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Abstract

 

To examine the effects of vegetation cover on the
resprouting abilities of

 

 Quercus crispula

 

 seedlings, in each
of three consecutive years, we artificially clipped seedlings
growing in microhabitats with differing degrees of vegeta-
tion cover. We also investigated the relationship between
the level of total nonstructural carbohydrate (TNC) and
resprouting ability. Seedlings with clipped shoots in gaps
produced larger resprouting shoots than those in the under-
story. Moreover, both the percentage of resprouting seed-
lings and the survival ratio in seedlings with clipped shoots
were negatively correlated with the degree of vegetation
cover. Seedlings stored high levels of TNC, especially in
their roots, and their TNC levels were negatively correlated
with the degree of vegetation cover. There were also posi-
tive relationships between the TNC levels in their roots and
the degree of resprouting. Hence, we conclude that release
from vegetation cover enhanced the resprouting ability of

 

Q

 

.

 

 crispula

 

 seedlings by increasing their levels of stored
carbohydrate. The key variables affected were the resprout-
ing ratio (the proportion of seedlings capable of producing
new shoots) and the size of the resprouted shoots.
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Introduction

 

Quercus crispula

 

 Blume is a common species in the Japa-
nese cool-temperate deciduous forests. It is an intermedi-
ately shade-tolerant species and its seedlings can live for
some years on the closed forest floor. Like other

 

 Quercus

 

species,

 

 Q. crispula

 

 can resprout vigorously following shoot
destruction. The vigorous resprouting characteristics of

 

Quercus

 

 species are thought to be of adaptive value follow-
ing large-scale disturbances such as wildfire (e.g., Abrams
1996), and their seedlings also resprout after small-scale
disturbances (Crow 1992; Herrera 1995). In the Japanese
deciduous forests, where humid conditions and wildfires
occur relatively infrequently, the shoots of

 

 Q

 

.

 

 crispula

 

 seed-
lings are often destroyed by herbivory or shoot dieback (Ida
and Nakagoshi 1996; Wada et al. 2000), and resprout follow-
ing such events (Sato 2000; Kabeya 2001).

Resprouting requires resources (Bond and Midgley
2001) and, although some studies have questioned their
significance (Taylor and Pharis 1982; Garcia et al. 2001),
there is evidence that carbohydrate reserves are consumed
and used during the resprouting process in various plant
species following shoot destruction (Danckwerts and Gor-
don 1987, 1989; Kays and Canham 1991; McPherson and
Williams 1998; von Fircks and Sennerby-Forsse 1998). Fur-
ther, the well-developed taproots of

 

 Quercus

 

 juveniles may
act as carbon sources during resprouting (Crow 1988;
Matsubara and Hiroki 1989; Kruger and Reich 1993; Sakai
and Sakai 1998).

The indications that resprouting involves the use of car-
bohydrate reserves raises interesting questions as to how
many 

 

Quercus crispula

 

 seedlings have the necessary
resources and, thus, the ability to resprout in natural envi-
ronments. The forest floors, where these seedlings usually
grow, are heterogeneous in terms of various environmental
factors, especially the light regime, due to variations in the
presence/absence of canopy trees and understory vegeta-
tion, especially

 

 Sasa

 

 spp., in Japanese deciduous forests
(Shidei 1974; Wada 1993; Abe et al. 2001)

 

.

 

 Thus, since a
seedling’s carbohydrate reserves are likely to depend on the
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environmental conditions of its microhabitat, resprouting
abilities might differ markedly among seedlings growing in
different microhabitats. Differences in resprouting ability of
the seedlings would be expected to affect their population
dynamics, but few previous studies have examined whether
such differences occur as the result of heterogeneities in
microenvironmental conditions on the forest floor.

In this study, we investigated the effect of vegetation
cover on the resprouting abilities of 

 

Quercus crispula

 

 seed-
lings. Our study had two main aims: firstly, to quantify the
differences (if any) in resprouting abilities after artificial
shoot destruction (in shoot clipping experiments) in seed-
lings growing under different levels of vegetation cover (i.e.,
in a canopy gap without

 

 Sasa

 

 and under closed canopies
with and without

 

 Sasa

 

); and, secondly, to assess the relation-
ship between the level of carbohydrate reserves in the seed-
lings’ roots and their resprouting abilities. To survive shoot
destruction, plants must not only produce new shoots, but
the resprouted shoots must also be large enough and suffi-
ciently productive to allow them to re-establish. Therefore,
to evaluate the resprouting abilities of the seedlings, we
monitored three key variables: the proportion of seedlings
that can create new shoots following shoot destruction (the
resprouting ratio); the size of the shoots produced by the
resprouting seedlings; and the survival rate after shoot
destruction (the re-establishment ratio).

