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Abstract.

Studies on odontocetes (e.g., porpoises) have revealed that these animals may adaptively

use vision. The present study examined the contributions of vision to the approaching behavior of the
harbor porpoise (Phocoena phocoena). When a porpoise approached a target, the time-to-contact
perceived by the animal and its trajectory with a visual impediment condition were compared with
those in the control (no impediment) condition. The results suggested that approaching behavior to a
stationary target was guided by the animal’s evaluation of time-to-contact (), maintaining the time
derivative of 7 (7) at a constant value. A porpoise with visual deprivation exhibited grater 7 value and a
longer evaluation time before contact than a porpoise that was not blindfolded in the task of reaching
for the target. Furthermore, the porpoise with a visual impediment changed its swimming trajectory
toward a target less than the control, which appeared to adaptively adjust its approaching trajectory.
These findings imply that the use of vision aided echolocation and enables precise control and alter-
ation of the trajectory during the approach. The present study has implications for adaptive use of
vision during approaching behavior in the harbor porpoise.

Key words: locomotion, swimming trajectory, time-to-contact, visual deprivation, visual guidance.

Echolocation is a biological sonar system observed in a
variety of animals, such as odontocetes and bats. These
animals use self-generated sounds (clicks) and receive
returning echoes from objects in their surroundings. In
this study, we examined the effect of vision on an
approaching behavior of odontocetes. Given that studies
on odontocetes (e.g., porpoises) have documented that
they rely on echolocation (Mehl and Andersen 1973; Au
et al. 1999) to detect objects and enhance spatial aware-
ness, we first review studies on echolocation in odonto-
cetes, before describing the primary focus of this study.
In odontocetes, echolocation plays a major role in
aquatic life, aiding in prey detection (Au and Snyder
1980; Au and Penner 1981; Kastelein et al. 1999; Moore
et al. 2008), target discrimination (Au et al. 2009), and
orientation (Norris et al. 1961; VerfuB3 et al. 2005). Por-
poises exhibit specific echolocation activities during their

foraging behavior, adjusting the characteristics of the
sound generated, such as the click interval, depending on
situational demands (DeRuiter et al. 2009; Verful3 et al.
2009; Linnenschmidt et al. 2013). Thus, porpoises are
widely acknowledged to use echolocation effectively.
One important issue is that porpoises may not emit
clicks frequently enough to detect a target (Au and
Jones 1991; Dawson 1991; Larsen et al. 2007). There-
fore, regardless of the capabilities of the animals (e.g.,
Kastelein et al. 2000), they may fail to detect mono-
filament gillnets or may not perceive it as a threat, lead-
ing to entanglement and mortality as bycatch (Tregenza
et al. 1997; Trippel et al. 1999; Hall et al. 2000; Natoli
et al. 2008). Porpoises are known to emit clicks more
frequently when entering new places or encountering
unfamiliar objects (e.g., Akamatsu et al. 1994), and
tend to emit fewer clicks toward habituated objects (Cox
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et al. 2001). Thus, porpoises appear to regulate their
echolocation based on situational demands.

To date, several studies have focused on the involve-
ment of vision in the acquisition of environmental infor-
mation and have documented the anatomical structures
and features of the eyes of porpoises. Porpoise eyes adapt
to the poor visual conditions of the aquatic environment,
where luminosity is low at greater depths and light is
strongly scattered by suspended solids in the water (Mass
and Supin 2007). Their structure differs from terrestrial
mammalian eyes in the form of the lens and pupil and in
the distribution of ganglion cells in the retina (e.g., Mass
et al. 1986; Kroger and Kirschfeld 1993; Murayama et al.
1995). Porpoises benefit from these structures to obtain
the best visual field in both forward and lateral direc-
tions, along with underwater acuity at near distances
(Murayama et al. 1995) that is much better than that of
some terrestrial animals (Murayama and Somiya 1998).
Despite these findings, few studies have investigated the
role of vision in spatial localization of porpoise. During
approaching a target, obtaining visual information may
enhance a porpoise’s spatial awareness, thus allowing the
porpoise to adaptively adjust its approaching trajectory
and precisely control its reaching movement.

