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Beside their haptic function, vibrissae of harbour seals (Phocidae) and California sea lions
(Otariidae) both represent highly sensitive hydrodynamic receptor systems, although their vibrissal
hair shafts differ considerably in structure. To quantify the sensory performance of both hair types,
isolated single whiskers were used to measure vortex shedding frequencies produced in the wake of a
cylinder immersed in a rotational flow tank. These measurements revealed that both whisker types
were able to detect the vortex shedding frequency but differed considerably with respect to the
signal-to-noise ratio (SNR). While the signal detected by sea lion whiskers was substantially
corrupted by noise, harbour seal whiskers showed a higher SNR with largely reduced noise. How-
ever, further analysis revealed that in sea lion whiskers, each noise signal contained a dominant
frequency suggested to function as a characteristic carrier signal. While in harbour seal whiskers
the unique surface structure explains its high sensitivity, this more or less steady fundamental fre-
quency might represent the mechanism underlying hydrodynamic reception in the fast swimming
sea lion by being modulated in response to hydrodynamic stimuli impinging on the hair.

Keywords: hydrodynamic reception; whiskers; harbour seal; sea lion; underwater orientation;
vortex-induced vibrations

1. INTRODUCTION

(a) Pinniped whiskers

Many pinniped species can be considered as opportu-
nistic feeders, hunting on pelagic fishes as well as on
benthic prey, for example flatfish or crustaceans. Simi-
lar to other predatory aquatic mammals such as
toothed whales, seals and sea lions face the problem
that despite their sophisticated visual system [1-3]
they often cannot rely on vision for prey detection
when foraging in dark and/or turbid waters [4].
While dolphins can cope with such conditions by the
use of their active sonar system [5,6], this sensory abil-
ity has not been demonstrated in pinnipeds yet [7,8].
However, the extraordinarily well-developed vibrissae
of pinnipeds have been considered as an alter-
native sensory system that may complement or even
substitute vision during foraging trips [9].

Although the basic morphology of a vibrissal unit in
pinnipeds resembles that of terrestrial mammals like
the rat and the cat [10], they differ from those pri-
marily with respect to the structure of the hair shaft,
the more complex differentiation of the sinus system
and the extraordinarily high degree of innervation
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(for detailed information, see [11]). Especially, the
functional significance of the characteristic structure
of vibrissal hair shafts in different pinniped species
has largely been disregarded so far and thus will be
addressed in the empirical part of this paper. While
the vibrissal hair shaft in terrestrial mammals is
round in cross section, those of all eared seals (sea
lions and fur seals) are slightly flattened and appear
oval in cross section (figure la, relation of the two
ellipse axes 1:1.25). This flattening of the hair shaft
is even more distinct in most, but not all phocid
seals (also called ‘true seals’ or ‘earless seals’) like
the harbour seal, whose vibrissae are almost disc-
shaped in cross section (figure 1a). However, in con-
trast to the smooth outline of the vibrissal shaft in
terrestrial mammals, all eared seals and some phocid
seals (e.g. the bearded seal), the ratio of the major
and minor axes changes periodically along the vibrissal
hair shaft of harbour seals from about 1:2 to 1:4,
thus giving the hair an undulated surface structure
[9,11-14]. Vibrissae of walruses (Odobenidae) resemble
those of eared seals, but are extraordinarily stout and
usually short owing to active touch abrasion.

(b) Active touch in pinnipeds

In contrast to many terrestrial mammals [15,16], the
pinniped species described so far possess only facial
vibrissae, including some almost immobile supraor-
bital vibrissae above each eye and, in most phocid
seals, two rhinal vibrissae vertically situated on the

This journal is © 2011 The Royal Society


mailto:guido.dehnhardt@uni-rostock.de
http://dx.doi.org/10.1098/rstb.2011.0155
http://dx.doi.org/10.1098/rstb.2011.0155
http://dx.doi.org/10.1098/rstb.2011.0155
http://rstb.royalsocietypublishing.org
http://rstb.royalsocietypublishing.org

