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Summary

The Thailand winged stick insect Gipyloideasp.) flees Rapid backward movements result either in the collapse
rapidly from a disturbance by jumping forwards when  of the body onto the ground, with a displacement away
stimulated on the abdomen and backwards when from the stimulus of approximately half a body length, or
stimulated on the head. The mechanisms underlying these in the propulsion of the insect off its perch. Neither
fast movements were analysed by measuring movements movement involves curling of the abdomen.
of the body and legs from images captured at 250 Hz. From a horizontal posture, the forward jumps result in

A forward jump of both adults and nymphs involves a displacement of a few body lengths. More lift can be
movements of the abdomen and the middle and hind pairs generated in adults by elevating the hind wings as the
of legs. The abdomen is raised and swung forwards by abdomen is swung forwards and depressing them as the
flexion at the joint with the metathorax and at the joint  legs lose contact with the ground. In this way, jumps can
between the meso- and metathorax. At the same time, the lead directly to flapping flight. Take-off into flight can,
tibiae of the hind and middle legs are extended and their however, be achieved without the abdominal movements
femora depressed. The femoro-tibial joints of the legs are seen during jumping.
not fully flexed before a jump, and no structures in these From a vertical posture, a forward jump propels the
joints appear to store muscular energy. The whole insect upwards and backwards before it falls to the
jumping sequence takes approximately 100 ms and results ground horizontally displaced from its perch. Backward
in take-off angles of 10-35° at velocities of 0.6-0.8ms movements result in the insect falling with little horizontal
and with an acceleration of 10m<. The abdominal displacement from its perch.
angular velocity was 2000 °g and the tip of the abdomen
moved at linear velocities of some 1nmtg while the Key words: kinematics, joint mechanics, locomotion, Sipyloidea,
maximum rate of tibial extension was 4000 *3. Thailand winged stick insec8ipyloideasp.

Introduction

Insect jumping as a means of escape or rapid movemeahd may also provide kinetic energy to propel the body forward
involves several different mechanisms. The most prodigiougTautz et al., 1994).
jumpers are orthopterans such as locusts, which use large,Stick insects usually have an elongated body shape that
specialised hind legs to generate and then store the 9-11 mXktdsely resembles the branches of plants on which they
energy needed to propel the body off the ground in 30 ms atcdimb, perch and feed. They respond to a threat by freezing
take-off velocity of 3.2m< and to displace the body by as their body position — catalepsy (Bassler, 1983; Bassler and
much as 1 m (Bennet-Clark, 1975; Brown, 1967). Fleas storéoth, 1982; Bassler et al., 1982; Driesang and Biischges,
the energy developed by large depressor muscles in the hit@93; Godden, 1974) — enabling them to remain motionless
legs (Bennet-Clark and Lucey, 1967; Rothschild et al., 1972for long periods and, therefore, to become difficult for
springtails rapidly extend an abdominal appendag@redators to detect amongst vegetation. Nevertheless, some
(Brackenbury and Hunt, 1993) and click beetles jack-knifestick insects have active defensive displays and active escape
their body at the junction between the pro- and mesothoraesponses. In some, the hind wings and the modified front
(Evans, 1972, 1973). The aBtgantiops destructoumps by  wings are raised to increase the apparent size of the insect
rapidly extending both the middle and hind pairs of legs whilend to reveal previously hidden patches of colour (Bedford,
simultaneously moving the gaster (part of the abdomen)978). These movements may be accompanied by buzzing
forwards and holding it there during a jump (Baroni et al.(Rehn, 1957) or swishing (Bedford and Chinnick, 1966)
1994; Tautz et al., 1994). This moves the centre of masspunds generated by rubbing the front and hind wings
thereby ensuring that the body does not spin during a jumpogether or by rubbing the two antennae together (Henry,
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1922). In other species, the hind legs are spread apart, oftapplied 5s after the response to the first had stopped were
to reveal patches of colour, and then struck together. If analysed in the same surroundings. Tactile stimuli were
male Onctophasma martinis grabbed, it will curve its applied to the head in a separate series of experiments.
abdomen dorsally and forwards while the femoro-tibial Jumps were induced by a light touch with a fine paint brush
joints of the hind legs are flexed (Robinson, 1968b). Malesr by gently tapping a 20 mx@iO mm Styrofoam platform
of Eurycantha calcaratandE. horridaraise their abdomen raised on a pillar some 200mm from the bench. The
in a similar way but then evert the copulatory organ taunrestrained insect stood on the horizontal or, when rotated by
release an odour (Bedford, 1976). They will also swing th&0 °, the vertical surface of this platform. Images were captured
hind legs together to trap and impale an offending object odirectly to a computer with a Redlake Motionscope (Red lake
their femoral spinesAnisomorpha buprestroidesquirts a  Imaging, San Diego, CA, USA) at a rate of 250Hz and with
deterrent spray at its predators from glands in the thorax thah exposure time of 1/1000s. Selected images were analysed
open just behind the head (Eisner, 1965). These startigith the Motionscope camera software (Red lake Imaging) to
responses may grade into active escape respodseiges  obtain the coordinates of the various parts of the body and legs.
macklotti (Pseudodiacantha mackloftiicurls its abdomen These data were then imported into Excel (Microsoft), where
forwards and jumps from its vertical perch before droppingangles were calculated. Seventy-seven forward jumps from a
to the ground (Robinson, 1968a), and the males dfiorizontal starting posture by 20 stick insects, 40 jumps from
Onctophasma martinpush off from their perch while the a vertical posture by 10 insects and 21 rapid backward
females simply drop (Robinson, 1968bjetriotes doicles movements by 14 insects from a horizontal posture in which
and Bacteria ploiariaalso jump (Robinson, 1969). The net the take-off trajectory was at right angles to the optical axis of
result is a backward movement because the common postuhe camera were captured and analysed. With this orientation,
is vertical with the head pointing upwards. the legs project laterally from the body at angles that change
All the descriptions of these escape movements of sticis the coxae are rotated at the joints with the thorax. This leads
insects have been brief and preliminary. We have, thereforg error in measurements of the absolute femoro-tibial angle,
used high-speed imaging to analyse the detailed movemerist the analyses of this joint are focused on its angular changes
involved in escape responses of the Thailand winged stiakuring a jump. We also estimate that the measurements of take-
insectSipyloideasp. This stick insect has an elongated bodyoff velocity from the frame rate we used (250 Hz) could lead
shape with long thin legs and an ability to show catalepsy, biid an error of +0.05n73 and that this will carry forward into
has an unusual mechanism of jumping. We show that it jumpsther calculations.
forwards from a horizontal stance by flicking its abdomen
forwards and then backwards while extending the middle and
hind pairs of legs. From a vertical posture, a jump using the
same movements launches it into a backward and downward Body structure
movement. In the winged adults, jumping may propel the Sipyloideahas a thin and elongated body with a head that is
animal into flapping flight. the same diameter as the body and long antennae of similar
length to the body (Fig. 1A). Females were more than five
times heavier than males; females weighed 924+37.8mg
Materials and methods (N=18), males 164+4.6 mg (meanss£.M., N=10) (Fig. 1B).
Stick insects were obtained from Small Life SuppliesSimilarly, body length (head to tip of abdomen) was greater in
(Bottlesford, Nottinghamshire NG13 OEL, UK) and then bredfemales than in males: females measured 92+0.9N%13),
in our laboratory and fed bramblRybus fruticosysleaves. males 65+0.5mm (means #&Em., N=10) (Fig. 1C). In
The species has not yet been described but belongs to tleenales, the mass of the abdomen comprised 44 % of the total
genusSipyloidea(Order: Phasmida; Family: Heteronemiidae; body mass and was approximately five times the mass of all
Subfamily: Necrosciinae) and is currently cal&igyloideasp. its legs; in males, the mass of the abdomen comprised 35 % of
‘Thailand 8’, the Thailand winged stick insect (J. Marshall,body mass and was almost twice the mass of all the legs
personal communication). (Fig. 1D,E). The thorax can be flexed dorsally at the joint
To measure the distribution of mass within different parts obetween the meso- and metathoracic segments, and the
the body, adult males and females were weighed, frozen amatbdomen can be curled dorsally by movements at the joint with
then reweighed to check that there had been no change in m#ss metathorax and at each abdominal segment.
during the freezing process. Body parts were removed Only the adults have wings. The hind wings are long (50 mm
sequentially and the carcass reweighed at each stage. Baddyfemales, 35 mm in males), whereas the front wings are short
length and the lengths of the different segments of the thrd€ mm in females, 5mm in males). Males could gain height in
pairs of legs were also measured and compared with data filepping flight, but the flights of the heavier females were
other stick insects and selected orthopterans (Burrows ardfrequent and usually resulted in a loss of height.
Morris, 2001). The resting posture was observed in large cagesThe three pairs of legs are all long and thin. The front and
containing branches of bramble. Behavioural responses to &md pairs of legs are similar in length and the middle legs
initial tactile stimulus to the abdomen and a second stimuluslightly shorter so that the ratio of femoral lengths is

