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Abstract We investigated the combined effects of herbi-
vore damage and soil fertility on shoot growth patterns
of Quercus serrata and Q. crispula saplings at both the
shoot and individual levels. Saplings were grown in
herbivore-damaged or undamaged areas of the green-
house with the two fertilization treatment levels, low or
high. We measured the leaf area loss, number of flushes,
length of extension units (EUs; the first vs the higher),
number of leaves on each individual, and number of
EUs. At the shoot level, the leaf area loss at high soil
fertility was significantly greater than that at low soil
fertility among the highest EUs of Q. serrata, while this
difference was not significant in Q. crispula, suggesting
that effect of soil fertility on leaf area loss is species-
specific. Furthermore, herbivore damage was associated
with a significant increase in the number of EUs and a
reduction in the length of the higher EUs under both soil
fertility treatments, although saplings had a tendency to
produce significantly more flushes and longer individual
EUs under the high soil fertility. At the individual level,
herbivore-damaged saplings exhibited a significant in-
crease in leaf numbers; however, the total length of the
EUs in Q. serrata or Q. crispula was not significantly
affected by herbivore damage, regardless of soil fertility.
These results suggest that Q. serrata and Q. crispula
saplings produce shorter EUs in response to herbivore
damage in order to reduce the cost of mechanical sup-
port and spread the risk for any subsequent herbivore
damage.

Keywords Compensation Æ Fertilization Æ Insect
damage Æ Leaf area loss Æ Leaf flushing Æ Shoot length

Introduction

Compensation, i.e., recovering from the loss of vegeta-
tive tissue, is one plant strategy for overcoming herbiv-
ory damage (e.g., Marquis 1996; Strauss and Agrawal
1999). For example, the compensatory responses in
woody plants include increasing shoot regrowth (Wilson
1993; Gadd et al. 2001) and photosynthetic rates (Hei-
chel and Turner 1983). Thus, compensating responses in
woody plants might affect plant growth patterns, espe-
cially patterns of subsequent shoot growth.

Shoot growth patterns are also affected by environ-
mental factors such as the availability of soil nutrients,
light, and water (e.g., Harmer 1989; Charr et al. 1997a;
Gardiner and Hodges 1998). In particular, high nutrient
availability increases plant biomass production, the
number of leaves, leaf area (e.g., Berger and Glatzel
2001), and the nitrogen concentration in leaves (e.g.,
Harmer 1989; Forkner and Hunter 2000; Berger and
Glatzel 2001). Because increased nitrogen levels in plant
tissues cause increased herbivory, soil nutrient avail-
ability indirectly determines the intensity of herbivory
(Lower et al. 2003). Therefore, soil fertility might modify
shoot growth patterns and determine the intensity of
herbivory, suggesting the importance of soil nutrient
availability to the interaction between herbivorous in-
sects and plants.

This interaction has been studied mainly using her-
baceous plants: individual-level responses to herbivore
damage and soil fertility is assessed by seed production
and relative growth rate (e.g., Meyer 2000), which are
used indicators of the individual fitness (e.g., Strauss
et al. 2002). However, in woody plants, it is difficult to
assess individual-level responses, because (1) woody
plants have complex branching structures that are
formed through the repetitive production of shoots
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(White 1979), and (2) the branches within an individual
woody plant are autonomous (Sprugel et al. 1991).
These results suggest that branch-level responses to
environmental factors are not always equal to individ-
ual-level responses (Küppers 1989). Most studies has
assessed the effect of herbivore damage on woody plants
only at branch level (e.g., Heichel and Turner 1984;
Charr et al. 1997b). However, only branch-level re-
sponses could not fully describe plant behavior to
environmental factors: a combination of branch- and
individual-level responses is much needed to clarify the
plant behavior especially in woody plants. Therefore, it
is important to scale up branch- to individual-level re-
sponses to describe plant behavior for herbivory and soil
fertility.

Quercus trees have a rhythmic growth pattern (e.g.,
Borchert 1975; Charr et al. 1997a,b). Quercus saplings
can produce several growth flushes per growing season,
and the number of flushes varies according to environ-
mental factors (Hanson et al. 1986; Charr et al. 1997a,b).
In highly fertile soil, Quercus saplings have longer shoots
(Harmer 1989), and artificial defoliation (i.e., simulated
herbivory damage) in spring reduces the shoot length
and the number of leaves in the second flush (Charr et al.
1997b). These results suggest that the growth of shoots
at a subsequent flush is determined by both soil nutrient
conditions and the level of herbivory at the time of the
previous flush.

