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Abstract Recent research has shown that extrafloral
nectar secretion by plants, which also attracts ants, is a
defense inducible by herbivory damage. Our research
addresses the question of whether plants can manipulate
the honeydew secretions of homopterans as an inducible
defense in response to herbivory in the same manner as
extrafloral nectaries. We investigated changes in hon-
eydew composition and excretion rate by the faculta-
tively ant-attended aphid Chaitophorus saliniger Shinji
(Homoptera: Aphididae) depending on the presence or
absence of herbivory by caterpillars (Clostera anasto-
mosis L.; Lepidoptera: Notodontidae) on their host
plant, the willow Salix gilgiana Seemen. Our results
found no evidence to suggest that herbivory damage to
the aphid’s host plant causes significant changes in aphid
population growth, honeydew droplet volume, volume
of honeydew excreted per aphid per hour, or composi-
tion of three abundant sugars in aphid honeydew as a
result of herbivory damage to the aphids’ host plant,
suggesting that, in this particular system, the plant is not
manipulating the aphids’ honeydew output for its own
benefit.

Keywords Ant–Homoptera mutualism Æ Indirect
effects Æ Salix Æ Induced defense Æ Extrafloral nectaries

Introduction

Mutualisms between trophobiontic homopterans and
their attending ants, in which the homopterans provide
their sugar-rich excrement (honeydew) in return for
protection and tending by ants, have been well-studied
(e.g., Way 1963). Numerous studies have shown that this
mutualism can have profound effects on terrestrial
arthropod communities (Wimp and Whitham 2001; see
review in Wimp and Whitham 2006). The presence of
homopterans attracts large numbers of ants to plants,
where they tend the homopterans and attack, consume,
or otherwise exclude many other herbivorous and
predatory arthropods residing on the plant (Koptur
1992). Consequently, despite being parasites, homopt-
erans can provide a net benefit to their host plants if
herbivory pressure by other insects exceeds damage by
homopterans, and the homopterans are tended by
aggressive species of ants (Room 1972; Messina 1981;
Koptur 1992; Sipura 2002; Suzuki et al. 2004; but see
Fritz 1983). Exactly these pressures are believed to have
driven the evolution of ant-plants (Hölldobler and
Wilson 1990). It is these sorts of interactions that led
Bristow (1991a) to ask whether ‘‘aphids serve as tem-
perate-zone extrafloral nectaries’’ for their host plants.

This comparison to extrafloral nectaries is illuminat-
ing, because homopterans and extrafloral nectaries have
many functional similarities: both secrete a sugary liquid
that is consumed by ants, both may bring about the
exclusion of herbivores by ants, and thus both can be
beneficial to the plant by reducing herbivory. However,
as homopterans are mobile insects and extrafloral nec-
taries are plant organs, the secretions of the latter are
under much more direct control by the plant. Plants
sometimes suffer serious damage due to overexploitation
by homopterans such as aphids and scale insects (Dixon
1998; Brewer and Elliott 2004). Plants bearing extrafl-
oral nectaries may respond to herbivory by increasing
the output or quality of extrafloral nectar or growing
new extrafloral nectaries, often only on the part of the
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plant affected by herbivory (Heil et al. 2001; Ness 2003;
Mondor and Addicott 2003; Wäckers and Bonifay
2004). Artificial damage can also induce the secretion of
extrafloral nectar (Heil et al. 2000) or an increase in the
amino acid content of nectar (Smith et al. 1990). While
extrafloral nectar secretion can be either constitutive or
inducible, it is not known if honeydew secretions are
inducible as well.

It would be advantageous for plants to be able to
induce the secretion of more, or higher quality, honey-
dew by their parasitic homopterans. Although aphid
honeydew composition is known to be influenced by
host plant species (Fischer and Shingleton 2001), host
plant part (Bristow 1991b), and the presence or absence
of ants (Fischer and Shingleton 2001; Yao and Akimoto
2001, 2002), no research to date has investigated po-
tential indirect effects of herbivory damage on honeydew
quantity or composition. Such indirect effects could ei-
ther be the manipulation of aphid honeydew quality or
quantity by their host plant, or the passive effects of
herbivory damage on phloem sap so as to affect hon-
eydew. The possibility that plants can manipulate the
behavior of their aphid parasites through compounds
released into phloem sap, thereby inducing ants to prey
on aphids rather than to collect honeydew, has been
suggested by Rosengren and Sundström (1991).

The goal of this research is to investigate whether
plants can manipulate the homopterans’ honeydew out-
put in response to damage by other herbivores so as to
become more attractive to ants. In other words, does the
aphids’ honeydew output serve as an inducible defense in
the same way as extrafloral nectaries do on other plants?

