
INTRODUCTION

Plant epicuticular waxes affect insects both physically and
chemically (Eigenbrode & Espelie 1995; Eigenbrode 1996).
Waxes alter the slipperiness of plant surfaces, which affects
adhesion of herbivores (Stork 1980b; Edwards 1982), preda-
tors (Eigenbrode et al. 1996, 1999), ants (Federle et al.
1997), and trapped insects to plant surfaces (Juniper &
Burras 1962). Although epicuticular waxes affect resistance
to several Homoptera (Thompson 1963; Lowe et al. 1985;
Åhman 1990; Blua et al. 1995), little is known about the
mechanisms of this resistance (Powell et al. 1999). To our
knowledge the effects of epicuticular waxes on adhesion of
psyllids have not been investigated.

Glaucousness is common in Eucalyptus and is often due
to the presence of light-scattering epicuticular waxes (Barber
1955; Penfold & Willis 1961; Wirthensohn & Sedgley 1996).
Despite considerable information on the structure (Hallam &
Chambers 1970), development (Hallam 1970; Wirthensohn

& Sedgley 1996) and abiotic affects of Eucalyptus epicuticu-
lar waxes (Cameron 1970; Banks & Whitecross 1971;
Thomas & Barber 1974; Potts & Jackson 1986), little is
known about their effect on insects. To our knowledge the
only prior work on the effects of Eucalyptus waxes on insects
(Edwards & Wanjura 1990; Edwards 1982) indicated that
waxes reduced adhesion of chrysomelid beetles.

Heteroblasty describes plants with juvenile foliage that is
morphologically different from the adult foliage (Day 1998).
In California the heterblastic tree E. globulus Labillardière
hosts three species of Australian psyllids (Brennan 2000).
The glaucous juvenile leaves are resistant to Ctenarytaina
spatulata Taylor and Glycaspis brimblecombei Moore, and
the glossy adult leaves are resistant to C. eucalypti Maskell.
The epicuticular waxes present on the juvenile leaves 
are relatively absent on the glossy adult leaves (Hallam &
Chambers 1970; Baker 1982). Ctenarytaina spatulata and 
G. brimblecombei survived longer on ‘de-waxed’ (rubbed)
juvenile leaves than on ‘waxy’ (normal) juvenile leaves
(Brennan 2000; Brennan & Weinbaum in press). Further-
more, because these two species settled more on ‘de-waxed’
than ‘waxy’ juvenile leaves, Brennan hypothesised that the
wax may reduce adhesion of the psyllids to juvenile leaves.
The present study tests this hypothesis.
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Our objectives were to assess the role of epicuticular wax
on adhesion of C. eucalypti, C. spatulata, and G. brimble-
combei to adult and juvenile (‘waxy’ and ‘de-waxed’) leaves
of E. globulus; and to determine if functional and morpho-
logical differences in the tarsi of these psyllids may influence
adhesion to plant surfaces.

MATERIALS AND METHODS

All experiments were conducted in July and August 1999
under the shade of E. globulus trees in El Cerrito, California.
The reproductively mature psyllids used in each experi-
ment were collected from wild populations of C. eucalypti,
C. spatulata and G. brimblecombei on Eucalyptus trees. The
psyllids were held in cages for 30 min to 2 h before use.

Experiment 1:Adhesion of the Ctenarytaina spp.
to juvenile and adult leaf pieces

The objective was to compare adhesion of C. eucalypti and
C. spatulata to the adaxial surfaces of glossy (non-‘waxy’)
adult leaves, ‘waxy’ (glaucous) juvenile leaves, and ‘de-
waxed’ juvenile leaves. A cotton swab was used to gently
remove the wax from the juvenile leaves. Our use of the
terms ‘waxy’ and ‘de-waxed’ refer only to epicuticular wax.
Leaf pieces (4 by 4 mm) were cut from expanding leaves
with a razor blade a few minutes before each trial. The two
species were evaluated in pairs. Each psyllid was attached
individually at the notum of the thorax to a 0.5-mm-wide by
10-mm-long strip of double-stick adhesive tape attached to
the tip of a toothpick (Fig. 1). Only female psyllids were
used because they are larger and, thus, easier to attach to
toothpicks; but preliminary trials indicated that males and
females responded similarly to the treatments. To avoid dam-
aging the psyllids while attaching them to the toothpicks, the
toothpick with the tape attached was gently pressed onto the
notum of the psyllid as it walked on a layer of nylon stocking
stretched over the mouth of a Petri dish. To ensure that the
psyllid was securely attached to the toothpick, another tooth-
pick was used to attach its wings to the tape. The toothpick