 

Materials and methods

 

Plant material

 

Quercus crispula

 

 is a common deciduous broad-leaved tree
species in the cool temperate forests of Japan. The species
shows a flush-type shoot elongation pattern (Kikuzawa
1983), and the seedlings’ shoots usually elongate once in
spring on natural forest floors. However, amongst seedlings
growing under favorable light conditions (e.g., in a gap cre-
ated by a tree fall), there is often a further episode of shoot
elongation at some stage during the growing season. Con-
siderable numbers of seedlings lose their shoots through
herbivory and shoot die back, especially during the autumn
and the following early spring (Kabeya 2001). The species
has hypogeous cotyledons, and the seedlings produce at
least two lateral buds around the root collar (i.e., below
ground). In addition, they have four or five scaly leaves with

lateral buds on their epicotyl. Following shoot destruction,
they can resprout from these dormant buds. Thus, above-
ground damage usually causes very little meristematic lim-
itation in this species, although Hasegawa (1984) reported
that

 

 Q

 

.

 

 crispula

 

 seedlings could not resprout when they
were clipped below the root collar.

Study site

The study site was located on the eastern side of Lake
Towada, a caldera lake, in Aomori Prefecture, northern
Japan (40˚26

 

¢

 

N, 140˚56

 

¢

 

E). The mean temperature and
annual precipitation (calculated over 1983–1998) at the
nearest AMeDAS station (40˚26

 

¢

 

N, 140˚54

 

¢

 

E) were 7.7°C
and 1,480 mm, respectively. We established the study site in
a secondary forest dominated by 

 

Quercus crispula

 

, in which
canopy trees were approximately 30 cm in diameter at
breast height and 20 m in height. The forest understory is
generally covered with

 

 Sasa

 

 (

 

S. kurilensis

 

) in this area (1.5–
2.0 m in height), but in 1995, a mass flowering followed by
death of

 

 Sasa

 

 occurred here (Makita et al. 1995). Subse-
quently, the light regime on the forest floor changed dra-
matically, except in areas with small surviving patches of
living

 

 Sasa

 

. In 1996, four sites with different levels of vege-
tation cover were laid out on the forest floor within 300 m
of each other. Site 1 was under a canopy gap without

 

 Sasa

 

cover, sites 2 and 3 were under a closed canopy without

 

 Sasa

 

cover and site 4 was under a closed canopy with surviving

 

Sasa

 

 cover (Table 1). The size of each site was about
20 m 

 

¥

 

 20 m except for site 1, which was located in a single
gap (approximately, 10 m 

 

¥

 

 15 m), and the environment
within each site was nearly homogenous.

To quantify the degree of vegetation cover at these sites,
hemispherical photographs were taken at a height of 20 cm
at three randomly chosen points at each site on 6 September
1997. The chosen points were spaced more than 10 m apart
at all sites except for site 1, where the spacing was 5 m. The
photographs were then digitized using an image scanner,
and the vegetation cover of each site was calculated using
the GLA (version 2.0) software of Frazer et al. (1999). The
vegetation cover at the first, second, third, and fourth sites
was 90.5%, 93.9%, 95.4%, and 97.3%, respectively (Table 1).
On 12 August 2001, we took photographs again, at points
near those where we had taken the first set, to check whether
the vegetation cover had changed. We found there were still
significant differences in the vegetation cover between the
sites (

 

F

 

 

 

=

 

 7.5,

 

 P

 

 

 

=

 

 0.01, data not shown), although the differ-
ences between them had diminished. Thus, we consider the
vegetation cover to have significantly differed between the
sites throughout the study period of 1996–1998.

Clipping experiment

To examine the effect of vegetation cover on the resprout-
ing ability of the seedlings, a clipping experiment was car-
ried out in 1996, 1997, and 1998 for a single cohort of

 

Quercus crispula

 

 seedlings that germinated in 1995 at each
site. Thus the seedlings were 1, 2 and 3 years old in the

 

Table 1.