This study examined the involvement of vision in the
approaching behavior toward a stationary target in the
harbor porpoise (Phocoena phocoena). The vision of
the porpoise was impeded in the experimental condition
(visual impediment), and no such manipulation was
implemented in the control condition. Compared with
the control condition, we hypothesized that visual impair-
ment would alter the porpoise’s swimming trajectory, and
that the porpoise would reduce its swimming speed to
avoid hitting the target. We sought to assess the impor-
tance of vision during the approach phase, in which
echolocation is considered to play the major role.

The ability to approach a target was assessed by the 7
(tau) value, 7 (tau-dot) value, and the trajectory of the
swimming track. The 7 and 7 values were proposed in an
early study (Lee 1976) to represent sensory information
contributing to the control of approach speed and deceler-
ation. Specifically, approaching behavior is guided by
an animal’s evaluation of the time-to-contact (z), which is
the time margin before contact with an object, and the
time derivative of 7 (7).

The time-to-contact can be determined through visual
cues (Lee 1976; Wagner 1982) and auditory cues (e.g.,
Lee et al. 1992, 1995; Lutfi and Wang 1999) by animals.
Time-to-contact information perceived by animals (z; not
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Table 1. Summary of implications of the tau-dot value regarding
movement of animals during the approach, modified from Lee (1993)

Implied movement Effect of keeping

Value of tau-dot (7)

of animal tau-dot constant
7>1 Accelerating Contacts
=1 Constant velocity ~ Contacts
05<7<1 Decelerating Controlled contact
(braking increases)
7=0.5 Decelerating Stops at
(braking constant)
0<7<0.5 Decelerating Stops at

(braking decreases)

If 0.5 < tau-dot < 1, contact will ensue and a larger value of tau-dot
means that the animal decelerated abruptly.

the actual time-to-contact) can be calculated using the
common function: 7= x/x, where x is distance to an object
and X is approach speed. During the approach, animals
control their speed toward a stationary object by main-
taining 7 at a constant value (Lee et al. 1992, 1993).
Therefore, 7 decreases linearly with a decreasing time-to-
contact value. More importantly, maintaining a constant
7 affects the movement of the animal during its approach
to a target (Table 1; Lee et al. 1992). If the animal wants
to stop at the target after its approach then deceleration
must be controlled to prevent contact with, or stopping
short of, the target. When 7 is 0.5, the animal will stop at
the position of the target by maintaining constant decel-
eration. If 7 is larger than 0.5, the animal should increase
its rate of deceleration during its approach to prevent
contact with the target, and its speed at the end point will
be higher (Lee et al. 2009). For a porpoise to catch a fish,
it is not necessary to stop at the target location; thus, 7
should be 0.5 < 7 < 1, indicating that the porpoise is on a
controlled contact course. However, if the porpoise pre-
cisely evaluates and predicts relative velocities and the
position of the target during its approach, 7 will be main-
tained at around 0.5. If 7 is considerably less or greater
than 0.5, the initial deceleration should be adjusted as
necessary to stop at the target. Thus, if visual cues enhance
a porpoise’s spatial awareness during the approach to an
object, it can precisely control its approach, maintaining
7 at a constant value of approximately 0.5.

Materials and methods

Animal
One male harbor porpoise was involved in the present
study. The porpoise was incidentally captured by a
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large set net in Usujiri, Hakodate, Hokkaido, Japan. The
porpoise was acclimated in a pool at Usujiri Fisheries
Station, Hokkaido University, and was transported to
Otaru Aquarium for health management. The porpoise
was SNHO8008-2 (named Teppei by the Stranding
Network Hokkaido and was incidentally caught on April
20, 2008). No serious health problems were identified in
the animal.

Ethics statement

The experiments were conducted under approval of the
National University Corporation Hokkaido University
Animal Experimentation Committee permit 12-0004 in
April 2014. This study was conducted under the super-
vision of a veterinarian at Otaru Aquarium, Hokkaido,
Japan for health management of the animal.

Study site

The experiments were conducted ina 6.0 X 3.7 x 1.9 m
indoor concrete pool, which is an auxiliary water pool for
medical treatment, so that the animal could acclimate to
the indoor pool conditions for behavior experiments at
Otaru Aquarium (Fig. 1). A scaffold for feeding was
placed on one side of the short wall that was approxi-
mately 0.2 m from the water surface. The animal was
unable to swim deeply, because the water level of the pool
was kept at approximately 1.3 m during the experiments.
The ambient light illuminance level was maintained at
approximately 500 lux. The porpoise involved in the
experiment was well acclimated to the study conditions.
It should be noted that the experimental setting differed
from the natural environment.

