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In western Japan, Moso bamboo (Phyllostachys pubescens) forests have been expanding by replacing
surrounding vegetation such as coniferous plantation forests and natural broadleaved forests. It has been
speculated that the replacement of surrounding vegetation by bamboo forests could alter the vegetation
water cycle and available water resources. We quantified stand-scale transpiration (E) in a bamboo forest
on the basis of sap-flux measurements and compared the E value with values for coniferous forests. The
oso bamboo
hyllostachys pubescens
ap-flux method
ranspiration
ater cycle

annual E was estimated to be 567 mm. Seasonal trends in E primarily corresponded to seasonal trends
in the vapor pressure deficit. Annual E for the bamboo forest was higher than that for the coniferous
forests by 12% of annual precipitation (P). This difference in annual E is comparable with the difference
in annual interception evaporation (I) relative to P between bamboo and coniferous forests; previous
studies reported lower I for bamboo forests by ∼10% of P. Thus, the sum of E and I was comparable for
bamboo and coniferous forests. As this study is the first measuring E of bamboo forests, further studies
are required to examine the generality of our results.

© 2010 Elsevier B.V. All rights reserved.
. Introduction

Some species of bamboos (e.g., Moso bamboo; Phyllostachys
ubescens) are useful plants in terms of providing food and mate-
ials in East Asia. Moso bamboo forests had been developed and
anaged in western Japan. However, these forests are now being

bandoned as bamboo is imported from other countries (Torii and
sagi, 1997; Torii, 1998, 2003). Bamboo forests have thus expanded
y replacing surrounding vegetation such as coniferous planta-
ion forests and natural broadleaved forests (e.g., Isagi et al., 1997;
ishikawa et al., 2005; Suzuki and Nakagoshi, 2008). Significant

ncreases in bamboo forested area in various local provinces in
estern Japan have been reported (e.g., Yamamoto et al., 2004;
ishikawa et al., 2005; Toriyabe and Kai, 2005; Akashi et al., 2006;
imiyama and Nakamura, 2006; Kobayashi and Tada, 2010). For

xample, Kobayashi and Tada (2010) reported an increase of more
han 200% in the bamboo forested area between the late 1970s and
he late 1990s in Kagawa prefecture.

∗ Corresponding author. Tel.: +886 2 3366 4621; fax: +886 2 2365 4520.
E-mail addresses: kumett@ntu.edu.tw, kumett@forest.kyushu-u.ac.jp (T. Kume).

378-1127/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.foreco.2010.06.040
Researchers have speculated that the replacement of conifer-
ous forests and broadleaved forests by bamboo forests could alter
the vegetation water cycle and available water resources (Ueda,
1979; Uchimura, 1994). Among various components of the veg-
etation water cycle, evapotranspiration is one of the most critical
factors affecting the water yield and available water resources (e.g.,
Vertessy et al., 2001; Farley et al., 2005; Komatsu et al., 2008a). Thus,
it is important to examine evapotranspiration in bamboo forests.

The main components of forest evapotranspiration are canopy
transpiration and rainfall interception (e.g., Suzuki, 1980; Vertessy
et al., 2001; Wilson et al., 2001). Several studies in Japan (Abe et
al., 1984; Hattori and Abe, 1989; Onozawa et al., 2009; Shinohara
et al., 2010a) have examined the rainfall interception of bamboo
forests on the basis of throughfall and stem flow measurements.
They reported lower rainfall interception for bamboo forests than
for coniferous and broadleaved forests in Japan (Hattori and Abe,
1989; Onozawa et al., 2009).