3078 L. Miersch er al.  Flow sensing whiskers

(@) — >

seal

(Phoca vitulina)

sea lion
(Zalophus californianus)

3%
(o]
o
el ]

N
T
= 150 °
o
? e o0° L4 ° %90 s
g 100 ° e©° O. % ) °
o ° o o o »® ° o
£ 50 ° o
04
25 35 45 55
flow speed (cms-1)
© 25 35 45 55
0 o :
>~ o
o o o o
= o ©° ° or?)o
_8 -2 5 ° ° O ® o
= o o © Y ]
= ¢ o 00q, ° *e
= 3.
¥ 50

Figure 1. (a) Photographic presentation of the structure of
vibrissal hair shafts of the harbour seal (P wvitulina) and the
California sea lion (Z. californianus). The vibrissae are pre-
sented in two views perpendicular to each other: top two,
seal; bottom two, sea lion. The seal vibrissa is flattened and
possesses an undulated shape. The sea lion vibrissa is oval
and smooth in shape without undulation. (b) The basic fre-
quency (in Hz) of whisker hairs in flow as a function of flow
speed (in cm s™Y). (¢) The amplitudes of the dominant basic
frequencies (in V, logarithmic scale) of the whiskers in flow
as a function of flow speed (in cms™!). Most signals of the
seal whiskers possess amplitudes below 3 mV. For (b) and
(¢), black dots represent the data of the seal whiskers and
grey dots the data of the sea lion whiskers. Each point reflects
the mean value of 20 single measurements.

back of the muzzle. However, only the highly mobile
mystacial vibrissae arranged in two pads on both
sides of the snout have been studied so far with respect
to active tactile sensing. Based on single-unit record-
ings from the infraorbital branch of the trigeminal
nerve of harbour seals (Phoca vitulina) and grey seals
(Halichoerus grypus), Dykes [17] suggested that the
vibrissal system of these marine mammals should
allow the haptic discrimination of for example surface
structure as well as macrospatial tactile information
derived from the shape and size of an object [17].
This hypothesis has been verified in the meantime
for species of all three families of Pinnipedia. Fast
and reliable haptic recognition of macrospatial infor-
mation has been demonstrated for size and shape
discrimination in the walrus [18], the California sea
lion [19-21] and the harbour seal [22], whereas tex-
ture discrimination acuity has only been shown for
harbour seals so far [23]. A characteristic of the
haptic process in harbour seals and California sea
lions is that they do not move their vibrissae during
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the exploration of an object, but protract the movable
hairs as far forward as possible and keep them in this
position [20—23]. Thus, these aquatic mammals do
not show any whisking behaviour like that known
from many rodent species [24—26]. However, as rela-
tive motion between the tactile organ and an object
explored is essential for haptic perception [27], seals
and sea lions achieve this by small-scale head move-
ments while the vibrissae are in contact with the
object. This might be different in the walrus that has
been described as moving its whiskers in a forward
and upward sweep when touching an object [18].

