Chapter 16
Sand-Borne Vibrations in Prey Detection
and Orientation of Antlions

Dusan Devetak

Abstract Pit-building antlions capture their prey by digging funnel-shaped pits in
loose sand and then laying in wait for prey to fall inside the trap. Behavioral
experiments studying predator—prey interactions and measurements of vibrations
propagated in sandy substrates revealed that antlions are extremely sensitive to
substrate vibrations produced by prey crawling on the sand surface. Prey produce
low-frequency sand-borne vibrations, and to locate a source of vibration, antlions
rely on time differences of waveforms arriving at their receptors—tufts of hairs
positioned on lateral parts of the mesothorax and metathorax. In this chapter, the role
of physical properties of sand in substrate-borne vibration transmission is discussed.

16.1 Introduction

It is well known that some insect predators detect their prey according to vibra-
tions produced by the prey during crawling on solid surfaces (Cokl and Virant-
Doberlet 2003b; Cocroft and Rodriguez 2005). This chapter describes the role of
vibrations in predator—prey interactions in antlion larvae.

Antlions (Myrmeleontidae) are holometabolous insects whose larvae are known
to dig conical pitfall traps in sand or loose soil to catch prey at the bottom of the
trap. However, only one-tenth of antlion species are pit-builders. The other sand-
dwelling antlions lurk, buried in the substrate, without constructing pits. Often,
only the jaws and antennae of the buried pit-building larva are visible. This sit-
and-wait predator feeds on small arthropods that slide into the trap.

Well documented is the catching behavior of pit-building antlion species of the
genera Myrmeleon and Euroleon (for a review see Griffiths 1980; Napolitano 1998;
Scharf and Ovadia 2006; Gepp 2010; Scharf et al. 2011). The most intensively
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studied species is a common European species, Euroleon nostras. An antlion can
wait motionless at the bottom of the conical pit for hours and then suddenly moves
like a flash to capture its prey, usually an ant or another small soft-bodied arthropod.
An antlion waiting for its prey never moves from the center of the pit, but by opening
its mandibles, it shows us that it has detected the ant, crawling on the sand surface, at
a distance of a few decimeters from the pit. The larva with violent jerks of the head
and thorax tosses sand upon the prey in order to disorient it.

If the prey falls into the conical pitfall trap, things go very fast. The antlion
immediately tries to grasp the ant sliding into the pit. If the larva does not succeed
in capturing the ant during its first attempt, and/or if the prey evades the larva and
starts to climb out of the pit, the larva tosses sand with violent movements of its
head and the prothorax, thereby causing miniature landslides carrying the prey
back to the antlion’s jaws. The subsequent behavioral pattern is prey grasping.
Should the ant prove difficult, the predator will start with prey beating (Napolitano
1998), i.e., it will often flick the ant back and forth against the sides of the pit. Prey
beating is a behavior that tends to disorient the prey and thereby gives the predator
valuable time to insert its mandibles. In so-called submergence, the larva holding
the prey moves down and back into the substrate until the entire antlion and at least
part of the prey are not visible. Then, poison is injected through the jaws. When the
prey becomes motionless, emergence follows, i.e., the antlion with its prey moves
up and forward until the entire prey and at least part of the antlion’s head is visible.
After the ant is dead, enzymes are introduced and the body contents are digested
and extracted. Prey clearing follows, when the jaws are used to position the dead
prey on the dorsal head surface of the larva and then the head is flicked rapidly
back, expelling the empty carcass from the pit. Finally, to repair the shape of the
pit, pit clearing occurs when surplus sand accumulated on the bottom of the pit is
expelled by violent flicks of the head.

This complex predatory behavior of antlions is obviously based on a consid-
erable amount of sensory information. A number of questions arose:

What signals are important in prey detection?

How are the vibrations transmitted from prey to predator?

What kinds of receptors are involved in the vibration detection?

Over what range can the antlion detect its prey?

Does the antlion detect the direction from which the stimulus is coming? Does
the predator orient itself toward the prey?