On the other hand, there have been few studies examining tran-

spiration in bamboo forests. The sap-flux method (e.g., Kumagai
et al., 2007, 2009; Herbst et al., 2008; Kume et al., 2010a) is one
of the most common methods of measuring forest transpiration.
Applicability of the method to transpiration estimates for bam-
boo forests was examined in the accompanying paper (Kume et

dx.doi.org/10.1016/j.foreco.2010.06.040
http://www.sciencedirect.com/science/journal/03781127
http://www.elsevier.com/locate/foreco
mailto:kumett@ntu.edu.tw
mailto:kumett@forest.kyushu-u.ac.jp
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LP, UP, and S sites and Chamaecyparis obtusa for the Ochozu,
ig. 1. Location of the bamboo forest (Kaguya) and coniferous forests (Kahoku LP,
P, and S, Ochozu, Hiwada, and Sakuta).

l., 2010b). In that paper, the method proved to be a valid means
f detecting trends in transpiration despite the specific culm struc-
ure of bamboos, and an optimal scaling-up strategy was proposed
or stand-scale transpiration estimates.

With this background, we measured stand-scale transpiration
E) in a Moso bamboo forest for 14 months. This paper presents
nnual E and the seasonal trend in E for the forest. To character-
ze E for the bamboo forest, we compared our results with those for
oniferous forests. The results of this comparison are useful for eval-
ating changes in evapotranspiration and available water resources
ue to the replacement of coniferous forests by bamboo forests. As
his study is the first measuring E for bamboo forests, future stud-
es are required to examine the generality of our results. Thus, we
dentify research topics that should be examined in the future in
his paper.

. Materials and methods

.1. Study area

A complete description of the site and measurements is available
n the accompanying paper (Kume et al., 2010b). Here we give a
rief description.

Our measurements were made at the Kaguya site located 12 km
ast of Fukuoka city, Japan (33◦37′N, 130◦31′E, 50 m a.s.l.) (Fig. 1).
oso bamboo (P. pubescens) forests are patchily distributed in the

egion of the site. The mean air temperature, recorded between
995 and 2005 at a meteorological observatory situated 15 km from
he site, was approximately 16 ◦C. The mean annual precipitation

as 1790 mm.

The site is covered with bamboo forest, which has invaded sur-
ounding coniferous plantation forests and natural broadleaved
orests. The canopy height of the site was approximately 15 m.
nagement 260 (2010) 1295–1302

The mean diameter at breast height (DBH) was approximately
11 cm. The stem density of the bamboo forest was approximately
4000 stems ha−1. Understory vegetation was scarcely distributed.

2.2. Measurements

Transpiration measurements were made in a 10 m × 10 m plot
at the site. There were 40 individuals in the plot. The mean DBH for
the individuals was 11.0 cm. The stand culm sectional area of the
plot was 13.1 m2 ha−1.

Stand-scale transpiration (E) was estimated using the following
equations (Wilson et al., 2001; Wullschleger et al., 2001; Pataki and
Oren, 2003).

E = JS · AS stand

AG
, (1)

where Js is the mean stand sap flux, AS stand is the stand culm sec-
tional area, and AG is the ground area of the plot. This equation is
based on the assumption of no time lag between water uptake and
transpiration by trees. Our analysis was carried out for a daily time
step as in previous studies (e.g., Phillips and Oren, 1998; Kumagai
et al., 2007, 2008) because the assumption is satisfied on this time
scale. Js is further calculated as

JS =
∑n

i=1Fd ave i · AS bi∑n
i=1AS bi

, (2)

where n is the sample size of the sap-flux measurements, Fd ave i is
the sap-flux averaged over the culm area of the ith sample, and As bi
is the culm sectional area of the ith sample.

Fd has been measured for 16 individuals employing the sap-flux
method and Granier-type sensors since November of 2007. Note
that the accompanying paper (Kume et al., 2010b) recommended Fd
measurements of at least 11 individuals. The measurements were
made using 10 mm sensors, which contrasts with most other stud-
ies (e.g., Ford et al., 2007; Kumagai et al., 2007, 2008; Kume et
al., 2010a) using 20 mm sensors. Fd was determined using 10 mm
sensors following the method proposed by Kume et al. (2010b).
According to the method, Fd was assumed to be the value calcu-
lated using Granier’s (1987) equation multiplied by 1.35. The mean
DBH for the 16 samples was 11.4 cm and the range was between
9.6 and 13.2 cm.

