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Abstract Although plant quality can indirectly increase
the performance of the third trophic level by bottom-up
cascading effects, the mechanisms of this indirect effect
are still unclear. In this study the carbon–nitrogen stoi-
chiometry in a tri-trophic system consisting of the wil-
low, a leaf beetle, and a predatory ladybird beetle were
examined to determine the mechanisms of the bottom-
up cascading effect. The bottom-up cascade is initiated
by increasing leaf nitrogen, because of artificial cutting
of willow trees. The relative growth rate (RGR) of the
leaf beetle increased when fed on cut willow leaves, be-
cause of the high leaf nitrogen in the cut willows.
Ladybird beetle RGR also increased when fed on leaf
beetles fed on cut willow leaves. The increased RGR of
the ladybirds cannot be explained by the quality of the
prey, however, because leaf beetle nitrogen was not af-
fected by host plant quality. Thus, the carbon–nitrogen
stoichiometry could not be a mechanism of the bottom-
up cascade through multiple trophic levels.
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Introduction

The concentration of nitrogen in host plants is an
important factor affecting the survival, growth, and
reproduction of herbivorous insects (Mattson 1980;
White 1993). The discrepancy in nitrogen concentration
between host plants and herbivorous insects has been
well recognized (Mattson 1980), and the nitrogen con-
centration in herbivores (mean ± SE = 9.6 ± 0.2% in
dry mass) is usually higher than that in plants (Fagan

et al. 2002). Herbivorous insects have therefore evolved
behavioral, morphological, and physiological adapta-
tions to efficiently utilize available nitrogen (Mattson
1980). Similarly, survival and growth of predatory ar-
thropods are also limited by the nutritional quality of
their prey (Toft and Wise 1999; Mayntz and Toft 2001).
Fagan et al. (2002) argued that the concentration of
nitrogen in predatory insects (11.0 ± 0.2%) is 15%
higher than that in herbivorous insects, indicating
a possibility of nitrogen-limited growth of predatory
insects (Denno and Fagan 2003).

The foliar nitrogen concentration in plants varies
greatly with season and ontogeny (Feeny 1970; Mattson
and Scriber 1987; Kudo 2003), environmental condi-
tions, for example light, soil nutrients, and CO2 con-
centration (Cotrufo et al. 1998; Crone and Jones 1999;
Lower and Orians 2003), and herbivory (Faeth 1986;
Martinsen et al. 1998). Changes in the concentration of
nitrogen in host plants may affect not only herbivorous
insects, but also higher trophic levels, including preda-
tory and parasitic insects, through bottom-up cascading
effects (Price et al. 1980; Teder and Tammaru 2002;
Hunter 2003). Plants of better quality may result in an
increase in the population density of predators in re-
sponse to the increased density of prey herbivores
(Hunter and Price 1992). In addition, plants of better
quality may result in higher performance of individual
predators (Mayntz and Toft 2001). A few studies have
revealed that plant quality indirectly affected the per-
formance of insects in the third or fourth trophic levels
(Teder and Tammaru 2002; Harvey et al. 2003). One
hypothetical mechanism of this indirect effect is that
better plant quality may improve the quality of herbiv-
orous insects as prey, which may subsequently increase
the performance of predatory insects (Mayntz and Toft
2001). This hypothesis has not been tested by measuring
the quality of herbivorous insects, however. Kagata
et al. (2005) have also demonstrated the bottom-up
cascading effect in a tri-trophic system consisting of the
riparian willow Salix eriocarpa Franchet et Savatier
(Salicaceae), the willow leaf beetle Plagiodera versicolora
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Laicharting (Coleoptera: Chrysomelidae), and the
predatory ladybird beetle Aiolocaria hexaspilota Hope
(Coleoptera: Coccinellidae). The bottom-up cascading
effect arose as a result of changes in leaf quality in re-
sponse to artificial cutting of willows for flood control.
After the cutting the willow trees regrew vigorously,
which resulted in greater adult size and shorter devel-
opment time not only of the willow leaf beetle, but also
of the predatory ladybird beetle. The nutritional status
of each trophic level was not examined by Kagata et al
(2005), however, and so the mechanism of the increased
performance of the predatory ladybird remains unclear.