Experimental setup

A video camera (C920t, Logitech International S.A.)
was placed 2.3 m above the scaffold in the pool for video
recording. The camera mounted on the ceiling of the
facility recorded a top view of a 2.0 m x 2.3 m range in
the pool (Fig. 1). The camera was directly connected via
a universal serial bus extension cable to a computer that
was placed at a remote location and monitoring the
behavior of the animal.

We used dead fish, including mackerel (Scombridae
sp.), Atka mackerel (Pleurogrammus azonus), and sand
launces (Ammodytes personatus), as target objects. Their
sizes were approximately 15-30 cm. These species com-
prise the standard diet of the animal in the aquarium and
are easy to identify as targets for the animal to approach.
The target objects were fed to the animal by directly
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Fig. 1. Top view of the study area. The diagram shows the locations
of the scaffold and the video-recording devices. The observation site
was placed poolside to visually inspect the behavior of the animals. The
video images yielded rectangular coordinates such that the longer and
shorter side of the water surface represent the x- and y-coordinates,
respectively.

suspending by hand from the scaffold, so that the fish
was presented in the water without immersing the hands.
The species of fish was chosen randomly on a trial by
trial basis.

We used blindfolding to introduce a visual impedi-
ment. The eyes were masked by placing a pair of opaque
silicone suction cups (Cetacean Research Technology)
over the eyes for the visual impediment condition. These
suction cups were attached to each eye before initiating
the trials, and the animal’s behavior was carefully moni-
tored to avoid injuring the animal. Blindfolding was con-
ducted underwater, with more than two experimenters
holding the porpoise’s body. No visual manipulation was
used for the control condition.

Procedure

The experiments were conducted from October 6 to
12, 2014 for the porpoise (Appendix 1). Data for the
porpoise were collected during two time periods per
day, in the morning (7:00-9:00) under the visual impedi-
ment condition and at noon (12:00) under the control
condition.

The animal was transported to the testing pool one day
before the experiment, so that the animal habituated to
the pool environment. We conducted a pre-test of the
blindfolding procedure before initiating measurement
to habituate the animal to the impediment condition.
Furthermore, under the visual impediment condition, we
allowed the animal to rest for 2—5 min after blindfolding.
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At the beginning of each trial, one animal feeder
climbed the scaffold to present the target, while the por-
poise was positioned at the opposite side of the scaffold,
more than 1.5 m away from the target. Each animal’s
behavior was recorded and monitored, until it success-
fully reached the target. The set of trials continued until
the animal did not approach the object within five min.

Video data collection

Thirty video images per second were sampled using
webcam software (Logicool webcam software version
2.51, Logitech International S.A.), and each frame was
analyzed using video analysis software (Tracker version
4.86, Douglas Brown). The images were collected 8.1
seconds before the animal reached the target (1.5 m
maximum approaching distance). These images were
applied to a rectangular x or y-coordinate system, and the
origin was defined as the target position. The tip of the
rostrum of the animal was defined as the animal’s position
at time ¢ in a swimming track. Because the coordinates
included a position error when they were sampled manu-
ally, the values were corrected by calculating a simple
moving average over three consecutive coordinate x or y
values (Equation 1):

:K4+X+XM
3

X O]
where X" is the corrected coordinate x or y value, and X is
the coordinate value. These corrected values were plotted
as the coordinates of the trajectories of the porpoise.

The behavior of the porpoise was video-recorded when
the rostrum was clearly visible. Incomplete trials, such as
those in which the animal’s rostrum was invisible, were
discarded due to the lack of image clarity for accurately
determining the coordinates. We obtained swimming
track records from 84 trials, yielding 9548 video frames:
these included 18 trials (2344 frames) under the visual
impediment condition and 66 trials (7204 frames) under
the control condition.

Time-to-contact perceived by the porpoise

From each video frame, we calculated the distance
between the animal and the target, as well as the animal’s
speed. Then, we calculated 7 as the ratio of the distance
to the speed (Lee 1976), indicating the time-to-contact
perceived by the animal (Equation 2):

=2 )
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where Z, is the distance to the target from the animal’s
rostrum at each frame of time ¢ and ¥, is the animal’s speed.

