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Abstract

We investigated the influence of mechanical, visual and contact chemical stimulation on behavioural gregarization of fifth-instar
solitarious nymphs of the desert locust. The stimuli were applied in two 2×2 factorial experimental designs, the first with contact
chemical and mechanical stimuli, and the second with contact chemical and visual stimulation. Stimulus treatments were applied
for a 4–5 h period, after which the behavioural phase state of individual locusts was measured using an assay based on multiple
logistic regression analysis of behavioural variables. Mechanical stimulation was provided by showering test insects with millet
seeds, thereby excluding the possibility of contact chemical self-stimulation by repeated contact with the same objects. Visual
stimulation consisted of the sight of crowd-reared locusts, while contact chemical stimulation was a dichloromethane extract of
cuticular hydrocarbons from gregarious nymphs applied to the perch of the test insect. Mechanical stimulation was powerfully
gregarizing, whether alone or in combination with contact chemical stimuli. Application of cuticular extract to the perch had no
measurable effect on behavioural phase state, either alone or when presented with mechanical or visual stimuli. Visual stimulation
alone partly gregarized test locusts. These results appear to conflict with other reports of the gregarizing effect of cuticular hydro-
carbons and possible reasons for this discrepancy are discussed. 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Ever since the recognition of density-dependent
phases in locust species (Uvarov, 1921; Uvarov and Zol-
otarevsky, 1929) the question arose as to how the tran-
sition between phases was accomplished. It was recog-
nised that phase change was a gradual process leading
to the most extreme forms only after several generations
of isolation or crowd-rearing (Uvarov, 1966; Pener,
1991). Initial work on changes within a generation
focused on colour and morphometry as indicators of
phase (Husain and Mathur, 1936). However, subsequent
researchers realised that morphological changes are
downstream in the chain of events leading to phase
change and identified behaviour as the most labile
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component in the transition between phases (Kennedy,
1939; Ellis 1951, 1956; Ellis and Pearce, 1962).

It is generally accepted that particular environmental
conditions, notably scarce and concentrated food
resources, are necessary to overcome the predisposition
of solitarious locusts to avoid each other (Kennedy,
1939; Roffey and Popov, 1968; Bouaı¨chi et al., 1996;
Collett et al., 1998; Despland et al., 2000; Despland and
Simpson, 2000). Once locusts become congregated, can-
didate stimuli provided by conspecifics that induce
active aggregation and lead ultimately to phase transition
include visual, olfactory, acoustic and contact stimuli.
Of these, contact stimulation has been identified as the
most potent behaviourally gregarizing stimulus, with
vision as a less powerful but still effective stimulus
especially in combination with olfactory cues, which
alone have not been shown to have a gregarizing effect
on behaviour (Ellis, 1959; Roessingh et al., 1998; Simp-
son et al., 1999).

The behaviourally gregarizing effect of contact stimu-
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lation provided by fine wires (Ellis, 1959) or rolling pap-
ier mâché spheres (Roessingh et al., 1998) has been
assumed to be due to mechanical stimulation. Recently,
however, in a series of publications by Heifetz et al.
(1996, 1997, 1998) it was reported that cuticular hydro-
carbons of crowd-reared nymphs could gregarize solita-
rious nymphs when provided for short periods on their
perches. This provided a possible alternative explanation
for the gregarizing effect of contact stimulation in other
experiments. Most experimental manipulations to pro-
vide mechanical stimulation cannot categorically
exclude the possibility of contact chemical self-stimu-
lation, since usually the stimulating agent is in repeated
contact with various body parts, whereby the agent
might become contaminated with surface chemical
components. To overcome this problem, and unequivo-
cally to separate mechanical and contact chemical stimu-
lation, we designed an experiment where the mechanical
stimulation came from millet seeds which were show-
ered onto solitary-reared nymphs and then fell through
a grid in the floor of the test cage, thereby eliminating
repeated contact of the same object with the insect. Con-
tact chemical stimulation was provided as described by
Heifetz et al. (1996) by pipetting cuticular surface
extracts onto a polystyrene screen and offering the
screen as a perch for the nymphs. To test for a combined
effect of vision and contact chemical stimulation, as has
been found for volatile locust cues (Roessingh et al.,
1998), we designed a second experiment where contact
chemical stimuli were combined with visual stimulation
from gregarious nymphs enclosed in an adjacent clear
plastic container.