Results
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(front:middle:hind) is 1:0.7:1. In males, the total length ofmaintained for long periods, often with no apparent movement.
either a front or a hind leg was 68 % of the body length, aniost male and female adults and nymphs tended to assume the
in females it was 50%. The front legs frequently did noffirst posture. Adult males were found upside-down on the
support the weight of the body and were instead ofteceiling more frequently than females or nymphs. We selected
extended anteriorly off the ground (Fig. 1A). The femur oftwo specific starting postures to analyse jumping movements
a hind leg was approximately 8% larger dorso-ventrallypecause it was from these that jumps were most frequently
than the mesothoracic femur, but no differences wer@itiated: (i) horizontal and upright and (ii) vertical and head-
apparent in the structure of the femoro-tibial joint comparedip.

with the other legs. There are no

prominent semi-lunar processes,
there are curved grooves on both
medial and lateral surfaces of
cuticle. The extensor and fle»
tibiae muscles of both meso- ¢
metathoracic legs insert on simi
sites on the dorsal and veni
surface of the tibia respectively.

Resting posture

To determine the orientation of t
body normally adopted by the st
insects, observations were made
two cages each containing 30-
insects. The undisturbed positic
adopted by large nymphs or adults
into four broad categories (Fig. 2/

(i) vertical, head-up, perched or B C

twig or the side of the cage with 1 1000 18 100 13
body’s long axis perpendicular to 1 90

floor and the head pointing upwar 800 80

(i) vertical, head-down, as f 20 10

vertical, head-up, but with the he
pointing downwards; (iii) horizonte
upright, standing on the floor or a tv
with the body’s long axis parallel
the floor; and (iv) horizontal, upsic
down, upside-down on the ceiling
the cage with the body’s long a 200
parallel to the floor.