Quercus trees have the richest herbivore fauna of any
temperate plant genus (e.g., Southwood 1961; Teramoto
1993; Wagner et al. 1995). In Japan, 10% of all lepi-
dopterous species use Quercus as a host plant; 346 and
260 lepidopterous species use Quercus serrata Thunb. ex
Murray and Q. crispula Blume, respectively (Teramoto
1996). These data suggest that Q. serrata and Q. crispula
have constantly been exposed to herbivory, implying
that Q. serrata and Q. crispula might have developed
adaptive responses to herbivory. Q. serrata and
Q. crispula are deciduous trees of temperate forests in
Japan; Q. serrata is a dominant species of secondary
forests (e.g., Ozawa et al. 2000), while Q. crispula is a
dominant climax species of cool temperate forests (e.g.,
Koike 1988). Responses of Q. crispula to herbivory have
been studied mainly from the viewpoint of leaf quality
(Kudo 1996; Nabeshima et al. 2001), and the results
have clarified that leaf damage causes changes in the
physical and chemical qualities of a leaf: leaf mass per
area, concentration of nitrogen, and amount of con-
densed tannin. Compensative shoot growth might play
an important role in the tolerance of Quercus saplings to
herbivory damage, because Quercus saplings are capable
of repeated flushes of shoot growth (Borchert 1975);
herbivory damage modifies shoot growth patterns
through compensatory shoot growth.

Weltzin et al. (1998) showed that seedlings depend
upon a plant’s resistance to herbivory during its estab-
lishment. Furthermore, McGraw et al. (1990) stressed
the role of resource availability in tolerance to artificial
leaf damage. Therefore, the effects of both insect damage

and soil nutrient levels should be simultaneously inves-
tigated under controlled conditions, because saplings
growing in a range of soil nutrient availabilities might
experience different herbivory attacks in nature.

In this study, we clarified the interaction between
herbivory damage and the availability of soil nutrients
on growth patterns of Q. serrata and Q. crispula saplings
at both the shoot and individual levels.

Materials and methods

Plant material

We purchased saplings of two oak species, Q. serrata
and Q. crispula, from Kutsuki Village Forest Associa-
tion, Shiga, Japan. One-hundred-and-twenty saplings of
Q. serrata and Q. crispula (240 in total) were trans-
planted into plastic pots (44 cm in diameter, 24 cm in
depth) on 19 and 20 December 2001. At the bottom of
each pot was placed 500 cc of kamuma soil (pumice),
and then the pot was filled with sand. To ensure uniform
soil conditions, the roots of the saplings were washed to
remove previous soil before transplanting. The mean
sapling heights were 43.4±0.4 (mean ± SE) cm for Q.
serrata and 43.5±0.4 cm for Q. crispula. Sapling height
did not differ significantly among the treatments (Sche-
ffe’s range test, P>0.05). The saplings were grown in
two greenhouses (H1, 10·7.5 m, 4 m in height; H2,
9.5·4.4 m, 3.5 m in height). The greenhouses were lo-
cated at the Kitashirakawa Experimental Station of
Kyoto University in Kyoto, Japan. Bud-break occurred
between 2 and 15 April 2002 for Q. serrata saplings and
between 8 and 24 April 2002 for Q. crispula . During the
growing season, most of the saplings had more than one
flush. The bud-break at the last flush occurred in early
October 2002. This characteristic indicates that Quercus
saplings can be used to assess treatment effects within
one growing season. Q. serrata is found naturally dis-
tributed around the experimental station, whereas the
experimental station is located about 15 km south of the
natural southern limit of Q. crispula distribution.

Treatments

All experiments were conducted according to a two-way
factorial design to assess the effects of herbivory damage
and soil fertility in the two greenhouses. Nylon mesh
(1·1 mm) divided each greenhouse into two separate
blocks (herbivory-damaged and undamaged). The four
sides of the herbivory-undamaged block were made of
1·1-mm mesh to exclude insect herbivores; this mesh
size effectively reduced herbivory damage (the leaf area
loss in herbivore-undamaged blocks were less than 3%),
although a few insect invasions did occur. Therefore, we
checked all saplings and removed invasive insects every
2 days. The three sides of the herbivory-damaged block
were made of 20·20-mm nylon mesh to allow insect
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herbivores free access. Saplings in each category were
assigned to different fertilization treatments. We applied
25:5:20 (N:P:K) fertilizer (Peters Professional, HYPO-
NeX JAPAN) every 2 weeks from April to November
2002. Half of the saplings in each block were grown
under low soil fertility (20 kg N/ha/year); the other half
were grown under high soil fertility (200 kg N/ha/year).
The pots were arranged in random order with respect to
the fertilizer treatment. All saplings were watered to
saturation for 10 min daily by an automatic sprinkler
(Sprinkler Thinker DC-1, Irrigation Control Equip-
ment, Galcon).