 

Attributes of study sites

 

a

 

Different letters mark significant differences between sites at the

 

P

 

 

 

<

 

 0.05 level according to the Tukey-Kramer test

Site Canopy

 

Sasa

 

Percentage of vegetation
cover in 1997
(

 

n

 

 

 

=

 

 3) as mean ± SE

Significant
difference

 

a

 

Site 1 Gap Dead 90.5 ± 1.16 a
Site 2 Closed Dead 93.9 ± 0.40 b
Site 3 Closed Dead 95.4 ± 0.69 bc
Site 4 Closed Alive 97.7 ± 0.44 c
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respective years of the clipping experiment. Shoot dieback
and herbivory of

 

 Q

 

.

 

 crispula

 

 seedlings tend to occur in early
stages of the growing season (D. Kabeya, unpublished
data). Hence, we conducted clipping experiment just after
the completion of the spring shoot flush in each year (on 7
July 1996, from 14 June 1997 to 16 June 1997 and on 8 June
1998). The shoots of seedlings in which leaf expansion had
finished were removed at ground level, approximately 2 cm
above the root collar. The numbers of clipped seedlings at
each site were 10, 60, and 20 in 1996, 1997, and 1998, respec-
tively. In each year previously unclipped seedlings were
selected for clipping. All clipped seedlings were marked and
observed monthly during the growing seasons to see
whether they were resprouting. A few seedlings that were
clipped in 1997 resprouted in the following season (1998),
but they were treated as seedlings that did not resprout in
this study. We then calculated the resprouting ratio, mortal-
ity ratio, and re-establishment ratios of the seedlings, as
follows:

resprouting ratio 

 

=

 

 number resprouting/number clipped
mortality ratio 

 

=

 

 number that died after resprouting/
number that resprouted

re-establishment ratio 

 

=

 

 number surviving at the end of
the growing season/number clipped

If clipped seedlings resprouted we counted their leaves
and measured the lengths of their resprouting shoot and
largest leaf lamina (maximum lamina length) monthly in
each year. In 1997, however, the maximum lamina length
was measured once at the end of the growing season. For
the seedlings that resprouted two shoots simultaneously
(none of them produced three or more shoots), the sum of
the shoot length and the total number of leaves of the two
shoots were used in the statistical analyses.

Carbohydrate analysis

To examine the effects of vegetation cover on carbohydrate
reserves in the 

 

Quercus crispula

 

 seedlings and that between
resprouting ability and carbohydrate reserves, we collected
10 unclipped

 

 Q. crispula

 

 seedlings (from the 1995 cohort)
from each site in each of the three years. The samplings
were carried out at the same time as the shoot clipping.
Hereafter, we refer to these seedlings as the control seed-
lings to distinguish them from the clipped seedlings. In the
morning, seedlings that had just completed their leaf expan-
sion were collected, brought back to the laboratory, sepa-
rated into leaves, stems and roots, and put in an oven within
24 h of collection. They were then dried at 70°C for 3 days
and weighed. To determine the concentration of total non-
structural carbohydrates (TNC) in the roots and stems,
starch was hydrolyzed to glucose enzymatically (Ono et al.
1996). Roots and stems were then ground using a Wiley mill,
passed through a 65-mesh screen and dried in the oven for
24 h. Samples (2–3 mg) were homogenized with 80% etha-
nol. After evaporation to remove ethanol, they were sus-
pended in 0.5 ml of 0.2 M KOH and placed in boiling water
for 30 min. After cooling, 2.00 ml of 1.0 M acetic acid was
added. To digest starch to glucose, 0.5 ml of

 

 Rhizopus

 

amyloglucosidase (Sigma, St. Louis, Mo., USA.) solution
(35 U/ml in 50 mM Na acetate buffer, pH 4.5) was added,
and the tubes were incubated at 55°C for 30 min. After
digestion, the tubes were placed in boiling water for 1 min
and then centrifuged. The supernatant was transferred to
another tube, and its total sugar content was determined by
the phenol–sulfuric acid method (Dubois et al. 1956).
Absorbance was read at 490 nm in a spectrophotometer
(UV-16A, Shimadzu, Japan). Glucose solution was used as
a calibration standard. Root and stem TNC pools, i.e., the
total amounts of TNC in each part, were calculated by
multiplying the concentration of TNC by the dry mass of
the respective parts.