A chosen posture could

600

Body mass(mg)

400

Body length (mm)
S

Fig. 1. Morphometry and mass of the
body. (A) Photographs of an adult male
Sipyloideato show the elongated body D Male E Female
and long thin legs. Scale bar, 5mm. The

inset shows a close-up of the femoro- Wings 4
tibial joint of a hind leg, which lacks any ~ Abdomen
clear specialisations for jumping. Scale
bar, 0.5mm. (B,C) Bar charts showing
the dimorphic body mass (B) and body
length (C) of adult males (M) and
females (F). Values are meanss.m.
Values of N are given on the graphs.
(D,E) Pie charts of the distribution of
mass in different parts of the body (as a
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Avoidance and escape movements

Tactile stimulation caused the st
insects to respond in different wz
(Fig. 2B-D), with some responses m
common than others, and there 1
evidence of differences between a
males, adult females and nymphs.
responses to stimulation of the abdot
were categorised as follows: (i) freeze
response, no overt movement and res
posture maintained; (ii) withdraw, raf
retraction of the legs and forward curl
of abdomen, often holding it in this flex
position; (iii) walk, walking for two o
more steps away from the point
stimulation; (iv) jump, rapid flicking of tt
abdomen accompanied by extension o
middle and hind legs, resulting in a jur
and (v) fly, adults opened their wings
took off with or without a preceding jurr

The most frequent response of a
females to both the first and sec
stimulus was rapid withdrawal and curli
of the abdomen. Their next most comr
response to the first stimulus was to fre
and, to the second, to walk away (Fig. -
Males and nymphs froze, withdrew
walked away from the first stimulus t
more frequently walked away from t
second stimulus. Jumping was m
common in response to the sec
stimulus for all three groups. Only ad
males took off into flapping flight whe
stimulated. On the assumption that
order of activity was represented by
sequence freeze<withdraw<walk<jump<
responses of all insects to the sec
stimulus tended to be more active t
those to the first (Fig. 2D).

Tactile stimuli to the head led to t
types of rapid backward movement. Fi
from a horizontal position, the body moy\
backwards, collapsing progressively
that the abdomen came to rest on

Fig. 2. Resting posture and responses to t:
stimulation of the abdomen. (A) Histograms
the different postures adopted by nymphs
adult males and by adult females. (B) °
responses of the same three groups of in
to an initial touch to the abdomen. (C) -
responses to the same stimulus delivere
after the preceding response had stog
(D) Choice trees of the responses to touch;
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line represents the frequency with which that choice was made. Forty adult males, 28 adult females and 56 nymphs were used.
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ground with the head displaced from its original position bymuch as 10mm or 77 % higher than the resting posture, as
approximately half a body length. Second, the body heighheasured at the mesothoracic coxae 10 ms after the reversal of
could be maintained so that the backward thrust of the leghe abdominal movement. Complete extension of the femoro-
launched the insect into a backwards jump. tibial joint of a hind leg in the jump took 30 ms, with maximum
To understand the movements underlying rapid jumpingangular velocities of 4000°% The middle legs lost contact
high-speed images of the behaviour were captured and analysedth the ground first, followed 10 and 30 ms later by the hind
_ legs. The insect became airborne 80ms after the initial
Jumping abdominal movement with a take-off velocity of 0.8th §he
Both nymphs and adults jumped. Two movements appearedean acceleration during the jump was some I&ms
to contribute to a forward jump; first, a forward and then a The translational kinetic energid) of the jump was 8@aJ,
backward flick of the abdomen caused by flexion at the joinds given by the formulBx=m\VZ/2, wheremis the body mass
between the meso- and metathoracic segments and at the jaimkg andV is the take-off velocity in nT3. Rotational kinetic
between the metathorax and the abdomen; second, extensemergy was negligible since the insect did not spin once
of the femoro-tibial joints and depression of the femora of thairborne. The total energy required for the jump is the sum of
middle and hind legs. In some jumps by adults, the wings wel at take-off and the potential energydue to height gain at
also unfurled and then flapped as the insect launched into fliglake-off. E,=mlgh, wherem! is the mass of body in kg (not
Before initiating a jump, the thorax and abdomen were helthcluding the legs since these are still in contact with the
straight and horizontal with the weight of the body apparentlground),g is the acceleration due to gravity ami the height
supported largely by the middle and hind legs. The start of thgained until take-off. For this nympBg=10pJ (assuming that
jump was marked by the beginning of a forward curling of the30 % of the body mass resides outside the legs), so that the total
abdomen and by initial movements of the femoro-tibial jointenergy required was approximately |26 The mean power
of the hind and middle legs. The abdomen was flicked forwardsutput was estimated to be almost 1 mW by taking the energy
in 60—80 ms through angles of 80—90 ° by flexion at the jointexpenditure over the duration of the jump. The trajectory of
between the meso- and metathorax and between the metathotiae body at take-off was almost parallel with the ground, so
and abdomen. The femoro-tibial joints of the hind and middl¢hat the displacement was away from the platform and then
legs were not fully flexed in preparation for jumping, and theildownwards.
starting angle was variable. Frequently, the front legs had no
contact with the ground throughout a jump and were extended Jumping performance in different animals
in front of the body (Fig. 3). The mean time during which the body of either males or
In the jump of a nymph illustrated in Fig. 3, the initial nymphs was accelerated in jumping was 102+5ms (mean *
movement was a flexion of the joint between the meso- amgle.m., N=18), measured from the first visible movement to
metathoracic segment, followed some 15ms later by a flexiowhen the insect was airborne. The maximal excursion of the
at the joint between the metathorax and the abdomesmbdomen also varied in different jumps, ranging from 65 ° (see
(Fig. 3A-C). The forward abdominal movement lasted 60 mskig. 3) to 110° (see Fig. 5). Similarly, the femoro-tibial joints
during which the joint between the meso- and metathoragf the hind legs could begin at a flexed angled or could be
moved through 40° and that between the metathorax aralmost fully extended at an angle of 130° (see Fig.5). In
abdomen moved through 35°, each joint reaching maximurdifferent jumps by the same or different insects, the
angular velocities of 600°% This resulted in the tip of the movements of the different legs were not always closely
abdomen moving 32 mm dorsally relative to the joint with thesynchronised. For example, one tibia of a pair of legs could
metathorax and 57mm relative to the ground at a lineagxtend before the other, and the hind legs could leave the
velocity of 0.6ms! and a maximum angular velocity of ground before the middle legs. Some insects could jump from
2000°st. The abdomen reached its maximal forwarda prone, cataleptic posture in which they lay on the ground with
excursion some 10ms before the hind legs had extended fullige antennae, front and middle legs extended forwards and
and as the middle legs lost contact with the ground. It theparallel with the long axis of the body and the hind legs
reversed its motion as the body started to move forwards fextended backwards. From this position, the abdomen was
the last 20 ms preceding take-off. flicked forwards and the femora of the middle legs were
As the abdomen started to move forwards, the hind legdepressed, resulting in the body being raised and accelerated
flexed at their femoro-tibial joints so that the body was loweredorwards. The hind legs were already fully extended and did
and moved backwards. This flexion of the hind legs could beot appear to contribute to the movement.
due either to an active contraction of the leg muscles or to a The mean take-off velocity in all nymphs and adult males
passive reaction to the forces generated by the abdominmhalysed was 0.6+0.03 m's(N=18), estimated as the mean
movement. The body does not, however, collapse onto theslocity for the last 24 ms (six frames) before leaving ground.
substratum, implying that some opposing force is generated fjhe angle of the anterior thorax relative to the horizontal just
the legs. The tibia of the hind legs started to extend and thmefore take-off was 5+0.9 NE16), and the take-off angle was
femora of the middle legs were depressed some 20ms befdosv, ranging from 10 to 35° (means s£.M., N=18). The
the abdomen reversed direction. The body was lifted by dsrward and horizontal displacements of the body during a
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Fig. 3. A jump by a nymph from a horizontal stance. (A) Selected images from a jump captured at 250 Hz. The timing of thefémsatges r
the graphs in B and the outlines in C. Take-off occurred at 0ms. (B) Graph of the changes in angle of the joints betwsenahd me
metathorax (m/m in the inset diagram of the insect), between the metathorax and abdomen (m/a) and between the femiit) arich titired (
leg. The change in height of the mesothoracic coxa above the ground is also plotted (Body height). Each point is measoméd oo
images separated in time by 4ms. The vertical yellow bars indicate when the legs lost contact with the ground and wheoctadkeebét
0ms. The same colour coding is used in subsequent figures. (C) Tracings of the movements of the head, thorax and abdit@gumndoiring
The jump trajectory was forwards and downwards with a take-off velocity of 6B ms