and attached psyllid was then attached to a compass (MC-1,
Suunto, Espoo, Finland) that contained a clinometer. A leaf
piece was placed with its adaxial surface facing down to
form a ‘bridge’ between two plastic supports that were 
3.5 mm apart. The psyllid was raised up to the leaf piece
from below until its tarsi contacted the centre of the leaf
piece and the leaf piece was lifted off the plastic supports.
While balancing the leaf piece on its legs, the psyllid was
slowly tilted from the upside down position to the left (i.e. in
the direction of the psyllid’s right legs) at approximately
5–10°s–1. On the clinometer we recorded the angle at which
the psyllid either dropped the leaf piece or ‘walked’ to the
edge of it. We also recorded whether the psyllid continued to
adhere to the centre of the leaf piece when it was rotated 
to 180° from its starting position. Pairs of C. eucalypti and 
C. spatulata were tested once with three leaf pieces of each
of the three leaf treatments, and different psyllids and leaf
pieces were used for each replication. The approximate fresh
weights of juvenile (‘waxy’ and ‘de-waxed’) and adult leaf
pieces were 5 mg and 6 mg, respectively. The experiment
was replicated eight times between 07.00 and 18.00 hours.
The order of the treatments and psyllid species were ran-
domised in each replicate.

For each replicate we compared the adhesion ability of the
two species, based on the angle at which the psyllids either
dropped the leaf piece or walked to the edge, and the ability
of the psyllids to hold the leaf piece at 180°. We rated adhe-
sion in the following declining order: ‘held’ the leaf piece at
180° > ‘walked’ to the edge of the leaf piece > ‘dropped’ the
leaf piece. To statistically compare adhesion as a function of
leaf type and psyllid species we calculated exact binomial
probabilities. Replicates in which both species performed
equally well were disregarded in the analysis.

Experiment 2: Climbing ability of the
Ctenarytaina spp. on ‘de-waxed’ versus ‘waxy’
juvenile leaves

The objective was to compare the abilities of C. eucalypti
and C. spatulata to climb ‘de-waxed’ and ‘waxy’ regions of
the abaxial and adaxial surfaces of vertically inclined,
expanded juvenile leaves. A juvenile leaf was attached with
either its abaxial or adaxial surface facing outwards to a ver-
tically orientated sheet of clear plexiglas by two 1-cm-wide
plastic strips (Fig. 2). A psyllid was released onto the plastic
release strip and allowed to climb onto the leaf. We recorded
the time when the psyllid stepped off of the release strip onto
the ‘de-waxed’ region of the leaf; the time that it reached the
transition line between the ‘de-waxed’ and ‘waxy’ leaf sur-
faces; and the time that it crossed the finish line in the ‘waxy’
region of the leaf. We also recorded psyllid behaviour 
(i.e. jumped, fell off leaf, stopped etc.) at the transition line.
Each psyllid was observed for up to 2 min, and psyllids that
walked to the edge of the leaf before reaching the transition
line were excluded. The experiment assessed three levels of
climbing ability including an inability to cross the transition
line; an ability to cross the transition line but not proceed
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Fig. 1. Apparatus used in experiment 1 to test psyllid adhesion
to pieces of juvenile leaves (‘waxy’ and ‘de-waxed’) and adult
leaves of Eucalyptus globulus. The angle of the leaf piece
shown here is 0° (psyllid upside down).



further; and an ability to cross both the transition and finish
lines. One pair of male or female C. eucalypti and C. spatu-
lata was tested in each replicate and we randomised the order
that they were tested. On each leaf surface we replicated the
experiment 22 times using three leaves, and 12 pairs of
females and 10 pairs of males. Different pairs of psyllids
were tested on each leaf surface. Initial analyses showed that
both sexes responded similarly on the ‘de-waxed’ and ‘waxy’
regions of the leaf so we pooled the data for males and
females for each leaf surface. We used chi-squared analysis
in SAS (SAS Institute Inc., Cary, NC, USA) to compare the
abilities of two species to cross the transition and finish lines
on each leaf surface. We calculated the average climbing
speed (mm s–1) of the psyllids on the ‘de-waxed’ and ‘waxy’
regions and used two-sided paired t-tests to compare these
speeds within each psyllid species.

Experiment 3: Climbing ability of the
Ctenarytaina spp. on glossy versus ‘waxed’ 
adult leaves

The objective was to compare the abilities of C. eucalypti
and C. spatulata to climb glossy versus artificially ‘waxed’
regions of the adaxial surfaces of vertically inclined,
expanded adult leaves. Adult leaves were ‘waxed’ by gently
pressing two 2-cm-wide strips of juvenile leaf onto the
adaxial surface of an adult leaf. The upper 1 cm of the juve-
nile leaf strip contained the normally ‘waxy’ surface and the
lower 1 cm of the leaf was ‘de-waxed’ prior to pressing. This
resulted in a 1-cm upper strip of juvenile wax on the adult
leaf and a lower 1 cm naturally glossy strip. The climbing
ability of psyllids was evaluated as in experiment 2. The
experiment was replicated 38 times on three leaves, with
equal pairs of males and females. Analysis of results was as
for experiment 2.

