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Abstract

Pit building antlions Euroleon nostras have been submitted to artificial cues in order to delineate their faculty to localize a
prey. Series of propagating pulses in sand have been created from an extended source made of 10 piezoelectric transducers
equally spaced on a line and located at a large distance from the pit. The envelope of each pulse encompasses six oscillations
at a carrier frequency of 1250 Hz and up to eight oscillations at 1666 Hz. In one set of experiments, the first wave front is
followed by similar wave fronts and the antlions respond to the cue by throwing sand in the opposite direction of the wave
front propagation direction. In another set of experiments, the first wave front is randomly spatially structured while the
propagation of the wave fronts inside the envelope of the pulse are not. In that case, the antlions respond less to the cue by
throwing sand, and when they do, their sand throwing is more randomly distributed in direction. The finding shows that the
localization of vibration signal by antlions are based on the equivalent for hearing animals of interaural time difference in

which the onset has more significance than the interaural phase difference.
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Introduction

All vertebrates possess auditory senses and have been exten-
sively studied in their capacity to hear, select and differenti-
ate auditory sources (Popper and Fay 2014). The human
hearing is particularly studied for obvious anthropocentric
reasons that encompass not only health and medicine but
also military purposes and more than all the video and
audio business (Blauert and Braasch 2020). Some verte-
brates enrich also their audio sensory life with an extension
to vibration senses (e.g., some marsupials, golden moles,
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some rodents and elephants (Narins et al. 2016). Arthropods
on the other hand do not all possess sensory organs for air-
borne vibrations but some are equipped for the detection of
vibrations propagating at the surface of solid or liquid media
(StrauB3 et al. 2021). The functional reasons for such sens-
ing remain quite similar to the vertebrate life: for intraspe-
cific communication, to distinct between friend or foe and
to identify a source of vibration i.e. to identify and localize
a prey. To identify a prey suggests that a prey possesses its
own auditory or vibratory signature, to localize it requires a
spatially extended sensory device that enables the recogni-
tion of a spatial environment. In that matter arthropods sen-
sitive to airborne vibration possess different physiological
responses compared with human ears. With insects one has
to consider two categories of organs: those that respond to
particle velocity components, the others responding to pres-
sure. One has also to keep in mind the huge scale difference
between the wavelength of the signal being way larger than
the their head or body spatial extent (Romer 2020). While
directionality of airborne mechanical signals in arthropods
has been well studied, localization of sources of mechanical
signals transmitted by fluid or solid media was given less
attention (Cocroft et al. 2014). Several studies demonstrate
that arthropod species are able to localize vibrational signal
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source in solid media (Virant-Doberlet et al. 2006; Hager
et al. 2019). Two main strategies are employed by arthropods
in this regard, klinotactic directional orientation (comparing
measurements over time) or tropotactic directional orienta-
tion (simultaneous comparison of signals arriving at two or
more receptors) (Hager et al. 2019).

We address in the present paper an analysis of the locali-
zation capacity of substrate borne vibrations of the antlion
larvae Euroleon nostras when the source of vibration is at
large distance from the prey. The larvae are sit and wait
predators that live on catching prey falling down into their
trap. Alerted by the avalanche caused by this fall, the arrival
of solid material (sand particles) on any part of the body
of the antlion larvae makes a good enough signal. Often
the success of catching prey relies on the determination of
throwing sand from the bottom of the trap, apparently in any
direction, which works sufficiently well for the first shov-
elling since the sand funnel is quite unstable but does not
work that well in a repeated gesture of sand throwing, unless
the antlions aims at the prey. It is worth noting that cues
external to the pit also induce an attack behavior (Devetak
et al. 2007; Martinez et al. 2020). Aiming the prey means
that the antlion recognizes where its signal comes from. To
address this question, experiments have been performed with
natural prey placed outside of the sand funnel with antlions
that have been obliterated of their visual sense (Mencinger-
Vracko and Devetak 2008). Also, experiments with artificial
cues placed inside the sand trap have been performed by Fer-
tin and Casas (2007). In both experiments, the antlion throws
sand in the direction of the prey or the cue. Those preys or
cues are fairly modelized as point sources. These experi-
ments conclude to a faculty of stereo sensing the vibrations
emitted by the prey, i.e. tropotaxis. Tufts of hair on lateral
parts of the mesothorax and methathorax of antlions are very
likely to detect vibrational signals (Devetak 2014).