jump were usually no more than a few body lengths. Fewackward movement of the joint between the metathorax and
jumps that were not assisted by wing movements led to a gaatbdomen and the joint between the meso- and metathorax and
in height, but rather resulted in a dive from the platformby the position of the head. The legs sometimes flexed so that
away from the stimulus and, thereby resulting in a rapidhe initial movement of the whole body was also slightly

displacement of a few body lengths away from a potentiallglownwards in addition to backwards. As the abdomen reached

threatening stimulus. its most anterior position and slowed, the whole body began to
_ _ move forwards, and the velocity of this forward movement
Jumping and abdominal movements continued to increase as the abdomen reversed its movement

The movements of the abdomen and their relationship to thend moved backwards.
posture and movement of the body were readily seen when Changes in the position of the centre of mass during a jump
individual points on the body were plotted and superimposedere calculated and superimposed on plots of the movements
on one image of an insect captured during a jump (Fig. 4Apf the abdomen tip and the meso/metathoracic articulation
As the tip of the abdomen moved upwards and forwards, th@&ig. 4B). The calculation assumed that 80 % of the body mass
whole body moved backwards. This was apparent as an initialas in parts of the body other than the legs (Fig. 1D,E) and
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m Meso-/metathoracic

-100 ° —e— Meso-/metathoracic

€30 —e— Centre of mass

Fig. 4. Movements of the body during jumping. (A) A single frame at time —60 ms is shown from the jump by a nymph starttgaantio
ending at +60 ms with take-off at 0 ms (highlighted in black boxes) and with each frame separated by 4 ms. The positiorsapfmntsion

the body are superimposed onto this frame: the tip of the abdomen (yellow), the joint between the metathorax and abdbhae)y {dark
joint between the meso- and metathorax (pink) and the position of the head (light blue). As the abdomen is thrust upwavdsdandhe
insect rocks backwards. When the abdomen reaches the peak of its forward movement and reverses to move backwardsctiedebateyl is a
forwards. The take-off trajectory is forwards and downwards. (B) Changes in the centre of mass of a male during a jumpedktitedto

the movements of the tip of the abdomen and the joint between the meso- and metathorax. The sequence lasts from —14GttotaR8-ms,
off at 0ms. At —44 ms, the middle legs are fully extended; at —16 ms, both hind legs are fully extended. The scale is threAsame as

took a weighted average of the positions of the main threef mass was behind and just below the articulation between
body regions (the head plus pro- and mesothorax, ththe meso- and metathorax. The insect did not spin when it
metathorax and the abdomen) during a jump. In the normélecame airborne, indicating that the forces at take-off were
resting posture, the centre of mass lies posterior to thacting through the centre of mass.