Experiment 4: Climbing ability of 
G. brimblecombei on the ‘de-waxed’ versus
‘waxy’, juvenile leaves

The objective was to determine if G. brimblecombei could
climb up ‘de-waxed’ and ‘waxy’ regions of the abaxial and

adaxial surfaces of vertically inclined, expanded juvenile
leaves. This experiment was otherwise identical to experi-
ment 2 and included 12 replicates of equal numbers of males
and females on two leaves on both leaf surfaces.

Experiment 5: Climbing ability of 
G. brimblecombei on the glossy versus ‘waxed’ 
adult leaves

The objective was to determine if G. brimblecombei could
climb up glossy and artificially ‘waxed’ regions of the adaxial
surface of vertically inclined, expanded adult leaves. This
experiment was identical to experiment 3 but it evaluated
climbing ability of G. brimblecombei and included 12 repli-
cates with equal numbers of males and females on two leaves.

Tarsal morphology and function

To compare the functional morphology of tarsi of the three
species we examined the tarsi using light microscopy. We
observed the tarsi at low magnifications (×10–30) as the
psyllids climbed up the sides of a clear vial cage and upside
down onto a microscope slide lid. For observations at higher
magnifications (×40–1000) live psyllids were attached by
their dorsal thorax to pieces of double-stick tape on micro-
scope slides and glass cover slips were gently rested on the
legs of the psyllids. We then observed the tarsi adhering to
the cover slips under a compound microscope. We measured
the length and width of the circular or oval-shaped pulvilli
(i.e. adhesive pads covered in setae) on the tarsi of three
forelegs, midlegs and hindlegs for three males and females of
each species. To facilitate the taking of these measurements a
few drops of 70% ethanol were added under the cover slip to
kill the psyllids while their tarsi remained attached to the
cover slip. Using these measurements we calculated the
approximate total pulvillar area of males and females of each
psyllid species. To obtain an average live body weight we
weighed three males and females of each species.

To further assess adhesion and walking and climbing
behaviour, we observed the ‘foot prints’ that psyllids left on
microscope slides coated with a thin layer of soot. One side
of each microscope slide was coated in soot by passing it
several times through a candle flame. When a psyllid began
walking on a sooty slide we slowly tilted the slide vertically
until the psyllid fell off. The ‘foot prints’ on the sooty slide
indicated the number of pairs of legs used in walking and
climbing, the parts of the tarsi contacting the substrate, and
the amount of exfoliation (casting off) of soot that occurred
during walking or climbing.

RESULTS

Experiment 1:Adhesion of the Ctenarytaina spp.
to juvenile and adult leaf pieces

The two Ctenarytaina species adhered equally well to the
adult (P = 0.13) and the ‘de-waxed’ juvenile leaves (P = 0.13).
Ctenarytaina eucalypti, however, adhered better than 
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Fig. 2. Diagram of a juvenile leaf (abaxial side facing out)
used to test the ability of psyllids to climb on ‘de-waxed’ and
‘waxy’ regions of juvenile leaves. The leaf tip is at the top of the
diagram.
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C. spatulata to the ‘waxy’ juvenile leaves (P ≤ 0.01) 
(Table 1). The majority of psyllids of both species ‘walked’
to the edge of the pieces of adult and ‘de-waxed’ juvenile
leaves as the angle of inclination increased. In contrast, the
majority of the psyllids dropped the pieces of ‘waxy’ juvenile
leaves as the angle of inclination increased. Across all leaf
treatments C. eucalypti adhered to the leaf pieces at consis-
tently higher inclination angles than C. spatulata.

Experiment 2: Climbing ability of the
Ctenarytaina spp. on ‘de-waxed’ versus ‘waxy’
juvenile leaves

Ctenarytaina eucalypti and C. spatulata differed signifi-
cantly in their abilities to climb from the ‘de-waxed’ to
‘waxy’ regions on adaxial (χ2 = 36.7; d.f. = 1; P ≤ 0.001) and
abaxial (χ2 = 27.1; d.f. = 1; P ≤ 0.001) surfaces of juvenile
leaves (Table 2). Similarly there were significant differences
in the abilities of C. eucalypti and C. spatulata to cross 
the finish line in the ‘waxy’ region on the adaxial (χ2 = 33.4;
d.f. = 1; P ≤ 0.001) and abaxial leaf surfaces (χ2 = 30.5; 
d.f. = 1; P ≤ 0.001; Table 2). On both leaf surfaces the major-
ity of C. eucalypti crossed the transition line (i.e. from the
‘de-waxed’ to ‘waxy’ region) and also crossed the finish line.
In contrast none of the C. spatulata crossed the transition
line on adaxial leaf surfaces and only a few did so on abaxial
surfaces. On abaxial surfaces the few C. spatulata that

crossed the transition and finish lines climbed mainly on the
midrib that protruded approximately 0.5–1 mm above the
leaf surface. The average climbing speed of C. eucalypti
was significantly greater on ‘de-waxed’ than on the ‘waxy’
regions of the adaxial (t = 16.7; d.f. = 16; P < 0.001) and
abaxial (t = 6.6; d.f. = 21; P < 0.001) juvenile leaf surfaces.
The average climbing speed of C. spatulata was significantly
greater on ‘de-waxed’ than on ‘waxy’ regions of abaxial
juvenile leaf surfaces (t = 5.2; d.f. = 2; P < 0.05).