The present experiment brings a refined conception of
spatially discriminating a vibration signal by the use of an
artificial cue produced by a spatially extended source. The
antlions were submitted to an artificial cue coming from a
line of emittors. Each emittor is a piezo-electric transducer
(PZT) with each PZT equaly distant to another. The ensem-
ble is similar of a phased array used in radar systems or
ultrasonics sonar systems. In a first set of experiment all of
the PZT were driven in phase and produced a plane wave.
In a second set of experiment the same device was used
with a phase delay between the PZT in order to structure the
first wave front of the signal. For each set of experiment the
attack behaviour, i.e. sand tossing in response of the cue was
observed and analysed in its direction and occurrence. These
two sets of experiments differed essentially by one feature:
or all the wave fronts inside the envelope of an emitted pulse
followed each other identically, that is the first set of experi-
ment, or the wave fronts inside a pulse followed identically,
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except for the wave front ahead of the pulse. This difference
was at the basis of this study: to discriminate in the time dif-
ference of arrival of the signal considered to be the support
of the spatial localization. If it is the time interval between
two successive wavefronts, i.e. a phase time delay, the equiv-
alent of the interaural phase difference (IPD) in airborne
acoustic, or if it is the time interval of arrival of the first
outbreak, i.e. the onset time difference (OTD), that is operat-
ing in the spatial localization. One can find similarities in the
method developed in the present paper with those used in a
recent study of the faculty of directional hearing in the fly
Ormia ochracea (Mason 2021). While in this last study the
responses to stimuli were investigated in behavior, mechani-
cal and neural physiology, our study was restricted to the
behavioral responses only. One emphasizes that, counter to
airborne acoustic, the physical specificity of soilborne signal
propagation had to be taken into account. In particular, the
phase velocity differs from the energy propagation velocity
of the wave. In this extend, physical considerations of inter-
est in the field of biotremology can be found in Michelsen
(2014), Mortimer (2017), PreSern et al. (2018).

Material and methods
Construction of the artificial cue

The device is presented in Fig. 1: the extended source of
vibration is a line of ten piezo electric transducers (PZT)
(Murata PKMCS0909E4000-R1) soldered on an electronic
stripboard (Fig. 1A). The centers of the PZT are 10.3 mm
mutually distant. The line of PZTs, now referred as the
antenna, was placed at an extremity of a container (size:
52 cm X 24 cm filled with 7 cm deep sand with the PZTs fac-
ing down the sand surface (Fig. 1B). The experiments were
conducted in parallell in Villetaneuse (France) and Maribor
(Slovenia). In Villetaneuse, two similar copies of this device
have been made and installed in a 40 dB sound isolated
chamber with an anechoic wall separating each device. Two
similar copies of the device were used in Maribor as well.
The PZTs were submitted to a square signal with a 600
or a 800 microsecond period. The ensemble was connected
to two microprocessors (Arduino Uno), one driving a digital
potentiometer defining a time window, the other producing
a square signal for each PZT (see Supplementary Material-
Stimuli). Considering that the frequency range of surface
wave propagation in sand is upper bounded around 4 kHz
(Podlesnik et al. 2019), all harmonics of the square signal
were damped, ensuring that only the fundamental frequency
propagates in the medium. The fundamental frequencies of
both square signals are within the range of the carrier fre-
quency of the vibration signal produced by an ant walking on
the sand surface (Fertin and Casas 2007; Devetak et al. 2007,
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Fig. 1 Views of the device producing the artificial cue. a Antenna
constructed with ten PZTs soldered on a stripboard. b Ensemble of
the set-up: a antenna under a thin layer of sand, b holding a v2 rasp-
berry camera, ¢ plastic arena encompassing an antlion