metathoracic coxae, approximately 12 % along the length of

the abdomen. As the abdomen was swung forwards between Jumping and flying

140 and 50ms before take-off, the position of the centre of Adult males jumped using characteristic abdominal flicking
mass also moved forwards and upwards so that it came to leovements and leg movements to launch themselves into
above and just behind the articulation of the mesothorax witflight (Fig. 5A,B). The hind wings began to open and elevate
the metathorax. The abdomen was then swung backwards @® the body first flexed at the joint between the meso- and
that for the last 40ms before take-off the centre of massetathorax. The elevation continued as the abdomen was
moved backwards relative to the articulation between théhrust forwards by a 70° flexion at the joint between the
meso- and metathorax. This means that, at take-off, the centreetathorax and abdomen that lasted 60ms at a maximum
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Fig. 5. An adult male jumping and launching into flapping flight. (A) Selected images from the jump sequence. The abdomdn is curle
forwards as the wings are elevated and then moves backwards as the wings are depressed. (B) Graphs of the change®ofrtibganigles
between the meso- and metathorax (m/m), between the metathorax and abdomen (m/a) and between the femur and tibial (#g.0fteehin
height of the tip of a hind wing and the height of the body above the ground are also plotted. The take-off velocity wasitOairasgle of

10°, so that the trajectory was forwards and upwards.

angular velocity of 1800 >, and with the tip of the abdomen ground before the wings reached their most elevated position.
moving at a linear velocity of 0.9 mls During this time, the The wings then started to depress, the abdomen reversed its
femoro-tibial joint of one of the hind legs, having started fromdirection to move backwards and one of the middle legs lost
an initial angle of 130°, extended by only a further 20 ° beforeontact with the ground. When wing depression was complete,
this leg lost contact with the ground. Both hind legs left thehe other middle leg lost contact with the ground, and the insect
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Fig. 6. A male taking off

and flying without jumping.

(A) Selected images of the
take-off starting from an
initial position in which the
long axis of the body is
inclined upwards by 25°.

(B) Graphs of the changes in
the angles of the joints between the meso- and metathorax
(m/m), between the metathorax and abdomen (m/a) and
between the femur and tibia (f/t) of a hind leg. The height of the
tip of a hind wing and the height of the body above the ground
are also plotted. (C) Tracings of the movements of the abdomen,
thorax and head during the jump. The abdomen is not flicked
forwards during the movement. The take-off velocity was
0.9mst and the angle of the thorax relative to the ground was
30°, so that the trajectory was forwards and upwards.

became airborne 150 ms after the start of all these movemeirttalf-completed that the tibiae of the hind legs began to extend.
with a take-off velocity of 0.6 T3 and at a shallow take-off As the hind wings were elevated further, the femora of the
angle of 10°. The translational kinetic energy of the jump wamiddle legs were depressed, the tibiae were extended and the
25ud. Repetitive flapping of the wings at a frequency ofbody was elevated further. No movements of the abdomen
approximately 14-15Hz enabled the insect to continue gainingccurred until the wings began to depress. No change occurred
height. In jumps by males that were wing-assisted in this waipn the angle between the meso- and metathorax, but a flexion
and led directly to flapping flight, the result was a gain inat the joint between the metathorax and abdomen resulted in
height; in the larger and heavier females, the trajectory was small dorsal curvature replacing the formerly ventral curve.
downwards, even though the wings were flapped. In the wingFhis curvature increased until midway through the second
assisted jumps analysed, the angle of the anterior thoraycle of wing elevation, when the tibial extension of the hind
relative to the horizontal just before take-off and when théegs was also completed and the insect became airborne. In
wings were fully elevated was 7+1.6° (mears.&Mm., N=9)  the example shown, take-off velocity was 0.9# and the
and was therefore similar to that in jumps that did not involveontinued flapping of the wings enabled the insect to gain
the wings. height. The angle of the anterior thorax relative to the
horizontal just before take-off and when the wings were fully
Take-off and flying without jumping elevated, was much greater at 28+2.6 ° (mear., N=10)
Adult males could take off and fly without launching in take-offs into flight in which jumping was not involved than
themselves by jumping (Fig. 6A—C). The first movement wasn jumps alone or in jumps accompanied by flapping wing
elevation of the hind wings, and it was only when this wasnovements.
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A oms 40 thorax and abdomen remained in their initial
= Jtibi Femur/body posture throughout, but the angles of the hind
emur/ubla e,

. femora with the body decreased so that the hind
Loy q--‘—( . legs were rotated forwards as the body height

h o T U | oL decreased. The femoro-tibial angle of the hind
u 4 Body height “1 legs also decreased so that the flexion movement
- 80 appeared to pull the insect backwards. Rotation
120 . .
of the middle legs also accompanied these
\ movements. The height of the body from the
ﬁf(" \ Lo substratum decreased throughout these legs
T ~ : I movements so that, eventually, it came to lie
m e 10 mm  Wwith the abdomen prostrate. The net result was
- o to displace the head from its original position
180, B backwards by approximately half a body length,

160+ with the head moving downwards.

1401 Some movements from the same initial
0 Femur/body posture launched the insect into a backward
0 1201 jump from the platform with a consequent
2 100 greater  displacement (Fig. 8A).  Similar
© sequences of leg movements occurred in such
° 801 movements, but the body was not lowered. The
< 60; propulsion was insufficient to elevate the body

40- so, when the legs lost contact, the insect started

to fall, often bumping into the edge of the
201 Femur/tibia platform on its backward and downward path.
0- The same backward darting movements also

occurred from cataleptic postures when the body
20+ was prostrate and with the legs held parallel to

E 10+ w the long axis of the body (Fig. 8B). The first
Q 0- movements were a rotation of the hind legs so
S 301 that they were raised and moved forward by a
.g 201 e disolacement rotation at the joint with the thorax. The tibiae of
10 of head P the hind legs were then flexed at their joints with
0- P the femora, and the body moved backwards. The
0 20 40 60 30 100 120 joint between the meso- and metathorax was also
Time (ms) flexed so that the anterior thorax and head were

aised and supported by the middle legs.
Fig. 7. Rapid backward movement of a nymph following a tactile stimulus to t[]e PP y 9

