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ABSTRACT Heteroblasty describes plants with juvenile and adult vegetative shoots that differ
morphologically. Virtually nothing is known about the affects of this source of within-plant variation
on host-plant selection by herbivorous insects. This is the Þrst study on the use of visual cues
by insects that specialize on different shoot types of a heteroblastic plant. Two psyllid species
(Ctenarytaina eucalypti Maskell and C. spatulata Taylor) specialize on glaucous juvenile and glossy
adult shoots of Eucalyptus globulus Labill., respectively. We compared their responses to artiÞcial
colors and to the colors of expanding and expanded juvenile versus adult leaves. Sticky traps were
used to compare psyllid response to seven artiÞcial colors. A “color tube” was developed to compare
psyllid responses to leaf color. Both psyllid species preferred yellow traps over all other colors (red,
blue, green, white, and clear), and color preference was independent of species. Both species were
also more attracted to the colors of expanding and expanded juvenile leaves than to adult leaves.
Although the psyllids perceived differences between the colors of juvenile and adult leaves of
E. globulus, their responses suggest that leaf color alone is not the basis of discrimination between
foliage types.
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HERBIVOROUS INSECTS USE visual and volatile chemical
cues to locate suitable host plants (Degen and Stadler
1997, Prokopy et al. 1983, Bernays and Chapman
1994). Current understanding of host-plant selection
is based primarily on studies of homoblastic plant
species. Homoblastic species, by deÞnition, have
leaves and shoots that are morphologically similar at
different developmental phases, whereas heteroblas-
tic speciesexhibit juvenile leaves andshoots thatdiffer
strikingly from adult leaves and shoots (Frydman and
Wareing 1974, Gould 1993, Heenan 1997, Brennan
2000).

Heteroblasty is an important source of within-plant
variation because juvenile and adult shoots often oc-
cur simultaneously within the same individual. For
example, Eucalyptus globulus Labill. has highly glau-
cous, horizontally oriented, sessile juvenile leaves and
glossy, vertically oriented, petiolate adult leaves
(Johnson1926). InE. globulus, thedistributionof eggs,
nymphs, and adults of two psyllid species (Ctenar-
ytaina eucalypti Maskell, C. spatulata Taylor) depends
on shoot type (Brennan 2000). Ctenarytaina eucalypti
prefers to settle and oviposit on the juvenile shoots,
but C. spatulata prefers the adult shoots. This pattern
is an example of Ôdevelopmental resistanceÕ (Kearsley
and Whitham 1989).

Virtually nothing is known about how insects per-
ceive or distinguish different shoot types within het-
eroblastic plants. In this study we investigate the im-
portance of leaf color in host-plant selection by the
two species of Ctenarytaina psyllids that prefer differ-

ent shoot types on E. globulus. Our objective was to
determine if the psyllids differed in their response to
leaf color and if such differences could explain their
preferences for the juvenile versus adult shoots. To do
this we compared the responses of C. eucalypti and C.
spatulata to colored sticky traps, and the color of
expanding and expanded juvenile and adult leaves of
E. globulus.

Materials and Methods

Study Site and Organism. The experiments were
conducted from March to May 1999 in the San Fran-
cisco East Bay area along a row of 15 E. globulus trees
at El Cerrito High School, El Cerrito, CA. The trees
were spaced 3Ð4 m apart and were '6Ð15 m tall. The
trees had juvenile shoots in the lower canopy (0Ð3 m)
and adult shoots in the upper canopy (.3 m) that
were colonized by C. eucalypti and C. spatulata, re-
spectively. Both of the Ctenarytaina species are native
to Australia and have been established in the study
area for several years (Brennan et al. 1999).