Statistical analysis

We tested the effects of vegetation cover (Site), experiment
year (Year), and possible interaction effects on plant dry
mass, TNC concentrations and pools, and the size of
resprouting shoots. Then the data were subjected to analy-
sis of variance (Proc GLM or Proc ANOVA implemented
in SAS software, SAS 1989), with Tukey-Kramer HSD post
hoc tests. To test the difference in TNC concentrations
between roots and stems, Wilcoxon’s signed-rank test
(Sokal and Rohlf 1995) was used. The TNC concentrations
were analyzed after arcsine transformation. Kruskal-Wallis
tests and Mann Whitney’s U tests (Proc NPAR1WAY, SAS
1989) were used to assess the effect of Site on the time that
resprouting started. A log-linear model (Proc CATMOD,
SAS 1989) and Fisher’s exact test (Proc FREQ, SAS 1989)
were applied to test the effect of Site, Year, and their inter-
actions on the resprouting ratio, the mortality ratio, and the
re-establishment ratio. A sequential Bonferroni method
(Sokal and Rohlf 1995) was applied for multiple compari-
sons. Correlation analysis and regression analysis (Proc
CORR or Proc NLIN, SAS 1989) were conducted to ana-
lyze the relationship between the size of initial reserves and
the resprouting ability of clipped seedlings. For all experi-
ment years, the mean root TNC concentrations and pools
of  the  control  seedlings  were  considered  equivalent  to
the initial TNC concentrations and pools of the clipped
seedlings.

 

Results

 

Seedling growth and dry mass distribution

Site and experiment year (Year) were found to affect root,
stem, leaf, and total dry mass of 

 

Quercus crispula

 

 seedlings,
and to interact (Table 2). In the site in the canopy gap
without

 

 Sasa

 

 (site 1), leaf, stem, root, and total dry mass of
the seedlings generally increased in successive years
(Fig. 1). In contrast, in the other three, closed canopy sites
(sites 2, 3, and 4) dry mass did not significantly differ among
years. The ratio of shoot to root was consistently within the
range 1.4–1.9 and was not significantly different either
between sites or between years (Fig. 1).
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Clipping treatment

In all three years, most seedlings began to resprout within
2 months of clipping. However, the time that resprouting
started differed significantly among the sites in 1996
(

 

P

 

 

 

=

 

 0.001; Kruskal-Wallis test) and 1997 (

 

P

 

 

 

=

 

 0.004),
although the post hoc test indicated that the differences
were only significant between one pair of sites in both years:
resprouting starting earlier in site 4 than site 1 in 1996, and
earlier in site 1 than site 3 in 1997. Following clipping, we
observed that all resprouted shoots grew from dormant
buds below the clipping point and no shoots grew from
adventitious buds at the point of clipping or any other parts.

Site had significant effects on the resprouting ratio
(Table 3). At site 1, more than 90% of the clipped seedlings
resprouted during the experiments (Fig. 2A). When seed-
lings of all years were pooled, the resprouting ratio
decreased with increases in vegetation cover (site 1 

 

>

 

site 2 

 

≥

 

 site 3 

 

>

 

 site 4, according to multiple comparison
with Fisher’s exact test at

 

 P

 

 

 

<

 

 0.05, Fig. 2A). Year also
affected the resprouting ratio (Table 3), but only at site 4,

where the resprouting ratio showed significant reductions
in successive years (1996 

 

>

 

 1997 

 

≥

 

 1998 at

 

 P

 

 

 

<

 

 0.05).
Site was the only factor that exerted significant effects

on the length and numbers of leaves produced by resprout-
ing shoots (Table 2). Although both Year and Site sig-
nificantly affected maximum lamina length (Table 2),
according to the post hoc test, the mean maximum lamina
length was not significantly different between experiment
years. Among the sites, shoot length, numbers of leaves, and
maximum lamina length were greater in the resprouting
seedlings growing at site 1 than those at the other three sites
(Table 4).