Meteorological variables such as precipitation, temperature,
and humidity were measured in an open space 200 m west of the
Kaguya site. The volumetric soil water content was measured at the
Kaguya site at depths of 10, 30, and 50 cm. These measurements
were used to represent the average volumetric soil water content
between 0 and 60 cm. The leaf area index (LAI) was measured from
a digital non-spherical color photograph using Gap Light Analyzer
software (Franzer et al., 1999).

2.3. Comparison data

We used stand-scale transpiration data of six coniferous forests
located in western Japan (Fig. 1; Table 1). Kahoku LP, UP, and S sites
were located approximately 50 km south of the bamboo forest. The
mean annual precipitation and temperature for these sites were
2150 mm and 15 ◦C, respectively. The Ochozu site was located 1 km
to the east and the Hiwada and Sakuta sites 3 km to the northeast
of the bamboo forest.

Canopy tree species were Cryptomeria japonica for the Kahoku
Hiwada, and Sakuta sites. These tree species are the most com-
mon plantation species in Japan (Fujimori, 2000) and largely
distributed in western Japan (National Astronomical Observatory,
2009). Understory vegetation was evergreen Quercus and Castanop-
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Fig. 2. Time series of (a) precipitation (P), (b) solar radiation, (c) daily maximum

and minimum temperatures (Tmax and Tmin , respectively), (d) daily maximum vapor
pressure deficit (Dmax), (e) soil water content, (f) leaf area index (LAI), and (g) tran-
spiration (E) during the period November 2007–December 2008.

sis trees at the Kahoku LP, UP, and S sites and Eurya japonica,
Ligustrum japonicum, and Zanthoxylum piperitum at the Hiwada site.
Understory vegetation was scarce at the Ochozu and Sakuta sites.
More complete descriptions of the Kahoku LP and UP sites and the
Ochozu site are available in Kumagai et al. (2007, 2008) and Kume
et al. (2010a), respectively.

Transpiration of the canopy trees was measured employing the
sap-flux method and Granier-type sensors of 20 mm length. Fd was
calculated with Granier’s (1987) equation, as detailed in Kumagai
et al. (2007, 2008) and Kume et al. (2010a).

3. Results and discussion

3.1. Annual transpiration

Total precipitation (P) during the period November 2007–
December 2008 was 1906 mm. Annual P for 2008 was 1780 mm,
which is nearly the same as the long-term average value recorded
at the nearest meteorological observatory. P occurred more fre-
quently during summer than during winter (Fig. 2a), which is the
typical seasonality of P in most regions in Japan (e.g., Shimizu et al.,
2003; Komatsu et al., 2009, 2010a). Other meteorological variables,

such as solar radiation (Fig. 2b), daily maximum and minimum
temperatures (Tmax and Tmin, respectively) (Fig. 2c), the daily max-
imum vapor pressure deficit (Dmax) (Fig. 2d), and the soil water
content (Fig. 2e) were also higher in summer than in winter. LAI
ranged between 1.9 and 2.8. The minimum LAI was recorded in
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Fig. 3. (a) Relationship between the daily maximum vapor pressure deficit (Dmax)
and daily transpiration (E). The solid line, determined by the least-squares method, is
written as y = −0.307x2 + 2.155x − 0.578 (R2 = 0.706). (b) Same as Fig. 3a but the data
a
m
(

A
c
2

i
w
t
b
t
4

D
t
2
a
d
E
d
e
u
w
a

3

c
t
t

r
s
l
r
d

than that for the coniferous forests except for the period of signif-
icant leaf senescence and replacement (i.e., April 20–June 10). The
difference in E was greater for greater Dmax (Fig. 5).