Martinez et al. 2020). The amplitude of vibration of each
PZT has been calibrated with a PDV 100 laser vibrometer
(Polytec, GmbH, Waldbronn, Germany). The ensemble was
assuring a vibration amplitude of a few nanometers at a dis-
tance of 15 cm away from the antenna. Considering a phase
velocity of 120 ms~! at the frequency of 1666 Hz (600 ps)
period or 1250 Hz (800 ps) period the wavelength of the
propagating signal is between 7 to 10cm. The amplitude
of each PZT has been measured by laser velocimetry and
leveled to a same amplitude. The overall amplitude of the
resulting surface wave was kept in the 1-5 nanometer level, a
value for which one is ensured of the response of the antlion
within minutes at the start of the cue (Martinez et al. 2020).

Like in optics, albeit each PZT emittor is a source radi-
ating equally in any direction, the sum of all these waves
results in a propagation of a plane wave at distance of a few
wavelengths beyond the PZT array. The cue was built with
temporal windows opened in a duration of 5 milliseconds.
Inside this temporal window a number of wave fronts propa-
gate. The number of wave fronts are 6 in the case of a signal
of 1250 Hz carrier frequency and is 8 in the case of a signal
of 1666 Hz carrier frequency. These figures are consistent
with the number of wave fronts occurring in the oscilla-
tion of the sand layer caused by the gait of an ant (Fertin
and Casas 2007). This wave form is thereafter designated

500 1000 1500 2000
time in sampling unit (1/48000 s)

Fig.2 A sequence of two pulses with a carrier frequency of 1666 Hz.
The red line is the square signal. The magenta lines are the time enve-
lopes. The blue line is the actual signal recorded by a mems micro-
phone sinked in the sand

as a pulse (see Fig. 2 and Fig. SM2). The pulses were sepa-
rated by time intervals randomly distributed between 20 and
30 ms. These time intervals has also been inspired by Fertin
and Casas (2007). The details of the procedure are given in
Supplementary Material-Stimuli.

Figure 3 is a simulation of the wave front propagation at
the instant where the incoming wave front hits the antlion. In
Fig. 3a, one sees the first wave front coming at the z coordi-
nate where the antlion sits. Figure 3b is at a time successive
to the first wave front arrival. Both situations inform about
the same directionality. It is on that account impossible to
discriminate between the OTD or IPD triggering the reac-
tion of the antlion.

On the other hand, when the extended source of vibration
is used as a phased array (Visser 2005), by the fact that the
pulse time interval does not produce an equiphase surface
at the entrance (as in the exit) of the pulse, the signals for
OTD and IPD differ qualitatively. Such phased array works
on the principle of an addition of a given phase to the signal
driving each emitter with respect to the adjacent emitter on
one side. This phase shift is transmitted along the line: here
each PZT vibrates with a delay of 100 us with respect to
the one on its side. This causes, by the addition of the indi-
vidual wave fronts, a propagation of a corrugated wave front
directed with an angle to the antenna axis. Figure 4 and Sup-
plementary Material—Animation show the aspect of the first
surface wave hitting the body of the antlion. Distinctively
from the wave front propagation with all the PZTs vibrat-
ing in phase, this wave front is structured along the body of
the antlion. The subsequent wave fronts are showing more
regularity. In Fig. 4 the position of the antlion is chosen to
exhibit the maximum of difference in order to illustrate the
following consequence of this wave front construction. By
the fact that the propagation is coming by pulses with ran-
domized time interval between pulses, the initial phases of
the pulses are equally distributed. As a consequence a pulse
like the one illustrated in Fig. 4a can be followed by another
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Fig.3 A plane wave is constructed by the synchronous vibration with
a period of 600 ps of 10 PZTs aligned with the horizontal axis and
regularly placed 1.03 cm apart one for each other. The propagation
of the plane wave is mainly in the direction perpendicular to the line
of the PZTs. a the first wave front arrives at the level of the antlion
body; b another wave front arrives at the level antlion body

