamiise, Mie, Japan). For the preliminary 
water tank experiments, two sting rays (one was for trac-
ing experiment and another was for water-resistant video 
camera experiment) were sent to the research center 
three weeks before the experiment day and electric rays 
were sent to the research center 1 and 2 weeks before the 
experiment day (this difference was due to the experimen-
tal schedule). They were stored in a small water tank. The 
weights of the sting and the electric rays used for water 
tank experiments were 80 g and 300 g, respectively. For 
transfer to the large water tank, the sting ray or the electric 
ray was put into a bucket and lowered from above to the 
water surface. In the seabed research experiment, electric 
rays were sent to the experimental site the day before the 
experiment day. The weights of the 2 electric rays used in 
the seabed experiment were 400 g and 300 g, respectively. 
The rays were connected by a fishing line with a hook from 
their mouth to a fishing rod on the fishing boat not to let 
the rays escape from the measurement area.
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2.5  Setup for 2D movement analysis using a sting 
ray

In this experiment, just one video camera was used to get 
a view from the top toward the tank bottom (Fig. 2a); this 
placed the experimental attention on the movement track 
measurement in the X–Y plane. Various items were set up 
in the empty tank. To visualize the coordinates, yellow 
tapes were pasted on the tank bottom (Fig. 2b). The center 
of the bottom (crossing point of the tapes) was defined as 
the zero point (x = y = 0). Nets were put along both sides of 
the measurement area (the central part of the tank) from 
the bottom to a height of 3 m (the water depth was also 
3 m) so as not to miss the ray. Additionally, a plastic plate, 
a seaweed bed and a desk were placed on the bottom in 
order to confirm that the place which cannot be seen from 
the top could be observed by the video camera equipped 
with the ray. Photographs of the water tank and the setup 
in the tank are shown in Fig. 2c, d, respectively. Finally, the 
tank was filled with seawater to be a height of 3 m, and 
then, the sting ray was put into the center of the tank. The 
ray swam about and then went to the bottom within a 
few minutes.

2.6  Installing a water‑resistant video camera 
on a ray

For the additional experiment, a small water-resistant 
video camera (Quelima SQ12, China) was attached to 
the upper surface of a sting ray body, in order to record 
underwater video as follows. The outer edge of a security 
tag (Digisto, Oita, Japan) was cut off. The security tag was 
attached to a waterproof case for the camera using glue 
(AR-R30, NICHIBAN, Tokyo, Japan). The camera was put 
in the waterproof case. The underwater weight of the 
waterproof case with the small camera was under 4 g. 
The waterproof case was attached to a sting ray or elec-
tric ray with a pin paired with the security tag. The pin 
was stabbed into the edge muscle of the ray body. The 
video resolution and frame rate were 1280 × 720 pixels 
and 30 frames per second, respectively. The video data 
were recorded on SD cards (32 GB). The ray was then put 
into the center of the tank.

Fig. 2  Setup for measurement of the 2D movement of a sting ray in 
a water tank. a Measurement using a video camera at the top of the 
tank, and the definition of the coordinates in this measurement. b 
Setup showing objects on the bottom of the water tank and the 

tank dimensions. c A photograph of the water tank from the front 
direction. d A photograph of the bottom of the water tank with the 
objects in place. e A photograph of the bottom of the water tank 
after the ray was put into the tank
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2.7  Coordinate calibration

In the 3D movement analysis experiment using an electric 
ray, the distortion of the image increases with the distance 
from the center because of the characteristics of the cam-
era lens. It is necessary to correct the length because the 
apparent length and the actual length differ especially in 
the y-axis direction which is the horizontal direction of the 
image with more pixels than the vertical direction. The 
length from the vertical line to the wall is 2.5 m. However, 
the apparent 2.5 m is gradually lengthened from the bot-
tom of the water tank to the surface of the water due to 
distortion of the video camera lens. Therefore, Eq. (1) was 
formulated to calculate the y-axis value from the z-axis 
value of the electric ray:

where y′ is the number of pixels from the vertical line to 
the ray, is z-axis value (m), a is the gradient (of the line con-
necting y position of the wall at z = 0 and 2.5) [a constant], 
and is the intercept (y′ value when z = 0) [a constant].