Experiment 3: Climbing ability of the
Ctenarytaina spp. on glossy versus ‘waxed’ 
adult leaves

Ctenarytaina eucalypti and C. spatulata did not differ sig-
nificantly in their abilities to climb across the transition line
of the adult leaves (χ2 = 3.1; d.f. = 1; P = 0.08). Ctenary-
taina eucalypti, however, crossed the finish line significantly
more often than C. spatulata (χ2 = 23.6; d.f. = 1; P ≤ 0.001) 
(Table 3). All of the C. eucalypti crossed the transition and
finish lines on the adult leaves. In contrast, although the
majority of the C. spatulata crossed the transition line,
approximately half of them fell off the ‘waxed’ region before
reaching the finish line. The average climbing speed was
significantly greater on glossy than on waxed regions for 
C. eucalypti (t = 6.9; d.f. = 37; P < 0.001) and C. spatulata
(t = 8.4; d.f. = 19; P < 0.001).

Table 1 Behaviour of the Ctenarytaina species with square pieces of juvenile and adult leaves of Eucalyptus globulus

Psyllid behaviour C. eucalypti C. spatulata
‘Waxy’ ‘De-waxed’ Adult leaves ‘Waxy’ juvenile ‘De-waxed’ Adult leaves

juvenile leaves juvenile leaves leaves juvenile leaves

Dropped leaf piece 83% 4% 0% 100% 12.5% 12.5%
(59 ± 7°) (75 ± 0°) (–) (34 ± 3°) (62 ± 8°) (47 ± 12°)

‘Walked’ to edge of leaf piece 17% 71% 79% 0% 75% 87.5%
(62 ± 9°) (78 ± 5°) (89 ± 14°) (–) (64 ± 5°) (70 ± 9°)

Held leaf piece at 180° 0% 25% 21% 0% 12.5% 0%

Percentages represent the proportion of replicates in which psyllids either dropped the leaf piece, ‘walked’ to the edge of the piece, or held onto the
middle of the piece as it was rotated from 0° (psyllid upside down) to 180° (psyllid right side up). Numbers in parentheses are the mean angle (± SE)
at which the psyllids either dropped the leaf piece or ‘walked’ to the edge of the leaf piece.

Table 2 Climbing ability of the Ctenarytaina species on ‘de-waxed’ and ‘waxy’ regions of vertically inclined juvenile leaves of
Eucalyptus globulus

Psyllid behaviour Adaxial leaf surface Abaxial leaf surface
C. eucalypti C. spatulata C. eucalypti C. spatulata

Crossed transition line 91% 0% 100% 27%
Crossed finish line 86% 0% 100% 18%
Climbing speed on ‘de-waxed’ region (mm s–1)* 4.0 ± 0.3 3.2 ± 0.4 3.1 ± 0.3 2.0 ± 0.2

n = 17 n = 22 n = 22 n = 21
Climbing speed on ‘waxy’ region (mm s–1)* 1.5 ± 0.2 NA 2.0 ± 0.2 1.2 ± 0.3

n = 17 n = 22 n = 3

*Climbing speeds are means ± SE; NA, not applicable.
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Experiments 4 and 5: Climbing ability of 
G. brimblecombei on ‘de-waxed’ and ‘waxy’
juvenile leaves, and glossy versus ‘waxed’ 
adult leaves

The waxiness of the juvenile and adult leaves affected the
climbing ability of G. brimblecombei (Table 4). It was
unable to cross the transition line on the adaxial surfaces 
of juvenile leaves. In contrast, approximately half of the 
G. brimblecombei crossed the transition line and most of
these eventually crossed the finish line on the abaxial sur-
faces of juvenile leaves and the adaxial surfaces of adult
leaves. Glycaspis brimblecombei usually climbed on the pro-
truding leaf midrib on ‘waxy’ regions of the abaxial surfaces
of juvenile leaves. The climbing speeds on ‘de-waxed’
regions of juvenile leaves were significantly greater than the
speed on ‘waxy’ regions (t = 3.1; d.f. = 4; P < 0.05). The climb-

ing speed was also significantly greater on the glossy than on
‘waxed’ regions of adult leaves (t = 2.9; d.f. = 5; P < 0.05).