Measurements

Quercus saplings can exhibit several flushes during one
growing season. The EU is defined as the portion of a
shoot that elongates during one flush. In this study, EU
was divided into two categories according to flush times.
The EUs formed during the first flush in April were de-
fined as ‘the first EUs’; the EUs from the following flush
(up to the seventh flush) were defined as ‘the higher EUs’.

A two-dimensional diagram was drawn to describe
the branching structure of each sapling during the
growing season when new shoots elongated. Each EU
was numbered on the diagram, and the date on which
the EU appeared was recorded. For each EU, we mea-
sured the length and the number of leaves after elon-
gation and leaf growth of the EU had finished from early
May to early October 2002. At the same time, leaves
were roughly categorized into one of seven leaf damage
classes based on the visually estimated percentage of leaf
area loss. Defoliation can cause mortality of saplings, as
young seedlings and saplings of woody plants allocate a
large fraction of their biomass to leaves (Poorter and
Nagel 2000). Therefore, we assessed the level of leaf
damage. The leaf damage at this experimental station
was caused mainly by generalist herbivorous insects:
larvae of Lepidoptera belonging to the families Oeco-
phoridae, Timyridae, Noctuidae, Geometridae, Lyman-
triidae, and Arctiidae; larvae of Hymenoptera belonging
to the family Tenthredinidae; and adults of Coleoptera
belonging to the families Attelabidae and Scarabaeidae
(Ishii and Osawa, unpublished data).

Data analysis

The percentage of leaf area loss for an individual was
analyzed from Mann–Whitney’s U-test under low and
high soil fertility. We estimated the leaf area loss for
each leaf using the following percentages for each leaf
damage class: 0, 0%; 1, 2.5%; 2, 15%; 3, 30%; 4, 62.5%;
5, 87.5%; and 6, 100%. The leaf area loss for the first
and higher EUs was calculated using the average values
of these percentages for each individual sapling. The
preliminary analysis of EU length in Q. serrata and
Q. crispula revealed a distribution pattern that was

significantly different from normal, so we applied non-
parametric tests to compare the frequency distributions
and the means of these variables. The frequency distri-
butions of each treatment were analyzed with the Kol-
mogorov–Smirnov test, and the means were analyzed
with the Mann–Whitney’s U-test. We used Bonferroni
correction to adjust significance levels in the multiple
comparisons.

Variables other than leaf area loss and EU length
were compared using a two-way ANOVA. The number
of flushes was defined as the maximum flush number in a
sapling. The total EU length was defined as the sum of
the individual EU lengths in a sapling. The total number
of leaves was defined as the sum of the leaf numbers in a
sapling. All statistical analyses were performed with
StatView-J ver. 5.0 (SAS 1998).

Results

Soil fertility and herbivory damage in Q. serrata
and Q. crispula

In Q. serrata (Fig. 1a), soil fertility significantly affected
the leaf area loss of the higher EUs (Mann–Whitney’s
U-test: P=0.0115), but not that of the first EUs (Mann–
Whitney’s U-test: P=0.8941). In Q. crispula (Fig. 1b),
soil fertility did not significantly affect leaf area loss of

Fig. 1a, b The percentage of leaf area loss for the first and the
higher EUs under low and high soil fertilities in Q. serrata (a) and
Q. crispula (b). Bars indicate SEs
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either the first (Mann–Whitney’s U-test: P=0.6952) or
the higher EUs (Mann–Whitney’s U-test: P=0.6579).

Shoot-level consequences in Q. serrata and Q. crispula

InQ. serrata, the effect of herbivory damage on the mean
length of the first EUs was significant under high soil
fertility but was not significant under low soil fertility
(Fig. 2); the effect of soil fertility on the mean first EU
length was not significant in either herbivory-damaged or
undamaged saplings (Fig. 2). Herbivory damage signifi-
cantly affected the distribution pattern of first EU length
under high soil fertility but not under low soil fertility
(Fig. 2); the effect of soil fertility on the length distribution
pattern was significant in herbivory-damaged saplings
but was not significant in undamaged saplings (Fig. 2).