(¢) Functional significance of hydrodynamic
information for pinnipeds

While the efficient haptic function of the vibrissal
system of pinnipeds may be important during benthic
feeding, it cannot explain how the animals find pelagic
prey when vision is impeded. As water disturbances
caused, for example, by moving organisms provide a
prevalent and reliable source of sensory information
and many aquatic species developed hydrodynamic
receptor systems [28], Dehnhardt ez al. [29] hypoth-
esized that seal whiskers’ function is analogous to the
fish lateral line. In this study, as well as in follow-up
experiments [11], a harbour seal and a California
sea lion were presented with dipole water movements
generated by a constant-volume oscillating sphere
(hydrodynamic dipole stimuli) positioned 5-50 cm
in front of the vibrissae of the visually and acoustically
masked experimental animal. Absolute detection
thresholds below 1 pm water particle displacement
determined for sphere vibrations around 50 Hz con-
firmed that the vibrissae in both species can be
considered as hydrodynamic receptor systems compar-
able to those of other aquatic species (for comparison,
see [28]). However, although hydrodynamic dipole
stimuli are well suited for the characterization of a sen-
sory system, they are far from being natural
hydrodynamic information, and the seals’ sensitivity
to them cannot explain pelagic prey detection and cap-
ture. While a dipole water movement attenuates
rapidly right after termination of sphere oscillations,
the wake of a swimming fish represents a complex
flow field [30-34] persisting over a considerable
amount of time after the fish has disappeared. Particle
image velocimetry (PIV) revealed that the flow field
even behind a small swimming fish of about 10 cm
body length can show a distinct vortex structure for
at least 30 s and particle velocities above background
noise for more than 5 min [33,34]. Thus, water dis-
turbances in the wake of a swimming fish constitute
a hydrodynamic trail that could be traceable by a pis-
civorous predator equipped with a corresponding
hydrodynamic receptor system as long as the fish is
continuously swimming and other hydrodynamic
events do not disturb the trail. Accordingly, Dehn-
hardt er al. [35] conducted behavioural experiments
requiring the blindfolded harbour seal Henry to
search for and track the hydrodynamic trail of a minia-
ture submarine. Although trails of the submarine lack
the three-dimensional vortex structure of fish trails, the
seal almost spontaneously followed even complex trails
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containing changes in the main course, thus demon-
strating for the first time that hydrodynamic
information can be used for long-distance object
location. Introducing delays between the start of the
submarine and the start of the seal’s search, the
animal was presented with ageing trails, this way simu-
lating trails as long as 40 m. Even with these long
trails, the seal’s trail following was almost congruent to
the course of the trail generator up to its final position.
As during haptic object exploration, the seal protracted
its vibrissae to the most forward position while searching
for and following a hydrodynamic trail, indicating that
this application of the hairs is a general feature for
active tactile sensing in these aquatic mammals. In
experiments with biogenic hydrodynamic trails gener-
ated by a second seal, the tracking behaviour of the
trail-following seal corresponded to that described for
trials with the miniature submarine, but the accuracy
and success of trail following was even better [36].
However, the high accuracy and success rate of hydro-
dynamic trail following can be negatively affected by
the trail generator performing a ‘burst-and-glide’ swim-
ming style [37]. This behaviour has been described for
many fish species [38,39] and, in addition to energy
saving, might also serve as an anti-predation strategy.

Generally fish trails consist of vortices arranged in a
highly complex three-dimensional structure. However,
the specific pattern is strongly correlated with the
body shape and the swimming style of the species
[34,40—44]. As the spatial arrangement of muystacial
vibrissae allows a seal to perform simultaneous
multiple-point velocity measurements in the wake of a
swimming fish from which this three-dimensional vorti-
city can be derived, a seal might be able to read
qualitative information about the trail generator from a
hydrodynamic trail. This has been confirmed in recent
behavioural experiments partly performed under PIV
control, demonstrating that a harbour seal can accurately
recognize the direction of the hydrodynamic trail gener-
ated by a fin-like paddle [45]. PIV analysis revealed that
the seal might have obtained directional information
from the structure and spatial arrangement of the vortices
in the trail and, additionally, from the high water vel-
ocities between two counter-rotating vortices, which
were directed towards the moving direction of the
paddle. Furthermore, the seal was able to discriminate
objects differing in size or shape by their respective hydro-
dynamic signature [46]. Here, PIV analysis suggests that
the seal used the spatial extension of the trail and the size
of single vortices within the wake to discriminate object
size, while shape discrimination could have been based
on the spatial arrangement of the vortices.

Swimming speeds of the harbour seals in our trail-
following experiments were typically 0.5-2ms .
Similarly the swimming speed of grey seals, estimated
under different experimental foraging conditions, was
about 2ms ! [47]. Considering that at this speed,
the pliable vibrissae are protracted to the most forward
position largely perpendicular to the swimming direc-
tion, it remained undefined how these animals are able
to accurately analyse hydrodynamic events in front of
them. Because of the high flow resistance resulting
from their own locomotion, the vibrissal hair shaft
was expected to be bent backwards and, additionally,