We also investigated whether 7, the time derivative of
7, was constant during the approaching behavior. If the
porpoise maintains 7 constant as 0.5 <7 < 1 to control its
speed, the plot of 7 against the time-to-contact should be
linear, and the deceleration rate should vary over time and
eventually increase. Thus, we determined that 7 and the
deceleration value were consistent when the R? value of
the simple regression line was greater than 0.5. Equation
3 is the formula for the regression line in which z depends
on the time-to-contact.

u=p+1txt 3)

where f is the intercept of the regression line. The slope
of the regression line approximated the constant 7 value
maintained by the porpoise, indicating whether the ani-
mal’s braking was soft or hard during the experimental
time window (~8.1 seconds). We assessed the consistency
of the deceleration value in relation to the time-to-contact
calculating by the R? value of the regression line, with v
as the slope value (Equation 4):

Vi=B+vxt “4)

Fluctuation of swimming trajectories

We assessed fluctuation of trajectories using two
indices: the deviation of the position angles and the
residuals from a linear regression line.

First, the position angle (6) in radians (—r < 8 < 1) indi-
cates the argument of each position (X, y) in the coordi-
nate system. A high variance of the position angle showed
or indicated that the trajectory is highly distorted. Fluctu-
ation occurred when the animal frequently moved its
body or head direction with respect to the target. The
position angles were obtained by dividing the y-coordinate
by the x-coordinate value (Equation 5):

0=tan" 2 (5)
X

The second index employed was the residuals from
the orthogonal regression line (e.g., Carroll and Ruppert
1996), which were fit to the trajectory. A high residual
value predicted that the trajectory was highly distorted,
indicating the trajectory deviated from a linear track. As
the mean value of the residuals was zero, we calculated
the absolute values of the residuals. Statistical analyses
were performed in R 3.5.1 for Windows (R Development
Core Team 2018).
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Results

Approaching behavior of the animal

Figure 2 shows the plot of approaching speed against
time-to-contact value. The mean and SE of the mean
speed for each trial per experimental condition are
shown in Table 2. The speed in the visual impediment
condition was slower than that in the control condition
(Wilcoxon rank sum test; W =217.5, P < 0.001). To ex-
amine whether deceleration during approach varied over
time, we applied a simple linear regression analysis to
the individual plots (gray lines in Fig. 2). Not all of the
regressions were statistically significant. Specifically, 5
of the 18 visual impediment trials (F-test, P < 0.555)
and 6 of the 66 control condition trials (F-test, P <
0.997) were not significant. The mean (and SE) of the
R? values across the regression lines were 0.30 (0.06)
under the visual impediment condition, and 0.40 (0.04)
under the control condition. Thus, deceleration did not

Visual impediment Control
Q@ ©
N o
e - e~
E E _
el u" -1 el
o © I}
) B I}
o Q.
(2] (7]

Time-to-contact (s) Time-to-contact (s)

Fig. 2. The plot of mean and SD per second of the speed (ms™') for
each trial as a function of time-to-contact (s) under the experimental
conditions. The gray lines represent individual plots of the approaching
velocities of each trial.
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remain constant but varied over time.

For further testing, we applied deceleration against the
time-to-contact to additive models with a smooth spline
function (R version 3.5.1 mgcv package, Fig. 3). The
optimum degree of smoothing was defined by the mini-
mum generalized cross validation (GCV). The porpoise
in the two conditions increased its deceleration approxi-
mately 2 seconds before contact with the target. However,
the deceleration pattern differed between the two condi-
tions. Under the visual impediment condition, the por-
poise increased its approaching speed 2 seconds before
the contact and eventually decreased the speed. Under the
control condition, however, the porpoise once increased
approaching speed approximately 7-8 seconds before the
contact and eventually decreased its speed 2 seconds
before contact. The speed when the porpoise contacted
the target was greater under the visual impediment con-
dition than under the control condition.