The denominator on the right side of Eq. (1) indicates 
the number of pixels for y = 2.5 m at arbitrary height. The 
y-axis values were calculated by Eq. (1) in this experiment.

2.8  Installing pinger on a ray

We attached a pinger to a ray to obtain the position as 
follows. The outer edge of a security tag was cut off. The 
security tag was attached to a pinger (AQPX-1030P, Aqua-
Sound, Kobe, Japan) with glue. After the glue was cured, 
the pinger and tag were wrapped in thread seal tape (pol-
ytetrafluoroethylene (PTFE) film tape; NITOFLON Pipe Seal, 
Nitto Denko, Osaka, Japan) for reinforcement. The under-
water weight of the pinger with the security tag was 1.6 g. 
The pinger with the security tag was attached to each 
electric ray with a pin paired with the security tag. The pin 
was stabbed into the edge muscle of the ray body. The 
operating conditions of the pingers were as follows: sound 
wave frequency, 62.5 kHz; transmission cycle, 1 s; sound 
pressure level, 155 dB re 1 μPa at 1 m; identification codes, 
8, 9 and 10 (electric ray #1, #2 and control, respectively); 
and battery life, at least 2 days (transmission cycle, 1 s).

2.9  Image analysis

The acquired video images were analyzed by using 
movie editing software (PowerDirector 16, CyberLink, 
New Taipei, Taiwan; Kinovea, https ://www.kinov ea.org/). 

(1)y =

(

2.5y�

az + b

)

Every frame was captured and pasted into drawing soft-
ware. The values were calculated with spreadsheet soft-
ware (Excel 2013, Microsoft, WA, USA).

3  Results

3.1  2D movement analysis using a sting ray

Before carrying out the experiments using electric 
rays, we used sting rays (Dasyatis akajei) by the reason 
described in Introduction.

The movement of the sting ray is shown in Fig. 3a as 
frames captured from Supplementary Movie S1. The 
movement trajectory is drawn in the X–Y coordinates in 
Fig. 3b. The displacement time-course trajectory for the 
sting ray as directly observed from the recorded video is 
plotted in Fig. 3c. Although the movement was very slow 
(2 m/h in maximum from Fig. 3c), we confirmed that the 
ray moved along the bottom and near the corners where 
the nets were attached to the water tank walls. The ray 
was alive and unharmed after 8 h of the observation. The 
observations showed that the sting ray mostly moved 
along the bottom of the tank. From these results, we 
guessed that sting rays can be used as agents for obtain-
ing geometric information by position notification using 
a communication device and thus can be substituted 
for electric rays in the summer if using batteries for the 
communication device instead of autologous electricity. 
Here, assumed batteries are the same one equipped with 
pingers which were used for electric ray experiments in 
the sea, which are described in Sect. 2.8. Also, we found 
that the movement of the ray could be plotted by this 
method with centimeter resolution (0.7 cm) using a cam-
era located as much as 6 m away from the tank bottom.

In order to verify that a sting ray can also be used for 
obtaining video images, a small water-resistant video 
camera was attached and put into the center of the tank. 
After reaching the bottom of the tank, the ray swam in 
circles at the bottom, and the camera caught views at 
all angles of the bottom of the tank, including under-
neath the metal plate and other obstacles which can-
not be seen from the top, as shown in Supplementary 
Fig. S1 and Supplementary Movie S2. Movements of the 
ray were observed for at least 30 min, and then, the ray 
was caught and checked to be unharmed. This result 
indicated that the benthic ray could be used for obtain-
ing the water bottom images from a camera directly 
attached on the ray. To realize this concept, the trans-
fer technology for big size data must be developed as a 
future perspective.

https://www.kinovea.org/
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3.2  3D movement analysis using an electric ray

Based on the results above, in the third-type experi-
ment using the same water tank, we tried to track the 3D 
movement of electric rays (Fig. 4a). Yellow tapes and nets 
were set in the water tank as described for the first two 
experiments. However, obstacles were not set (Fig. 4b). 
Acoustic methods to track the electric ray (described in 
the next section) were not used because reflections by the 
tank walls would disturb the acoustic signal. Instead, we 
acquired images from 3 directions, and the 3D coordinate 
values were defined by correction of the raw image data. 
The center of the bottom (crossing point of the tapes) was 
defined as the zero point (x = y = z = 0).