2. Material and methods

We used fifth-instar nymphs ofSchistocerca gregaria
(Forskål) which had been kept in isolation for three gen-
erations. For details of the rearing conditions, see Roes-
singh et al. (1993). Nymphs were of both sexes and 3–
5 days old within the fifth stadium. For the experiments
the nymphs were kept individually in clear plastic cages
(78×60×105 mm, length×width×height) with the top and
bottom cut away and covered with zinc-coated wire
mesh (6 mm mesh size) and a white polyethylene screen
perch (88×72 mm, 0.5 mm mesh width) clipped to
one side.

Mechanical stimulation was provided by dropping
millet seeds (Pennisetum glaucum) onto the test nymphs
for 4–5 h from a rectangular sieve (mesh size of 3 mm)
with its base positioned 1.5 cm above the cage. The seed
weight was 6.0±0.10 mg and the diameter was 2.2±0.01
mm (mean±se). The sieve was agitated to provide a reg-
ular shower of seeds onto the nymphs below, at a rate
estimated as 247±29 (mean±se) seeds/cm2/minute. The
stimulation provided by the seeds did not provoke evas-

ive jumps by the nymphs, which generally habituated to
the stimulation within a few minutes. The seeds fell
through the base of the cage, thereby excluding the risk
of contact-chemical self-stimulation.

Contact chemical stimulation was provided for 4–5 h
using the protocol as described in Heifetz et al. (1996).
Cuticular hydrocarbons from crowd-reared fifth-instar
nymphs were extracted by submerging nymphs for 5 min
in dichloromethane (DCM). For the treatment of 10
screens we extracted the surface hydrocarbons of 30
nymphs into 30 ml DCM. The extract was then pipetted
onto the screens (0.05 nymphal equivalents per cm2)
where the solvent evaporated, then the screens were
placed into the cages. Control screens were treated with
the same amount of solvent.

Visual stimulation was provided by enclosing 10 greg-
arious fifth-instar nymphs in clear plastic boxes
(175×115×60 mm) with the lid sealed with masking tape
to prevent escape of odours. The boxes were placed up
against the side of the test insect’s cage, opposite the
perch. The cages of adjacent test locusts were visually
screened from each other with white card.

The behaviour of each solitarious nymph was assessed
twice, once before and once after the experiment using
the bioassay described in Roessingh et al. (1993). The
nymphs were introduced via a modified syringe into the
middle of a rectangular observation arena (41×30 cm).
Behind a perforated clear plastic partition at one end of
the arena there were 20 gregarious fifth-instar nymphs
as stimulus insects (distributed within a 7.5×30 cm area),
whereas at the other end of the arena there were no
insects behind the plastic partition. The behaviour of the
test nymph was recorded in real time for 500 s. Based
on its behavioural record during the assay, a probability
of being classified as solitarious [P(solitary) value] was
then calculated, using an algorithm which was derived
from a multiple logistic regression model previously
derived from the behavioural records in the assay of 75
individual gregarious and 74 solitarious nymphs (for
details see Roessingh et al. 1993). The model correctly
classified 94.7% and 91.9% of these gregarious and solit-
arious nymphs, respectively. The modelx2 (testing the
null hypothesis that all coefficients in the model are
equal to zero) was 174.8 (P,0.001 at 7 df). The model
–2 log likelihood (testing the null hypothesis that the
observed likelihood does not differ from a perfectly fit-
ting model) was 32.8 (P.0.999 at 144 df). Five behav-
ioural variables were retained in the model as being sig-
nificant indicators of phase state (Table 1). They were
x-distance, a measure of the end position of the insect
in the arena ranging from+1 (at the screen next to the
stimulus insects) to21 (at the screen at the opposite
side of the arena to the stimulus group); walking speed,
the mean speed during walking events; resting time frac-
tion, the proportion of time spent quiescent; walking fre-
quency, the number of walking events divided by the
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Table 1
Behavioural elements and patterns retained in the logistic regression model from crowd-reared and isolated-reared fifth instar nymphs. For an
explanation of the behavioural variables see text (Section 2)