Here, we note that the Dmax–E relationships for the Kahoku
LP and UP sites were obtained from the results of Kumagai et
re divided according to the measurement period. The solid and dotted lines, deter-
ined by the least-squares method, are written as y = −0.336x2 + 2.433x − 0.731

R2 = 0.837) and y = −0.198x2 + 1.267x − 0.244 (R2 = 0.493), respectively.

pril (Fig. 2f), which was within the period of significant leaf senes-
ence and replacement for bamboo forests (e.g., Onozawa et al.,
009).

E data for the period September 19–October 11, 2008 were miss-
ng (Fig. 2g). E was strongly related to Dmax and the relationship

as nearly the same for the 10 days before and the 10 days after
he period when E data were missing (September 4–13 and Octo-
er 12–21, 2008, respectively). Thus, we filled the data gap using
he relationship between Dmax and E for the period September
–October 21, 2008.

Using the gap-filled data, annual E for 2008 (January 1–
ecember 31, 2008) was estimated to be 567 mm. Annual E for

he year after the beginning of E measurements (November 11,
007–November 10, 2008) was estimated to be 549 mm. We
rbitrarily determined the period in which data were used for
eveloping the relationship between Dmax and E. However, annual
was nearly unchanged when using data for other periods in

etermining the relationship. For example, annual E for 2008 was
stimated to be 572 mm when the relationship was developed
sing data for 15 days before and after the data gap and 574 mm
hen the relationship was developed using data for 20 days before

nd after the data gap.

.2. Seasonal trend in transpiration

E was greater in summer than in winter (Fig. 2g). Fig. 3a shows a
lear correlation between Dmax and E. The correlation indicates that
he seasonal trend in E of the bamboo forest primarily corresponded
o the seasonal trend in Dmax.

Despite the clear correlation, the data had large scattering. To

educe the scattering, we classified the data according to the mea-
urement period. As a result, we found that E recorded between
ate April and early June (April 20–June 10, 2008) was lower than E
ecorded outside the period for a given Dmax, indicating E declined
uring this period. We calculated differences between measured E
Fig. 4. Seasonal trends in E for the bamboo and coniferous forests.

and E calculated using the regression equation for Fig. 3a and exam-
ined relationships of the differences with solar radiation and soil
water content. We found no clear correlations for the relationships
(data not shown).

Though the total LAI changed little throughout the measure-
ment period (Fig. 2f) compared with the change for deciduous
forests in Japan (e.g., Park et al., 2000; Saigusa et al., 2002; Hirano
et al., 2003), the period of E decline was almost identical to the
period of significant leaf senescence and replacement of bamboo
forests. We could not identify the cause of the E decline. However,
Miyazawa et al. (1998) reported lower stomatal conductance just
after leaf appearance for evergreen tree species in Japan. This might
partly explain the E decline observed here.

3.3. Comparison with other forests

Annual E of the bamboo forest for 2008 was 567 mm. Annual
E for Kahoku LP, UP, and S and Ochozu were 373, 296, 370, and
245 mm, respectively. Thus, annual E was higher for the bamboo
forest than for the coniferous forests.

Fig. 4 shows seasonal trends in E for the bamboo and coniferous
forests. The difference in E between the bamboo and coniferous
forests was larger during July–October when the vapor pressure
deficit was higher and there was no significant leaf senescence and
replacement. The larger difference in E during July–October agrees
with the difference in the Dmax–E relationship among the forests.
Fig. 5 shows Dmax–E relationships for the bamboo forest and three
coniferous forests. E for the bamboo forest was generally greater
Fig. 5. Relationships between the maximum vapor pressure deficit (Dmax) and
daily transpiration (E) for the bamboo forest and three coniferous forests. The
equations for the Kahoku LP and UP sites are written as y = 2.83 exp(−0.49x) and
y = 2.81 exp(−0.86x), respectively. The equation for the Ochozu site is written as
y = −0.031x2 + 0.531x − 0.002.
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ig. 6. Same as Fig. 4 but only for data of the same meteorological conditions.

