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Accepted 16 May 2002 Summary Rapid backward movements result either in the collapse The Thailand winged stick insect (Sipyloidea sp.) flees of the body onto the ground, with a displacement away rapidly from a disturbance by jumping forwards when from the stimulus of approximately half a body length, or stimulated on the abdomen and backwards when in the propulsion of the insect off its perch. Neither stimulated on the head. The mechanisms underlying these movement involves curling of the abdomen. fast movements were analysed by measuring movements From a horizontal posture, the forward jumps result in of the body and legs from images captured at 250 Hz. a displacement of a few body lengths. More lift can be A forward jump of both adults and nymphs involves generated in adults by elevating the hind wings as the movements of the abdomen and the middle and hind pairs abdomen is swung forwards and depressing them as the of legs. The abdomen is raised and swung forwards by legs lose contact with the ground. In this way, jumps can flexion at the joint with the metathorax and at the joint lead directly to flapping flight. Take-off into flight can, between the meso- and metathorax. At the same time, the however, be achieved without the abdominal movements tibiae of the hind and middle legs are extended and their seen during jumping. femora depressed. The femoro-tibial joints of the legs are From a vertical posture, a forward jump propels the not fully flexed before a jump, and no structures in these insect upwards and backwards before it falls to the joints appear to store muscular energy. The whole ground horizontally displaced from its perch. Backward jumping sequence takes approximately 100 ms and results movements result in the insect falling with little horizontal in take-off angles of 10–35 ° at velocities of 0.6–0.8 m s–1 displacement from its perch. and with an acceleration of 10 m s–2. The abdominal angular velocity was 2000 ° s–1 and the tip of the abdomen moved at linear velocities of some 1 m s–1, while the Key words: kinematics, joint mechanics, locomotion, Sipyloidea, Thailand winged stick insect, Sipyloidea sp. maximum rate of tibial extension was 4000 ° s–1.



Introduction Insect jumping as a means of escape or rapid movement involves several different mechanisms. The most prodigious jumpers are orthopterans such as locusts, which use large, specialised hind legs to generate and then store the 9–11 mJ of energy needed to propel the body off the ground in 30 ms at a take-off velocity of 3.2 m s–1 and to displace the body by as much as 1 m (Bennet-Clark, 1975; Brown, 1967). Fleas store the energy developed by large depressor muscles in the hind legs (Bennet-Clark and Lucey, 1967; Rothschild et al., 1972), springtails rapidly extend an abdominal appendage (Brackenbury and Hunt, 1993) and click beetles jack-knife their body at the junction between the pro- and mesothorax (Evans, 1972, 1973). The ant Gigantiops destructor jumps by rapidly extending both the middle and hind pairs of legs while simultaneously moving the gaster (part of the abdomen) forwards and holding it there during a jump (Baroni et al., 1994; Tautz et al., 1994). This moves the centre of mass, thereby ensuring that the body does not spin during a jump,



and may also provide kinetic energy to propel the body forward (Tautz et al., 1994). Stick insects usually have an elongated body shape that closely resembles the branches of plants on which they climb, perch and feed. They respond to a threat by freezing their body position – catalepsy (Bassler, 1983; Bassler and Foth, 1982; Bassler et al., 1982; Driesang and Büschges, 1993; Godden, 1974) – enabling them to remain motionless for long periods and, therefore, to become difficult for predators to detect amongst vegetation. Nevertheless, some stick insects have active defensive displays and active escape responses. In some, the hind wings and the modified front wings are raised to increase the apparent size of the insect and to reveal previously hidden patches of colour (Bedford, 1978). These movements may be accompanied by buzzing (Rehn, 1957) or swishing (Bedford and Chinnick, 1966) sounds generated by rubbing the front and hind wings together or by rubbing the two antennae together (Henry,