Tarsal morphology and function

The tarsi of the three psyllid species differed morphologi-
cally and functionally (Fig. 3; Table 5). Ctenarytaina euca-
lypti walked and climbed with all legs adhering to the
substrate (i.e. leaves, clean glass and sooty glass). In contrast
C. spatulata and G. brimblecombei generally walked and
climbed using only the front two pairs of legs, and appeared
to drag the hind pair of legs. Ctenarytaina eucalypti and 
G. brimblecombei walked and climbed with the basal
tarsomeres in contact with the substrate while the apical tar-
someres (that bear the tarsal claws) oscillated or vibrated in
the air. In contrast C. spatulata walked and climbed with
both the basal and apical tarsomeres in contact with the sub-
strate. The basal tarsomeres of all three species contained
pulvilli covered in setae that appeared to be adhesive. The
total pulvillar area of all legs used in walking by C. eucalypti
and G. brimblecombei were similar, whereas the total pulvil-
lar area of C. spatulata was several times smaller (Table 5).
Relative to bodyweight, C. eucalypti had a total pulvillar
area several times greater than that of the other two species.

All three species adhered to and walked upside down on
clean microscope slides. Ctenarytaina eucalypti also adhered
well to and walked normally on horizontal and vertically ori-
entated sooty slides. In contrast C. spatulata and G. brimble-
combei walked with great difficulty on the horizontal sooty
slides. There were clear differences in the ‘foot prints’ of the

Table 4 Climbing ability of Glycaspis brimblecombei on ‘de-waxed’ and ‘waxy’ regions of juvenile leaves, and glossy and ‘waxed’
regions of adult leaves of Eucalyptus globulus

Psyllid behaviour Experiment 4 Experiment 5
Adaxial juvenile Abaxial juvenile Adaxial adult

leaf surface leaf surface leaf surface

Crossed transition line 0% 42% 67%
Crossed finish line 0% 42% 50%
Climbing speed on ‘de-waxed’ juvenile

and glossy adult leaf regions (mm s–1)* 14.3 ± 2.7 5.4 ± 1.3 9.3 ± 1.3
n = 12 n = 12 n = 12

Climbing speed in ‘waxy’ juvenile
and ‘waxed’ adult leaf regions (mm s–1)* NA 1.4 ± 0.4 3.8 ± 1.5

n = 5 n = 6

*Climbing speeds are means ± SE; NA, not applicable.

Table 3 Climbing ability of the Ctenarytaina species on
glossy and ‘waxed’ regions of the adaxial surface of adult leaves
of Eucalyptus globulus

Psyllid behaviour C. eucalypti C. spatulata

Crossed transition line 100% 92%
Crossed finish line 100% 53%
Climbing speed on glossy region (mm s–1)* 4.4 ± 0.4 3.4 ± 0.3

n = 38 n = 38
Climbing speed on ‘waxed’ region (mm s–1)* 3.2 ± 0.2 1.1 ± 0.3

n = 38 n = 20

*Climbing speeds are means ± SE.

Table 5 Pulvillar charactersistics in relation to individual body weights of Ctenarytaina eucalypti that colonises ‘waxy’ (glaucous)
juvenile shoots, and C. spatula and Glycaspis brimblecombei that colonise glossy adult shoots of Eucalyptus globulus

Characteristic C. eucalypti C. spatulata G. brimblecombei
Males Females Males Females Males Females

Pairs of legs with pulvilli 3 3 2 2 2 2
Pulvillar area per psyllid (mm2 × 10–3) 15 20 2 2 13 13
Mean live body weight (µg ± SE) 146 ± 2 286 ± 9 163 ± 4 314 ± 13 566 ± 55 922 ± 14
Pulvillar area/body weight (mm2 g–1) 103 70 12 6 23 14



psyllids on the sooty slides. Ctenarytaina eucalypti left dis-
tinct, circular to oval-shaped indentations where the pulvilli
touched the soot, and seldom scratched soot off of the glass.
In contrast C. spatulata and G. brimblecombei slipped while
trying to walk on the sooty surface, scratched off large
amounts of the soot and rarely left pulvillar indentations.

DISCUSSION

The present study demonstrated that juvenile epicuticular
leaf wax reduced adhesion of all three psyllid species, and
that C. eucalypti adhered better than C. spatulata and 
G. brimblecombei to the ‘waxy’ juvenile leaves. These
results are consistent with previous findings (Brennan 2000;
Brennan & Weinbaum in press) that C. spatulata and 
G. brimblecombei colonised only the glossy adult shoots,
oviposited primarily on adult shoots, and survived longer and
initiated more stylet tracks on adult and ‘de-waxed’ juvenile
leaves than on ‘waxy’ juvenile leaves. These findings support
the hypothesis of Eigenbrode and Espelie (1995) that ovi-
positional preferences for glossy plants may be related in
part to the ability of insects to adhere to such plants.