_head. (A) Selected frames from the whole sequence. In the first frame, at 0ms, the Jumping from a vertical posture
insect stands erect and then starts to collapse backwards so that at 120ms th . . . )
abdomen rests on the ground. (B) Graph of the changes in angle between a th{ en standing Vert!Ca"}’ on a twig or a pillar
femur and the body and between the femur and tibia of a hind leg. The angles/d#8 the head up, stick insects produced two
marked in the first frame of A. The height of the body and the horizontal, backwéf@es of movement that paralleled those shown
displacement of the head are also plotted. from a horizontal posture. In response to a

stimulus to the abdomen from beloN=26),

they jumped upwards and outwards from the

Backward evasive movements pillar before falling backwards to the ground (Fig. 9). When
If, while standing on a horizontal surface, a stick insect wastimulated on the head from abovi=(@4), they pushed

touched lightly on the head, the anterior part of the body or theackwards and fell straight down from the pillar (Fig. 10B).
front legs, it rapidly moved away from the stimulus (Figs 7, The upward jumping movements had all the characteristics
8). These backward movements by nymphs and males lastefljumps from a horizontal posture. The abdomen was curled
88+5.9ms and propelled the insect backwards by 33+3.4 mighorsally (upwards) by flexions at the joints between the meso-
at velocities of 0.4+0.2nt$ (means +sEM., N=21). The and metathorax and between the metathorax and the abdomen.
movements did not involve flicking movements of theAtthe same time, the femoro-tibial joints of the hind legs were
abdomen. The response most frequently observed was eatended. The whole body moved upwards and continued to
backward movement combined with the body collapsing ontdo so even when the hind legs lost contact with the pillar. The
the substratum (Fig. 7A,B). During these movements, theorsal movements of the abdomen then slowed and reversed
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A Oms B 0 ms
£,

Fig. 8. Variations on backward

movements by nymphs. (A) The
insect stands erect and then moveg__ Y

. :
rapidly backwards without lowering =
its body height so that it launches 40 g iu‘_.'
eSS m—

into a backward and downward jump 80
from the platform. The position of ™

the head in each frame from this o
80ms sequence is plotted in frame
0ms. (B) The initial posture (0ms) is '

a mimic of a twig in which all the

legs are held parallel to the long axis 80 120
of the prostrate body. The body is

then pulled backwards away from a

tactile stimulus to the head. The /

circles in the first frame (0ms) / /
measured from each frame in the 120
ms sequence show the backwar :

movement of the head.

\

and, some 40ms after the hind legs had left the pillar, thaway from its perch, ensuring that when it falls to the ground,
middle legs also lost contact so that the insect became airboriiieis again displaced both horizontally and vertically. Tactile
The jump propelled the insect laterally and allowed it to fall astimuli to the anterior of the insect cause a rapid backward
few body lengths horizontally away from the original perch.movement that does not involve movements of the abdomen
The horizontal displacement could be increased when the jungnd that can propel it backwards from its perch. This insect
was accompanied by flapping flight, but rarely resulted in #herefore has the ability to jump in different directions, in
gain in height (Fig. 10A). contrast to other well-known jumping insects, which can
The backward falling movements also had theusually only jump over a narrow range of angles and
characteristics of the backward movements from a horizontalirections.
position in that neither abdominal nor wing movements
contributed (Fig. 10B). The middle and hind legs pushed Body design for jumping
downwards and then lost contact with the pillar so that the The body shape dipyloideais typical of stick insects in
head moved closer to the pillar as the insect fell. At théhat it is long and thin with long thin legs and long antennae.
end of its fall, the insect was now much closer to the basklovements of the abdomen and the hind and middle legs are
of the pillar than when the abdomen had been flickedhvolved in jumping. The adult female abdomen accounts for
upwards and backwards or when the wing movements wersl % of the body mass and the adult male abdomen for 35 %,
also used. exceeding by many times the mass of the legs. This contrasts
with the body design of a locust, in which the abdomen
comprises just 28 % of the total body mass. The abdomen of
Discussion Sipyloideacan be flexed at the joint with the metathorax, which
The Thailand winged stick inseStpyloideasp. jumps from in turn can be flexed at its joint with the mesothorax. These
a horizontal or vertical posture by flicking its abdomenmovements, together with movements at the abdominal
forwards and then backwards while extending the tibiae ansegments, allow the abdomen to be curled forwards by as much
depressing the femora of the hind and middle legs. From @ 80-90°, so that its tip comes to lie vertically above the
horizontal standing position, the net result is a jump with anetathorax. The forces generated by the rhythmic dorsal and
low take-off angle and a low take-off velocity that, ventral flexion movements of the abdomen during struggling
nevertheless, propels the insect forwards and initiallican be much greater than the body weight. During a jump, the
upwards. The forward momentum, unless assisted by flappirabdomen is first curled forwards and then straightened in a
flight, carries the insect only a few body lengths horizontallypackward movement, thereby increasing the forces transmitted
away from the take-off point. Normally, however, the insecto the ground through the tarsi of the middle and hind legs.
will be perched on vegetation so that the jump ensures its rap@nce airborne, these forces would cause the insect to rotate,
fall to the ground, displaced in a horizontal direction from itsbut the movements of the abdomen also change the position of
take-off position. From a vertical posture, similar abdominathe centre of mass. The abdominal movements would therefore
and leg movements propel the insect upwards and horizontalppear to have two actions. First, they add momentum to the
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jump. Second, they allow the forces at take-off tc
through the centre of mass of the body and ensur
the body does not spin when airborne.