2400 M. Burrows and O. Morris 1922). In other species, the hind legs are spread apart, often to reveal patches of colour, and then struck together. If a male Onctophasma martini is grabbed, it will curve its abdomen dorsally and forwards while the femoro-tibial joints of the hind legs are flexed (Robinson, 1968b). Males of Eurycantha calcarata and E. horrida raise their abdomen in a similar way but then evert the copulatory organ to release an odour (Bedford, 1976). They will also swing the hind legs together to trap and impale an offending object on their femoral spines. Anisomorpha buprestroides squirts a deterrent spray at its predators from glands in the thorax that open just behind the head (Eisner, 1965). These startle responses may grade into active escape responses. Orxines macklotti (Pseudodiacantha macklottii) curls its abdomen forwards and jumps from its vertical perch before dropping to the ground (Robinson, 1968a), and the males of Onctophasma martini push off from their perch while the females simply drop (Robinson, 1968b). Metriotes doicles and Bacteria ploiaria also jump (Robinson, 1969). The net result is a backward movement because the common posture is vertical with the head pointing upwards. All the descriptions of these escape movements of stick insects have been brief and preliminary. We have, therefore, used high-speed imaging to analyse the detailed movements involved in escape responses of the Thailand winged stick insect Sipyloidea sp. This stick insect has an elongated body shape with long thin legs and an ability to show catalepsy, but has an unusual mechanism of jumping. We show that it jumps 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 movement. In the winged adults, jumping may propel the animal into flapping flight. Materials and methods Stick insects were obtained from Small Life Supplies (Bottlesford, Nottinghamshire NG13 0EL, UK) and then bred in our laboratory and fed bramble (Rubus fruticosus) leaves. The species has not yet been described but belongs to the genus Sipyloidea (Order: Phasmida; Family: Heteronemiidae; Subfamily: Necrosciinae) and is currently called Sipyloidea sp. ‘Thailand 8’, the Thailand winged stick insect (J. Marshall, personal communication). To measure the distribution of mass within different parts of the body, adult males and females were weighed, frozen and then reweighed to check that there had been no change in mass during the freezing process. Body parts were removed sequentially and the carcass reweighed at each stage. Body length and the lengths of the different segments of the three pairs of legs were also measured and compared with data for other stick insects and selected orthopterans (Burrows and Morris, 2001). The resting posture was observed in large cages containing branches of bramble. Behavioural responses to an initial tactile stimulus to the abdomen and a second stimulus



applied 5 s after the response to the first had stopped were analysed in the same surroundings. Tactile stimuli were applied to the head in a separate series of experiments. Jumps were induced by a light touch with a fine paint brush or by gently tapping a 20 mm×70 mm Styrofoam platform raised on a pillar some 200 mm from the bench. The unrestrained insect stood on the horizontal or, when rotated by 90 °, the vertical surface of this platform. Images were captured directly to a computer with a Redlake Motionscope (Red lake Imaging, San Diego, CA, USA) at a rate of 250 Hz and with an exposure time of 1/1000 s. Selected images were analysed with the Motionscope camera software (Red lake Imaging) to obtain the coordinates of the various parts of the body and legs. These data were then imported into Excel (Microsoft), where angles were calculated. Seventy-seven forward jumps from a horizontal starting posture by 20 stick insects, 40 jumps from a vertical posture by 10 insects and 21 rapid backward movements by 14 insects from a horizontal posture in which the take-off trajectory was at right angles to the optical axis of the camera were captured and analysed. With this orientation, the legs project laterally from the body at angles that change as the coxae are rotated at the joints with the thorax. This leads to error in measurements of the absolute femoro-tibial angle, but the analyses of this joint are focused on its angular changes during a jump. We also estimate that the measurements of takeoff velocity from the frame rate we used (250 Hz) could lead to an error of ±0.05 m s–1 and that this will carry forward into other calculations. Results Body structure Sipyloidea has a thin and elongated body with a head that is 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±37.8 mg (N=18), males 164±4.6 mg (means ± S.E.M., N=10) (Fig. 1B). Similarly, body length (head to tip of abdomen) was greater in females than in males: females measured 92±0.9 mm (N=13), males 65±0.5 mm (means ± S.E.M., N=10) (Fig. 1C). In females, the mass of the abdomen comprised 44 % of the total body mass and was approximately five times the mass of all its legs; in males, the mass of the abdomen comprised 35 % of body mass and was almost twice the mass of all the legs (Fig. 1D,E). The thorax can be flexed dorsally at the joint between the meso- and metathoracic segments, and the abdomen can be curled dorsally by movements at the joint with the metathorax and at each abdominal segment. Only the adults have wings. The hind wings are long (50 mm in females, 35 mm in males), whereas the front wings are short (8 mm in females, 5 mm in males). Males could gain height in flapping flight, but the flights of the heavier females were infrequent and usually resulted in a loss of height. The three pairs of legs are all long and thin. The front and hind pairs of legs are similar in length and the middle legs slightly shorter so that the ratio of femoral lengths is