Phil. Trans. R. Soc. B (2011)

to vibrate because of vortex shedding from the hair
(vortex-induced vibrations, VIV) However, a recent
study by Hanke er al. [14] demonstrated that the
undulated surface structure and flattening of the hair
shaft described for the vibrissae of harbour seals rep-
resent a hydrodynamic specialization that reduces
hair bending and vibrations. Compared with a circular
cylinder or an oval cross-section whisker of a sea lion,
vibrissae of harbour seals are subject to significantly
lower hydrodynamic forces and thus can glide almost
quiescent through the water. Thus, it can be con-
cluded that harbour seals keep their vibrissae as still
as possible while searching for relevant hydrodynamic
information.

This specialized hair type found in 15 out of 18
phocid seal species (but not in the phocid bearded
seal and the Monk seals, as well as all otariids and
walrusses) seems to be crucial for the perception of
hydrodynamic information while swimming at high
speed. However, the question remains whether those
pinniped species whose vibrissal hair shafts are much
less flattened and smooth in outline are capable of
hydrodynamic trail following when the high flow resist-
ance experienced under such conditions affect the
whiskers. A corresponding experiment with a blind-
folded California sea lion revealed that the animal is
also capable of hydrodynamic trail following and that
its accuracy is thoroughly comparable to that of a har-
bour seal [48]. However, in contrast to harbour seals,
the performance of the sea lion was more affected by
the ageing of the trail, indicating that its whiskers are
less sensitive to decaying hydrodynamic information
inherent in a trail.

Although two hydrodynamic sensory systems devel-
oped in the suborder Pinnipedia, comparative studies
addressing the respective function of different hair
types for hydrodynamic stimulus transduction are still
missing. In the study at hand, we therefore compared
the hydrodynamic properties of isolated whiskers of
harbour seals and California sea lions in a rotational
flow channel and describe their capability to decode a
hydrodynamic event in terms of their signal-to-noise
ratios (SNRs). The data obtained contribute to a
better understanding of the respective sensory function
of the two different whisker types.

2. MATERIAL AND METHODS

(a) Whisker material

Measurements were performed on six single hairs, three
harbour seal vibrissae (P wvitulina; labelled as PvV1,
PvV2, PvV3) and three vibrissae of a California sea
lion (Zalophus californianus; labelled as ZcV1, ZcV2,
ZcV3). Vibrissae used in this study stem from animals
that had died from natural causes about a year before
the study was implemented. The whiskers of a juvenile
harbour seal were provided by the Research Centre
Bisum (University of Kiel, Germany) and the sea lion
whiskers were obtained from the Natural History
Museum Minster, Germany. For each species, vibrissae
of different sizes were used, taken from comparable pos-
itions on the vibrissal pads (row D, columns 1, 2 and 3 in
the harbour seal and columns 2, 4 and 6 in the sea lion).
The sea lion whiskers measured 93.6 mm (ZcV1),
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71.9 mm (ZcV2) and 45.1 mm (ZcV3) in length with a
bending angle of 9—15°. The lengths of the seal’s vibris-
sae were 85 mm (PvV1), 66.5 mm (PvV2) and 50.8 mm
(PvV3), with bending angles ranging from 20° to 35°.
All whiskers were kept under dry conditions and there-
fore immersed in water for 2 h before starting the
measurement.

(b) Experimental set-up

The experimental set-up consisted of two basic com-
ponents: a round fluid tank (diameter 124 cm) and a
steel mounting rack to which the measuring devices
were attached and which served to fixate the whiskers.
To avoid heterodyning of the measuring signals with
external vibrations (e.g. from the drive), both com-
ponents were decoupled mechanically from each other
using heavy weights and vibration dampers. The fluid
tank was filled with water to a level of 20 cm and was
centred with respect to the rack. A 300 W DC motor
served to rotate the tank around its vertical axis, leading
to a rotation of the fluid at a constant angular speed after
an initial break-in phase. Flow velocity in the flume
depended on the radial distance. Angular speed was sur-
veyed throughout the experiments by an optical sensor
at the tank’s fringe. An adjustable holder was attached
to the rack and placed above the flume to mount the
vibrissae and to allow the immersion of the whisker
into the water at variable distances from the axis of
rotation. This way the whisker could be exposed to vary-
ing flow speeds without any further break-in intervals, as
it would occur in a linear tank. Radial variation of flow
velocity within the diameter of the whiskers as well as
within the diameter of the disturbing cylinders was
below 1 per cent.