In Q. serrata, among the higher EUs, the effect of
herbivory damage on the mean length was significant
under both low and high soil fertilities, while the effect of
soil fertility was significant in herbivory-damaged sap-

lings but not in undamaged saplings (Fig. 2). Parallel
results were obtained for the distribution patterns of the
mean length of the higher EUs (Fig. 2).

In Q. crispula, among the first EUs, the effect of
herbivory damage on the mean length was significant
under high soil fertility but not under low soil fertility
(Fig. 3); the effect of soil fertility was not significant in
either herbivory-damaged or undamaged saplings
(Fig. 3). Parallel results were obtained for the distribu-
tion patterns of first EU lengths (Fig. 3).

In Q. crispula, the effect of herbivory damage on the
mean length of the higher EUs was significant under
both low and high soil fertilities (Fig. 3), while the effect
of soil fertility was significant in herbivory-damaged
saplings but not in undamaged saplings (Fig. 3). The
same results were obtained for the distribution patterns
of the mean length of the higher EUs (Fig. 3).

Individual-level consequences in Q. serrata
and Q. crispula

The effects of soil fertility and herbivory damage on the
number of flushes in Q. serrata and Q. crispula were
significant (two-way ANOVA: soil fertility
F1,116=41.575, P<0.0001; F1,116=70.893, P<0.0001,
herbivory damage F1,116=39.199, P<0.0001;
F1,116=25.522, P<0.0001, respectively) (Fig. 4a,b).
There was no significant interaction between soil fertility

Fig. 2 Frequency distributions of EU length in Q. serrata under
low and high soil fertilities with herbivory-damaged and undam-
aged saplings at the first and the higher EUs. Arrows indicate mean
values of the EU length. Means with different letters are
significantly different from Mann–Whitney’s U-test at each EU
(Bonferroni corrected P<0.0083). The different letters at skewness
indicate significantly different distributions according to Kolmogo-
rov–Smirnov test at each EU (Bonferroni corrected P<0.0083)
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and herbivory damage in Q. serrata or Q. crispula (two-
way ANOVA: F1,116=0.009, P=0.9257; F1,116=2.836,
P=0.0949, respectively) (Fig. 4a,b).

Soil fertility, herbivory damage, or their interaction
did not affect the number of first EUs in Q. serrata or Q.
crispula (two-way ANOVA: soil fertility F1,116=0.334,
P=0.5644; F1,116=0.395, P=0.5309, herbivory damage
F1,116=2.565, P=0.1120; F1,116=1.043, P=0.3092, soil
fertility · herbivory damage, F1,116=1.014, P=0.3159;
F1,116=0.395, P=0.5309) (Fig. 5a,b). In contrast, both
soil fertility and herbivory damage significantly affected
the number of higher EUs in Q. serrata and Q. crispula
(two-way ANOVA: soil fertility F1,116=32.350,
P<0.0001; F1,116=11.114, P=0.0012, herbivory dam-
age F1,116=23.967, P<0.0001; F1,116=25.420,
P<0.0001) (Fig. 5a,b). However, there was no signifi-
cant interaction between soil fertility and herbivory
damage related to the number of higher EUs in Q. ser-
rata or Q. crispula (two-way ANOVA: F1,116=0.340,
P=0.5610; F1,116=2.136, P=0.1465) (Fig. 5a,b).
Soil fertility and herbivory damage each had a signifi-
cant effect on the total number of EUs in Q. serrata

and Q. crispula (two-way ANOVA: soil fertility
F1,116=17.726, P<0.0001; F1,116=5.057, P=0.0264,
herbivory damage F1,116=9.240, P=0.0029; F1,116=
18.181, P<0.0001) (Fig. 5a,b), but they did not have a
significant interaction in Q. serrata and Q. crispula (two-
way ANOVA: F1,116=0.992, P=0.3214; F1,116=2.671,
P=0.1049) (Fig.5a,b).

Soil fertility had a significant effect on the total EU
length in Q. serrata and Q. crispula (two-way ANOVA:
F1,116=54.143, P<0.0001; F1,116=34.970, P<0.0001)
(Fig. 6a,b), but herbivory damage did not (two-way
ANOVA: F1,116=0.054, P=0.8161; F1,116=0.047,
P=0.8279) (Fig. 6a,b). Furthermore, there was no sig-
nificant interaction between soil fertility and herbivory
damage in Q. serrata or Q. crispula (two-way ANOVA:
F1,116=0.382, P=0.5380; F1,116=0.210, P=0.6474)
(Fig. 6a,b).