Responses toColored StickyTraps.To assess psyllid
responses to artiÞcial colors, we conducted an exper-
iment with seven colors of sticky traps (white, red,
blue, green, yellow, ßuorescent yellow, and clear)
during March and April. The traps were 1 mm thick
rectangles (10 by 15 cm) and were coated on both
sides with a thin layer of Stickem Special (Seabright,
Emeryville, CA). The white, red, blue, green, and
yellow traps were made of colored vinyl, and the clear
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traps were made of polycarbonate (Tap Plastics, Dub-
lin, CA). The ßuorescent yellow traps were made of
white cardboard that was painted with two coats of
ßuorescent yellow spray paint (#17052, Ace Hard-
ware, Oak Brook, IL). The visible spectral reßectance
of the colors (Fig. 1)was obtainedwith aMiniscanXE
spectrophotometer(HunterLab,Reston,VA).Theex-
periment was a randomized complete block design
with three blocks. Each block included four 4-m long
horizontal nylon lines to which we attached a ran-
domly arranged set of the seven traps. Two lines were
0.5 m from the tree foliage and at two heights (1.5 and
3 m), and two lines were 1.5 m from the foliage and at
both heights. The blocks were oriented end-to-end on
the eastern side and parallel to the row of trees. The
traps were hung by clips 50 cm apart on the lines,
with one side facing the trees (west) and the other
side facing east. The traps were replaced every 24 h at

'1830 hours, and the number and sex of each species
of psyllid on both sides of each trap was determined
under a dissecting microscope. We summed the data
over the 6-d period and performed an analysis of
variance (ANOVA) for each psyllid species with the
PROC GLM procedure in SAS (SAS Institute 1985).
To satisfyassumptionsofANOVA, thedatawere trans-
formed as log(11x), but arithmetic means are re-
ported in the results. TukeyÕs honestly signiÞcant
difference (HSD),which controls for the experiment-
wise error rate was used for mean separation within
each species.

Spectral Reflectance of Expanding and Expanded
Juvenile and Adult Leaves. To characterize the spec-
tral reßectance of the juvenile and adult leaves, we
collected both types of leaves that were 1Ð4 m high in
the canopies of four trees of E. globulus. The visible
spectral reßectance of the abaxial and adaxial surfaces
of expanding and expanded juvenile and adult leaves
were measured with the spectrophotometer. For both
surfaces of each leaf type, onemeasurementwas taken
from each of the four replicate trees.

Responses to the Colors of Expanding and Ex-
panded Juvenile Versus Adult Leaves. A novel device
called a “color tube” (Fig. 2)was developed to test the
responsesof thepsyllids to thecolors of expandingand
expanded juvenile versus adult leaves.Eachcolor tube
was made of a 24 cm long black plastic tube (60 mm
o.d., 52 mm i.d.). Psyllids were introduced to the cen-
ter of the color tube via a 5 cmdeep removable funnel-
shapedcage. The interior surfaceof the color tubewas
lined with acid-free black mat paper to minimize re-
ßection. To darken the cage, a black plastic skirt that
attached around the circumference of the support
stand was lifted over the color tube from both sides
and fastened on top. Because these psyllids are neg-
atively gravitropic and positively phototropic, they

Fig. 1. Spectral reßectance of the colored sticky traps.

Fig. 2. Two dimensional diagram of a color tube. See text for actual dimensions.

366 ENVIRONMENTAL ENTOMOLOGY Vol. 30, no. 2



moved from the funnel cage into the color tube and to
either end of the color tube depending on their color
preference. A vertically oriented 14 by 3-cm strip of
clear transparency sheet coated with a thin layer of
Stickem trapped approximately half of the psyllids
exiting the ends of the color tube. The stripwas coated
only where it faced into the color tube. The areas on
each side of the strip were open and allowed an un-
obstructedviewof the leaf colorpanels frominside the
color tube. The ends of the color tube were '2.5 cm
from the leaf color panels. Each 20 by 30-cm leaf color
panelwasmade ofwhite vinyl towhich approximately
rectangular pieces of freshly collected leaves were
attached by their adaxial surface with double stick
tape to forma contiguous central 10 cmwideby 15-cm
high leaf-covered area. Because the leaf color panels
were made of pieces of leaves we assume that leaf
shape was not apparent to the psyllids. Other than the
inside wall of the color tube, the leaf-covered areas of
the leaf color panels were apparently the only visual
cues available to psyllids within the color tubes. To
illuminate equally the leaf color panels at both ends of
the color tube, the box holding the color tube was
oriented with its long dimension perpendicular to the
direction of the sunÕs rays. Preliminary experiments
indicated that the psyllids did not perceive possible
leaf volatile cues from the leaf color panels (Brennan
2000), and that the response of the psyllids to various
colors at the ends of the color tube was the same as
their response to those colors as sticky traps in the
above experiment (Brennan, unpublished data).