An electric ray (Narke japonica) was introduced into the 
water tank, and its movements were observed for about 
30 min. This was shorter than the observation time for the 
sting ray because the electric ray moved faster than the 
sting ray did. Raw movie data are shown in Supplementary 
Movie S3. Images from each direction while the electric ray 
was stationary at the bottom are shown in Fig. 4c. From the 
movie data, it was clear that the ray was initially swimming 
but soon went to the bottom. After that, it was stationary 
for a while and then moved to another place and became 

stationary there. This movie indicated that the electric ray 
actually spent most of its time along the tank bottom. We 
judged it would be possible to guess whether the ray was 
swimming or stationary on the bottom using the speed 
of the ray.

The trajectories of the electric ray were made from the 
movie data as follows. Time synchronized images from 
each direction are obtained from Supplementary Movie 
S3. When the electric ray was swimming, most of that 
time it was on the far side from the front as seen from the 
movie. Therefore, the z-axis values were measured with 
reference to the bottom surface in the left panel of Fig. 4c 
without correction. The relationship between the obtained 
z-axis values and time t was plotted (Fig. 5c (right)). The 
middle panel of Fig. 4c was used to measure the x- and 
y-axis values. Because of the characteristics of the camera 
lens and the actual distance from the center line, y-axis 
values were calibrated to correct the distortion of the 
images as described in Sect. 2.7. The relationship between 
the obtained y-axis values and time t was plotted (Fig. 5c 
(middle)). On the other hand, the distortion in the vertical 
direction was not so large because the aspect ratio (the 
ratio of width to height) of the image was 16:9. In addition, 
when the electric ray was swimming, it was generally near 

Fig. 3  Measurement result of the 2D movement of a sting ray in a 
water tank. a Sequential video frames showing the movement of 
the sting ray. Circles indicate the ray. b Graph plotting the move-

ment of the ray on the X–Y plane during 1 h. c Time courses of the 
movement of x and y values of the ray
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the horizontal line (x = 0). Therefore, the x-axis values were 
measured without correction. The relationship between 
the obtained x-axis values and time t was plotted (Fig. 5c 
(left)). Figure 5a and b is made from connecting the x-, 
y-, and z-axis values in each t point obtained above. In 
this experiment, the right panel of Fig. 4c was not used 
to make the position coordinates of the electric ray. This 
was because the movement in the y-axis direction was not 
so large when the electric ray was swimming. If the elec-
tric ray had a different trajectory, the right panel of Fig. 4c 
might have been used.

The trajectories in the X–Y, X–Z and Y–Z planes drawn in 
Fig. 5a and the merged 3D image drawn in Fig. 5b clearly 
showed the 3D movement of the electric ray; however, it 
was difficult to know the speed of the ray at each point. 
Importantly, the speed is relative to the ray’s motion state 
(swimming or stationary). This is indispensable informa-
tion for seabed mapping. For mapping, position at the 
stationary state should be connected and the swimming 
state should be removed. On the other hand, it was easy to 
know when the ray was swimming or stationary from the 
displacement time-course trajectories of the electric ray 
plotted in Fig. 5c analyzed from the movie frames. When 
the ray was stationary, the line was flat. When the ray was 

swimming, the line had a slope. By combining Fig. 5b,c, it 
was clearly shown that the ray was swimming in water or 
stationary at each point even without seeing the movies.

In this experiment, we demonstrated that the 3D move-
ment of the benthic ray could be plotted on the XYZ coor-
dinate system using the movies taken from 3 directions. 
Also, it was confirmed that the electric ray spent most of 
its time at the bottom. By connecting the points of the 
ray at the bottom which can be distinguished by the time 
courses of the movement, the 2D differences in height 
of the bottom would be known even if the geometry is 
unknown. Accordingly, we considered that the electric ray 
could be used for seabed mapping.