The mortality ratio of resprouting seedlings was only
affected by Site (Table 3), and when seedlings of all years
were pooled, the ratio was positively correlated with vege-
tation cover (site 1 

 

≤

 

 site 2 

 

<

 

 site 3 

 

<

 

 site 4, Fig. 2B). In all
study sites, almost all the seedlings that died after resprout-
ing were killed by dieback caused by pathogenic fungal
infections.

The re-establishment ratio was also affected by Site
(Table 3). Like the resprouting ratio, the re-establishment

 

Table 2.

 

F

 

 statistics for ANOVA of dry mass, levels of total nonstructural carbohydrates (

 

TNC

 

)
in control seedlings and the size of resprouting shoots of clipped seedlings. TNC pools indicate
the amount of TNC in the respective organs. Measured parameters of resprouting shoots are
shoot length, number of leaves and maximum lamina length. Factors exerting the main effects
identified by this test are site and experimental year

 

 

F

 

 value (probability)

Site Year Site 

 

¥

 

 Year

Dry mass of control seedlings
roots 54.3 (

 

<

 

0.001) 7.25 (0.001) 3.51 (0.003)
stems 22.1 (

 

<

 

0.001) 10.7 (

 

<

 

0.001) 4.29 (

 

<

 

0.001)
leaves 47.4 (

 

<

 

0.001) 3.53 (0.033) 4.50 (

 

<

 

0.001)
total 42.3 (

 

<

 

0.001) 7.81 (

 

<

 

0.001) 4.82 (

 

<

 

0.001)
shoot/root ratio 1.24 (0.299) 0.03 (0.972) 1.59 (0.158)

TNC concentrations
roots 65.1 (

 

<

 

0.001) 26.8 (

 

<

 

0.001) 9.17 (

 

<

 

0.001)
stems 25.7 (

 

<

 

0.001) 17.8 (

 

<

 

0.001) 3.80 (0.001)
TNC pools    

roots 97.0 (

 

<

 

0.001) 6.03 (0.003) 4.04 (0.001)
stems 35.8 (

 

<

 

0.001) 7.20 (0.001) 3.71 (0.002)
Resprouting shoot parameters

shoot length 18.4 (

 

<

 

0.001) 2.85 (0.603) 1.03 (0.410)
numbers of leaves 26.0 (

 

<

 

0.001) 1.47 (0.440) 0.44 (0.959)
maximum lamina length 28.5 (

 

<

 

0.001) 3.14 (0.046) 0.55 (0.770)

 

Table 3.

 

Log-linear models of the influence of the site where the seedlings grew, the experimen-
tal year and their interaction on the percentage of clipped seedlings that resprouted (the
resprouting ratio), the percentage of resprouting seedlings that died (the mortality ratio), and
the percentage of clipped seedlings that resprouted and survived until the end of the growing
season (the re-establishment ratio)

 

 

c

 

2

 

 value (probability)

Site Year Site 

 

¥

 

 Year

Resprouting ratio 11.8 (0.003) 24.8 (

 

<

 

0.001) 9.1 (0.170)
Mortality ratio 1.9 (0.380) 15.7 (0.001) 6.6 (0.355)
Re-establishment ratio 9.0 (0.011) 42.0 (

 

<

 

0.001) 5.0 (0.542)
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ratio decreased with increasing vegetation cover when data
for all years were pooled (site 1 

 

>

 

 site 2 ≥ site 3 > site 4,
Fig. 2C). In addition, the re-establishment ratio was
affected by Year (Table 3), according to multiple compari-
sons, although it was not significantly different between the
experimental years at any individual site.

TNC concentration and TNC pools just after completion of 
leaf expansion

Concentrations of TNC in roots just after completion of leaf
expansion were significantly affected by Site and Year, and
these factors interacted (Table 2). Root TNC concentration
tended to increase with reductions in vegetation cover
(Fig. 3). Stem TNC concentration was affected by Site

Fig. 1. Mean dry mass and shoot/root ratios of the control seedlings
(error bars show standard errors, n = 10). The ANOVA results are
shown in Table 2. Data points marked with different letters are signif-
icantly different at the P < 0.05 level according to the Tukey-Kramer
test
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(Table 2). However, the differences in stem TNC concentra-
tions between the sites were smaller than the differences in
root TNC concentrations (Fig. 3). When seedlings of all
years were pooled, the TNC concentration in the roots was
higher than in stems, except at site 4 (Wilcoxon’s signed-
rank test at P < 0.05).