The color preferences of both psyllid species were
evaluated simultaneously in separate yet parallel color
tubes and in separate experiments with the expanding
and expanded leaves. The expanding and expanded
leaf experiments occurred between 0900 and 1700
hours over 3 d during late April and early May, and
included four replicates each. In each replicate '125
psyllids of each species (males and females combined)
were evaluated. The approximate proportion of males
in each replicate was 0.5 for C. eucalypti and 0.7 for C.
spatulata, reßecting the sex ratio of psyllids on the
foliage. Psyllids were collected from juvenile shoots
(C. eucalypti) and adult shoots (C. spatulata) by shak-
ing branches into large plastic bags 1Ð2 h before the
psyllids were used. Approximately 30Ð60 min before
each replicate, the psyllids were aspirated from the
bags into the funnel cages. During each replicate, the
cage was attached to the color tube, and the psyllids
were allowed '35 min to respond. The orientation of
each box (relative to the sun) was adjusted every
10Ð15 min to ensure equal lighting at each leaf color
panel. After each replicate the sticky strips were re-
moved from the ends of the color tube, and the num-
ber of psyllids was counted.

The experiments were conducted in an open area
on the western side of the row of trees described
above. For each replicate, we randomized the two
species of psyllid among two color tubes, and random-
ized theendatwhicheach leaf color panelwasplaced.
Fresh leaf color panels were used every other repli-
cation. Within each species the data were analyzed

with paired t-tests to compare the preference of the
psyllids for the expanding juvenile versus adult leaves,
and for the expanded juvenile versus adult leaves.

Results

Responses to Colored Sticky Traps. Trap color sig-
niÞcantly affected psyllid capture, but the color pref-
erences were the same for both psyllid species (Table
1). Yellowandßuorescent yellowwerepreferredover
other colors (Fig. 3). Across all traps, approximately
twice as many C. spatulata (4,570) as C. eucalypti
(2,117) were captured, and capture was male-biased
for both species (Table 2). The majority of both spe-
cies were captured on the more sun-lit eastern side of
the traps that faced away from the tree foliage. The
effect of trap height and distance from the tree foliage
depended on species, with more C. eucalypti captured
at the traps closer to the foliage, and more C. spatulata
captured on the higher traps (Tables 1 and 2).

Spectral Reflectance of Expanding and Expanded
Juvenile and Adult Leaves. Spectral reßectance dif-
fered among the abaxial and adaxial surfaces of the
expanding and expanded juvenile and adult leaves
(Fig. 4). The reßectance of the juvenile leaves was
greater than that of the adult leaves. The abaxial sur-
faces of both leaf types reßected more light at all
wavelengths than adaxial surfaces especially with the
expanded juvenile leaves. The maximum reßectances
of both the juvenile and adult leaves were at 550 and
700 nm. The 550-nm peak reßectance was closest to
that of the yellow and ßuorescent yellow sticky traps,
although the magnitude of the reßectance of the traps
was several fold greater than that of the leaves (Figs.
1 and 4). Reßectance intensity was the main differ-
ence in thecurvesof the juvenile andadult leaves.The
peak of the expanding adult leaves was also consid-
erably broader between 525 and 625 nm than ex-
panded adult leaves and the expanded and expanding
juvenile leaves.