3.3  Seabed search using electric rays with pingers

Following the 3 fundamental experiments described 
above, we next demonstrated an actual seabed search 
using electric rays as shown in the concept of Fig. 6a. 
We carried out the experiment for the sea bottom with 
about 20 m water depth from a publicly available sea map 
(Fig. 6b) [28]. The size of the fishing boat which carried 4 
receivers for the pingers was 12 m long and 3 m wide.

Fig. 4  Setup for the measurement of the 3D movement of an elec-
tric ray in a water tank. a Measurement method using 3 video cam-
eras (top, front, side), and the definition of the coordinates in this 
measurement. b A photograph of the water tank from the front 

direction. c Photographs of the water tank from the top, front and 
side directions after putting the ray into the tank. Circles indicate 
the ray



Vol:.(1234567890)

Research Article SN Applied Sciences (2020) 2:2142 | https://doi.org/10.1007/s42452-020-03967-6

In this experiment, 2 electric rays equipped with small 
pingers were used. Each pinger (Fig. 6c) was connected 
to a security tag (Fig. 6d), and the pinger and tag were 
attached to each ray (Fig. 6e). Details for the attachment 
are described in Materials and methods. Acoustic signals 
were generated from the pingers regularly per second. The 
4 receivers used these signals to identify the positions of 
the electric rays. The electric rays were connected to fish-
ing lines coming from the fishing boat to avoid escaping 
from the measurable area (about 40 m from the boat). The 
two rays with attached pingers were put into the sea as 
shown in Fig. 6f. A control pinger attached to a weight was 
also lowered into the sea simultaneously. The role of the 
control pinger was to show that the electric rays actually 
moved in the bottom of the sea. It can be proved if the 

movement of the control pinger due to the vibration of 
the ship was smaller than that for electric rays.

Data collected during the whole measurement period 
from when the electric rays were put into the sea to the 
time they were recovered after about 2 h are shown in 
Supplementary Figs. S2 and S3. The control pinger did 
not move significantly but laid on the sea bottom. On the 
other hand, it was difficult to fully trace movement of the 
pingers on the rays because the electric rays were some-
times pulled back to the boat to confirm they were still 
living. Therefore, the time period during which the rays 
were on or near the bottom was distinguished from the 
whole time course shown in Supplementary Fig. S4 and 
the corresponding data were extracted and re-plotted in 
Fig. 7a–d. Note that the data apparently during the pulled 

Fig. 5  Measurement results of the 3D movement of an electric 
ray in a water tank. a Plots of the movement of the ray on X–Y, Y–Z 
and X–Z plane per 5 s. b A 3D plot of the ray movement (30 min, 

5 s interval). Blue points and line indicate 3D plots, and black points 
and line indicate projection in X–Y, X–Z, and Y–Z planes. c Time 
courses of the movement of x, y and z values of the ray
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back to the boat and just after re-throwing were removed. 
From these 3D graphs, it was clear that the movements of 
the electric rays were much more active than the control 
pinger movement. The movements of the 2 electric rays 
were also different although they stayed in a similar area.

The displacement time-course trajectories for the con-
trol pingers and electric rays were also useful in this experi-
ment to catch the timing of the movement of the rays. It 
is also clear that the movement of the control pinger was 
very small from start to finish (Supplementary Fig. S4). On 
the other hand, in case of electric ray #1 (Fig. 7e), there was 
a “jumping point” around t = 60 min. At this timing, the x, y 
positions were suddenly changed, and the z position had a 
small peak. This phenomenon would indicate that the ray 
was swimming and moved dynamically at this time. Also, 
in the case of electric ray #2 (Fig. 7f ), there was a jumping 

point around t = 45 min. In this case, the z position change 
was slight; however, there were gaps in x and y position 
traces, indicating that the ray moved around the bottom. 
There were no such jumping points in other time points, 
which meant that the electric rays were stationary or skim-
ming or slipping slowly over the bottom surface in these 
periods. Importantly, these electric rays were active when 
they were pulled back to the boat and generated electric-
ity even after finishing the experiments and having been 
in the sea for 2 h.