The root and stem TNC pools were also affected by
experiment Year and Site, and these factors interacted

(Table 2). The seedlings at site 1 had the highest dry mass
and root TNC concentrations in all three years, so the root
TNC pools were highest in those seedlings (Fig. 4). In 1997
and 1998, the stem TNC pools were also higher at site 1 than
at the other three sites (Fig. 4). Root TNC pools in seedlings
growing at sites 3 and 4 tended to decrease in successive
years, although this decline was not statistically significant
(Fig. 4).

Table 4. Resprouting shoot parameters of the seedlings (shoot length, number of leaves, and maximum lamina length). ANOVA results are
described in Table 2. Data related to seedlings of different years were pooled for each site. Each value was obtained at the end of the growing
season of each year, except for dead seedlings, for which resprouting shoot measurements taken a month before the observation of seedling
death were used

aMeans with different letters are significantly different at theP < 0.05 level (Tukey-Kramer test)
bSample size for maximum lamina length

Site Sample size Mean ± SE of shoot
length (cm)

Significant
differencea

Mean ± SE of number
of leaves

Significant
differencea

Mean ± SE of maximum
lamina length (cm)

Significant
differencea

Site 1 81 (79b) 8.9 ± 0.36 a 3.7 ± 0.19 a 5.2 ± 0.13 a
Site 2 48 (45b) 6.6 ± 0.30 b 2.6 ± 0.17 b 4.1 ± 0.15 b
Site 3 44 (31b) 5.8 ± 0.22 b 2.3 ± 0.11 b 3.6 ± 0.19 bc
Site 4 16 (9b) 6.5 ± 0.24 b 2.2 ± 0.16 b 3.0 ± 0.24 c

Fig. 3. Mean total nonstructural carbohydrate (TNC) concentrations
in the stems and roots of the seedlings (error bars show standard errors,
n = 10). The results of ANOVA are shown in Table 2. Columns with
different letters are significantly different at the P < 0.05 level according
to the Tukey-Kramer test
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Relationship between TNC in roots and resprouting ability

Across the combinations of 12 treatments (four sites and
3 years), the resprouting ratio increased with increases in
both initial TNC concentrations and TNC pools in the roots
(Table 5). The resprouting shoot length, number of leaves,
and maximum lamina length were also positively correlated
with the initial TNC concentrations and pools. Correlation
coefficients of the relationships between sprout-size param-
eters and the initial TNC pools were higher than those of
the relationships between sprout-size parameters and the
initial TNC concentrations.

The  relationships  between  the  re-establishment  ratio
and the initial TNC concentrations and between the re-
establishment ratio and the the initial TNC pools follow
saturation curves (Fig. 5). The re-establishment ratio was
strongly influenced by both the initial TNC concentrations
(R2 = 0.78) and the initial TNC pools (R2 = 0.79).

Discussion

The resprouting abilities of Quercus crispula seedlings after
shoot destruction were enhanced by release from shaded
conditions, probably because levels of stored carbohydrate
in the roots rose following the improvement in light condi-
tions. In support of this hypothesis, Q. crispula seedlings
stored a high level of carbohydrates in their roots, and the
level of carbohydrates was negatively affected by the degree
of vegetation cover. Furthermore, there were positive rela-
tionships between the level of carbohydrate in roots and
resprouting in this species.

Relationships between the level of carbohydrate storage in 
the roots and resprouting abilities of the seedlings

We believe that carbohydrate storage in Quercus crispula
seedlings is likely to affect several stages in resprouting and,
thus, have a pronounced effect on overall resprouting suc-
cess (i.e., re-establishment after shoot destruction). Firstly,

seedlings’ ability to produce new shoots following shoot
destruction is likely to depend on their level of stored car-
bohydrate (Table 5). Bowen and Pate (1993) showed that,
in Stirlingia latifolia, plants could not resprout after exhaus-
tion of stored carbohydrate, even if they had a high poten-
tial to resprout (i.e., they had enough dormant buds).
Secondly, seedlings with relatively low amounts of stored
carbohydrate can only produce small shoots initially, if they
are able to resprout at all. In previous studies, shading has
been found to reduce the size of new shoots re-growing
after partial defoliation of original shoots (Harmer 1999;
Blundell and Peart 2001). In this study, it is further sug-
gested that the smaller size of resprouting shoots in shaded
conditions is due to the lower amounts of carbohydrate that
they can store (Table 5). Other studies have shown that the
amount of stored carbohydrate is important for the degree
of regrowth and affects the size of resprouting shoots (e.g.,
Webb 1981; Kays and Canham 1991; Bowen and Pate 1993;
McPherson and Williams 1998). Some studies have pointed