l. (2008). They present the relationship between daytime vapor
ressure deficit (Dmean) and Js for the sites (R2 = 0.77 and 0.78 for
ahoku LP and UP, respectively). We converted these relationships

o relationships between Dmax and E. In this conversion, we used
otal sapwood areas for the sites and assumed Dmax = 1.58 Dmean

R2 = 0.927), which was developed using meteorological data of the
amboo forest. The Dmax–E relationship for the Ochozu site was
etermined by the authors of this paper on the basis of the original
ata using the least-squares method (R2 = 0.801).

.4. Comparison assuming the same meteorological conditions

E depends on meteorological conditions as well as transpira-
ion properties of the vegetation such as stomatal conductance
Campbell and Norman, 1998; Monteith and Unsworth, 2008). As
he bamboo forest and Ochozu site are very near each other and
he measurement periods are identical, the difference in E between
he bamboo forest and Ochozu site is caused by the difference in
ranspiration properties between the two sites. Differences in E
etween the bamboo and other sites are affected by not only tran-
piration properties but also meteorological differences because
he Kahoku LP, UP, and S sites are situated 50 km from the bam-
oo forest and the measurement periods for Hiwada and Sakuta
iffered from that for the bamboo forest.

The relationships between the vapor pressure deficit and E for
ahoku LP and UP were available (Fig. 5), though the relationships

or Hiwada and Sakuta were unavailable. If we calculate E using the
elationships with the input of vapor pressure deficit data recorded
t the bamboo forest site in 2008, we can evaluate the differences
n annual E and seasonal trends in E between the bamboo forest and
ahoku LP and UP sites under the same meteorological conditions.
ote that we did not consider the effect of soil water content on
in these calculations for two reasons. First, E decline due to soil
ater deficit was not reported at the bamboo and Kahoku LP and
P sites. Second, E decline due to soil water content has not been

eported for most E data derived using the micrometeorological
nd catchment water balance methods in Japan (Komatsu et al.,
010b).

Annual E for Kahoku LP and UP were estimated to be 478 and
22 mm, respectively, when meteorological conditions observed at
he bamboo forest were assumed. The annual E for the bamboo
orest was higher than these values. Seasonal trends in E were esti-

ated as shown in Fig. 6. We again obtained higher annual E for the
amboo forest than for Kahoku LP and UP. The difference in E was

arger during July–October. Thus, the results obtained in the previ-

us section are qualitatively unchanged when assuming the same
eteorological conditions for the bamboo forest and Kahoku LP and
P sites. This suggests that the differences in E between the bam-
oo and coniferous forests, obtained in the previous section, were
rimarily due to the differences in transpiration properties (e.g.,
Fig. 7. Relationship between annual precipitation (P) and interception (I) divided
by P for bamboo and coniferous forests.

stomatal conductance) rather than the difference in meteorological
conditions.

3.5. Sum of transpiration and rainfall interception

The above results show higher annual E for the bamboo for-
est than for coniferous forests, which are extensively distributed
in western Japan. Rainfall interception is the other major com-
ponent of forest evapotranspiration in Japan (e.g., Suzuki, 1980;
Komatsu et al., 2007a, 2008b; Shinohara et al., 2010b). Annual
rainfall interception (I) for bamboo forests is less than that for
coniferous forests (Onozawa et al., 2009). To evaluate changes in
available water resources due to the replacement of coniferous
plantations by bamboo forests, assessment of the sum of E and I
rather than each component is required. This section discusses the
difference in the sum of E and I between bamboo and coniferous
forests.

The annual E in 2008 for the Ochozu site, situated near the bam-
boo forest, was 245 mm. The annual E values in 2008 calculated on
the basis of the Dmax–E relationships for Kahoku LP and UP were
478 and 322 mm, respectively. The mean of these three E values
was 348 mm. The annual E for the bamboo forest was higher than
this mean value by 219 mm.