Materials and methods

Study organisms

This research used willows (Salicaceae: Salix sp.) because
the complex network of interactions between arthropods,
especially aphids, ants, and herbivorous insects, on Jap-
anese Salix is well understood, having been a focus of
research by numerous investigators (e.g., Inui et al. 2003;
Nakamura and Ohgushi 2003; Ohgushi 2005, 2006).

The willow Salix gilgiana Seemen was chosen because
previous observations showed that of six willow species
growing sympatrically in Shiga Prefecture, western
Japan, it had the greatest abundance of the ant-attended
aphid Chaitophorus saliniger Shinji (Homoptera: Aph-
ididae), and of herbivorous insects in general (Inui
2003), and that it suffered the greatest leaf area loss to
herbivory (D. Hembry, personal observation). We as-
sumed that a mutualistic interaction between aphids and
willows, and the manipulation of aphids by willows to
attract ants, was most likely to occur in a willow species
suffering high herbivory damage (see Sipura 2002). Salix
gilgiana is distributed from Japan through the Korean
Peninsula and northeastern China to the Russian Far
East (Takahashi and Katsuyama 2000).

Chaitophorus saliniger is the most common ant-at-
tended aphid on willows in the study region. Ants,
including Formica japonica, Camponotus japonicus, and
Lasius japonicus (Hymenoptera: Formicidae), directly
solicit honeydew from C. saliniger (M. Nakamura,
personal communication). In the vicinity of the Center
for Ecological Research (CER), Kyoto University, and
along the Yasu River in Shiga Prefecture, C. saliniger is
commonly unattended by ants in late spring, but nearly
all colonies become attended by ants later in the summer
(D. Hembry, personal observation). Thus the interaction
between C. saliniger and ants is facultative. We expect
that manipulation of honeydew output by plants would
be most likely to evolve in such facultative interactions.
This is because a plant parasitized by obligately ant-
tended Homoptera would attract ants in relatively con-
stant numbers, whereas the number of ants visiting a
plant parasitized by facultatively ant-tended Homoptera
is expected to vary greatly depending on honeydew
quality and quantity. A plant therefore would have
greater potential to increase its protection by ants by
manipulating facultatively ant-tended aphids than by
manipulating obligately ant-tended aphids. Aphids used
for the experiment were collected from willows growing
in the vicinity of the CER or from willows that had been
used in previous replicates of these experiments, and
transferred to the experimental willows the day before
the experiments began.

Clostera anastomosis L. (Lepidoptera: Notodontidae)
is a multivoltine moth distributed across Eurasia. Its
caterpillars are common on willows at the CER and
along the Yasu River, periodically undergoing localized
outbreaks (one such outbreak occurred at the CER in
the summer of 2003). Caterpillars were used for this
experiment because they are sedentary and can be found
throughout the late spring and summer. Caterpillars
were collected from the CER and the Yasu River site
from April through the duration of the experiments, and
in some cases reared from eggs laid by adult moths in
captivity.

Experimental design

Willow saplings (height 0.8–1.8 m) planted in 2002 in a
common garden at the CER were dug up, transferred
to pots, and grouped to form seven blocks each con-
sisting of three genetically identical willows. In each
group, one willow each was randomly assigned to one
of three treatments: (1) caterpillars and aphids on
separate 1-year shoots; (2) caterpillars and aphids on
the same 1-year shoot, but separated onto different
current-year shoots; and (3) aphids only. A 1-year
shoot is defined as a shoot that originated in the year
prior to the experiment (in this case, 2003); from it
sprout multiple current-year shoots that originated
during the year of the experiment (2004). In all cases,
aphids and caterpillars were restricted to their shoots
by bands of Tangle B grease (Fuji Yakuhin Kogyo,
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Tokyo, Japan). Caterpillars and aphids were not
placed on the same current-year shoots because to
isolate the two species using Tangle B would require
the removal of leaves, which might induce a compli-
cating response in the willow. From 10 to 40 aphids
(all instars), usually from a single colony, were
transferred to each willow the day before the experi-
ments began. The population of aphids (sensu Cush-
man and Addicott 1989) usually divided into several
colonies on separate leaves by the time at which the
experiments began. Each willow was placed in a sep-
arate outdoors experimental chamber at constant
humidity, and temperature ranging between 22�C and
25�C, and natural sunlight. Willows were watered ev-
ery 1 or 2 days and no fertilizer was used. Experiments
were conducted from late May until mid-July 2004.