The whisker was fixed in a hollow piezoceramic
cylinder, which transformed mechanical vibrations
into corresponding electric charge fluctuations. The
transducer was coupled at the base of the hair shaft in
order to incorporate all structural and material par-
ameters of the whisker during the measurement. The
transducer output was connected to a charge amplifier
that generated a voltage proportional to the momenta
present at the root of the hair shaft. In order to assess
comparative measurements, the voltage signal was not
necessarily calibrated to applied absolute forces. The
vibration signal of each whisker was recorded by a
data acquisition card and analysed with the data analy-
sis software LABVIEW (both: National Instruments,
Austin, TX, USA). All whiskers were submerged in
the tank for about two-thirds of their total length. Dis-
turbing effects caused by the air—water interface along
the hairshaft would have appeared as additional noise
contribution to the measured signals in both hair
types and thus both whisker signals were equally biased.

During hydrodynamic as well as haptic reception,
harbour seals and sea lions protract their whiskers
and then usually keep the hairs in the most forward
position. This way, most whiskers in the harbour seal
face a flow field right in front of the animal with
their narrow side, while in the sea lion, the wide side
of the whiskers is directed towards the flow field. In
our experimental set-up, the orientation of the single
whiskers was in accordance with this  sizu situation.
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(¢) Flow measurements

After passing a critical Reynolds number (Re), vortices
detach, alternating from the right and the left side of a
cylindrical object in the flowing fluid. This phenomenon
is called a Karman vortex street. The generation of arti-
ficial and reproducible hydrodynamic disturbances was
achieved by immersing aluminium cylinders in the
flow tank at a depth of 10 cm in front of the vibrissae
at a distance of 5 cm. The cylinders were 100 cm in
length and were either hollow cylinders with a cross sec-
tion of 16 mm or solid cylinders with diameters of 8 and
4 mm. Within a Reynolds number range of 300—10 000,
the Strouhal number is constant (St = 0.2). With the
knowledge of the characteristic width (cylinder diam-
eter) D and flow speed U,, the frequency of vortex
shedding from the cylinder f;s was calculated using
the equation St=fysxD/U,. The Karman vortex
street behind a cylinder is suitable to serve as a model
for alternating patterns of water movements as generated
by fish, although it differs from the hydrodynamic trail of
a swimming fish in that it is not three dimensional, and
rotation direction is inverted. For additional measure-
ments with sea lion whiskers, a flat, rectangular profile
(40 mm wide, 2 mm thick and 50 mm long) was used
to generate a hydrodynamic event causing the collapse
of the vibrissal self-oscillation.

Each of the six vibrissae was used to detect the vortex-
shedding frequency fys of the Karman vortex streets
generated by the different cylinders. Every measurement
was repeated at three different flow speeds within the
maximum range of the flume from 15 to 55 cms .
Datawere collected over a time interval of approximately
120 s. The first 60 s served to record the wanted signal
including noise with the cylinder fixed upstream of the
vibrissae. Then the cylinder was removed. Continuous
monitoring of the vibrissal signal allowed us to wait
until the residual wake of the cylinder was attenuated.
After a delay of usually 10-20s this way, only the
noise was recorded for another 40—50 s.

A quantitative comparison of sensors, in our case
the two different whisker types, can be achieved by cal-
culating their SNRs. The SNR describes the quality of
the transmission of a wanted signal that is overlaid by
background noise. It can be defined as the ratio of the
mean power of wanted and noise signals. The mean
power of wanted and noise signals was determined
by the root mean square (RMS) of the voltage
output of the charge amplifier.