A

16.2 Substrate Vibrations and Topography
of the Receptors

Sensory receptors on the body surface of antlion larvae (Fig. 16.1) are involved in
predator—prey interactions. The first study of the morphology and histology of
antlion hair sensilla and eyes was done one hundred years ago when Doflein
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Fig. 16.1 Sensory equipment of a pit-building antlion larva (Euroleon nostras). a Sensilla
coeloconica on the mandibles. b Sensilla basiconica on the tip of the antenna. ¢ Sensilla
basiconica (asterisk) on the tip of the labial palp. d Tuft of the mechanoreceptive bristles (sensilla
chaetica). e Two campaniform sensilla (asterisk) on the tarsus of hind leg. f Campaniform
sensillum and plumose hair on head. g Plumose hairs on mesothorax. h Larval eyes (consisting of
six stemmata in each eye) positioned on eye tubercle, close to the antenna (a). Electron
micrographs courtesy of M. A. Pabst

(1916) published his fundamental book on the biology of antlion larvae. Existing
information on the presence and topography of sensilla using scanning electron
microscopy is available for only a few antlion species (Nicoli Aldini 2007; Ei-
senbeis and Wichard 1987; Lipovsek Delakorda et al. 2009; Cesaroni et al. 2010;
Devetak et al. 2010a, b, 2013).

Chemoreceptors, involved in tasting prey, are sensilla coeloconica on the jaws
and sensilla basiconica on the labial palps (Fig. 16.1). Any role of the larval eyes
in predatory behavior has not yet been clarified sufficiently, although their struc-
ture is well known (Jockusch 1967). Antlions catch their prey even (or especially)
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during the night when their prey, small arthropods, is active. So vision does not
play a major role. Campaniform sensilla (Fig. 16.1) serve to detect deformation of
the cuticle, produced during movement of the legs, locomotion of the antlion and
very probably also during direct contact with prey, for example, when the antlion
holds prey or during prey beating.

The antlion detects its prey by sensing the vibrations that prey generate during
crawling on the sand surface (Devetak 1985; Devetak et al. 2007; Fertin and Casas
2007). Mencinger (1998) demonstrated that the predator detects its prey even
when vision is excluded. A larva with eyes covered with opaque paint still detects
the source of vibration. Intact antlions react with sand tossing even if an observer
with gentle movements of a twig or a pencil elicits substrate vibrations on the sand
surface. Furthermore, antlion larva responded with violent sand tossing behavior to
play back of vibrations recorded during locomotion of prey (Mencinger 2003;
Fertin and Casas 2007).

Which receptors are the candidates for detecting substrate vibrations? Le
Faucheux (1972) demonstrated that tufts of the mechanoreceptive bristles, sensilla
chaetica, positioned on the thorax, play a certain role in detection of substrate
vibrations. On the mesothorax and the metathorax, tufts of bristles occur in pairs,
one tuft pair on each lateral side of the body segment (Fig. 16.1d). In intact larvae,
the prey capture angle was 280°-290°. Both the ability to catch an ant and prey
capture angle were diminished when certain groups of bristles were cut off. When
the tufts of the sensilla were excluded unilaterally, the ability to catch prey was
then limited only to the prey approaching the antlion from the contralateral side
(Le Faucheux 1972). When one pair of the mesothoracic tufts was suppressed, the
prey capture angle was reduced to 240°-280°. When two pairs of the mesothoracic
tufts were eliminated, the angle changed to 200°-210°. When both mesothoracic
pairs and one metathoracic pair of bristles were cut off, the prey capture angle was
then reduced to 50°-60°. When all thoracic tufts were eliminated, larvae did not
react to the presence of prey at all.

16.3 Vibrations Produced by the Prey

Prey animals—ants and similar small arthropods—produce low-frequency dis-
turbances during walking or crawling on the sand surface. The frequency range of
the vibrations produced during locomotion of four arthropod species (mealworm
Tenebrio molitor, firebug Pyrrhocoris apterus, ant Formica sp. and woodlouse
Trachelipus rathkii) is 0.1-4.5 kHz (Fig. 16.2), and acceleration values (peak
level) of the vibrations, recorded at a distance 2-5 cm from the accelerometer,
vary from 400 to 600 pm s~ (ant, firebug) to 1-1.5 mm s~2 (mealworm, wood-
louse) (Devetak et al. 2007) (Fig. 16.2).
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Fig. 16.2 Oscillogram and sonogram of a firebug (Pyrrhocoris apterus) crawling on the sloping
sand surface (asterisk) and falling on its back (double asterisk)

16.3.1 How are Vibrations Transmitted from Prey
to Predator?

The biological significance of substrate vibrations and mechanisms of signal
transmission in plant-dwelling insects is well explored (Michelsen et al. 1982;
Gogala 1985; Cokl and Virant-Doberlet 2003a, b). Vibration transmission in a
sandy medium, however, has been studied only in desert scorpions (Paruroctonus),
fiddler crabs (Uca), and antlions (Euroleon) (Brownell 1977; Brownell and Farley
1979a, b, c; Aicher and Tautz 1990; Devetak et al. 2007).