The legs alone do not appear to be responsib
generating all the forces needed in jumping for t
reasons. First, all three pairs of legs are of sir
length so that they resemble the legs of non-jurr
stick insects such &arausius.The design of the ley
is different, therefore, from that of powerful jump
orthopterans such as the locust, which have large
legs that are much longer than the other two pai
legs, so that the ratio of leg length
(front:middle:hind) 1:1.3:3.2. Even the false s
insect Prosarthria teretrirostris (an orthopteran
which jumps powerfully despite having spindly le
has long hind legs and a leg length ratio in femali
1:1:2.6 (Burrows and Wolf, 2002). The thin femor:
the hind legs ofSipyloideasuggest that they do r
contain muscles powerful enough to launch the |
into a jump. Furthermore, the front legs often do
support the body weight and in many jumps are n
contact with the ground.

Second, the femoro-tibial joints of the hind legs t
no specialisations that would allow the s
development of force by the extensor muscles
storage of energy and then the sudden release «
energy to power the jump. This again contrasts wit
design of this joint in locusts (Bennet-Clark, 1¢
Burrows and Morris, 2001; Heitler, 1974).

Third, before a jump, the tibiae of the hind legs
not fully flexed about the femora and often start
position that allows only a few degrees of fur
extension. The large variation in the initial star
angles of the femoro-tibial joints suggests that the -
contributed to the jump is also variable. Depressic
the femora and extension of the tibiae of the meso
metathoracic legs may nevertheless contribute t
jump by raising the body from the ground and shil
its angle of attack. In backward evasive movemen
which the abdomen is not curled, the legs providt
only thrust.

In nymphs, which have no wings, the abdominal
leg movements are the only means of generatin
forces for a jump. In adults, the front wings are sca
more than stubs, but the large hind wings can be o)
and flapped to generate lift and thrust. Even in ac
however, many jumps are produced without
assistance of the wings. When they are used, the
are opened at the same time as the abdomen is t
forward and then depressed as the abdomen s
backwards so that flapping flight assists the jump. /
males can gain height from such a wing-assisted

Fig. 9. A backward jump by a nymph from an initial vertical posture. Selected
frames from the sequence in which take-off occurred at 0 ms are arranged in
two columns. The position of the head and the tip of the abdomen and the
distance of the body from the vertical pillar are plotted in the bottom two
frames. The abdomen is flicked forwards and the body moves upwards before
the legs lose contact with the pillar and the insect falls in a trajectory away
from the pillar.

off, but the heavier females still lose height. Use of the wings Jumping mechanisms in other animals
may nevertheless provide greater stability during a jump, as it Locusts (Bennet-Clark, 1975), false stick insects (Burrows
does for flea-beetles when they use their wings (Brackenbugnd Wolf, 2002) and fleas (Bennet-Clark and Lucey, 1967) all

and Wang, 1995).

use rapid extension of the hind legs to propel their jump. Male



locusts weighing 1.5-2.0g can take of
25-30ms at velocities of 3.2misand a
peak accelerations of 180?40 jump
distance of 0.8-0.95m (20 body lengtl
The energy required can be as grec
11mJ and is generated by mus
contraction in advance of the jump ¢
stored in cuticular deformations. M
false stick insects Rrosarthria) weigh
only 0.28g and take off in 30ms
velocities of 2.5-3.0nm3 and at pea
accelerations of 165m3 to jump ¢
distance of 0.9m (13bodylengtl
(Burrows and Wolf, 2002). Again, tl
energy requirement of 8% can be me
only by muscle contraction in advance
the jump, but is achieved without bend
of the semi-lunar processes that pro
almost half the energy storage for

locust. The fleaSpilopsyllus cunicult
weighs only 0.45mg and can jump 3-5
into the air at a take-off velocity

approximately 1ms. The energ
required is again produced by a p
contraction of the enlarged depres
muscle in the hind leg and then stored
pad of resilin. The stored force is relea
suddenly by the contraction of a sn
muscle that changes the point of actio
the depressor muscle so that the femui
be depressed rapidly.

In contrast to these performances,
jumping of Sipyloidea is much mor
modest. The time during which the ins
is accelerated in a jump is almost tt
times as long as in a locust, and the t
off velocities, acceleration and ene
requirements are much smaller. (
estimate of 1mW for the mean pov
output during a jump is well within tl
bounds of direct muscle action (We
Fogh and Alexander, 1977), so that tt
is no need to invoke storage mechani
to power the jump, as in many ot
jumping insects. This stick inse
combines the kinetic energy provided
abdominal movements with the for
generated by two pairs of legs, ther
extending the time over which t
acceleration is applied. In these respec
has features in common with jump
spiders and jumping ants.

The salticid spiderSitticus pubescel
jumps a distance of some 7cm or

Jumping in a stick insec2411

Fig. 10. Variations in backward jumping from a vertical posture by an adult male.
(A) Jumping is accompanied by flapping movements of the wings. Three frames are shown
from the selected sequence in which take-off occurred at 0 ms. The wing movements propel
the insect further from the pillar as it falls. (B) The insect falls, but the abdomen is not
flicked forwards. The movements of the tip of the abdomen and the head are plotted in the
bottom of three selected frames from the whole sequence.

to 10bodylengths at a take-off velocity of approximatelyprovided mainly by the fourth pairs of legs, which are extended
0.7ms?! (Parry and Brown, 1959). The thrust for the jump isfully by depression of the femur and extension at the
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femur/patella joint. The third pair of legs extends by only a small A. T. M. (1994). A novel mechanism for jumping in the Indian ant
amount before the legs lose contact with the ground, and the first}arpegnathos saltatofJerdon) (Formicidae, Ponerina&xperientiaso,
two pairs of Iggs a.re "fte_d from the ground t_)efore the jump eVeBassIer, U.(1983). The neural basis of catalepsy in the stick ifSentculina
starts. Other jumping spiders may use the simultaneous extensioimpigra Ill. Characteristics of the extensor motor neurdsisl. Cybern.

of two pairs of legs. The amarpegnathos saltatojumps to 46, 159-165.