(d) Data analysis
For signal conditioning, a notch filter blocked the 50 Hz
noise of the mains electricity in the whisker signal. Then
the whisker signal passed through a high-pass filter
(fifth-order Butterworth), which blocked additionally
all frequencies below 70 Hz. Finally, the maximum fre-
quency and its amplitude were extracted out of the
filtered whisker signal by means of a fast Fourier trans-
formation (FFT) algorithm (sampling rate: 10 kHz,
sample length: 1024, frequency resolution less than
1 Hz, window: Hanning). This frequency is caused by
VIVs, which were identified and characterized that way.
In parallel, but before high-pass filtering, the signal
was fed into a low-pass filter (fifth-order Butterworth),
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which blocked all frequencies above an adjustable
threshold (usually 20 Hz). Hence, this extracted signal
reflects the comparatively low frequency of vortex shed-
ding from the cylinder (fys). Every frequency and
amplitude values for further processing were obtained
by automatic averaging over 20 samples of single values.

To determine the SNR, the signal was tapped before
and after the low-pass filter. The effective amplitudes
(RMS) of the signal parts in the time domain were
used to calculate the SNR. The SNR can be calculated
in two different ways. If the signal is large and the noise is
comparatively small (S > N), the wanted signal usually
contains the noise, which can be neglected (S + N~ S,
when S > N). In this case, the noise value has to be
measured with no signal present, which means without
disturbing the cylinder in the flow tank. This procedure
was used with seal whiskers. However, if the noise level
is higher than the signal (S < N), the signal has to be
filtered out by a band-pass filter. Then, for the determi-
nation of the SNR, the noise can be provided by using
the unfiltered signal, which also contains the wanted
signal (N ~ N + S, when N > S). This procedure was
used with sea lion whiskers.

3. RESULTS AND DISCUSSION

(a) Vortex-induced vibrations

Excluding any artificial flow perturbation by immersed
cylinders, only forces induced by the laminar flow on
the whisker occur, such as VIV. The measured ampli-
tude of these vibrissal oscillations is proportional to
the force acting on the hair and thus reflects the intensity
of fluid—structure interaction. Spectral analysis via FFT
showed the existence of a dominant frequency depend-
ing on whisker length and flow speed. The frequency
varied between 47.6 and 192.6 Hz at a flow speed
range from 17 to 52 cm s~ ! as demonstrated in figure
16. The amplitudes ranged from 0.06 to 13.98 mV for
seal whiskers and from 0.02 to 723.20 mV for sea lion
whiskers. There was no significant difference between
the hairs of harbour seals and sea lions in frequency
dependence as a function of flow speed. In both species,
a positive trend for higher frequencies at higher flow
speeds was observed. Owing to differences in whisker
size, length and curvature, the pooled data show a
large variation. For a detailed analysis of a relation
between oscillation frequency and the length of a whis-
ker or between frequency and flow velocity, more data
have to be obtained. The dominant frequencies docu-
mented for sea lion vibrissae are more intense than
those of the harbour seal. Whereas the majority of fre-
quencies measured for harbour seal whiskers possess
amplitudes below 3 mV, frequencies of sea lion whiskers
reached values approximately 10 times higher (figure 1¢).
Thus, the forces acting at the base of a seal whisker were
on average more than 10 times lower than those at the
hair base of a sea lion whisker. Hence, flow-induced
vibrissal oscillations occurred with both vibrissal types,
but the intensity of the oscillation was about a magnitude
smaller in seals compared with sea lions.

(b) Detection of hydrodynamic disturbances
One aim of this study was to show the ability to detect
hydrodynamic disturbances with isolated pinniped
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Figure 2. Vortex shedding frequencies (fys in Hz) of the
Karman vortex streets generated by a cylinder theoretically
predicted for as well as measured by (a) seal whiskers
(PvV1l, PvV2, PvV3) and (b) sea lion whiskers (ZcV1,
ZcV2, ZcV3). Black bars represent the frequencies deter-
mined from the vibrissal signal. Grey bars show the
expected values calculated by means of flow velocity and
cylinder diameter (16 mm). Above each value pair, the
flow velocity (in cm s~ ') at which the data were obtained
and which was used for the calculation is indicated.