Herbivory-damaged saplings had a greater number of
leaves than did undamaged saplings of both Q. serrata
and Q. crispula (two-way ANOVA: F1,116=5.483,
P=0.0209; F1,116=11.058, P=0.0012) (Fig. 7a,b).
Moreover, saplings of both Q. serrata and Q. crispula
had greater numbers of leaves under high soil fertility
conditions than under low soil fertility conditions (two-
way ANOVA: F1,116=32.175, P<0.0001;
F1,116=19.284, P<0.0001) (Fig. 7a,b). There was no
significant interaction between soil fertility and herbiv-
ory damage in Q. serrata, but the interaction was sig-
nificant in Q. crispula (two-way ANOVA: F1,116=0.323,
P=0.5707; F1,116=4.584, P=0.0344) (Fig. 7a,b).

Fig. 3 Frequency distributions of EU length in Q. crispula under
low and high soil fertilities with herbivory-damaged and undam-
aged saplings at the first and the higher EUs. Arrows indicate mean
values of the EU length. Means with different letters are
significantly different from Mann–Whitney’s U-test at each EU
(Bonferroni corrected P<0.0083). The different letters at skewness
indicate significantly different distributions according to Kolmogo-
rov–Smirnov test at each EU (Bonferroni corrected P<0.0083)
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Discussion

Effect of soil fertility on herbivory damage

This study showed that the leaf area loss from the higher
EUs of saplings grown under conditions of high soil
fertility was significantly greater than that from saplings
grown under conditions of low soil fertility, whereas the
leaf area loss from the first EU in Q. serrata was not
significantly different between the conditions of high and
low soil fertility (Fig. 1a). Generally, soil fertility influ-
ences leaf qualities such as nitrogen concentration (e.g.,
Harmer 1989; Forkner and Hunter 2000; Berger and

Glatzel 2001), and leaf quality is a major determinant of
the distribution and abundance of herbivores (e.g., Kytö
et al. 1996; Lill and Marquis 2001); this implies that the
leaf area loss from a plant grown under conditions of
high soil fertility would be greater than that from a plant
grown under conditions of low soil fertility. Thus, the
large leaf area loss from the higher EUs of Q. serrata
under high soil fertility conditions was due mainly to
intense herbivory damage produced by a concentration
of herbivores. Because spring leaf expansion depends
largely on the total amount of nitrogen supplied during
the previous year (Millard and Proe 1991; Dyckmans
and Flessa 2001), and because in this study we began
fertilization in April 2002, the effect of soil fertility did
not emerge in the first EUs in Q. serrata. Therefore, the
absence of an effect of high or low soil fertility on leaf
area loss from the first EUs in Q. serrata in this study
might be due to similar insect densities, and the sub-
sequent similar amount of herbivory under both low and
high soil fertility. This study also showed that leaf area

Fig. 4a, b Mean number of flushes of herbivory-damaged and
undamaged saplings under low and high soil fertilities in Q. serrata
(a) and Q. crispula (b). Bars indicate SEs

�
�
�

Fig. 5a, b Mean number of EUs of herbivory-damaged and
undamaged saplings under low and high soil fertilities in Q. serrata
(a) and Q. crispula (b). Bars indicate SEs
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losses from the first and higher EUs in Q. crispula
were not significantly different under either nutrient
condition (Fig. 1b). The discrepancy between the effect
of soil fertility on leaf area loss from the higher EUs in
Q. serrata and Q. crispula suggests species-specific
patterns of resource use and allocation.

Shoot-level responses and the consequences

Herbivory damage significantly reduced EU length,
especially in the higher EUs in Q. serrata and Q. crispula
under both low and high soil fertilities (Figs. 2,3). Sim-
ilar results were obtained by Heichel and Turner (1984)

and Chaar et al. (1997b), who showed that artificial
defoliation simulating herbivorous insect damage re-
duced the lengths of subsequent shoots. With high soil
fertility, the lengths of the higher EUs were significantly
increased (Figs. 2,3). Therefore, the compensating abil-
ity of Q. serrata and Q. crispula might be higher under
high soil fertility than under low soil fertility, although
the leaf area loss in Q. serrata suggests that highly fertile
soil may cause severe herbivory, especially in the higher
EUs.