The morphological and functional differences in the
tarsi of the three psyllid species may help explain their dif-
fering abilities to adhere to the glaucous juvenile leaves of
E. globulus. The mechanisms of adhesion by insects and
vertebrates to smooth surfaces may involve cohesive forces
between adhesive setae (like those we observed on the three
psyllid species) and the substrate (Ruibal & Ernst 1965;
Nachtigall 1974; Stork 1980a, 1983; Ishii 1987). We are
unaware of studies on the mechanisms of insect adhesion to
‘waxy’ surfaces but we speculate that they are similar to
those for a smooth surface because C. eucalypti used the
same adhesive regions of the tarsi to adhere to smooth (i.e.
glass) and slippery surfaces (i.e. ‘waxy’ leaf or sooty glass).
Although all three psyllid species had pulvilli on their tarsi,
C. eucalypti had eight and 11 times more total pulvillar
area per unit of body weight than did C. spatulata, and four
and five times more total pulvillar area than did G. brimble-
combei, for males and females, respectively. These dif-
ferences may explain the greater adhesion of C. eucalypti
on ‘waxy’ juvenile leaves and sooty glass. This assumes
that the three species have an equal density of adhesive
setae per area of pulvilli and, if so, the contact area (and
hence cohesion force) between the tarsi of C. eucalypti
and the substrate would be several times greater than that of
C. spatulata or G. brimblecombei. To our knowledge 
C. eucalypti is one of the first reported examples of an her-
bivorous insect with tarsi that are adapted to adhere to and
walk on a flat ‘waxy’ leaf surface. The morphology and
function of psyllid tarsi have received little attention
(Carver 1987).

Adhesion by C. spatulata and G. brimblecombei to
‘waxy’ surfaces apparently depended upon whether the psyl-
lids could clasp the leaf. Both species were able to adhere to
the ‘waxy’ juvenile abaxial leaf surfaces only by clinging to
protruding leaf veins (experiments 2 and 4). Similarly, Shah
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Fig. 3. Photomicrographs of the pulvilli on the basal tarso-
meres of the middle legs of females of (a) Ctenarytaina euca-
lypti, (b) C. spatulata and (c) Glycaspis brimblecombei.
Bar = 20 µm



(1982) found that coccinellid larvae moved effectively only
on protruding leaf veins and leaf edges of glaucous brassicas.
Both C. spatulata and G. brimblecombei were able to climb
on the edges of ‘waxy’ juvenile leaves. Edge-walking may
allow chewing insects to feed on ‘waxy’ hosts (Bodnaryk
1992a,b) but this is unlikely with psyllids and other
Homoptera that generally feed from veins away from the leaf
edge. Furthermore, even if C. spatulata or G. brimblecombei
adults could survive on leaf edges, we question whether their
navigational precision would enable them to land there.

Adhesion of insects and vertebrates to smooth surfaces
has interested biologists for centuries (Blackwall 1833; Stork
1983) but, to our knowledge, our study is the first to assess
adhesion by homopterans. Due to the small size and jumping
ability of psyllids many previously described methods for
measuring adhesion were impractical. For example, rather
than measuring the angle at which an insect fell off an
increasingly angled surface (Gillet & Wigglesworth 1932;
Edwards & Tarkanian 1970; Stork 1980b), we measured the
angle at which a leaf piece fell off of the psyllid. Although
this method does not measure the force required to detach a
psyllid from a surface (Stork 1980a; Walker et al. 1985;
Eigenbrode et al. 1999), it shows that both C. eucalypti and
C. spatulata supported up to 20 times their bodyweight while
adhering to the glossy surface of adult leaves, and C. euca-
lypti supported up to 15 times its body weight on the ‘de-
waxed’ juvenile leaf. Similarly, Ishii (1987) showed that a
ladybird beetle supported a load that was approximately five
times its bodyweight.

Studies on the effects of epicuticular wax on insects typi-
cally compare insect responses to glossy and glaucous plants
(Stork 1980b), or on ‘de-waxed’ versus ‘waxy’ regions of
glaucous surfaces (i.e. Bodnaryk 1992b; Blua et al. 1995;
Federle et al. 1997). To our knowledge the present study is
the first to transfer wax from glaucous to glossy leaf surfaces
and in doing so increase leaf slipperiness and reduce insect
adhesion. Although transferring the wax may have altered its
properties, the fact that the transferred wax gave the nor-
mally glossy adult leaves a glaucous bloom like that of the
normal juvenile leaves suggests that the wax’s physical struc-
ture was somewhat maintained during the transfer. Other
workers (Knoll 1914, cited in Eigenbrode 1996) increased
the slipperiness of a surface by applying various crystalline
compounds. Wax crystals may reduce insect adhesion by
exfoliating as the insect walks on the ‘waxy’ surface (Juniper
& Burras 1962; Eigenbrode 1996). Our novel sooty slide
method provides evidence that C. eucalypti may be able to
adhere to a slippery surface by depressing and adhering to
surface deposits and minimising exfoliation. In contrast,
C. spatulata and G. brimblecombei appeared to slip on such
surfaces due to their inability to adhere to the soot without
scratching it off the surface.