vibrissae and to characterize their sensory performance.
By analysing the vibrissal signal, the measured fre-
quency of vortex shedding (fys) produced by the
cylinders was extracted and could be compared with
the calculated value. Corresponding pairs of calculated
and measured frequencies for each whisker at different
flow speeds using the perturbing cylinder with a diam-
eter of 16 mm are illustrated in figure 2a,b. Over a
flow speed range from 18 to 45 cm s~ ', the deviations
of calculated and measured frequencies were less than
30 per cent. The result of the sea lion’s whisker ZcV2
at a flow speed of 18 cms™! was deviating owing to
unknown reasons. Generally, f;s increases with higher
flow speed. Tests with cylinders of 4 and 8 mm diameter
revealed equivalent results. The mean amplitudes of fi;g
were 5.3 mV for seals and 7.7 mV for sea lions.

Using the hydrodynamic disturbances investigated
in this study as a model for the vortex structure present
in a fish trail, one can conclude that the whiskers of
both species are capable of perceiving basic character-
istics of a wake, such as frequency and amplitude.
Because the generated perturbing signals were the
same for both whisker types, the intensities of corre-
sponding deflections of the whiskers were expected
to be similar. However, the measured amplitudes for
the sea lion vibrissae were slightly higher, which
could be due to a higher stiffness of these vibrissae
that would result in a stronger coupling of the forces
exerted by water disturbances to the force sensor at
the base of the vibrissae.

(c) Signal-to-noise ratio

The sensory performance of a whisker as a hydrodyn-
amic signal detector can be described by its SNR as
displayed in figure 3 for the investigated whiskers. The
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performance of the harbour seal whiskers contrasts ©
strongly with the performance of the sea lion whiskers. ‘ T .
The SNR during the detection of a hydrodynamic dis- 0 50 100 150
turbance for isolated seal vibrissae is much higher than frequency (Hz)
for isolated sea lion vibrissae. In seals, the SNR values () 20
of the whiskers were mostly positive, adopting a mean
value of +7 dB in comparison to the whiskers of the s
sea lions that possess an averaged SNR of —9 dB. 8
These results hold regardless of flow speed or cylinder o 10
diameter. Z
Both hair types successfully detected the generated
vortex-shedding frequency, but the vibrissae of seals 0

showed a much better performance in terms of SNR.
This can be explained by the 10 times lower VIVs in
seal whiskers. These vibrations were part of the noise
level. Since the generated hydrodynamic disturbances
induced comparably intense measuring signals, higher
noise lead to smaller SNR values in sea lion whiskers.
Thus, at this point, it has to be preliminarily concluded
that seal whiskers are the better system at least for the
detection of Karman vortex streets. In harbour seals, it
was previously shown that the undulated surface struc-
ture of the whiskers efficiently suppresses the
generation of VIVs at the whisker [14]. The present
results indicate that the effective reduction of dynamic
forces acting on the hair shaft leads to substantial
noise reduction (cf. [49]). As a consequence, a seal
whisker should be largely undisturbed even when the
animal is swimming at high speed during prey pursuit.
Accordingly, we could show that the signal at a seal
whisker directly reflects an external hydrodynamic
event without the need of extracting the noise produced
by VIV.

However, high noise signals of sea lion whiskers can
be interpreted in a different way and thus may reveal
the mechanism underlying hydrodynamic reception in
the fast-swimming sea lions. Each noise signal contained
a dominant frequency, which depended on flow velocity
(figure 4a,b). We suggest that this frequency acts as a
carrier signal and thus should not be interpreted as
noise. Instead, this more or less steady fundamental fre-
quency should be modulated by a hydrodynamic event
impinging on the hair, for example a vortex, and this
modulation would be the crucial information for the
sea lion. To test this hypothesis, additional measure-
ments were made with the sea lion whisker ZcV2. In
order to suppress the fundamental frequency, artificial
hydrodynamic events were not produced by cylinders,
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Figure 4. Additional measurements of a California sea lion
whisker assuming a modulated carrier signal. All results
were obtained from the sea lion whisker ZcV2. (a) Ampli-
tude (in mV) of the signal including the carrier for one
exemplary measurement at a flow speed of 53 cms™'.
(b) Frequency distribution obtained by spectral analysis of
the measurement illustrated in (a) with a peak frequency at
114 Hz. (¢) Signal-to-noise ratios (in dB) with the carrier
frequency defined as the wanted signal.