Jumping in a stick insect 2401 (front:middle:hind) is 1:0.7:1. In males, the total length of either a front or a hind leg was 68 % of the body length, and in females it was 50 %. The front legs frequently did not support the weight of the body and were instead often extended anteriorly off the ground (Fig. 1A). The femur of a hind leg was approximately 8 % larger dorso-ventrally than the mesothoracic femur, but no differences were apparent in the structure of the femoro-tibial joint compared with the other legs. There are no prominent semi-lunar processes, but A there are curved grooves on both the medial and lateral surfaces of the cuticle. The extensor and flexor tibiae muscles of both meso- and metathoracic legs insert on similar sites on the dorsal and ventral surface of the tibia respectively.



Fig. 1. Morphometry and mass of the body. (A) Photographs of an adult male Sipyloidea to show the elongated body and long thin legs. Scale bar, 5 mm. The inset shows a close-up of the femorotibial joint of a hind leg, which lacks any clear specialisations for jumping. Scale bar, 0.5 mm. (B,C) Bar charts showing the dimorphic body mass (B) and body length (C) of adult males (M) and females (F). Values are means ± S.E.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 percentage of total body mass) in three males (D) and six females (E).
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Resting posture To determine the orientation of the body normally adopted by the stick insects, observations were made of two cages each containing 30–40 insects. The undisturbed positions adopted by large nymphs or adults fell into four broad categories (Fig. 2A): (i) vertical, head-up, perched on a twig or the side of the cage with the body’s long axis perpendicular to the floor and the head pointing upwards; (ii) vertical, head-down, as for vertical, head-up, but with the head pointing downwards; (iii) horizontal, upright, standing on the floor or a twig with the body’s long axis parallel to the floor; and (iv) horizontal, upsidedown, upside-down on the ceiling of the cage with the body’s long axis parallel to the floor. A chosen posture could be



maintained for long periods, often with no apparent movement. Most male and female adults and nymphs tended to assume the first posture. Adult males were found upside-down on the ceiling more frequently than females or nymphs. We selected two specific starting postures to analyse jumping movements because it was from these that jumps were most frequently initiated: (i) horizontal and upright and (ii) vertical and headup.



600 400 10



200



70



10



60 50 40 30 20 10



0



D



0



M F Sex



E



Male



Female



Wings Antennae Abdomen



Wings



Hind legs Middle legs



M F Sex



Abdomen



Antennae Hind legs Middle legs Front legs Head, proand mesothorax



Front legs



Metathorax



Head, proand mesothorax



Metathorax



2402 M. Burrows and O. Morris A



Posture



Relative frequency



0.8 0.6



Males (N=38)



0.4



Females (N=65) Nymphs (N=28)



0.2 0



Vertical head-up



Ceiling



Horizontal



Relative frequency



B



Vertical head-down



First touch



0.6 0.4 0.2 0



Freeze Withdraw



Walk



Jump



Fly



C Relative frequency



Avoidance and escape movements Tactile stimulation caused the stick insects to respond in different ways (Fig. 2B–D), with some responses more common than others, and there was evidence of differences between adult males, adult females and nymphs. The responses to stimulation of the abdomen were categorised as follows: (i) freeze/no response, no overt movement and resting posture maintained; (ii) withdraw, rapid retraction of the legs and forward curling of abdomen, often holding it in this flexed position; (iii) walk, walking for two or more steps away from the point of stimulation; (iv) jump, rapid flicking of the abdomen accompanied by extension of the middle and hind legs, resulting in a jump; and (v) fly, adults opened their wings and took off with or without a preceding jump. The most frequent response of adult females to both the first and second stimulus was rapid withdrawal and curling of the abdomen. Their next most common response to the first stimulus was to freeze and, to the second, to walk away (Fig. 2C). Males and nymphs froze, withdrew or walked away from the first stimulus but more frequently walked away from the second stimulus. Jumping was more common in response to the second stimulus for all three groups. Only adult males took off into flapping flight when stimulated. On the assumption that the order of activity was represented by the sequence freeze 
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