Individual-level responses and the consequences

Shorter shoots generally display a greater number of
leaves per stem length than do longer shoots (e.g., Yagi
and Kikuzawa 1999). In this study, herbivory-damaged
saplings had a greater number of shorter EUs than did
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Fig. 6a, b Mean values of total EU length of herbivory-damaged
and undamaged saplings under low and high soil fertilities in
Q. serrata (a) and Q. crispula (b). Bars indicate SEs

Fig. 7a, b Mean values of total number of leaves of herbivory-
damaged and undamaged saplings under low and high soil
fertilities in Q. serrata (a) and Q. crispula (b). Bars indicate SEs
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herbivory-undamaged saplings in Q. serrata and
Q. crispula (Figs. 2,3,5a,b), indicating that a damaged
sapling with a large number of shorter shoots would
have more leaves than would an undamaged sapling, at
an individual level (Fig. 7a,b). Increasing the number of
leaves per shoot could increase mutual shading among
leaves within a shoot (e.g., Takenaka 1994), implying
that mutual shading would also increase at an individual
level. However, Yagi and Kikuzawa (1999) showed that
leaf size on shorter shoots is smaller than that on longer
shoots in Q. crispula, suggesting that the display of
smaller leaves on the shorter shoots of herbivory-dam-
aged Q. serrata and Q. crispula saplings would avoid
mutual shading.

The number of flushes is affected by environmental
factors, such as frost, shading, and defoliation (Chaar
et al. 1997a), as well as by soil nutrients (Harmer 1989).
In this study, herbivory damage and soil fertility sig-
nificantly affected the number of flushes (Fig. 4a,b). It is
known that defoliation in Quercus seedlings increases
the number of flushes (Hilton et al. 1987; Chaar et al.
1997b). One explanation for this adaptive behavior in
Quercus is that increased flushes compensate for the lost
foliage and provide the required annual production at
an individual level. In this study, herbivory damage re-
sulted in an increased number of flushes and number of
EUs (Figs. 4a,b,5a,b), with the result that herbivory
damage did not significantly affect the total length of
shoot elongation in Q. serrata or Q. crispula (Fig. 6a,b).
Additionally, the number of flushes tended to be greater
in Q. serrata than in Q. crispula (Fig. 4a,b). Moreover,
Q. serrata saplings had more branches with several flu-
shes than did Q. crispula saplings. These results suggest
that Q. serrata saplings have a greater ability to respond
to the intensity of herbivory damage and the level of soil
nutrients than do Q. crispula saplings.

Scaling up shoot- to individual-level responses

Herbivory damage resulted in shorter EUs and more
EUs, especially higher EUs (Figs. 2,3). However, in
individual-level responses, herbivory damage did not
significantly affect the total length of shoot elongation
(Fig. 6a,b), indicating that the damaged and undam-
aged saplings invest nearly equivalent resources in
shoot production. There are two possible explanations
for this adaptive shoot production pattern. First, the
partitioning of resources into the many small shoots
observed in the saplings of the two species may be an
adaptive strategy for reducing herbivore damage and
avoiding localized damage by spreading the risk of
herbivory damage; concentrated herbivory and artifi-
cial damage at the leaf and/or shoot level tend to have
a greater effect on plant growth at the individual level
than does dispersed damage (Marquis 1996). Second,
herbivory-damaged saplings more effectively reduce the
costs of mechanical support because the proportion of
photosynthetic shoot tissue is greater in shorter shoots

than in longer shoots (Niinemets and Kull 1995),
indicating that the mechanical requirement for support
(i.e., the proportion of non-photosynthetic tissue) is
less in shorter shoots (Mori and Takeda 2004). Gen-
erally, shorter shoots have greater leaf area per stem
length than do longer shoots (e.g., Takenaka 1997).
Therefore, herbivory damage can promote the pro-
duction of short shoots at an individual level and,
thereby, result in the low-cost production of photo-
synthetic tissue, the spreading of the risk of herbivory
damage, and the reduction of costs for mechanical
support at an individual level.

In this study, we scale up shoot-level responses to
individual-level responses in order to reveal whether the
compensatory responses are adaptive foraging behaviors
in Q. serrata and Q. crispula. The partitioning of re-
sources into the many small shoots represent adaptive
strategies at shoot- and individual-level in Q. serrata and
Q. crispula, allowing effective use of limited resources
and avoidance of herbivore damage.
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