pulse with an opposite phase and hence an opposite contrast
of amplitude when it hits the antlion, as displayed in Fig. 4b.
De facto, the succession of the global phase of the propa-
gating wave is random in the succession of pulses. Hence,
the amplitudes ridges of the onset waves are randomly dis-
tributed around the body of the antlion. If the information
of localization was based on time difference of arrival of
successive wave fronts on the respective sensory receptors,
the jamming of the first arrival of the wave front would be
of little consequence since it is followed by five to seven
plane wave fronts. On the other hand if this time difference
of arrival was based on the onset time difference, the signal
received by the antlion being different from one pulse to
another, the retrieved information would be equivocal. This
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Fig.4 A wave is constructed by the synchronous vibration of 10
PZTs aligned as explained in the caption of Fig. 2. Here a time delay
of 100 microseconds is imposed between to adjacent PZTs. As a
result, the wave propagation is deformed with respect to the normal
of the PZT line. a Propagation with some initial phase; b propagation
with a 180° phase with respect to the phase in a

is the basic principle of the tests on which the antlions have
been submitted.

Experimental protocol

Experiments have been performed in Maribor with 25 ant-
lions Euroleon nostras in sand of granular size 230-540 pm
and in Villetaneuse with 46 antlions Euroleon nostras in
sand of granular size 160—200 pm, all in their third larvae
stage. The antlion larvae develops through three stages.
We kept on the third stage exclusively in order to align the
results between the Villetaneuse and the Maribor experi-
ments, though we realized afterwards that there was a dif-
ference of environment: the sand grains in Maribor was of
larger size compared to the one used in Villetaneuse. This
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difference of size could have had a consequence in terms
of rate of responses, as it has been studied by Klokocovnik
et al. (2012). Both experiments used the same source of
vibration placed 10 to 15 cm away of a single antlion larva.

An assay consisted to install one antlion inside a 10 cm
diameter plastic ring, placed 15 cm away from the antenna
and wait until it had created a pit. A minimum of five min-
utes later the plastic ring was removed of the sand surface.
The video recording of was then started and the signal
was triggered 40 min after. A signal consisted in five min-
utes repetition of a low amplitude signal pattern (around 1
nanometer amplitude) followed by five minutes repetition
of a higher amplitude pattern (around 10 nanometer ampli-
tude). The signal pattern is described in the section construc-
tion of the artificial cue.

In Villetaneuse, 36 individuals have experienced a con-
trol test for both situations (antenna with PZT oscillating in
phase, antenna with PZT oscillating with a time delay). This
control test consisted in setting the voltage to zero for the
command of the pulse time window: hence, all pulses were
with zero amplitude: this was to ensure that, despite eventual
noises generated by the microprocessor and microcomputer
powered up, no stimuli were present. All the experiments
in Villetaneuse have been realized inside an acoustic cham-
ber with 40 dB isolation for frequencies above 1000 Hz.
In Maribor, the experiment was carried out in an anechoic
chamber and the containers with sand were placed on vibra-
tion-free table. The measurement consisted in two observa-
tions: (i) the direction of sand tossing, considering the sand
tossing correlated to the cue if this action was taking place
in the time interval of the cue, (ii) the orientation, abdomen
to head, of the antlion at the moment of sand tossing. The
angular reference was the normal to the line of the antenna
with the zero angle corresponding to sand tossed towards
the antenna. Angles are positive in the clockwise direction.

The Villetaneuse experiment has been performed during
five months, from July to November 2019. With the antenna
in phase, 28 antlions have been submitted to the cue with
the antenna emitting in phase generating a total of 443 sand
tossing events while 28 antlions have been submitted to the
dephased cue generating a total of 360 sand tossing events.
Ten antlions have experienced both cues. Both assays were
identical in numbers. The Maribor experiment has been per-
formed during three months, from July to September 2020.
25 antlions have answered to the cue with the antenna emit-
ting in phase with a total of 322 sand tossing events.