Figure 4 shows a plot of the 7 with the time-to-contact

Visual impediment Control
o o
< e
=} o
o | o |
a ° | 2 ° |
® o ® o
©°T N ] - N |
$ < % <
o o o i
”w o » o
@ w4 % @
< <
o | o |
Q| © |
Q T T T T T Q@ T T T T T
0 2 -4 6 -8 0 2 -4 6 8

Time-to-contact (s) Time-to-contact (s)

Fig. 3. Smoothed curves of the approaching speed (ms™') averaged
over trials against time-to-contact (s). The estimated 95% confidence
interval are shown by the dotted line with the smoothed curves. The
number df'in s (Speed, df) is the number of degrees of freedom of the
smooth spline.

Table 2. Means and SE of variables during approaching behavior obtained from the harbor porpoise under the
experimental conditions
Visual impediment Control
Variables w
Mean SE Mean SE
Speed (m/s) 0.314 0.004 0.416 0.001 217.5%**
Tau (s) —-1.584 0.033 -1.253 0.009 383.0%
Tau-dot 0.705 0.010 0.616 0.003 791.5%
Position angle SD (rad) 0.133 0.004 0.215 0.001 265.0%**
Residuals (m) 0.037 0.001 0.072 0.0005 180.0%**

Note: W= Wilcoxon test statistic.
*P<0.05, ***P <0.001.
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Visual impediment Control
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Fig. 4. The plot of mean and SD per second of the 7 (s) for each trial
as a function of time-to-contact (s) under the experimental conditions.
The individual plot of the 7 of each trial are shown by the gray lines.
The slope of the regression line (dotted line) represents the constant 7
maintained by porpoise.

Visual impediment Control
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Fig. 5. Trajectory lines during the approaching behavior of the
porpoise. The origin of the trajectories (0, 0) is the position where the
target was displayed. The x- and y-coordinates are the longer and
shorter sides of the pool, respectively.

values. To examine whether the porpoise decreased 7
linearly over time, we applied a simple linear regression
analysis to each individual plot (gray lines in Fig. 4). The
results showed that all regression lines were significant:
the mean and SE of the R? value over the regression lines
was 0.68 (0.04) under the visual impediment condition
(F-test, P <0.001), and 0.74 (0.02) under the control con-
dition (F-test, P < 0.001). The R? values were greater than
those of lines for deceleration in the visual impediment
condition (¢ = 5.34, df = 32, P < 0.001) and the control
condition (¢ =8.17, df =97, P <0.001).

Table 2 shows the mean and (SE) of the constant 7
value maintained by the animal, calculated from the
regression line for each trial per experimental condition:
the values were 0.71 (0.01) for the visual impediment
condition and 0.62 (0.003) for the control condition.
These values were greater than 0.5 (¢ = 34.7, df = 108,
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Fig. 6. The plot of mean and SD per second of the position angle
(rad) for each trial as a function of time-to-contact (s) under the ex-
perimental conditions. The gray lines represent the individual transi-
tions in each trial of the reference index that predicted fluctuation of the
trajectory.
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Fig. 7. The plot of mean and SD per second of the residual value (m)
from the orthogonal regression line for each trial as a function of time-
to-contact (s) under the experimental conditions. The gray lines repre-
sent the individual transitions in each trial of the reference index that
predicted fluctuation of the trajectory. The dotted line with a residual
value of 0 represents the normalized orthogonal regression line.

P <0.001), and 7 under the visual impediment condition
was larger than that in the control condition (Wilcoxon
rank sum test; W= "791.5, P=0.031).

Table 2 shows the mean and SE of the mean 7 value
for each trial per experimental condition. The values
show that over the time series the porpoise perceived
a greater time margin before contact under the visually
impediment condition than under the control condition
(Wilcoxon rank sum test; W =383, P=0.021).

Swimming trajectories

The trajectories of all trials are shown as solid lines in
Fig. 5. The porpoise often swam in a counterclockwise
direction, so that it approached from the first quadrant of
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the coordinate system (dotted line in Fig. 1) with the
target as the origin. Visual observation of the porpoise’s
behavior revealed that under the control condition it
sometimes approached close to the fish and remained in
that position instead of swimming away. From each
position of the coordinates, the time-series change in the
position angle was obtained (Fig. 6). The mean and SE of
the mean standard deviation value of the position angles
for each trial (Table 2) was significantly smaller for the
visual impediment condition than for the control condi-
tion (Wilcoxon rank sum test; W =265, P < 0.001). The
residual distance from the orthogonal straight line to the
target predicted fluctuation in the trajectory (Fig. 7), and
the mean value was significantly smaller under the visual
impediment condition (Table 2) than under the control
conditions (Wilcoxon rank sum test; W= 180, P <0.001).