In this study the carbon–nitrogen stoichiometry in a
bottom-up cascading effect in the above tri-trophic sys-
tem, one year after willow cutting, was examined to
determine the mechanism of the cascading effect. First,
the cascading effect reported in Kagata et al. (2005) was
examined again with increased experimental replication,
to confirm the trophic cascade continues for one year
after willow cutting. Laboratory experiments were also
conducted to determine whether percentage survival and
relative growth rate (RGR) of the leaf beetle are affected
by feeding on leaves which resprouted from cut willows,
and whether those of the ladybird beetle are affected by
feeding on the leaf beetle larvae that fed on these leaves.
In addition, carbon and nitrogen concentrations in the
willow leaves, leaf beetles, and predatory ladybirds were
measured to determine the mechanism of bottom-up
cascading effects.

Materials and methods

Study site

This study was conducted on the flood plain of the Yasu
River in Shiga Prefecture, central Japan. Willows are the
predominant woody plants in the study area, and seven
species of willow occur sympatrically. Willow trunks
were cut at a height of 50 cm above the ground by
randomly selective logging in mid-March 2003. This was
conducted for flood control by the River Bureau of the
Japan Ministry of Land, Infrastructure, and Transport.
On average, the cut trees were 17.3 cm in diameter at
height of 50 cm above the ground, and 8.0 m in height.
After the cutting, the willows regenerated vigorously,
with 10–40 shoots sprouting from a single stump.

Willow, leaf beetle, and predatory ladybird

Salix eriocarpa, a common riparian willow species in
western and central Japan (Kimura 1989), reaches 5–
10 m in height. The willow leaf beetle P. versicolora is
multivoltine and feeds on several willow species (Kimoto
and Takizawa 1994). Adult beetles lay clusters of 10–20
eggs on the surface of the host plant leaves. Larvae pass
through three instars, feeding gregariously during the

first and second instars, and disperse as they develop.
The predatory ladybird A. hexaspilota is one of the
major natural enemies of P. versicolora. The ladybird is
univoltine and a specialist predator of several leaf bee-
tles, including P. versicolora, Chrysomela vigintipunctata
(Marseul), and Gastrolina depressa Baly (Matsura 1976).
At the study site, P. versicolora is the dominant leaf
beetle on the willows and the other two leaf beetles were
rarely observed. Ladybirds at the study site are, there-
fore, likely to feed on P. versicolora exclusively. Adult
ladybirds lay clusters of 30–40 eggs on surface of leaves
of host plants of the prey leaf beetles, and larvae pass
through four instars.