Caterpillars varied in size throughout the course of
the experiment so numbers were adjusted depending on
caterpillar size, ranging from two in the case of very
large caterpillars to ten in the case of smaller caterpillars.
Since in some cases the leaves on a designated shoot
were completely eaten by caterpillars within 48 h, all
caterpillars were removed from the willows immediately
following the observations at 48 h (day 3). Herbivory
levels ranged from approximately one-third of leaf area
defoliated to total defoliation.

Honeydew analysis

Honeydew was collected from aphids (both adults and
nymphs) on each willow using a 0.5 ll microcapillary
tube (Drummond Scientific, Broomall, PA). On each
willow, one aphid colony was observed through a
microscope for at least 1 h (or until the tube was filled)
both immediately before the addition of caterpillars
(day 1), after 48 h had passed (day 3), and after 96 h
had passed (48 h after the removal of the caterpillars;
day 5). Collection of honeydew was conducted between
8:00 a.m. and 2:00 p.m. The number of times each

individual aphid excreted a droplet of honeydew, whe-
ther this droplet was collected in the tube, the total
volume of honeydew collected (calculated by measuring
the height of the honeydew sample in a microcapillary of
known volume), and the total number of aphids on the
plant were also recorded.

Honeydew samples were analyzed by high-pressure
liquid chromatography (HPLC), using a Cosmosil
5NH2-MS packed column and an 80% acetonitrile
mobile phase at room temperature. Peak sizes for the
various sugars present in the honeydew samples were
calculated directly by a refractive index detector (RID;
Shimadzu, Kyoto, Japan) and used to calculate the
concentrations of the sugars in honeydew. Honeydew
samples were optimized using 11 sugar standards (fruc-
tose, glucose, sucrose, maltose, trehalose, melezitose,
xylose, galactose, lactose, melebiose, raffinose), and the
composition of each sample was determined by com-
parison of retention times with those from a standard
sample measured on the same day.

All analyses were conducted by repeated-measures
ANOVA using StatView (version 5.0; SAS Institute,
Cary, NC). The average volume of a honeydew droplet
was calculated by dividing the volume of honeydew
collected from a single colony by the number of droplets
collected in the microcapillary from that colony. In
many cases, the aphids did not excrete analyzable
quantities of honeydew within 60–90 min, leading to
sample sizes that vary depending on day and treatment,
and are consequently lower than anticipated. Analysis
by repeated-measures ANOVA caused sample sizes for
honeydew analyses to be reduced further (treatment 1:
N =4; treatment 2: N =3; treatment 3: N =3).

Results and discussion

Aphid population size, excretion rate, and honeydew
droplet volume for the three treatments are shown in
Table 1. Whereas all three parameters showed signifi-

Table 1 Aphid population size, honeydew excretion rate (number of droplets excreted per excreting aphid per hour), and average
honeydew droplet volume

Variable Day Treatment 1
(separate shoot)a

Treatment 2
(same shoot)b

Treatment 3
(control)c

Mean ± SE N Mean ± SE N Mean ± SE N

Number of aphids 1 27.3 ± 5.6 7 27.4 ± 5.1 7 33.6 ± 6.2 7
3 31.4 ± 5.9 7 33.9 ± 6.9 7 45.3 ± 8.5 7
5 40.9 ± 7.8 7 45.7 ± 13.1 7 59.9 ± 13.1 7

Honeydew excretion rate (droplets/excreting aphid/hour) 1 9.4 ± 2.1 7 7.2 ± 0.8 7 7.9 ± 1.1 7
3 12.8 ± 2.8 7 11.6 ± 2.2 7 11.8 ± 1.7 7
5 10.7 ± 1.7 7 9.1 ± 1.4 7 12.1 ± 2.2 7

Honeydew droplet volume (nl) 1 4.0 ± 0.7 4 3.4 ± 0.9 4 3.2 ± 0.5 6
3 6.1 ± 0.74 4 8.2 ± 2.4 4 4.5 ± 0.5 6
5 6.0 ± 1.2 4 5.7 ± 1.1 4 5.0 ± 0.8 6

aAphids and caterpillars on separate 1-year shoots
bAphids and caterpillars on the same 1-year shoot but on separate current-year shoots
cAphids but no caterpillars. Caterpillars added immediately after the day 1 measurements and removed immediately after the day 3
measurements
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cant changes over the course of the experiment, there
were no significant differences between treatments
(Table 2).