We speculate that leaf epicuticular waxes may mediate
interactions with numerous other insects associated with
Eucalyptus in its native range and as an exotic, especially
considering the biodiversity of the approximately 700 Euca-
lyptus (Williams & Brooker 1997) and associated herbivores

in Australia (i.e. > 150 species of psyllids (Majer et al.
1997)). For example it is likely that the parasitoid (Psyl-
laephagus pilosus Noyes) of C. eucalypti (Dahlsten et al.
1998) has specialised tarsi that adhere well to the juvenile
leaves of E. globulus, but the ants and ladybird beetles that
we have observed associated with C. spatulata only on the
adult leaves of E. globulus may lack these adaptations.

ACKNOWLEDGEMENTS

Thanks to Jay Rosenheim and Rick Karban of the Depart-
ment to Entomology at University of California Davis for
improving this manuscript. We appreciate the cooperation of
the grounds staff of the Contra Costa Unified School District
for allowing us to conduct this research on their grounds. We
are grateful for the contributions of the late Sean Duffey at
the beginning of this study. This research was funded by a
Jastro Shields Research Grant.

REFERENCES

Åhman I. 1990. Plant-surface characteristics and the movements of the
two brassica-feeding aphids, Lipaphis erysimi and Brevicoryne
brassicae. Symposia Biologica Hungarica 39, 119–125.

Baker EA. 1982. Chemistry and morphology of plant epicuticular
waxes. In: The Plant Cuticle (eds DF Cutler, KL Alvin & CE Price)
pp. 139–165. Academic Press, London.

Banks JCG & Whitecross MI. 1971. Ecotypic variation in Eucalyptus
viminalis Labill. I. Leaf surface waxes, a temperature × origin inter-
action. Australian Journal of Botany 19, 327–334.

Barber HN. 1955. Adaptive gene substitutions in Tasmania eucalypts:
I. Genes controlling the development of glaucousness. Evolution 9,
1–14.

Blackwall J. 1833. Remarks on the pulvilli of insects. Transactions of
the Linnean Society 16, 487–492.

Blua MJ, Yoshida HA & Toscano NC. 1995. Oviposition preference of
two Bemisia species (Homoptera: Aleyrodidae). Environmental
Entomology 24, 88–93.

Bodnaryk RP. 1992a. Distinctive leaf feeding patterns on oilseed rapes
and related Brassicaceae by flea beetles, Phyllotreta cruciferae
(Goeze) (Coleoptera: Chrysomelidae). Canadian Journal of Plant
Science 72, 575–581.

Bodnaryk RP. 1992b. Leaf epicuticular wax, an antixenotic factor in
Brassicaceae that affects the rate and pattern of feeding of flea
beetles, Phyllotreta cruciferae (Goeze). Canadian Journal of Plant
Science 72, 1295–1303.

Brennan EB. 2000. The effects of heteroblasty in Eucalyptus globulus
on herbivory by three species of psyllids. PhD Thesis, University of
California, Davis (unpubl.).

Brennan EB & Weinbaum SA. In press. Performance of adult psyllids in
no-choice experiments on juvenile and adult leaves of Eucalyptus
globulus. Entomologia Experimentalis et Applicata.

Cameron RJ. 1970. Light intensity and the growth of Eucalyptus
seedlings II. The effects of cuticular waxes on light absorption in
leaves of Eucalyptus species. Australian Journal of Botany 18,
275–284.

Carver M. 1987. Distinctive motory behaviour in some adult psyllids
(Homoptera: Psyllidae). Journal of the Australian Entomological
Society 26, 369–372.

Dahlsten DL, Rowney DL, Copper WA et al. 1998. Parisitoid wasp
controls blue gum psyllid. California Agriculture 52, 31–34.

Day JS. 1998. Light conditions and the evolution of heteroblasty (and
the divaricate form) in New Zealand. New Zealand Journal of
Ecology 22, 43–54.

276 EB Brennan and SA Weinbaum



Leaf wax affects adhesion of psyllids 277

Edwards PB. 1982. Do waxes on juvenile Eucalyptus leaves provide
protection from grazing insects? Australian Journal of Ecology 7,
347–352.

Edwards JS & Tarkanian M. 1970. The adhesive pads of Heteroptera:
A re-examination. Proceedings of the Royal Entomological Society
of London (A) 45, 1–5.

Edwards PB & Wanjura WJ. 1990. Physical attributes of eucalypt leaves
and the host range of chrysomelid beetles. Symposia Biologica Hun-
garica 39, 227–236.

Eigenbrode SD. 1996. Plant surface waxes and insect behaviour. 
In: Plant Cuticles (ed. G Kersteins) pp. 201–221. BIOS Scientific
Publishers, Oxford.

