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Froghopper insects leap to new heights

An innovative leaping action propels these bugs to the top of the insect athletic league.

jumping that enable many animals to

escape from predators, to increase their
speed of locomotion or to launch into
flight*. Animals with long legs (bush babies,
kangaroos and frogs, for example) have a
levering power that enables them to use less
force to jump the same distance as short-
legged animals of comparable mass, where-
as those with short legs must rely on the
release of stored energy in a rapid catapult
action. Insects exploit both designs: bush
crickets use the leverage provided by long
legs?, fleas use stored energy to power their
short legs®, and grasshoppers* combine fea-
tures of each. Fleas are considered to be the
champion jumpers, but here | show that
froghoppers (spittle bugs) are in fact the
real champions and that they achieve their
supremacy by using a novel catapult mech-
anism for jumping.

Froghoppers, Philaenus spumarius (Lin-
naeus), have a mass (m) of 12.3+0.7 mg
(mean+s.e.m.,n=11)andare6.1+0.2mm
long. In preparing to jump (in ten jumps by
four adults), the front and middle legs raise
the front of the body and the thrust is then
provided by the simultaneous extension of
both hind legs in less than 1 ms (Fig. 1).
These lift the body at a take-off angle of
58+ 2.6° and the mean take-off velocity (v)
is 2.8+0.1 m s~* (or, for the best jumps,
4 m s1). The body is thus accelerated at
2,800-4,000 ms ™2 which isequivalentin the
best jumps to 408g.

The energy (0.5mv?) required for an
average jump is 49 microjoules, with the best
jumps needing 100 wJ. This corresponds to
an average power output of 100 mW if the
acceleration (f ) is conservatively applied in
1 ms. About 11% (n =5) of the body weight
is attributable to the pair of trochanteral
depressor muscles in the body that generate
the rapid movements of the hind legs, giving
apower output of 36 W g~*and a maximum
for the best jumps of 74W g™,

This is much greater than the power
output from the jumping muscles in a locust
and about the same as that in a flea, but less
than that in a click beetle®®. The force (mf)
exerted in an average jump is 34 mN. For the
highest jumps, the force increases to 49 mN
and, because the cross-sectional area of this
muscle is 1.2 mm?, itequates to 41 kN m ~2 of
muscle’. The average height achieved is
428 £26.1 mm, with the highest jumps
reaching 700 mm.

The forces powering the jump could not
be produced by direct muscle contractions
over the short distances and brief time
available, indicating that muscular force

There are two basic body designs for
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Figure 1 Sequential images of a spontaneous jump by Philaenus
spumarius captured at 2,000 frames per second and an exposure
time of 0.25 ms with a high-speed camera (Redlake Imaging, San
Diego) and associated computer. Take-off at time 0 ms occurs
within two frames, or less than 1 ms, of the first movement of the
hind legs between frames —1.0 and —0.5 ms. The crosshairs
mark the position of the front of the head and the tracings on
the right show the movements of the body and legs. Scale bar
(bottom panel), 2 mm.

must be generated by a slow contraction in
advance of the movement, storing energy
which is then released rapidly. The hind legs
are roughly half the length of the body and
1.5 times that of the other legs. Before take-
off, they are rotated forwards at the coxo-
trochanteral joints so that the femora are
tucked between the thorax and the middle
legs. The tibiae are also flexed about the
femora so that they are parallel with the
long axis of the body. A ridge on the dorsal
femur rides over and engages in front of a
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lateral and ventral protrusion of a coxa,
forming a novel locking mechanism and
restraining a hind leg so that it is poised to
extend (see supplementary information). A
hind leg does not move in this cocked posi-
tion, so the energy generated by an almost
isometric contraction of the trochanteral
depressor muscle could be stored in the
strengthened thoracic cuticle, which may
contain resilin®®, or in its massive and
elaborate tendon.

For a hind leg to extend, the femur must
disengage with the coxa, probably because
the force generated by the trochanteral
depressor muscle exceeds the restraining
ability of the lock. The femoral ridge then
suddenly snaps past the coxal protrusion,
allowing the stored force to power a rapid
depression of the coxo-trochanteral joint at
angular velocities of 75,500 deg s™* and a
concomitant full extension of the femoro-
tibial joint. The time taken from the first
visible leg movements to the insect becom-
ingairborneisnomorethan1ms.

For their size, froghoppers outperform
other insects: they exceed the height
jumped by the flea relative to body length
and accelerate their much heavier bodies
four times faster. The force exerted is 414
times their body weight and is therefore
much higher than in other jumpers such as
fleas (135 times)?, locusts (8 times)* and
humans (2-3 times)™. Froghoppers have
relatively short and light hind legs that are
powered by huge jumping muscles and a
novel locking mechanism that allows force
generated before the jump to be released
rapidly. During horizontal walking, this
specialization is such that the hind legs are
merely dragged along while they are poised
for jumping.
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Anatomy of the jumping structures in the froghopper Aphophora. This species is both heavier and longer than
Philaenus, but the morphology of its jumping structures is the same. A.Drawing of a ventral view. The hind leg
on the left (light green) is in the cocked position assumed before a jump, so that its femoral ridge is engaged
with the coxal protrusion. The hind leg on the right (light green) is fully extended as occurs at take-off. The
middle leg on the right is removed to reveal the bi-partite, hind trochanteral depressor muscle (yellow) and its
tendon (blue).This tendon, Tmm long, 250_m wide and in places 175_m thick, inserts on the strengthened
medial edge of the coxa some 500_m from the joint pivot so that the depressor muscle has a lever ratio 16
times that of the much smaller trochanteral levator muscle. The cuticular insertion of the lateral, pinnate part
of this muscle is heavily stippled; the bulk of the medial part of the muscle projects dorsally out of the plane of
the drawing. The arrows indicate the major joint movements during a jump. The horizontal gray bars at the
tibio-tarsal joints show the same fixed point of a hind leg on the ground. B.Photograph from the dorsal side of
the femoral ridge just before it would lock in front of the coxal protrusion.