f dat d to hunt by th id ext . Batssler, U. and Foth, E(1982). The neural basis of catalepsy in the stick
escape rom predators and 1o hunt prey by the rapid extension o nsectCuniculina impigra|. Catalepsy as a characteristic of the femur—tibia

both the middle and hind pairs of legs (Baroni et al., 1994; Tautz control systemBiol. Cybern.45, 101-105.
et al,, 1994)_ The jump, which takes some 15-25ms from thHgassler, U., Storrer, J. and Saxer, K(1982). The neural basis of catalepsy

fi the head is first raised t hen the | | th din the stick insecCuniculina impigra Il. The role of the extensor motor
Ime the heéad IS Tirst raised 10 when the [egs léave the groundyerons and the characteristics of the extensor tibiae mBsaleCybern.

propels the body forwards some 3-4cm at an angle of 46, 1-6.
approximately 40°, but with a low take-off velocity of Bedford, G. O.(1976). Defensive behaviour of the New Guinea stick insect

. . Eurycantha Proc. Linn. Soc. NSWO00, 218-222.
1
0.6-0.7ms". The centre of mass of these ants is anterior to thg.giorq. G. 0.(1978). Biology and ecology of the Phasmatodeau. Rev.

mesothoracic legs so that the body does not spin during a jumpEntomol.23, 125-149.
In Gigantiops destructothowever, it is behind the hind Iegs and, Bedford, G. O. and Chinnick, L. J.(1966). Conspicuous displays in two

¢ te. th ¢ t of th bd : gspecies of Australian stick insecinim. Behav14, 518-521.
0 compensate, € gaster (par 0 e a omen) IS move nnet-Clark, H. C. (1975). The energetics of the jump of the locust

forwards at the same time as the legs are extended and is held ischistocerca gregarial. Exp. Biol.63, 53-83.
the forward position as it becomes airborne. ASipyloideathe  Bennet-Clark, H. C. and Lucey, E. C. A.(1967). The jump of the flea: a

. . L. study of the energetics and a model of the mecharlsiaxp. Biol.47,
abdominal movements may also provide kinetic energy to propelsg_7¢

the body forward (Tautz et al., 1994). Brackenbury, J. and Hunt, H. (1993). Jumping in springtails: mechanism
and dynamicsJ. Zool., Lond229, 217-236.
Lines of defence Brackenbury, J. and Wang, R.(1995). Ballistics and visual targeting in flea-

. . . . . . beetles (Alticinae)J. Exp. Biol.198 1931-1942.
How effective behaviourally is the jumping 8ipyloide®  grown, R. H. J. (1967). The mechanism of locust jumpingature 214,

Broadly, two main strategies are used to avoid predation: first,939.

; ; SN ; rrows, M. and Morris, G. (2001). The kinematics and neural control
it adopts cryptic postures to minimise detection and, second,EftJof high-speed kicking movements in the locust. Exp. Biol. 204

moves away from potentially harmful stimulation. Its cryptic 3471-3481.
body shape and coloration, helped by an ability to sustain Burrows, M. and Wolf, H. (2002). Jumping and kicking in the false stick

: ; ; ; ; insect Prosarthria kinematics and neural controll. Exp. Biol. 205
particular posture for a long time without moving, make it hard 1516-1530.

for potential pred_ators to detect. Ta.ctile. stimuIaFion leads t_o Briesang, R. B. and Biischges, A1993). The neural basis of catalepsy in
number of behavioural responses. First, it may withdraw rapidly the stick insect. IV. Properties of nonspiking interneurdn€omp. Physiol.

. 173 445-454,
from a stimulus and then freeze, so that the predator may Iogpsner’ T. (1965). Defensive spray of a phasmid insetience 148

contact and then has to go through the recognition process againge_ggs.
Second, it may walk rapidly away, so that the predator has &vans, M. E. G.(1972). The jump of the click beetle (Coleoptera: Elateridae)

; e ; ; R — a preliminary studyd. Zool., Lond167, 319-336.
pursue It. Third, it may Jump from its perCh’ thus propelllng itsel, vans, M. E. G.(1973). The jump of the click beetle (Coleoptera, Elateridae)

quickly and some distance from the predator to land amongst tﬁ& energetics and mechanids.Zool., Lond169, 181-194.
leaf litter, where its cryptic posture and coloration will againGodden, D. H.(1974). The physiological mechanism of catalepsy in the stick

i ; insectCarausius morosuBr. J. Comp. Physiol9, 251-274.
make it difficult to detect. Use of the abdomen to prOVqu{eitler, W. J. (1974). The locust jump. Specialisations of the metathoracic

forward or upvv_ard momentum, depending on the initial starting femoraltibial joint.J. Comp. Physiol89, 93-104.
posture when jumping, may have evolved from the abdominalenry, G. M. (1922). Stridulation in the leaf insecBpolia Zeylan12,

; ; ; i~ 217-219.
curllng movements seen in defensive postures by other Stlg(arry, D. A. and Brown, R. H. J.(1959). The jumping mechanism of salticid

insects. Finally, the jump may be combined with flapping flight spiders.J. Exp. Biol.36, 654-664.

to put a large distance between the insect and the predatB8ehn, J. A. G.(1957). The description of the female sexRiérinoxylus

making pursuit possible only for aerial predators. The ability to Z?%”“E'?]?gmﬁh ggfgegs Téssf'l%‘ﬂat'on in the female sex of this gefficams.

jump rapidly, if only for short horizontal distances, couldRropinson, M. H. (1968a). The defensive behaviour of the Javanese stick

therefore be an important survival strategy. insectOrxines macklottiwith a note on the startle display Metriotes
diocles Westw. (Phasmatodea, Phasmidaghtomol. Mon. Mag.104,
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