Responses to the Colors of Expanding and Ex-
panded Juvenile Versus Adult Leaves. SigniÞcantly
more psyllids of both species were captured on the

Table 1. ANOVA of C. eucalypti and C. spatulata caught on the
seven colored sticky traps at two heights and distances from the row
of E. globulus trees

Source MS F df P

Block 7.4 18.7 2 ***
Color 33.3 83.9 6 ***
Species 8.0 20.2 1 ***
Sex 17.6 44.1 1 ***
Trap height 11.2 28.0 1 ***
Trap distance 0.7 1.8 1 0.18
Color 3 Spp. 0.7 1.7 6 0.12
Height 3 Spp. 12.3 30.8 1 ***
Distance 3 Spp. 3.1 7.8 1 **
Sex 3 Spp. 0.3 0.7 1 0.41
Sex 3 Color 0.1 0.3 6 0.96

Error 308

All values are based on transformed data (log [x11]) of mean 6-d
catch/trap. *** , SigniÞcant at the P # 0.001 level.
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ends of the color tubes facing the expanding (C. eu-
calypti t5 5.2, df5 3,P, 0.01;C. spatulata t5 3.9, df5
3, P , 0.05) and expanded juvenile leaves than adult
leaves(C. eucalypti t55.5, df53,P,0.01;C. spatulata
t 5 16.9, df 5 3, P , 0.001) (Fig. 5). In both experi-
ments, '80% of the psyllids placed in the color tubes
responded to visual cues.

Discussion

Response to Host-Shoot Visual Cues. This study
compared the responses of insects to differently col-
ored leaves of a heteroblastic host plant. Our exper-
iments demonstrated that both psyllid species per-
ceiveddifferences among the colored sticky traps, and
between the juvenile and adult leaves. However, the
responses of the psyllids suggest that color alone is not
the basis of discrimination between foliage types, be-
cause both species were attracted to the same visual
cues (i.e., bright yellow sticky traps, and juvenile leaf
color panels). The juvenile leaves may have been
attractive to both species due to their higher reßec-
tance across all visible wavelengths. This is consistent
with the greater attraction of both species to the more
intense reßectance of the ßuorescent yellow sticky
traps versus the regular yellow traps, and the more
sun-lit versus shaded surface of the sticky traps. Al-
ternatively, both psyllids may have responded simi-
larly to leaf color because of the absence of other
cues such as leaf shape and leaf volatiles. Some
insects change their response to color in the absences
of volatile cues (Vaidya 1969), and others are known
to use leaf shape in host plant selection (Degen and
Stadler 1997). Preliminary comparisons of the ju-
venile and adult shoots of E. globulus suggest quali-
tative and quantitative differences in head space vola-
tiles (E.B.B., unpublisheddata), but the roleof volatile

Fig. 3. Responses of C. eucalypti and C. spatulata to col-
ored sticky traps.Eachbar is thepooledmean61SE for traps
at both heights and distances from the foliage. Within each
species bars topped with the same letter are not signiÞcantly
different atP,0.05basedonTukeyÕsHSD(experiment-wise
error rate).

Table 2. Summary of psyllids caught across all artificially col-
ored sticky traps including the ratio of males:females, ratio on the
east:west (foliage facing) side of the traps, ratio of the traps at two
heights, and ratio on the traps at two distances from the tree foliage

Ratio C. eucalypti C. spatulata

Males:females 1.7:1 1.6:1
East:west facing side of trap 5.6:1 2.3:1
3 m:1.5 m high 1.1:1 2.9:1
0.5 m:1.5 m from the foliage 1.8:1 1.0:1

Fig. 4. Spectral reßectances of the abaxial (Ab) and
adaxial (Ad) surfaces of expanding and expanded juvenile
(Juv) and adult (Adlt) leaves of E. globulus. Each line is the
mean of measurements from four replicate trees.
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cues in host shoot selection by these psyllids has not
been studied. The role of leaf shape in host plant
selection by these psyllids has not been studied.