Data analysis

The GLMM analysis (R Core Team 2022) was used to con-
firm that the frequency of sand tossing by the antlion larvae
was in correlation with artificial vibratory cue presented
to the animals in comparison to the control test, in which

the signal was played with zero amplitude (N = 36). A ran-
dom sample consensus (RANSAC) algorithm (Fischler and
Bolles 1981) has been applied to the entire data respectively
for the assays realized with the antenna emitting in phase
and for dephased signal (time delay between the PZTs). It
demonstrated a strong correlation between the sand toss-
ing directions and the abdomen-to-head orientations: one is
mainly in the opposite direction to the other, irrespective of
the direction of propagation of the cue.

Circular statistics have been performed with the JASP
circular statistics module (JASP 2023) and the astropy.stats.
circstats module (Astropy Collaboration 2022) for the abdo-
men-to-head orientations of the antlion larvae and the sand
throwing directions. We analysed data for the assays realized
with the antenna emitting in phase (with carrier frequencies
of 1250 and 1666 Hz) and with a time delay between the
PZTs, separately for a carrier frequency of 1250 Hz and a
carrier frequency of 1666 Hz. The variables that we retained
are angle mean value, mean resultant length, variance, Ray-
leigh test of uniformity, estimated x parameter of the von
Mises distribution and correlation between the abdomen-to-
head direction and the sand tossing direction.

Results

For 36 antlions submitted to the control test and the actual
test, the GLMM analysis based on this binomial variable
has a )(12 = 14.02 with P < 0.001. The control test evidences
that the sand tossing actions measured in the time window
of the cue are correlated with the cue. Figure 5 represents
the sand tossing direction versus the antlion abdomen to
head orientation when the cue produced by the antenna cor-
responds to a surface wave propagation with all the emit-
ters oscillating in phase, as explained in Fig. 2. At the car-
rier frequency of 1666 Hz, 285 events are considered (all
recorded in Villetaneuse) and at the carrier frequency of
1250 Hz, 480 events are considered (158 in Villetaneuse
and 322 in Maribor). One expects to observe a correlation
between the sand tossing direction and the body orientation
of the antlion. The question is to see if this correlation is
regardless of the propagation direction of the cue. It has been
observed in a precedent experiment that the projections of
sands are mainly head to abdomen with an aperture angle of
120° angular (Martinez et al. 2020). If there is some plastic-
ity in this behavior, one would notice some discrepancy to
this behavior. The RANSAC algorithm evidences a reflexive
head to abdomen sand tossing movement in both situations,
irrespective of the body orientation of the antlion and of the
type of cue. The results are shown in Fig. 5: (b) is similar
to (a) with a cue tilted in orientation as explained in Fig. 4.

@ Springer
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In the case of the antenna emitting in phase, polar dis-
tribution in the form of stacked points of abdomen to head
body orientation for fixed sand tossing directions have been
considered. Figure 6 are the polar distributions of the abdo-
men to head orientation for the four sand tossing directions
0°,90°,180° and 270° (see Table 1 for the descriptive statis-
tics). The O ° projection direction bears the largest amount of
sand tossing and has the more unimodal distribution for the
abdomen to head position: for 207 tossings, 135 are aiming
at one direction only, the other 72 are a part of a multimodal
action (a repetition of sand tossing alternating between two
or more directions). On the opposite direction, i.e., when
the sand is tossed in the 180° direction, the distribution of
body orientations looks bimodal. In this case, over 26 sand
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Fig.6 Polar distribution by stacked points of body orientations in
correspondence with sand tossing directions for the respective direc-
tions: 0°, 90°, 180°, 270°. The sand tossing directions are defined
within +18°. (a) 0° (number of sand tossing events = 207), (b) 90°
(number of sand tossing events = 49), (c) 180° (number of sand toss-
ing events = 26), (d) 270° (number of sand tossing events = 78)