Discussion

The present study examined the involvement of vision
in the approaching behavior of a harbor porpoise using
stationary targets. The following findings were obtained
from the analysis. The 7 value linearly decreased with
decreasing time-to-contact, indicating the ¢ was approxi-
mately constant, while deceleration varied over time and
eventually increased. The constant 7 maintained by the
porpoise was closer to 0.5 under the control condition
than under the visual impediment condition, indicating
that with no visual impediment the porpoise evaluated its
approach speed and controlled its deceleration appropri-
ately. Additionally, the blindfolded porpoise required a
greater time margin before contact than without blind-
folding. Focusing on the approach trajectories, fluctua-
tions in the trajectories were greater without blindfold-
ing than with blindfolding. Thus, we concluded that the
use of vision aided echolocation sensing and enabled
precise control and alteration of the trajectory during the
approach.

Evaluating the time-to-contact reveals an animal’s
precise control of its behavior while reaching for the
target (Lee et al. 1992). The present results suggest that
the porpoise maintained a constant 7 to control its
approach speed and deceleration behavior toward contact
with the target. Specifically, under the control condition,
the porpoise initially (7-8 seconds before contact)
increased the speed and eventually (2 seconds before
contact) decreased the speed to contact with the target.
However, the porpoise under the visual impediment
condition increased the speed approximately 2 seconds
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before contact and then immediately decreased the
speed. The porpoise was able to contact with the target at
a lower speed under the control condition than the visual
impediment condition, indicating that the porpoise with-
out visual impediment decreased its speed to stop at the
target, whereas the porpoise with visual impediment did
not. With visual impediment, the porpoise could not
measure the time before contact with the target precisely
(i.e., large time margin before collision), causing that
porpoise would immediately adjust its speed near the
contact. Thus, we conclude that visual cues aided control
of its contact with the target.

The lack of visual cues affected changes to the animal’s
trajectory approach. As mentioned in the results, we
found that the porpoise sometimes approached close to
the fish and remained in that position instead of swim-
ming away in the control condition. A similar finding by
Verful et al. (2009) revealed a difference in porpoise
behavior with and without eyecups, such that porpoises
without visual deprivation often turned their body to a
belly-up position to catch fish. These findings suggested
that the use of visual cues increased animal’s maneu-
verability. In the experiment the porpoise with visual
impediment would not be able to measure precise dis-
tance to the target just using echolocation, and thus the
porpoise approached carefully without large fluctuation
of trajectory and speed compared to the control condi-
tion. Thus, the use of visual cues may aid the porpoise’s
performance in approaching.

The influence of blindfolding during locomotion for
porpoises has been documented previously (e.g., Wood
and Evans 1980; Verful et al. 2009). For example,
porpoises with eyecups had slower swimming speeds
(approximately 5 ms ™) than those (approximately 3 ms™)
without eyecups (Verfull et al. 2009). This finding is
consistent with the present results, although the speeds
recorded in the present study were much slower than
those in the previous study. Blindfolded porpoises might
compensate for the lack of vision by increasing the
number of clicks emitted per meter (Verful3 et al. 2005).
Thus, the lack of vision reduces information available,
although echolocation plays a major role in driving
porpoise behavior. We note that approaching behavior in
the present study might have been affected by possible
confounding factors such as the form and size of the tank,
the animal’s acclimation to the task, and its memory of
the target location. To exclude these factors, further
investigation is required to control for these experimental
conditions.
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To conclude, the sensory modalities for wild odonto-
cetes have not been described well except for echoloca-
tion research. Specifically, some species of odontocetes
may approach prey using passive sound cues, such as the
swimming sounds of their prey (e.g., Barrett-Lennard et
al. 1996). It is assumed that most species of odontocetes
have good vision (Mass and Supin 2007), which they use
for approaching and examining objects (e.g., Yaman et al.
2003). Fristrup and Harbison (2002) described that vision
may play an important role in sperm whale predation. The
findings of the present study contribute to understanding
of the primary sensory modalities of wild odontocetes
during approaching behavior. Measuring and comparing
approaching behaviors with an auditory impediment
would provide further insights into how odontocetes use
multi-sensory information.
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