Significance of change in log
Variables in equation Coefficientß Partial correlation coefficient

likelihood ratio

x-distance 1.59 0.030 0.11
Walking speed 23.34 ,0.001 20.22
Resting time fraction 13.31 ,0.001 0.22
Walking frequency 2110.81 0.014 20.14
Grooming time fraction 2150.88 ,0.001 20.21
Constant 22.07

observation period; and grooming time fraction, the pro-
portion of time spent antennal grooming.

Since the distribution of theP(solitary) values as
obtained from the logistic regression model was bimo-
dal, values were ranked and normalised prior to testing
(Conover and Iman, 1981). The effects of the different
stimuli on behavioural phase state were tested with 2-
way analysis of variance using SPSS (version 6.1.1) on
a Macintosh computer.

3. Results

In experiment 1, mechanical stimulation induced
behavioural gregarization of the solitary nymphs, with
no evidence of an effect of contact chemical stimuli (Fig.
1, Table 2). The medianP(solitary) values for the differ-
ent treatment groups were: mechanical+contact chemical
stimuli, 0.098; mechanical stimuli alone, 0.076; contact
chemical stimuli alone, 0.968; neither stimulus, 0.986. It
could be argued, however, that contact chemical stimuli,
although ineffective alone, might act synergistically with
other stimuli, but given the strength of the effect of
mechanical stimulation, such an influence was not
detected. This had earlier been shown to be the case for
the combination of visual and olfactory stimuli, where
the head space odour of crowd-reared locusts caused sol-
itarious nymphs to become more gregarious in behaviour
only when combined with the sight of other locusts
(Roessingh et al., 1998).

As expected from earlier work (Roessingh et al.,
1998), in experiment 2 visual stimulation alone provided
a partially gregarizing stimulus to the solitary-reared
nymphs (Fig. 1, Table 3). However, addition of contact
chemical stimulation had no significant extra effect on
the behavioural phase state of the test insects. The
median P(solitary) values of the different treatment
groups were: visual+contact chemical stimuli, 0.835;
visual stimuli alone, 0.413; contact chemical stimuli
alone, 1.0; neither stimulus, 0.998.

In short, in both experiments contact chemical stimuli
had no main or interactive effect on behavioural phase
state of 3rd-generation isolated reared locusts, while

mechanical stimulation was highly gregarizing and the
sight of other locusts partially so.

4. Discussion

The results of our experiments prove earlier but
equivocal suggestions that mechanical stimulation is a
potent stimulus in bringing about behavioural phase
change in the desert locust (Ellis, 1959; Roessingh et
al., 1998), and that visual stimulation is effective to a
somewhat lesser degree. Whereas in earlier studies the
possibility of an effect of contact chemical self-stimu-
lation could not be excluded, our present design pre-
cludes this possibility. The exposure to cuticular hydro-
carbons, either as a single treatment or in combination
with mechanical or visual stimulation, did not elicit any
measurable behavioural gregarization in our assay,
despite our following the procedures for extracting and
presenting surface chemicals used in another study that
reported cuticular hydrocarbons to be a more potent gre-
garizing stimulus than visual stimulation (Heifetz et
al., 1996).

In addition to the fact that the origins of the locust
cultures used differed (with attendant possibilities for
variation in expression of sensitivity to cuticular hydro-
carbons as gregarizing stimuli), there are several metho-
dological differences between our experimental protocol
and that of Heifetz et al. (1996) that might explain the
discrepancy in our respective results. First, we used 0.05
nymphal equivalents of cuticular hydrocarbons per cm2