tossings, only one aims at one direction only, all the oth-
ers are one of two directions of sand tossing that actually
alternate in directions. For the antenna in phase experiment,
among the total of 765 events, 390 are made of more than
two repetitions in one direction, 200 are bimodal and 174 are
multimodal (a repetition of sand tossing alternating between
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3 directions or more). Complementarily, for a given body
orientation, the alternate movement of sand tossing is highly
dependent on the orientation of the antlion body with respect
to the direction of the wave propagation. Only when the
antlion orients itself with the head opposite to the phased
array does it throws sand repetitively in a single direction.
All other body orientations yield an alternate sand tossing
fairly symmetric with respect to the body orientation and
with a lesser amount of activity. The results for some angle
of abdomen to head directions are summarized in 7. For the
clarity of the data display, all body orientations within a
10° angular spread around the designed body direction have
been taken into account and have been converged to a single
direction with the accompanying angular shifts for the sand
tossing directions.

Figure 8 displays the polar histograms for the abdomen
to head antlion positions (left part) and the sand throwing
directions (right part) respectively (a) for the antenna emit-
ting in phase, (b) emitting with a time delay of 100 micro-
seconds between adjacent PZTs with a carrier frequency of
1250 Hz and (c) with a carrier frequency of 1666 Hz. The
same results are displayed in polar diagrams of stacked
points in the Supplementary Material, figure SM4. If sensi-
tive to the direction of the wave front propagation, the expect
mean direction vector for sand tossing for the (b) and (c)
situations are most likely within the 306°-342° sectors.

0/360 0/360

270 90 270 920
180 180
(a)#123 (b)#77
0/360 0/360
270 90

180 180

() #6 ) #17

Fig.7 Number (#) and directions of sand tossings for given antlion
abdomen-to-head body orientations with respect to the oriented nor-
mal of the phased array: (a)180°, (b)90°, (¢) 0°, (d) 270°

Body orientation Sand tossing direction

0/360 0/360
(a)

Fig.8 Polar histograms with surface of the sectors proportional to
the events. The binning is 20: a sector emcompasses 18°. Left part:
abdomen to head antlion positions visualized at the moments of sand
tossing action. Right part: sand tossing direction. a The PZTs of the
antenna emit in phase, b the PZTs of the antenna emit with a time
delay of 100 ps and the carrier frequency is 1250 Hz, ¢ the PZTs of
the antenna emit with a time delay of 100 microseconds and the car-
rier frequency is 1666 Hz

From the polar histogram and the circular statistics (see
Table 2), one retains that the p value of the Rayleigh test of
uniformity is zero for the assays in phase while the p values for
the assays with the corrugated wave front, though remaining
low, point to a uniform angular distribution. The « parameters
of the von Mises distribution have a similar progression: from
high value for the assays in phase to low values for the assays
with the corrugated wave front.
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Table 1 Circular statistics

. Direction Number of sand  Abdomen to head Sand tossing
corresponding to the polar tossings
histograms of Fig. 6 Mean direction Variance Mean direction Variance
0° 207 173° 0.11 —4° 0.01
90° 49 —113° 0.21 85° 0.01
180° 26 0° 0.48 183° 0.02
270° 78 88° 0.04 -91° 0.02

Average direction is expressed in degree. Variance is defined as V = 1 — R, with R, the mean resultant
length of the direction vectors (V is dimensionless and takes on values within the interval zero to one)