Transmission depends on a variety of factors, especially on frequency charac-
teristics of the vibrations and physical properties of the sand. Natural sand occu-
pied by antlions is a non-homogenous medium, containing small particles with
different sizes and usually with larger stones or plant particles, like twigs and
leaves, on the sand surface (Devetak 2000). The vibrations traveling from prey to
predator are attenuated by twigs or small stones and reflected from solid objects
(larger stones, rocks) (Fig. 16.3).

In the field, antlions are capable of discriminating between areas of sand dif-
fering in particle size, constructing pits in fine sand and avoiding coarser sand.
This was confirmed in laboratory conditions when pit-building decisions and pit
diameters depended on sand particle size (Botz et al. 2003; Devetak et al. 2005).
When four fractions of sands differing according to particle size were offered to
antlions, Euroleon nostras, the larvae preferred to build pits in the finer sand
fraction, with a particle size of 0.23-0.54 mm (Devetak et al. 2005).

Sand strongly attenuates vibrations. The frequency spectra of vibrations of
crawling prey differed when propagated in sands with different particle sizes
(Devetak et al. 2007). The greater the sand particle size, the broader was the fre-
quency range of the vibrations. The same was confirmed for artificial vibrations.
Finer sand (particle size <0.23 mm) attenuated vibrations highly, and those rec-
ognized by antlion larvae traveled only a short distance. Five sands differing in
particle size were tested. The damping coefficient (o) of vibrations at a frequency
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Fig. 16.3 Reflections and attenuation of an artificial vibrational signal (250 Hz) produced by a
Briiel & Kjaer 4810 vibration exciter and recorded with B and K 4381 accelerometer placed on
the sand surface 20 cm apart; fine dry sand (particle size <0.5 mm) in a layer of 5-cm depth was
placed in a plastic container. a Pure artificial signal with 250 Hz; b signal distortion by the
reflection (asterisk) from the bottom of the container; ¢ signal attenuation by an obstacle (a stone
5 x 4 x 0.5 cm) placed between the sender and the receiver; and d signal distortion by the
reflection from the bottom of the container (asterisk) and by the reflection from a stone positioned
4 cm behind the receiver (double asterisk)

of 300 Hz for the finest sand fraction (<0.23 mm) was 2.61 dB cm_l; for two
median sand fractions (0.23-0.54 mm, 0.54—-1 mm), it was 0.74 and 0.45 dB cmfl,
and for two coarser sand fractions (1-1.54 mm, 1.54-2.2 mm), it was 0.29 and
0.26 dB cm™ ' (Devetak et al. 2007). In natural habitats, antlions usually occupy fine
sands or sands with median particle size, so in those substrates moderate damping
occurs, and due to low propagation velocities, the sand enables prey localization.

16.3.2 Over What Range Can the Antlion Detect Its Prey?

Antlions react to prey at maximal distances of a few decimeters (20-30 cm).
Reaction distance is correlated positively with mean particle size (Devetak et al.
2007). In the finest sand fraction, the mean reaction distance was 3.3 cm; in two
medium sand fractions, mean reaction distances were 5.5-9.1 cm, and in coarser
sand, it was 12 cm.

16.4 Vibrations Produced by the Antlion

During pit construction, pit clearing and sand tossing toward the prey, jerking
movements of the head and prothorax, both parts of the body serving as a shovel,
are involved, thereby generating substrate vibrations (Fig. 16.4a). The head is
moved left and right to collect sand, also with the help of foreleg movement, and
then, the sand is tossed with a violent jerk of the head and prothorax in a dorsal
direction. One vibrational “pulse” is composed of the head movements (left and
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Fig. 16.4 a Signals of sand tossing in Euroleon: a oscillogram and b sonogram of jerking the
head left and right ¢ and throwing the sand toward the prey (d). b Oscillogram (@) and sonogram
(b) of the signals produced during grasping the prey (asterisk) and during rhythmic movements of
the larva burying the prey in the sand (submergence) (double asterisk). For details see text

right) and the dorsally oriented jerk. Pulse duration is about 150-300 ms, and the
pause between two consecutive pulses lasts for about 200400 ms. Vibrations
produced thereby are very probably important also as an alerting mechanism for
conspecifics to maintain a certain distance from the nearest neighbor.