Table 5. Correlation coefficients (r) of the relationships between the
resprouting parameters (the resprouting ratio and the length, the num-
ber of leaves, and the maximum lamina length of resprouting shoots)
in the clipping treatments and the initial mean TNC levels (TNC con-
centrations and TNC pools) in roots of the control seedlings, which
were collected at the time of shoot clipping. Correlation coefficients
between resprouting ratio and initial TNC concentration (pools) were
calculated after log transformation of both values

 r (probability)

Initial TNC
concentrations

Initial TNC 
pools

Resprouting ratio 0.71 (0.010) 0.65 (0.022)
Shoot length 0.71 (0.010) 0.84 (<0.001)
Number of leaves 0.65 (0.023) 0.89 (<0.001)
Maximum lamina length 0.83 (<0.001) 0.86 (<0.001)

Fig. 5. a Relationship between the re-establishment ratio and initial
TNC concentration. b Relationship between the re-establishment ratio
and initial TNC pools. Data are for years 1996–1998. Regressions were
calculated across the 12 treatment combinations (4 sites and 3 years).
For a, the function of the regression curve is y = 1/(1 + 5.19/(x-6.75))
(R2 = 0.78). For b, the function of the regression curve is y = 1/(1 + 21.9/
(x-9.74)) (R2 = 0.79)
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out that stored resources only contribute to resprouting in
early periods of regrowth since the role of stored carbohy-
drate is taken over by photosynthesis after the new shoots’
leaves have expanded (e.g., Richards and Caldwell 1985;
Danckwerts 1993; van der Heyden and Stock 1996). How-
ever, the current-year resprouting shoots have already
grown close to their final size in Q. crispula before they
begin to photosynthesize adequately, since the species has
a flush-type shoot elongation pattern. Of course, photosyn-
thates produced by resprouting shoots would strongly influ-
ence the shoots’ sizes as from the next growth season.

Once functional shoots have developed, seedlings with
destroyed shoots can photosynthesize for themselves. Fol-
lowing this, the degree of vegetation cover will affect the
growth and survival of resprouting seedlings by limiting the
rate of photosynthesis in the new shoots. At closed canopy
sites, particularly sites 3 and 4, even undamaged Quercus
crispula seedlings could not photosynthesize sufficiently to
grow (Fig. 1). Under such conditions, resprouting shoots of
the seedlings are likely to be so tiny that they will not be
able to maintain individuals, and mortality after shoot
destruction will be high (Fig. 2B). In addition to the photo-
synthetic ability of the resprouting shoots, high coefficients
of determination of the relationships between the re-estab-
lishment ratio and initial carbohydrate levels suggest that
the level of initial carbohydrate storage also affects the
resprouting success (Fig. 5). Previous studies have sug-
gested that the level of carbohydrate storage is one of the
most important factors governing the survival of seedlings
in shaded conditions (Kitajima 1994; Kobe 1997; Canham
et al. 1999). Since stored carbohydrate acts as an important
carbon source in shaded conditions, the amount stored
might decide the survival of the seedlings in shaded sites.
Low levels of carbohydrate storage may also limit resprout-
ing success through increasing susceptibility to fungal infec-
tion. Plants with low reserves of carbohydrates show high
sensitivity to infection by fungal pathogens (Wargo 1977;
Carroll et al. 1983; Marson and Waring 1984). In undam-
aged seedlings of Q. crispula growing in shaded conditions,
a very important cause of mortality is dieback, probably
caused by pathogenic fungal infections (Kabeya 2001), and
almost all clipped seedlings that did not resprout in this
study were killed by dieback. Thus, seedlings that are grow-
ing in shaded conditions and store low amounts of carbohy-
drates might die due to fungal infection, even if they have
sufficient levels of stored carbohydrate to resprout. These
results collectively suggest that Q. crispula seedlings grow-
ing in shaded conditions with low levels of stored carbohy-
drate are likely to find it difficult to survive if their original
shoots are destroyed.