screen whereas Heifetz et al. (1996) used 0.033 nymphal
equivalents. This seems unlikely to have led to the dif-
ference, however, since Heifetz et al. (1998) reported a
dose-response effect with a threshold between 0.02–
0.033 nymphal equivalents and a sustained effect up to
the highest tested concentration, which was 0.06 nym-
phal equivalents of cuticular hydrocarbon extract per
cm2 screen. Second, Heifetz et al. (1996) used fourth
instar nymphs which had only been isolated since the
middle of their second stadium, whereas we used fifth
instar nymphs which had been kept in isolation through-
out their life and were derived from parents and grand-
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Fig. 1. Frequency histograms of the values ofP(solitary) for fifth-instarS. gregarianymphs subjected to different stimulation treatments. In the
first experiment the mechanical stimulation was provided by falling millet seeds and contact chemical stimulation was provided by treating a perch
with a cuticular hydrocarbon extract (n=17–18 in each treatment group). In experiment 2 visual stimulation was provided by crowd-reared nymphs
kept in sealed clear plastic containers next to the experimental cages (n=15 in each treatment group).
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Table 2
Analysis of variance of experiment 1. The dependent variable is normal scores from rank-transformed values ofP(solitary) as derived from the
logistic regression model

Source of variation df Mean squares F P

Contact chemical stimuli 1 0.088 0.14 0.709
Mechanical stimuli 1 24.740 39.33 ,0.001
Contact chemical×mechanical 1 0.714 1.14 0.290
Residual 66 0.629

Table 3
Analysis of variance of experiment 2. The dependent variable is normal scores from rank-transformed values ofP(solitary) as derived from the
logistic regression model

Source of variation df Mean squares F P

Contact chemical stimuli 1 0.354 0.62 0.434
Visual stimuli 1 24.746 43.36 ,0.001
Contact chemical×visual 1 0.055 0.10 0.757
Residual 56 0.571

parents which had been reared in isolation. The nymphs
used in our experiment were thus certainly more solitar-
ized than were those used by Heifetz et al. (1996).
Exposure to cuticular hydrocarbons might therefore only
be effective as a gregarizing stimulus at the early stages
of the solitarization process. Third, we have used a dif-
ferent assay system for the measurement and analysis of
behavioural phase state.

Heifetz et al. (1996, 1997) used an assay system
involving two variables: activity over a 2-min period by
each individual within a group of 10 nymphs, and a mea-
sure of aggregation derived across the 10 insects. The
measurements from the 10 insects were then collapsed
into a single data point. Discriminant analysis was used
to maximise the numerical distance between ten such
groups of solitarized and ten groups of gregarized
insects. This analysis provided a discriminant function
and with it a discrimination line for the classification of
five replicated groups of experimental nymphs which
had been subjected to cuticular hydrocarbon, control or
other treatment. No further statistical test on experi-
mental treatments was provided. Our assay in the present
experiment is based on a suite of five behavioural vari-
ables. These were retained as significant, orthogonal pre-
dictors of behavioural phase state in multiple logistic
regression analysis of data for a larger set of behavioural
variables observed in individual locusts of known rear-
ing density (model groups). The resulting multiple logis-
tic regression equation is used to provide individual,
independent measures of behavioural phase state for all
experimental insects [P(solitary) values]. These values
then provide the dependent variables in subsequent stat-
istical tests of the efficacy of experimental treatments.

The question arises as to whether millet seed provided
other than mechanical stimuli which may have had an

influence on behaviours important for the phase state
assessment. It seems unlikely to expect that any chemi-
cal stimuli associated with the millet seed would be more
gregarizing than locust cuticular extracts. Nor was the
gregarizing effect explicable in terms of any dust from
the shower of seed, resulting in increased head groom-
ing. Although enhanced grooming of the antennae, by
drawing them between a foretarsus and the ground, is
a significant feature of behavioural gregariousness (e.g.
Table 1, Roessingh et al. 1993, 1998), the exclusion of
such grooming from the list of behavioural variables
used to derive theP(solitary) values still provided a
model that yielded similar results. In earlier studies
(Roessingh et al., 1998) no gregarizing effect could be
found by enhancing the sensory flow in other non-mech-
anical ways, e.g. by providing flashing lights or wheat
odour. Finally, the fact that mechanical stimulation was
able to cause behavioural gregarization with the sources
of stimulation being as different as fine metal wires
(Ellis, 1959), papier maˆché spheres (Roessingh et al.,
1998) and falling millet seeds makes it unlikely that
another factor common to the three ways of producing
mechanical stimulation should be responsible for caus-
ing the gregarization effect.