It is presumed that the abdominal campaniform sensilla have a role in the control
of backward digging in sand. During digging, rhythmic jerking movements of the
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Fig. 16.5 a Signals of digging into the substrate without prey consist of the pulses produced by
three to nine jerks of the abdomen. b Digging bristles on the tip of the abdomen. ¢ Signals of
grasping an ant (asterisk) and prey beating (double asterisk). Photo B courtesy of M. A. Pabst

abdomen occur, and the digging bristles on the tip of the abdomen are involved in
these jerks (Fig. 16.5a, b). Vibrations with similar frequencies (up to 4-5 kHz) are
produced also during grasping an arthropod prey (Fig. 16.4b) and prey beating
(Fig. 16.5¢). It seems that the time pattern of a vibrational pulse series produced
during predatory activity carries more specific information than its frequency
spectrum structure. It is possible that these vibrations are important as signals in
conspecific communication. As Barkae et al. (2010) supposed, sand tossing may
play a role in disturbance of neighboring conspecifics or even heterospecifics.

16.5 Prey Localization

A wide range of insects can locate a source of vibrations (Cocroft et al. 2000; Cokl
and Virant-Doberlet 2003b; Virant-Doberlet et al. 2006). The exploitation of prey-
generated vibrations is known in many predatory arthropods, such as spiders,
scorpions, stinkbugs, and parasitoid wasps (Brownell and Farley 1979a, b, c;
Pfannenstiel et al. 1995; Casas et al. 1998; Barth 2002).

16.5.1 Does the Antlion Detect the Direction from Which
the Stimulus is Coming?

To answer this question, the accuracy of the sand-tossing behavior of Euroleon as
a response to the presence of prey was measured using a video recording method
(Mencinger 1998; Mencinger-Vracko and Devetak 2008). Sand tossing was elic-
ited most frequently by prey behind the antlion; in contrast, there was no response
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Fig. 16.6 Sand-tossing angle as a function of prey angle. a The antlion is positioned in the center
of the pit and its prey—the woodlouse Trachelipus—crawls outside the pit. The predator and the
prey are not shown to scale. b and ¢ Accuracy of sand-tossing response of antlions in the presence
of the woodlouse: b unimpeded antlions; ¢ antlions with eyes covered with opaque paint. Each
dot represents a single response

when prey was in front of the antlion, in the so-called dead angle zone. The sand-
tossing angle was highly positively correlated with the prey angle. The response
was unaffected even when vision was excluded. When the antlion’s eyes were
covered, the sand-tossing angle was still highly positively correlated with the prey
angle, in response to mealworm beetles (Mencinger-Vracko and Devetak 2008)
and woodlice (Fig. 16.6).

Propagation velocities of surface vibrations (R-waves) in dry loose sand with
particles <0.5 mm amount to 25-35 m/s and depend on the frequency (Mencinger-
Vracko and Devetak 2008). Due to the low propagation velocities, the time and
phase differences of the vibrations at the receptors—tufts of hairs on both lateral
sides of the mesothorax and metathorax—may be expected to determine the prey
angle. Time differences between vibrations originating in the lateral side of the sand
were in the range of 0.2-0.5 ms.

16.6 Vibrations and Associative Learning in the Antlion

The learning ability of antlions in a context of detecting substrate vibrations has
been proven recently (Guillette et al. 2009; Guillette and Hollis 2010; Hollis et al.
2011). In experimental conditions, individual antlions (Myrmeleon crudelis)
received, once per day, either a vibrational cue presented immediately before
feeding (the learning group) or the same cue presented independently of feeding
(the control group). Vibrations simulating prey arrival not only produced an
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anticipatory learned response but also conferred a fitness advantage: Associative
learning enabled antlions to extract food more efficiently, construct larger pits, and
decrease the amount of time spent in the larval stage. The finding is important
because the antlions do not fit the “learning profile” of active approach and
avoidance behavior, and thus, they are unlike all other insect species studied to
date (Guilette and Hollis 2010).
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