The existing map (Fig. 6b) was obtained using MBES 
which has high resolution under 1 m [10]. The vertical 
height difference between two successive contour lines 
in this sea map was 1 m. In the measurement area, the 
distance between the two successive contour lines was 
about 500 m. Since the maximum amplitude of the X–Y 

Fig. 6  Setup for measurement of the 3D movement of an electric 
ray in the sea when connected to a fishing boat. a Method using 
a pinger attached on the ray. Fishing line was connected between 
the ray and the boat to prevent the ray from leaving the study area. 
b Map showing the area used for this experiment. The area was 
near Nanjo City, Okinawa Prefecture, Japan. This map was cited 
from Minnano Kaizu. Longitude and latitude: 26°12′ 23″ N, 127° 49′ 

0″ E. c Photograph of the pinger used for the experiment. d Photo-
graph showing the pinger attached to a security tag by using glue 
and a tape. e Schematic showing the pinger and tag attached to 
the electric ray with a pin. f Photograph of an electric ray with the 
attached fishing line right after the ray was put into the sea from 
the boat
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position of electric rays was about 40 m from Fig. 7, the 
average slope of this measurement area was within 0.1 m. 
The 0.10 m difference in height can be ignored because 
it is smaller than the vertical resolution of the depth 

distribution measured by using a pinger. Moreover, the 
seabed in the nearby sea area was gentle as far as visual 
observations showed. Therefore, the sea bottom at the 
measured point was assumed to be flat which was similar 

Fig. 7  Measurement result of the 3D movement of an electric ray 
in the sea when connected to a boat. a, b 3D plots of trajectories 
of the electric rays a #1 and b #2, while they were staying almost 
exclusively at the sea bottom. c 3D plots of trajectories of a control 
pinger with a weight for the whole time period. d A merged version 

of the 3D plots of the 2 electric rays and the control pinger. Colored 
points and lines indicate 3D plots, and black points and line indi-
cate projections in X–Y, X–Z, and Y–Z planes. e, f Time courses of the 
movements of x, y and z values of electric rays e #1 and f #2, while 
they were staying almost exclusively at the sea bottom
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to the obtained data by using electric rays, even though 
a bathymetric map was not produced in this experiment.

From these results, the electric rays were confirmed to 
move around the sea bottom. This would be a spontane-
ous movement of the electric rays. Therefore, we found 
the possibility that terrain information of the sea can be 
mapped by the trajectories of the rays even though vibra-
tions of the vessels should also be considered for precise 
measurement. Moreover, we confirmed that the electric 
rays were stationary or skimming or slipping slowly over 
the bottom surface most of the time which is typical 
benthic behavior required to search the seafloor depth 
distribution.

4  Discussion

We here compare the result with conventional, recent bio-
telemetry methods for biologging [29] as summarized in 
Table 1. This research proposes a new approach to explore 
physical information using biological behavior. This is com-
pletely different from conventional studies just exploring 
biological information using small communication devices 
(i.e., pingers). In addition, conventional studies fundamen-
tally explore long-term behavior of fish for more than 
1 day [30–33]. In these cases, rough positions and traces 
were usually tracked, but precise position time-course 
information was not obtained. There is a study capturing 
the precise movement track by using a high communica-
tion rate pinger, but it was not a benthic fish [34], or just 
using floating sensors which cannot provide terrain infor-
mation [35]. On the other hand, our study revealed for the 
first time that the movement of benthic creatures can be 
traced nearly in real time.

We used sting and electric rays as an example of the 
benthic creatures. This method can be applied to other 
creatures as well. For instance, crabs are candidates for 

seabed searching [36, 37]. But with most other creatures, 
the potential problem is the electricity supply. Energy har-
vesting methods must be developed to use other agents 
than electric rays.

The main advantage of our method is that it requires 
no external energy source for searching the seabed. This 
method can supply a new option for autonomous seabed 
mapping in addition to the data obtained by large-scale 
artificial systems including AUVs and sonar systems. For 
example, temporal changes of the seabed morphology 
could be monitored in addition to the acquisition of 
information about biota as discussed in Sect. 1. On the 
other hand, the disadvantage is that the precise control 
is difficult. Current method has 10 cm order resolution, 
but it includes some biological originated fluctuations. To 
compare the data with existing methods, such fluctuations 
must be removed by statistical or machine learning meth-
ods. By solving such issues, a seabed map will be created 
in the future.