Insect performance

Egg clusters of P. versicolora and A. hexaspilota were
collected from the field in mid-May 2004. They were
placed individually in plastic cases (70 mm · 120 mm ·
30 mm) in the laboratory. Larvae were used for the
experiment within 24 h of hatching. Larvae hatched from
a single egg cluster were divided into two groups which
were assigned to cut and uncut treatments. Ten leaf
beetle larvae were put together in a plastic case lined at
the bottom with wet paper and reared for six days, al-
most the whole larval period, in an environmental
chamber at 23�C, 70% r.h., and LD 16:8 h. This is be-
cause the predatory ladybirds feed preferentially on leaf
beetle larvae, but not pupae and adults. The larvae were
provided with one or two undamaged mature leaves ta-
ken from the upper reaches of the shoots of cut and uncut
willows. Because larvae of P. versicolora usually feed on
mature leaves (Raupp and Denno 1983), mature leaves
were used as food for the leaf beetles in the experiment.
Leaves were replaced every other day, and these were
collected from the field site in the morning. Leaves from
the ten cut and ten uncut trees were mixed, separately,
and provided randomly to each larval group to reduce
the effect of individual trees. On the sixth day of the
experiment, surviving larvae were counted, and their
fresh mass was measured. Ladybird larvae also were
placed individually in plastic cases and reared for six
days. They were provided with 10–20 leaf beetle eggs on
the first day of the experiment and 20–100 leaf beetles,
depending on larval development of the ladybirds, every
day thereafter. The prey provided was sufficient and no
food shortage occurred during the experiment. The leaf
beetle larvae were collected in the morning from cut and
uncut S. eriocarpa trees. Other procedures in the exper-
iment were the same as those for the leaf beetle. Twenty
and twenty-two replicates were conducted for each
treatment of the leaf beetle and the ladybird, respectively.
One uncut treatment of the leaf beetle was excluded from
the analysis, however, because leaves became moldy and
all the larvae died. Percentage survival and RGR of the
leaf beetle and predatory ladybird were examined. RGR
was calculated using the equation:
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RGR ¼ lnðfinal massÞ � lnðinitial massÞ
duration

initial larval mass was measured within 24 h of hatching
and averages were calculated by weighing several larvae
(leaf beetle 0.17 ± 0.004 mg (mean ± SE), n = 13;
ladybird beetle 0.73 ± 0.05 mg, n = 12).

Qualitative traits of willow and insects

In late May 2004, one year after willow cutting, six
mature leaves from each of the ten cut and ten uncut
trees were collected and immediately brought to the
laboratory in a cool box. The toughness of three leaves
from each tree was measured using a penetrometer
(Model 9500, Aiko, Yokohama, Japan) by recording the
force necessary for a rod (2 mm in diameter) to pene-
trate the leaf tissues. The remaining three leaves from
each tree were weighed to determine fresh mass, dried in
an oven at 60�C for 72 h, and weighed again. The dried
leaves were then ground, and the carbon and nitrogen
concentration was measured using an elemental analyzer
(JM 1000CN, J-Science, Kyoto, Japan).

The water, carbon, and nitrogen concentrations of
the leaf beetle and the predatory ladybird reared in the
above experiments were also measured. After the
experiments finished, the larvae were dried in an oven at
60�C for 72 h and then weighed. The dried larvae were
ground, and the carbon and nitrogen concentrations
were measured by use of the elemental analyzer.

Statistical analysis

All data except percentage survival of the ladybird
beetle, RGR of both insects, and C:N ratios were tested
by use of one-way ANOVA. Percentage survival of the
leaf beetle was arcsine-square-root-transformed before
the analysis. Tree means or experimental group means
were used in analysis of the traits of the willow, the leaf
beetle, and the ladybird beetle. Percentage survival of
the ladybirds was tested using the Fisher exact test be-
cause it was reared individually. The RGR of both in-
sects was tested by two-way ANOVA. To compare C:N
ratios, two-way ANOVA with the Tukey–Kramer test
(P < 0.05) was performed after log-transformation of
the data.

Results

Insect performance

Percentage survival over six days of both the leaf beetle
and ladybird beetle did not differ significantly between
the cut and uncut treatments (F1.17 = 0.15, P = 0.70,
for the leaf beetle; P = 0.99, for the ladybird; Fig. 1).
Relative growth rates of the two insects were signifi-

cantly higher for the cut treatment than for the uncut
treatment (Table 1). The RGR of the leaf beetle and the
ladybird were, respectively, 23.1 and 11.0% higher in the
cut treatment (Fig. 1).
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Fig. 1 Percentage survival (top) and relative growth rate (bottom)
of the willow leaf beetle and the predatory ladybird beetle.
Means ± SE are presented except for percentage survival of the
ladybird beetle (see Materials and methods)