Discussion
Cues for directional sensing

Antlions have a comprehensive sense of the direction of
propagation of the plane surface wave when it is produced
by the phased array with the PZTs oscillating in phase.
Compared with the results obtained in Mencinger-Vracko
and Devetak (2008) and Fertin and Casas (2007), one
might question the lack of focus to the proper direction in
this experiment albeit the construction of the propagation
direction is the one given by a plane wave. What makes
the difference—or differences—between this experiment
and Mencinger-Vracko and Devetak (2008) and Fertin and
Casas (2007)? In the Fertin and Casas (2007) experiment,
a needle is oscillating inside the pit. It is here most likely
that the localization is based on the difference of intensity
on each side of the antlion body since, for a planar radia-
tion emitted from a point source, the intensity of vibration
decreases with distance from the source in the inverse law,
which means a drop down of 3 dB for every each dou-
bling distance. This effect is prominent when the distance
between the receptors is in the scale of the distance from
the emitter. On the other hand, in the Mencinger-Vracko
and Devetak (2008) experiment, the natural preys were
placed 10 to 20 cm away from the pit: in this situation the
difference of intensity received on either side of the body
receptor is negligible and cannot be the origin of a spatial
discrimination. In the case studied in the present paper,
the plane wave construction corresponds to a prey present
far away from the pit, a situation similar to the Mencinger-
Vracko and Devetak experiment. In these conditions, one
has to consider two types of physical information: (i) the
intensity imbalance produced by the screening and dif-
fraction of the wave by the body, (ii) the time difference
of arrival of wave front crossing the body over. (i) is disre-
garded since the wavelength of the signal is 7-10 cm, that
is more than ten times bigger than the distance between
the tufts of bristles on the lateral sides of the thorax, that
are supposed to be the mechanoreceptors, (ii) involves
two categories: the onset time difference (OTD) and the
interaural phase difference (IPD) or its equivalent for
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vibroreception. What the results show for the response
to the in phase cue is a definite answer to it by aiming at
the prey despite the fact that it is less systematic in the
present experiment, compared with the Mencinger-Vracko
and Devetak experiment. Still the circular statistics (Fig. 8;
Table 2) confirm the relative propensity to toss sand in the
reversed direction of the plane wave propagation.

Behavioral responses

The correlation between the sand tossing direction and the
abdomen to head (last column of Table 2) and RANSAC
adjustments of the data for both cues (Fig. 5) exhibit
an explicit preference for a backward movement of the
mandibles. In the case of answering back to the signal
in phase, the angular distribution of sand tossing points
in the expected direction while the correlation between
body orientation sand tossing direction is the same as for
the other cues. From this observation it appears that the
antlion orients itself before entering into action. On the
opposite direction of sand throwing, the number of events
is much less and the body orientation is not opposite to the
direction of sand throwing. This observation advocates for
the existence of a mechanism that allows to discriminate a
vibration propagating back to front from a vibration propa-
gating front to back. Throwing sand repetitively to a single
direction - what we call a unimodal sand tossing action
- is associated with a behavior of attack. This behavior is
absent when the antlion throws sand in the same direction
as the cue signal propagation. The bimodal or multimodal
sand tossings are generally not associated to an attack
behavior but more on the reconstruction or maintenance of
the sand pit. It seems that receiving a signal coming from
a considerable distance from the pit may also induce this
behavior: to get set before the attack. That would explain
the large number of events that answer to the cue in mul-
timodal way. We understand that the behavioral response
to the vibrational cues belongs to the tropotactic category
since the alternate sand tossing in direction does not bring
any information about the directionality of the cue.
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Table 2 Components of circular statistics for the three cases mentioned in Fig. 8

Sand tossing

Abdomen to head

Correlation

Mean length  Variance Rayleigh p value  von Mises est. &

Rayleigh p value von Mises est. k. Mean direction

Mean length  Variance

Mean direction

0.87
0.89
0.81

1.011

< 0.0001
0.0005

n.s.

0.55
0.69
0.93

0.45
0.31
0.07

—6°

0.854
0.770
0.135

< 0.0001
< 0.0001
0.0016

0.61
0.64

0.

0.40
0.36
0.15

170°

In phase
1250 Hz
1666 Hz

0.650

—28°

g°

146°

0.306

85

—149°

Average direction is expressed in degree. Mean resultant length is normalized to 1. Variance is defined as V = 1 — R, with R, the mean resultant length of the direction vectors (V is dimension-

less and takes on values within the interval zero to one). Rayleigh test of uniformity: small p values reject the null hypothesis of uniformity. Estimated « coefficient of the von Mises distribution.