This difference in E is comparable to the difference in I between
bamboo and coniferous forests, as detailed below. We surveyed I
data in regions without heavy snowfall in Japan. Note that these
regions cover the whole of western Japan. We obtained three data
for bamboo forests and 25 data for coniferous forests. Fig. 7 shows
the relationship between annual P and I/P. We did not observe sig-
nificant correlation between annual P and I/P (R = 0.242, p > 0.05
according to Pearson’s correlation coefficient test), although some
studies reported clear dependency of I/P on P (e.g., Ward and
Robinson, 2000). We thus compared I/P values for bamboo and
coniferous forests without considering the effect of the variation
in annual P among measurement sites. The mean of I/P (±SD) for
bamboo forests was 10.7% (±1.5%) (n = 3) and that for coniferous
forests was 20.2% (±5.7%) (n = 25). This difference was found to be
significant (p < 0.01) according to a t-test. As above, the difference
in I between bamboo and coniferous forests is typically 10% of P.
On the other hand, the difference in E between the bamboo and
coniferous forests was 219 mm, as mentioned above. This value
corresponds to 12% of annual P.
3.6. Recommendations for future studies

Our results suggest that the sums of E and I for bamboo and
coniferous forests were comparable. As this is the first study mea-
suring E for bamboo forests, further studies are required to examine
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Table 2
Rainfall interception data for bamboo and coniferous forests summarized from earlier studies. Criteria for data collection are the same as those in Komatsu et al. (2007a) and
Onozawa et al. (2009).

Site name Location Mean DBH
(cm)

Stem density
(stems ha−1)

Mean
height (m)

Annual
precipitation (P)

Interception (I)
divided by P (%)

Reference

Bamboo
Munakata 33◦50′N, 130◦31′E 11.3 6800 13 2105 11 Onozawa et al. (2009)
Shimazu 35◦N, 136◦E 9.6 7200 14 1398 12 Hattori and Abe (1989)
Kaguya 33◦38′N, 133◦31′E 10.6 4100 15 1618 9 Shinohara et al. (unpublished

data)

Conifer
Kamikamo 35◦04′N, 135◦46′E 7.6 3200 8 1793 26 Iwatsubo and Tsutsumi (1967)
Tengakura 36◦N, 140◦E 16.1 2051 11 1543 21 Hattori et al. (1982)
Tengakura 36◦N, 140◦E 18.2 1325 13.5 1087 19 Hattori and Chikaarashi (1988)
Tengakura 36◦N, 140◦E 18.2 1375 13.5 1336 23 Hattori and Chikaarashi (1988)
Fukuroyama 35◦12′N, 140◦07′E 34.2 923 19.3 2053 14 Tanaka et al. (2005)
Kasuya Research Forest 33◦38′N, 130◦32′E 23.2 1467 15.2 1584 26 Sato et al. (2003a,b)
Azuma 37◦N, 139◦E 29 750 25 1150 12 Haibara and Aiba (1982)
Fukuroyama 36◦N, 140◦E 38.5 513 26.5 2304 16 Tanaka et al. (2005)
Hitachi-ohta 36◦34′N, 140◦35′E 32 783 18 1734 13 Murakami et al. (2000)
Etajima 34◦16′N, 132◦29′E 12 1575 7 1513 14 Mitsudera et al. (1984)
Tsukuba 36◦07′N, 140◦06′E 20 2300 12 1291 21 Taniguchi et al. (1996)
Tsukuba 36◦07′N, 140◦06′E 20 1700 12 1291 30 Taniguchi et al. (1996)
Ochozu 33◦38′N, 130◦32′E 21 1700 14 1718 25 Shinohara et al. (2010b)
Shinshu University 36◦N, 138◦E 23 675 20 1499 30 Gomyo et al. (2004)
Shinshu University 36◦N, 138◦E 26 900 20 1499 13 Gomyo et al. (2004)
Tsukuba 36◦07′N, 140◦06′E 12.4 2700 10 1213 17 Iida et al. (2006)
Tsukuba 36◦07′N, 140◦06′E 18.4 680 15 1246 9 Iida et al. (2006)
Kiryu 34◦58′N, 136◦00′E 1693 20 Suzuki et al. (1979a,b)
Hikisa Forest 35◦N, 138◦E 5.5 3326 4 2876 22 Murai and Kumagai (1989)
Hikisa Forest 35◦N, 138◦E 9 3896 9 2876 28 Murai and Kumagai (1989)
Hikisa Forest 35◦N, 138◦E 7 3810 8 2876 24 Murai and Kumagai (1989)
Hikisa Forest 35◦N, 138◦E 5.5 3222 4 2847 22 Murai and Kumagai (1989)
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he generality of the results. For this purpose, we recommend the
ollowing for future studies.