Three sugars were detected in high concentrations
in the honeydew of C. saliniger: fructose, sucrose, and
an unidentified sugar. Because the retention time of
this sugar was always near that of melezitose, it was
identified as a trisaccharide. The presence of relatively
high quantities of trisaccharides is consistent with
previous research showing that the honeydew of ant-
attended aphid species (but not of non-attended aphid
species) contains high amounts of trisaccharides (Völkl
et al. 1999). In addition, many samples contained
small amounts of glucose. Maltose, trehalose, melezi-
tose, xylose, galactose, melebiose, and raffinose were
detected in very small quantities in a few of the
samples.

The only significant differences found in sugar con-
centrations were an increase in sucrose and total sugar
concentrations over time (Table 2, Fig. 1). There were
no significant differences between treatments in con-
centrations of any sugars.

We hypothesized that the amount of honeydew ex-
creted and the concentrations of sugars in honeydew
would increase on the 1-year shoots receiving herbivory.
Our results suggest that herbivory damage does not

cause a short-term (<1 week) systemic or localized
change in the excretion behavior or sugar composition
of honeydew. This is in contrast to other research
demonstrating the diversity and importance of induced
responses to herbivory in plant–insect interactions
(Karban and Baldwin 1997).

Despite the similarities between trophobiontic hom-
opterans and extrafloral nectaries, we have no evidence
that the secretion of honeydew by aphids is inducible in
the same way as is the secretion of extrafloral nectar. If

Table 2 Results of repeated-measures ANOVA on the effects of
treatmentsa and time on aphid population size, honeydew excretion
rate (number of droplets excreted per excreting aphid per hour),
average honeydew droplet volume and sugar concentrations in
honeydew

Sugar df F P

Aphid population size
Treatment 2 0.799 0.465
Time 2 15.246 <0.001
Treatment · time 4 0.558 0.694
Honeydew excretion rate
Treatment 2 0.457 0.640
Time 2 4.165 0.024
Treatment · time 4 0.295 0.880
Honeydew droplet volume
Treatment 2 1.127 0.359
Time 2 9.347 0.001
Treatment · time 4 1.426 0.259
Sugar concentration
Fructose
Treatment 2 0.649 0.552
Time 2 1.010 0.389
Treatment · time 4 1.192 0.356
Sucrose
Treatment 2 1.781 0.237
Time 2 4.525 0.031
Treatment · time 4 1.151 0.373
Trisaccharide
Treatment 2 1.476 0.292
Time 2 0.792 0.472
Treatment · time 4 1.969 0.155
Total concentrations of the main sugars
Treatment 2 2.788 0.129
Time 2 4.543 0.030
Treatment · time 4 2.210 0.121

aSee Table 1 for explanation of treatments
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Fig. 1 Concentration of fructose (top), sucrose (middle), and
trisaccharide (bottom) in honeydew of Chaitophorus saliniger on
day 1, day 3, and day 5. Bars SE
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indeed honeydew excretion is not inducible, then this is
presumably because homopterans are not under direct
control by the plant. Several studies have suggested that
leaf herbivory negatively affects aphids by altering
phloem sap quality (Leather 1993; Agrawal 1998; Staley
and Hartley 2002). Thus, phloem sap may change as a
result of herbivory but the composition or concentration
of homopteran honeydew might not respond to such a
change. It is also possible that 5 days was not long enough
to detect a response by aphids to herbivory, or that the
level of herbivory was uneven or too low (restricted to a
single cluster of current-year shoots) to elicit a response.

Our results are not inconsistent with the possibility
that herbivory damage may cause a long-term
(>5 days) decline in honeydew quality by negatively
affecting the composition of phloem sap. Many different
host plant traits, as well as herbivore-induced changes in
host plants, can affect aphid performance, abundance,
and fecundity, and so it would not be surprising that
herbivory damage might have a long-term effect on
honeydew composition (Wimp and Whitham 2006).

Many willows, including Salix gilgiana, are woody
plants with multi-year lifespans and clonal reproduction
that show vigorous ability to regrow following both
abiotic and biotic damage (Nozawa and Ohgushi 2002;
Nakamura et al. 2005). Although numerous studies have
shown that leaf damage can significantly affect fitness in
both perennial (Whitham and Mopper 1985; Doak 1992;
Pratt et al. 2005) and annual (Brown et al. 1987; Lehtilä
and Strauss 1999; Parmesan 2000) plants, and aphid
colonization often causes serious damage to agricultural
crops (Dixon 1998; Brewer and Elliott 2004), the long-
term fitness consequences of defoliation are probably
more severe in small plants that reproduce once or only
a few times, such as annual herbs. We expect that the
manipulation of homopteran honeydew by the host
plant is more likely to occur in species where heavy
herbivory damage has more immediate effects on
reproduction.
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