The relationship between the level of root carbohydrate
storage and the re-establishment ratio followed a saturation
curve (Fig. 5). Thus, seedlings with high levels of stored
carbohydrate had much more than the minimum needed for
re-establishment. It is also possible that seedlings can
resprout several times using excess stored carbohydrate,
which would be advantageous in habitats where distur-
bances occur frequently (Hidaka 1973; Bowen and Pate
1993; McPherson and Williams 1998).

The effect of ambient light conditions on the level of 
carbohydrate reserves

The Quercus crispula seedlings in the gap site (site 1) stored
large amounts of carbohydrates and developed the largest
shoots (Figs. 1 and 3). However, in seedlings growing in
gaps, it seems to be generally advantageous to enhance
height growth by allocating as many of the available
resources as possible to overcoming height competition
with neighboring seedlings (Blundell and Peart 2001) rather
than conserving resources. Why then do Q. crispula seed-
lings growing in gaps store considerable amounts of carbo-
hydrates? Shoots of Q. crispula seedlings are often
destroyed in the understory, and resprouting following this
destruction was found to enhance seedling longevity in a
previous study (Kabeya 2001). In addition, it is known that
stems are gnawed by rodents (major agents of shoot
destruction) at the open site without Sasa (Sato 2000).
Hence, as suggested by previous authors (e.g., Bellingham
2000), it may be advantageous for the seedlings to allocate
some resources to height growth while conserving some to
counter possible future damage.

High levels of carbohydrate storage in the seedlings at
the gap site may be interpreted according to C/N balance
theory. It is known that carbohydrates often accumulate in
leaves, stems, and roots when plants receive high light levels
but low levels of nutrients and water, because carbohydrate
production may then exceed requirements to satisfy the
quantitative balance between carbohydrates and nutrients
(Bloom et al. 1985; Chapin et al. 1990). Thus, in the site with
a canopy gap but no Sasa, excess carbohydrates might be
accumulated in the roots of the seedlings because the abun-
dant light allows relatively large amounts of carbohydrates
to be generated compared to the nutrient supplies available
to the seedlings.

The role of carbohydrate storage in survival in heavily 
shaded conditions

Carbohydrate reserves in roots of Quercus crispula seed-
lings should contribute to survival in heavily shaded condi-
tions. In site 4, the most heavily shaded site, the resprouting
ratio decreased significantly with age. Moreover, the level
of carbohydrate storage in roots and the reestablishment
ratio both tended to decrease with age at this site, although
there were no statistically significant differences in these
parameters between years. The tendency for these variables
to decrease with time at site 4 cannot be explained solely
by annual fluctuations, since the annual patterns of these
parameters varied among sites. They probably occurred
because in these conditions the seedlings could not add
further resources to their reserves (cf. Hashimoto and
Shirahata 1995) and, instead, consumed reserves in order to
survive. In such cases carbohydrate storage would decline
as the seedlings aged. Where then had the initial reserves
come from? We propose that they originated from seed
reserves. Quercus spp. usually have large seeds with large
amounts of carbohydrates (TNC accounts for approxi-
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mately 60% of the weight of Q. crispula seeds). Some
authors have pointed out that the reserve substances in
seeds are important for survival in shaded conditions (e.g.,
Westoby et al. 1992). We further hypothesize that some of
the seed reserves are translocated to roots and stored as
initial carbohydrate reserves, regardless of the light condi-
tions, as an adaptive mechanism allowing the seedlings to
withstand environmental stresses, such as shoot destruction
and heavy shading. These initial reserves are consumed for
survival and decline with time in heavily shaded conditions,
but when seedlings are released from such conditions, the
level of reserves (and resprouting ability) should recover.

Conclusions

Quercus crispula seedlings growing under canopy gaps have
greater resprouting abilities than seedlings growing under
more shaded conditions, mainly because they store higher
levels of carbohydrates, which play a very important role in
resprouting. Because several types of disturbance, such as
herbivory and shoot dieback, often cause shoot destruction,
storage of resources to withstand such disturbances and
periods of stress would be of considerable adaptive value in
this species, despite their potential growth costs.
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