Actually, a large number of rays are required to cover 
large areas. However, from the viewpoint of cost, rays are 
not expensive compared with ships or AUV. Although con-
trollability is lower than those machines, self-regulation of 
creatures can reduce time by omitting complicated opera-
tions. Regarding ray numbers, more investigation will be 
required including the period to be used for searching, the 
area to be covered per ray in this period. Based on such 
data, the ray number will be estimated. Training the rays 
would be also a further future issue. Currently, we think to 
exploit just spontaneous behavior on the seabed.

The behavior of rays might be different compared to 
the natural condition when rays are in a water tank or con-
nected by a line to a ship. However, the important point in 
this study is that we can distinguish whether rays are in the 
bottom or swimming in water from the moving speed of 
the rays. In this viewpoint, the behavior of the rays is the 
same in the two independent conditions (without a fish 
line in a water tank, and with a fish line, pinger in the sea). 
So, if focusing on this point, the behavior is expected to 
be the same in the natural condition.

Although the seabed used this time is flat, but we think 
that the principal purpose of this study is to confirm that 
the electric ray’s position can be traced by pingers, and 
that the rays spent most of its time at the bottom as a first 
step of the mapping. This purpose was achieved this time. 
Creating a georeferenced seabed map with the depth dis-
tribution will be the next step. For checking the accuracy, 
comparison with conventional methods using sonar sys-
tems is required.

From the viewpoint of animal welfare, this method 
that exploits creatures might have a problem in the short 
term. To avoid invasion for animals, the use of miniatur-
ized or flexible devices [38–40] which are also wearable 

Table 1  Comparison of biotelemetry methods for various species

Species References Plotting 
time 
interval

Terrain 
informa-
tion

Electric 
genera-
tion

Electric ray This study 1 s 〇 〇
Antarctic fish [30] 1 day × ×
Finless porpoises [31] 5 days × ×
Shark [32] 10 s × ×
Seal [33] 6 h × ×
Tuna [34] 0.05 s × ×
Sting ray [35] 5 min × ×
Crab [36] 1 s 〇 ×
Blue crab [37] 10 min 〇 ×
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or implantable for controlling the stimulation, sensing 
the behavior and saving the power of animals as well 
as avoiding long-term experiments would be necessary. 
However, from the long-term perspective, biota informa-
tion including feed or natural enemies present in the 
area will be obtained. Such information would be useful 
to understand the fish number in the area and thus to 
avoid overfishing and animal welfare through conserva-
tion of the marine environment.

5  Conclusion

In this study, we used a large water tank (10 m × 5 m × 6 m 
height) to measure the movement patterns of benthic 
rays and confirmed that the speed of the sting and 
electric rays indicated whether they were skimming 
slowly over the bottom surface or swimming. Then, we 
equipped a small pinger on an electric ray and confirmed 
tracing of the movements of the rays over the sea bot-
tom for more than 90 min at 1 s time resolution.

We confirmed typical benthic behavior of sting and 
electric rays required to search the seafloor depth distri-
bution. By using either of sting or electric rays, the exper-
iments would be carried out in all seasons. Although the 
sample size should be increased to precisely understand 
the behavior of the sting and electric rays, their funda-
mental behavior could be clarified. This is the minimum 
requirement for seabed mapping. However, to exploit 
the full, unique properties of electric rays for seabed 
searching, realizing the ways to save and use of electric-
ity of the rays and investigation of biological properties 
of rays for obtaining biota information (feed or natural 
enemies present in the area) will be the extra issues to 
overcome.

Pingers that can be used in deep-sea areas below 
5000 m are available [41]. Therefore, for deep-sea mapping 
which has been difficult to do by conventional methods, 
in the future, it would be possible to use this method with 
deep-sea creatures. For actual usage, we have to think 
about focusing the important area to be used for this 
method or increasing the deep-sea creatures.
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