but by a flat perturbing body located at a distance of
about 5 cm upstream of the vibrissa. This strong turbu-
lence caused the carrier frequency to collapse. Without
the characteristic carrier signal, the remaining measur-
ing signal was defined as noise. After removing the
perturbing body, fluid movement returned to laminar
flow and the incipient carrier signal was exploited as
the desired signal level. Hence, new SNRs resulted
from these measurements, which were similar to those
of seal vibrissae (figure 4c¢). At a mean value of
+13 dB, they appear even better than in seals; however,
the experimental conditions were not the same, and a
complete breakdown of the carrier signal may rarely
occur in nature.

Besides the perception of external fluid fluctuations,
the existence of a flow-depending carrier frequency
holds additional information. A calibration of this
frequency as a function of flow speed should enable
the animal to determine the velocity of its self-motion
relative to ambient water. This might be useful for
navigational tasks such as path integration. Correspond-
ing measurements are currently being conducted in our
laboratory.
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4. CONCLUSIONS

This study indicates that the different types of vibrissae
of harbour seals and California sea lions use different
mechanisms for the detection of external hydrodynamic
information. Seals maximally reduce the whisker’s basic
noise by means of an undulating surface structure of the
hair that optimizes its SNR and thus enhances sensory
performance [14,49]. In contrast, the sea lion’s whis-
kers were shown to possess a basic carrier signal. By a
modulation of this signal through external stimuli,
they could gain information about the hydrodynamic
event. Both mechanisms enable the respective animals
to orient themselves in the marine environment, for
example, when tracking fish trails while foraging
[35,37,48]. Although, finally, the SNR values of seal
and sea lion whiskers were similar, differences in tem-
poral resolution might occur between species. In sea
lions, each external event causes the destabilization of
the carrier signal. The carrier frequency at the whisker
has to recover before a new modulation can occur,
that is, before a new hydrodynamic event can be per-
ceived. This effect of the transient recovery time
probably reduces the temporal resolution of the whisker
while scanning for hydrodynamic information. A deficit
in temporal resolution will also cause an impaired
spatial perception of vortex patterns in the moving sea
lion and thus might explain why the hydrodynamic
trail following in this species is more affected by the
ageing of trails [48]. However, as the sea lion in the
study by Gléser et al. [48] still performed well during
hydrodynamic trail following, further studies are
needed on the information a sea lion can read from a
trail, for example trail direction as well as the geometry
of the trail generator, as has recently been shown for
harbour seals [45,50].

(a) Biomumetics and future divections

The mechanism to suppress VIV by modifying the
shape of a cylindrical structure may have enormous
biomimetic potential (cf. [14] and references therein).
Nature-inspired examples of flow-controlling or
flow-influencing shapes were already deduced from
humpback whale flippers [49,51,52]. Owing to their
undulated leading edge, stall is delayed. Applications
of biomimetic flow control in engineered propellers
have been considered [49].

Besides the design of technical constructions with
improved behaviour while exposed to fluid flow, sen-
sory applications are a focus of further investigations
of pinniped vibrissae. In particular, flow sensors in
marine robotics could support already existing tools
for orientation and navigation. The correlation of
carrier frequency and flow speed offers a technical
usage as a velocity sensor. However, in order to
combine hydrodynamic and velocity perception, the
modulation process in sea lion whiskers has to be
analysed in more detail. Morphological and biomecha-
nical parameters have to be studied in order to build
artificial whiskers which technically satisfy the charac-
teristic requirements of aquatic environments (cf.
[53]). We suggest that in contrast to a single hair, a
complete whisker pad providing a sensor array will
be suitable for instantaneous volume measurement
and gradient analysis.
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