Eigenbrode SD, Castagnola T, Roux M-B & Steljes L. 1996. Mobility of
three generalist predators is greater on cabbage with glossy leaf wax
than on cabbage with a wax bloom. Entomologia Experimentalis et
Applicata 81, 335–343.

Eigenbrode SD & Espelie KE. 1995. Effects of plant epicuticular 
lipids on insect herbivores. Annual Review of Entomology 40,
171–194.

Eigenbrode SD, Kabalo NN & Stoner KA. 1999. Predation, behavior,
and attachment by Chrysoperla plorabunda larvae on Brassica oler-
acea with different surface waxblooms. Entomologia Experimen-
talis et Applicata 90, 225–235.

Federle W, Maschwitz U, Fiala B, Riederer M & Hölldobler B. 1997.
Slippery ant-plants and skillful climbers: Selection and protection of
specific ant partners by epicuticular wax blooms in Macaranga
(Euphobiaceae). Oecologia 112, 217–224.

Gillet JD & Wigglesworth VB. 1932. The climbing organ of an insect,
Rhodnius prolixus (Hemiptera; Reduviidae). Proceedings of the
Royal Society of London (B) 111, 364–376.

Hallam ND. 1970. Growth and regeneration of waxes on the leaves of
Eucalyptus. Planta 93, 257–268.

Hallam ND & Chambers TC. 1970. The leaf waxes of the genus Euca-
lyptus L’Hérit. Australian Journal of Botany 18, 335–389.

Ishii S. 1987. Adhesion of a leaf feeding ladybird Epilachna vigintioc-
tomaculta (Coleoptera: Coccinellidae) to a vertically smooth
surface. Applied Entomology and Zoology 22, 222–228.

Juniper BE & Burras JK. 1962. How pitcher plants trap insects. New
Scientist 13, 75–77.

Lowe HJB, Murphy GJP & Parker ML. 1985. Non-glaucousness,
a probable aphid-resistance character of wheat. Annals of Applied
Biology 106, 555–560.

Majer JD, Recher HF, Wellington AB et al. 1997. Invertebrates of euca-
lypt formations. In: Eucalypt Ecology: Individuals to Ecosystems
(eds JE Williams & JCZ Woinarski) pp. 278–302. Cambridge Uni-
versity Press, Cambridge.

Nachtigall W. 1974. Biological Mechanisms of Attachment. Springer-
Verlag, New York.

Penfold AR & Willis JL. 1961. The Eucalypts. Interscience Publishers
Inc., New York.

Potts BM & Jackson WD. 1986. Evolutionary processes in the Tas-
manian high altitude eucalypts. In: Flora and Fauna of Alpine
Australasia: Ages and Origins (ed. BA Barlow) pp. 511–527.
CSIRO in association with Australian Systematic Botany Society,
Melbourne.

Powell G, Maniar SP, Pickett JA & Hardie J. 1999. Aphid response to
non-host epicuticular lipids. Entomologia Experimentalis et Appli-
cata 91, 115–123.

Ruibal R & Ernst V. 1965. The structure of the digital setae of lizards.
Journal of Morphology 117, 271–294.

Shah MA. 1982. The influence of plant surfaces on the searching behav-
ior of coccinellid larvae. Entomologia Experimentalis et Applicata
31, 377–380.

Stork NE. 1980a. Experimental analysis of adhesion of Chrysolina
polita (Chrysomelidae: Coleoptera) on a variety of surfaces. Journal
of Experimental Biology 88, 91–107.

Stork NE. 1980b. Role of waxbooms in preventing attachment to bras-
sicas by the mustard beetle, Phaedon cochleariae. Entomologia
Experimentalis et Applicata 28, 100–107.

Stork NE. 1983. How does a housefly hold on to your window. Antenna
7, 20–23.

Thomas DA & Barber HN. 1974. Studies on leaf characteristics of a
cline of Eucalyptus urnigera from Mount Wellington, Tasmania.
I. Water repellency and freezing of leaves. Australian Journal of
Botany 22, 501–512.

Thompson KF. 1963. Resistance to the cabbage aphid (Brevicoryne
brassicae) in brassica plants. Nature, London 198, 209.

Walker G, Yule AB & Ratcliffe J. 1985. The adhesive organ of the
blowfly, Calliphora vomitoria: A functional approach (Diptera:
Calliphoridae). Journal of Zoology, London (A) 205, 297–307.

Williams JE & Brooker MIH. 1997. Eucalypts: An introduction. 
In: Eucalypt Ecology: Individuals to Ecosystems (eds JE Williams
& JCZ Woinarski) pp. 1–15. Cambridge University Press, Cam-
bridge UK.

Wirthensohn MG & Sedgley M. 1996. Epicuticular wax structure and
regeneration on developing juvenile Eucalyptus leaves. Australian
Journal of Botany 44, 691–704.

Accepted for publication 9 February 2001.