Correlation coefficient between the abdomen to head directions and sand tossing directions: the correlation coefficient takes on values within the interval from zero to one

Responses to the onset of a signal

The differences in descriptives and uniformity tests of the
circular statistics are significant between the results for the
in phase cue and the dephased cues. On one hand, for the
answers to the in phase cues, the Rayleigh p value are way
below the 0.0001 critical value and the estimated x param-
eter of the von Mises distribution reaches 1 while the statis-
tics for answering the dephased cue are opposite (though the
statistics of the 1250 Hz dephased cues are more mitigated:
here the mean average length of sand tossing vector is 0.31
but pointing to a direction not associated with any physical
significance). By the fact that the onset of the wave has been
disarrayed in the dephased cues, the activity of sand toss-
ing has also strongly diminished, which one relates to the
absence of capacity to identify the origin of the vibration.
From these observations one sustains the idea that onset time
delay is more important than phase time delay. If phase time
delay was involved in the process of spatial recognition, the
repetition of the wave fronts passing through the body of the
antlion (five to eight) would have bring a sufficient amount
of information. The response to the onset time delay rather
than the phase time delay is also grounded with what an
antlion can perceive, and the use it makes of it. Any prey is
the source of sequences of pulses by its pace on the surface
of the media propagating a vibration. The carrier frequency
of these pulses that are mainly due to nature of the substrate
may be of less importance.

Encoding time delays

A back of an envelope calculation assess that a 10 degrees
accuracy in discriminating direction near the azimuth sug-
gests that the neural system must be able to code time delays
in the tens of microsecond scale. Some insects are docu-
mented to possess such a capacity (Robert 2005). This so-
called hyperacute directional hearing measured in the fly
Ormia ochracea is explained by a neuronal mechanism
involving single neurons (Mason et al. 2001) while, at least
in mammals, the detection of temporal features is identi-
fied as a coincidence detector mechanism involving several
neurons (Joris et al. 1998). The question of the number of
sensors makes also the question of directional information
processing through vibration perception differ from sound
perception. In contrast to animals with two ears-system the
antlion has four receptors-system, i.e. paired tufts of hairs on
lateral parts of the mesothorax and methatorax. The external
morphology of these hairs has long been known (e.g. Lipo-
vsek et al. 2009; Ramos et al. 2020). In arthropods possess-
ing more than two vibration receptors, e.g. four receptors:
backswimmer, Notonecta (Wiese 1974); six receptors: water
strider, Gerris (Murphey 1971); eight receptors: sand scor-
pion, Paruroctonus (Brownell and Farley 1979; Brownell
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and van Hemmen 2001), the direction of the turn movement
is determined directly from the central excitation-inhibition
gradient originating in the central nervous system as it was
shown for integration of vibratory information from different
legs of Locusta migratoria (Cokl et al. 1985). In the seminal
experiment of prey localization capacity by the mechanore-
ceptive system investigated by the method of phase shift-
ing the four legs of Notonecta were directly stimulated with
time delays (Wiese 1974). This experiment demonstrated
that four mechanoreceptors are better than two to lessen the
phase ambiguities at some angles. On other experiments in
which vibrations were applied to the legs with independently
controled platforms, desert scorpions (Brownell and Farley
1979), termites (Hager and Kirchner 2014) and leafcutter
ants (Hager et al. 2017) have shown similar minimal dis-
tinguishable time differences, in the order of 0.2ms. In a
more remote signal transmission through a leaf stalks, it
was evidenced that the sting bug Nezara viridula was receiv-
ing orientation information by a time delay of arrival of the
vibration signal to the legs (PreSern et al. 2018). Here also
the minimal time delay between cue arrivals that deter-
mines a behavior of orientation recognition is in the order of
0.3 ms. All these experiments suggest that the microsecond
time delay is not quite the time intervals involved in discern-
ing orientation by more than two sensors. A debate is then
opened about the minimal time difference that a multisen-
sory insect is able to integrate.

We emphasize that our method is not restricted to the
study of the physiology of sensing vibrations and can eas-
ily be enlarged to the measure of interaural time difference
reception for many species, when there is to explicit the
role of onset time difference or phase time difference in the
localization of sound or vibration.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00359-023-01641-x.
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