Table 1 ANOVA table for the relative growth rate of the leaf
beetle and the ladybird beetle

df ss F value P value

Treatment (cut or uncut) 1 0.05 11.97 0.0009
Insect (leaf beetle or ladybird) 1 0.48 122.12 < 0.0001
Treatment · insect 1 < 0.01 0.04 0.84
Residual 70 0.28

Table 2 Qualitative traits of cut and uncut willow leaves

Cut Uncut
(control)

F value P value

Leaf toughness (N) 1.54 ± 0.04 1.54 ± 0.04 < 0.001 0.90
% Water (FM) 63.82 ± 0.51 62.12 ± 0.62 2.05 0.20
% Carbon (DM) 44.90 ± 0.75 45.23 ± 0.59 0.12 0.73
% Nitrogen (DM) 2.64 ± 0.11 2.31 ± 0.06 7.61 0.0193

FM,fresh mass; DM, dry mass
Means ± SE are presented. Degrees of freedom for F value = 1.18
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Qualitative traits of willow and insects

Toughness, water, and carbon concentration of the
willow leaves did not differ between cut and uncut trees
(Table 2). leaf-nitrogen concentration was affected by
willow cutting, however; it was 14.3% higher for cut
than for uncut willows. Larval mass of the leaf beetle for
the cut treatment was significantly greater than for the
uncut treatment (Table 3). Water, carbon, and nitrogen
concentrations did not differ between treatments, how-
ever. Similarly, larval mass of the predatory ladybird
beetle for the cut treatment was significantly greater
than for the uncut treatment. Nitrogen concentration
was also significantly higher for the cut treatment
than for uncut treatment, although water and carbon

concentrations in the ladybirds did not differ between
treatments (Table 3).

Note that the C:N ratio for the cut tree leaves was
significantly lower than for the uncut trees (Fig. 2). No
differences were found between the treatments for the
leaf beetle and ladybird beetle, however. In addition, the
C:N ratio varied among trophic levels (Table 4; Fig. 2).
The willow leaves had the highest C:N ratio, followed by
the leaf beetle, then the predatory ladybird beetle. The
C:N ratio for willow leaves was 3.0–3.4 times higher
than for the leaf beetle, and that for the leaf beetle was
1.3 times higher than that for the ladybird.

Discussion

This study found a bottom-up cascade effect on insect
growth in a tri-trophic system consisting of the willow, a
leaf beetle, and a predatory ladybird beetle, one year after
cutting of the willow. Kagata et al. (2005) suggested three
possible mechanisms causing this cascading effect:

1. larger leaf beetle larvae on cut willows may increase
the foraging efficiency of the ladybird;

2. higher quality of cut willow leaves may improve
ladybird performance by increasing nutrient quality
of the leaf beetle larvae; and

3. decreasing defensive chemicals of the leaf beetle lar-
vae because of changes in willow leaf quality may
improve ladybird performance.

Here, we focus discussion on nutritional quality,
especially on carbon and nitrogen, as a mechanism of
the cascading effect in the tritrophic system.

Matsumura et al. (2004) showed that the C:N ratio
decreased (or nitrogen concentration increased) from
lower to higher trophic levels in salt marsh plants and
associated arthropods, and that there was a large dif-
ference between the C:N ratios of plants and herbivores,
but not between those of herbivores and predators, i.e.
C:Nplants >> C:Nherbivores > C:Npredators. Results in
this study were in agreement, giving the pattern:
C:Nwillow >> C:Nleaf beetle > C:Nladybird beetle. Accord-
ing to the stoichiometric theory, these differences in C:N

Table 3 Larval traits
of the willow leaf beetle
and predatory ladybird
beetle in the cut and
uncut treatments

Means ± SE are
presented. Degrees of
freedom for F value for
leaf beetle and ladybird
beetle = 1.37 and 1.33,
respectively
FM, fresh mass; DM,
dry mass