Host plant selection by herbivorous insects may
involve visual and chemical cues perceived from a
distance, nearby, andwithin the canopy (Prokopy and
Owens 1983, Bernays and Chapman 1994). Because
juvenile shoots are often hiddenwithin the large adult
shoot-dominated canopy of E. globulus trees, both C.
eucalypti and C. spatulata may use similar cues from a
distance, and each species may subsequently use dif-
ferent cues within the canopy to locate appropriate
host shoots. Our experiments do not indicate whether
the responses of the psyllids in the color tubes reßect
their natural response to cues perceived from a dis-
tance or within the canopy.

Response toColoredTraps.Thepreferencesofboth
Ctenarytaina species for yellow traps agree with pre-
vious studies on psyllids (Mensah and Madden 1992,
Lapis and Borden 1995, Hoback et al. 1999) and indi-
cate that yellow traps are optimal for monitoring pop-
ulations of C. eucalypti and C. spatulata. We speculate
that more psyllids of both species were captured on
the eastern-facing side of the each trap because it was
illuminated by the sun for a longer time each day than
the western side that faced the trees. The cardinal
placement of sticky traps around trees and exposure

areknowntoaffect captureofother insects (Robacker
et al. 1990, Hoback et al. 1999). The majority of
trappedpsyllids apparently originated from the rowof
host trees rather than from other host areas, because
we frequently observed psyllids ßy toward the traps
from the row of trees.

Trap height affects capture of some insects
(Gillespie andVernon 1990, Robacker et al. 1990).We
speculate that more C. spatulata were captured on the
higher trapsbecause themajority of its preferredadult
shoots were higher (.3 m) in the canopy. In contrast,
the reason that trap height did not affect C. eucalypti
may be because the preferred juvenile shoots oc-
curred in the Þrst 3 m of the canopy where the traps
were placed. C. eucalypti alone was affected by the
distance of the traps from the foliage, perhaps because
it searches less extensively in thecanopy thanC. spatu-
lata.

The Color Tube as a Novel Tool to Evaluate Insect
Response to Leaf Color. The unique spectral reßec-
tance of chlorophyll and other pigments in leaves
makes it difÞcult to accurately mimic leaf color
(Prokopy et al. 1983). Thus, it is preferable to use real
leaves to monitor insect response to leaf color. How-
ever, this is challenging because leaves may wilt rap-
idly if detached, produce volatile cues, and transpire
and thus cause condensation inside clear containers
that are used to eliminate the effects of leaf volatiles;
such condensation in turn may distort the spectral
reßectance of the leaves. These problems may ex-
plain why so few studies (Vaishampayan et al. 1975,
Prokopy et al. 1983) have assessed the response of
insects to the color of real leaves. Color tubes are a
novel tool to study the response of psyllids and
possibly other insects to sunlight-illuminated leaf
color without enclosing the leaves in airtight, clear
containers.

In conclusion, heteroblasty is an important source
of within-plant variation. Little is known about how
insects, such as C. eucalypti and C. spatulata that spe-
cialize exclusively on different types of shoots, per-
ceive this variation and select suitable shoots. Both
species of psyllids responded similarly to artiÞcial
colors and preferred yellow. Although the psyllids
perceived differences between the color of juvenile
and adult leaves of E. globulus, their responses do
not explain the role of leaf color in selection of
the glaucous juvenile versus glossy adult leaves of
E. globulus,because both specieswere attracted to the
samecolors (i.e., brightyellowstick traps, and juvenile
leaf color).
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Fig. 5. Relativepercentageofpsyllids trappedat theends
of the color tube facing the leaf color panels with either
juvenile (Juv) or adult (Adlt) leaves of E. globulus. Within
each species and stage of leaf expansion, * , ** , and *** ,
SigniÞcant differences at the P , 0.05, 0.01, and 0.001 levels,
respectively, based on paired t-tests.
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