We first recommend studies measuring E of bamboo forests
ith various structures and under various climatological condi-

ions because E would vary with stand structures and climatological
onditions. E for bamboo forests might vary with properties of the
tand structure such as the stem density and LAI. The stem density
eported at several bamboo sites was ∼7000 stems ha−1 (Hattori
nd Abe, 1989; Onozawa et al., 2009), which is much higher than
hat for our site (4000 stems ha−1). The difference in E between
amboo and coniferous forests might be larger for those bamboo
orests than for our bamboo forest. Therefore, the sum of E and I

ight be higher for those bamboo forests than that for coniferous
orests. Thus, we recommend examinations of E for bamboo forests
ith high stem density and LAI.

Annual P is ∼1000 mm in some regions in Japan (e.g., Komatsu et
l., 2008c, 2009), which is lower than that for our site (∼1800 mm).
n such regions, reduction in E due to soil water deficit might be sig-
ificant, which contrasts with our results. This factor might be crit-

cal in determining E for bamboo forests in these regions. Thus, we
ecommend examinations of E for bamboo forests in such regions.

The above discussion assumed that I for bamboo forests was
10% of P. However, this assumption was made on the basis of three
bservational studies (Table 2). Note that although there have been
everal studies (Abe et al., 1984; Shinohara et al., 2010a) examining
for bamboo forests, they did not present I/P values for the forests.
hus, there is uncertainty in the assumption that I for bamboo
orests is ∼10% of P. As I might vary with stand structure, measure-
ents of I for bamboo forests with various structural properties are
equired. However, note that the dependency of I/P on stem density
ight not be strong because the I/P value for a bamboo forest with

tem density of 4000 stems ha−1 was not greatly different from
alues for bamboo forests with stem density of ∼7000 stems ha−1
2847 22 Murai and Kumagai (1989)
2847 20 Murai and Kumagai (1989)
1024 19 Murai (1970)

(Table 2). Further, I/P might vary with P (e.g., Komatsu et al., 2008b),
suggesting that examinations of I/P dependency on P are required.
For these examinations, long-term I measurements for more than
several years would be useful.

We also recommend studies measuring evapotranspiration
from understory vegetation and the ground surface in bamboo and
coniferous forests. Evaluation of these components is also required
to determine total evapotranspiration for bamboo and coniferous
forests.