Cut Uncut (control) F value P value

Leaf beetle
Larval mass (mg FM) 5.20 ± 0.33 3.71 ± 0.19 14.70 0.0005
% Water (FM) 76.29 ± 0.57 76.52 ± 0.42 0.10 0.75
% Carbon (DM) 48.73 ± 1.52 48.65 ± 1.31 0.001 0.97
% Nitrogen (DM) 8.43 ± 0.20 8.48 ± 0.16 0.04 0.85

Ladybird beetle
Larval mass (mg FM) 64.70 ± 4.10 50.81 ± 4.54 5.10 0.0307
% Water (FM) 78.80 ± 0.51 78.93 ± 0.58 0.03 0.87
% Carbon (DM) 45.75 ± 1.96 42.47 ± 1.23 2.06 0.16
% Nitrogen (DM) 10.68 ± 0.50 9.23 ± 0.28 6.50 0.0156
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Fig. 2 Carbon:nitrogen ratio of the willow, willow leaf beetle, and
predatory ladybird beetle. Means ± SE are presented. Different
letters show significant difference

Table 4 ANOVA table for the CN ratio of the willow, willow leaf
beetle, and predatory ladybird beetle

df ss F value P value

Treatment 1 0.02 11.70 0.001
Trophic level 2 5.12 1636.09 < 0.0001
Treatment · trophic level 2 0.01 4.48 0.014
Residual 88 0.14
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ratio among trophic levels indicate that development of
herbivores may be strongly limited by host plant nitrogen
(Mattson 1980), and that the development of predators
may be also limited by nitrogen in their prey, although
less so than for herbivores (Fagan et al. 2002; Denno and
Fagan 2003).

This study showed that the RGR of the leaf beetle
increased as a result of feeding on leaves of the cut
willows, which had a higher nitrogen concentration and
lower C:N ratio than the uncut willows. The RGR
would be independent of the number of available leaves,
because enough leaves were supplied to avoid food
shortage throughout the experiment. In addition, the
toughness, water concentration, and carbon concentra-
tion of the leaves could not affect the RGR because
these did not differ between the cut and uncut trees.
Defensive chemicals, for example tannins, can reduce
insect performance by reducing nitrogen intake or effi-
ciency of nitrogen use (Simpson and Raubenheimer
2001; Nomura and Itioka 2002). In general, concentra-
tions of these defensive chemicals were negatively cor-
related with leaf nitrogen (Haukioja et al. 1985;
Hikosaka et al. 2005). The increased RGR of the leaf
beetle is, therefore, likely to result from the increased
nitrogen intake, and/or nitrogen use efficiency, because
of the presence of smaller amounts of the defensive
chemicals in the leaves of the cut willows, although the
defensive chemicals were not measured in this study.

Several authors have shown that the development of
arthropod predators, for example spiders, is limited by
prey nitrogen concentration (Toft and Wise 1999;
Mayntz and Toft 2001). In this study the ladybird RGR
increased as a result of feeding on leaf beetle larvae that
fed on leaves from cut willows. Likewise the leaf beetle,
the RGR of the ladybird was independent of the amount
of available prey, because enough leaf beetles were
supplied to the ladybird to avoid food shortage
throughout the experiment. However, the mechanism
causing the increased RGR may be different for the leaf
beetle, because leaf beetle nitrogen and C:N ratio were
not affected by willow leaf quality. Therefore, increased
performance of the ladybird would not be because of
prey nitrogen, and it did not support the hypothesis by
Mayntz and Toft (2001) that predator performance may
increase because of increased nutritional quality of prey
which fed on a higher quality diet, at least for nitrogen.
The constant nitrogen concentration and C:N ratio of
the leaf beetle are likely to result from homeostasis
which maintains constant elemental composition in the
body. Homeostasis in body nitrogen concentration or
C:N ratio has been widely recognized in several taxa,
including bacteria, fungi, zooplankton, and insects
(Slansky and Feeny 1977; Anderson and Hessen 1991;
Sterner and Elser 2002; Makino and Cotner 2004). For
example, Slansky and Feeny (1977) demonstrated that
while leaf-nitrogen concentration of a crucifer plant was
increased greatly by fertilization, nitrogen concentration
in cabbage butterfly larvae that fed on the fertilized
plants hardly changed. Similarly, Kagata and Ohgushi