Mechanical stimulation seems to be a potent stimulus
in bringing about changes in response to crowding not
only in S. gregariabut also in aphids and some Lepidop-
tera. In aphids it has been repeatedly reported that the
production of winged parthenogenetic progeny depended
on the crowding experienced by the mother (Johnson,
1965; Lees, 1967; Sutherland, 1969). Tactile stimulation
was identified as the responsible stimulus by confining
aphids in a hairy muslin bag, where they would have
been stimulated mechanically as they crawled through
the forest of fibres (Sutherland, 1969). In Lepidoptera,



1300 B.F. Hägele, S.J. Simpson / Journal of Insect Physiology 46 (2000) 1295–1301

density-dependent larval colour polyphenism has been
described as originating from inter-larval contact (Drooz,
1966; Sasakawa, 1973; Kazimı´rová, 1992; Gunn, 1998),
although most experiments have principally been
designed to exclude the possibility of pheromonal influ-
ences and do not unequivocally indicate that touch is the
key stimulus. Sasakawa (1973) found that stimulation by
plastic strips hanging from the top of an experimental
tube elicited colour changes inCephonodes hylasL.
(Sphingidae) larvae typical to those produced under
crowded rearing conditions. However, again this study
could not rigorously exclude the possibility of contact
chemical self-stimulation.

Whereas our and other experiments (Ellis, 1959;
Roessingh et al., 1998) show that mechanical stimulation
acts as a very strong gregarizing stimulus in desert locust
nymphs, the phenomenon of behavioural gregarization
in a natural situation is complex and a cascade of differ-
ent stimuli are involved. Initially environmental factors
bring solitarious locusts together against their behav-
ioural predisposition to avoid each other (Bouaı¨chi et al.,
1996; Collett et al., 1998); whereupon close-range stim-
uli (principally mechanical, but also visual, olfactory and
perhaps during early stages of solitarization also contact
chemical) change behaviour and produce grouping
(Roessingh et al., 1998). Odour cues are involved in
maintaining group cohesion and hence ensure the con-
tinued development of gregarious characteristics within
the life of the animal (Hassanali and Torto, 1999). Phase
state information is also transferred across generations
to the offspring (McCaffery et al., 1998), thereby con-
tinuing the positive feedback system that, environmental
conditions allowing, may lead to swarm formation.
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1301B.F. Hägele, S.J. Simpson / Journal of Insect Physiology 46 (2000) 1295–1301

related changes in behaviour of desert locust nymphs. Proceedings
of the Royal Society of London B 252, 43–49.

Roessingh, P., Bouaı¨chi, A., Simpson, S.J., 1998. Effects of sensory
stimuli on the behavioural phase state of the desert locusts,Schisto-
cerca gregaria. Journal of Insect Physiology 44, 883–893.

Roffey, J., Popov, G., 1968. Environmental and behavioural processes
in a Desert Locust outbreak. Nature 219, 446–450.

Sasakawa, M., 1973. The influence of continuous contact on larval
colour in the larger pellucid hawk moth,Cephonodes hylasL.
(Lepidoptera: Sphingidae). Applied Entomology and Zoology 8,
198.

Simpson, S.J., McCaffery, A.R., Ha¨gele, B.F., 1999. A behavioural

analysis of phase change in the Desert Locust. Biological Reviews
74, 461–480.

Sutherland, O.R.W., 1969. The role of crowding in the production of
winged forms by two strains of the pea aphid,Acyrthosiphon
pisum. Journal of Insect Physiology 15, 1385–1410.

Uvarov, B.P., 1921. A revision of the genusLocustaL. (=Pachytylus,
Fieb.), with a new theory as to the periodicity and migrations of
locusts. Bulletin of Entomological Research 12, 135–163.

Uvarov, B., 1966. Grasshoppers and Locusts, vol. 1. Cambridge Uni-
versity Press, Cambridge.

Uvarov, B.P., Zolotarevsky, B.N., 1929. Phases of locusts and their
interrelations. Bulletin of Entomological Research 20, 261–265.