(2006) demonstrated that nitrogen concentration in the
willow leaf beetle, P. versicolora, hardly changed
through generations, even though leaf nitrogen of the
host willows varied seasonally by large amounts. This is
because herbivorous insects deal with nitrogen-poor
diets by prolonging feeding period, increasing nitrogen
use efficiency, and reducing body size. They also deal
with nitrogen-rich diets by excretion of excess nitrogen,
to maintain their body element composition (Slansky
and Feeny 1977; Obermaier and Zwölfer 1999; Rau-
benheimer and Simpson 2004). Our experiment showed,
however, that nitrogen concentration in the predatory
ladybird differed between the treatments. This could be
because of the different larval stage of the predatory
ladybird. Nitrogen concentration in insects varies
depending on the larval stage (Kagata and Katayama
2006). The experimental period of six days was in
approximate agreement with the molting period from
third to fourth instar of the ladybird larvae. Because
larval growth of the ladybird differed between treat-
ments, different instars were used to measure nitrogen
concentration. A longer experimental period is needed
to confirm the result obtained for nitrogen concentration
in ladybird larvae.

Thus, this study reveals that the mechanism increas-
ing the performance of insects may be different in plant–
herbivore and herbivore–predator interactions, and,
therefore, that carbon–nitrogen stoichiometry cannot be
a mechanism causing the bottom-up cascade through the
multitrophic levels. Other mechanisms suggested by
Kagata et al. (2005), i.e. enhancing foraging efficiency
and reducing defensive chemicals, should be tested to
answer the question why ladybird performance in-
creased when fed on leaf beetle larvae that were reared
on leaves of the cut willows. We must carefully interpret
our data, however, because we did not evaluate the
quality of the leaf beetle as prey for the ladybird beetle in
a strict sense. Although carbon and nitrogen concen-
trations were measured for the leaf beetles from the
rearing experiment, the ladybird beetles were reared on
the leaf beetles from a field population. Hence, it re-
mains a possibility that the quality of the leaf beetles in
the field population differs from those in the rearing
experiment, although, in general, insect elemental com-
position would not be affected by environmental con-
ditions (Fagan et al. 2002; Kagata and Ohgushi 2006).
In addition, although the bottom-up cascade detected in
the present study was in a laboratory experiment, we did
not examine it in the field. Because not only resource
quality but also quantity may interactively affect insect
performance, we do not conclude the cascading effect is
always true in the field.

This stoichiometric approach provides a valuable
contribution to understanding the bottom-up regulation
of multitrophic levels in terrestrial food webs. Carbon–
nitrogen stoichiometry in this study attracted attention
to a large difference between C:N ratios in plants and
herbivores but a small difference between that in herbi-
vores and predators (Fig. 2). Sterner and Elser (2002)
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predicted that consumers’ productivity would be limited
by resource carbon or energy in stoichiometrically bal-
anced systems, i.e. the supply of nutrient composition by
a resource matches the demand by the consumer but
would be limited by resource nutrients in stoichiometri-
cally unbalanced systems. Focusing the resource–con-
sumer relationship on carbon–nitrogen stoichiometry,
the plant–herbivore relationship would be an unbalanced
system but the herbivore–predator relationship would be
a relatively balanced system. This indicates that herbi-
vore performance may be strongly influenced by nutri-
ents in host plants, because there is a large nutrient gap
between plant and herbivore whereas the nutrients may
be less important to predator performance, because of
small nutrient gap between herbivore and predator.
Thus, a different stoichiometric balance between re-
source and consumer would result in different mecha-
nisms determining the different performance of the
herbivorous leaf beetle and the predatory ladybird beetle.
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