Further, we recommend measurements of E and I for
broadleaved forests. Replacement of broadleaved forests by bam-
boo forests has been common in western Japan. However, there
have been few studies in Japan measuring E for broadleaved forests
using the sap-flux method, as pointed out by Komatsu et al. (2007b),
despite the tree-scale transpiration measurements of broadleaved
trees (e.g., Kubota et al., 2005; Tateishi et al., 2008). This is because
natural broadleaved forests in Japan contain various tree species
(e.g., Park et al., 2000; Goto et al., 2006) and E estimates for
broadleaved forests using the sap-flux method would be more labo-
rious than those for coniferous forests. Similarly, there have been
only a few studies (Masukata et al., 1990; Park et al., 2000; Deguchi
et al., 2006) reporting I for broadleaved forests in Japan, for the
same reason as for E. Because of the lack of E and I data, it is impos-
sible at present to evaluate differences in evapotranspiration and
the water cycle between bamboo and natural broadleaved forests.
Thus, intensive measurements of E and I in natural broadleaved
forests are highly recommended.

The above discussion focuses on the water cycle of bamboo

forests. Our results also have implications on the carbon cycle
of bamboo forests, as canopy transpiration is tightly related to
canopy photosynthesis (e.g., Leuning, 1995; Landsberg and Gower,
1997; Campbell and Norman, 1998). Higher E for bamboo forests
than for coniferous forests suggests higher canopy photosynthetic
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ates for bamboo forests than for coniferous forests when assum-
ng an insignificant difference in intercellular CO2 concentration in
tomata and therefore water-use efficiency between the two forest
ypes. To examine this possibility, measurements of carbon assim-
lation rates at leaf (e.g., Kutsch et al., 2001; Kosugi et al., 2003;
osugi and Matsuo, 2006) and canopy scales (e.g., Herbst et al.,
002; Tanaka et al., 2002; Kumagai et al., 2006) are recommended.

cknowledgments

We acknowledge Ms. Shoko Ikezaki (Kyushu Univer-
ity/Minamata City Government), Mr. Kohei Kuramoto, and
r. Daisuke Notomi (Kyushu University) for their assistance with
easurements. We express sincere thanks to Dr. Tsuyoshi Kajisa

nd Dr. Yoshiyuki Miyazawa (Kyushu University), who introduced
s to several critical papers. We acknowledge two anonymous
eviewers for providing critical comments. This research was
upported by the Japanese Ministry of Education, Culture, Sports,
cience and Technology through a Grant-in-Aid for Scientific
esearch (#21380098).

eferences

be, T., Tani, M., Hattori, S., 1984. Measurements of throughfall and stemflow in a
bamboo forest. Tran. Kansai Branch Jpn. For. Sci. 35, 265–268 (in Japanese).

kashi, T., Ito, K., Hashimoto, D., Ikeda, T., Manabe, T., 2006. Study about the control of
bamboo forest expansion in Nogata-city by the citizen’s participation–by using
the aero-photograph in 14 years–. Kyushu J. For. Res. 59, 52–55 (in Japanese).

ampbell, G.S., Norman, J.M., 1998. An Introduction to Environmental Biophysics.
Springer-Verlag, New York.

eguchi, A., Hattori, S., Park, H.T., 2006. The influence of seasonal changes in canopy
structure on interception loss: application of the revised Gash model. J. Hydrol.
318, 80–102.

arley, K.A., Jobbagy, E.G., Jackson, R.B., 2005. Effects of afforestation on water yield: a
global synthesis with implications for policy. Global Change Biol. 11, 1565–1576.

ord, C.R., Hubbard, R.M., Kloeppel, B.D., Vose, J.M., 2007. A comparison of sap flux-
based evapotranspiration estimates with catchment-scale water balance. Agric.
For. Meteorol. 145, 176–185.

ranzer, G.W., Ganha, C.D., Lerzman, K.P., 1999. Gap Light Analyzer (GLA) Version
2.0: Image software to Extract Canopy Structure and Gap Light Transmission
Indices from True-colour Fisheye Photographs. Simon Franser University, British
Columbia, and the Institute of Ecosystem Studies, Millbrook, New York, pp. 1–36.

ujimori, T., 2000. Living with Forests. Maruzen, Tokyo (in Japanese).
omyo, M., Kitahara, H., Ono, H., 2004. Difference of interception loss among tree

species with seasons. Mid-Japan For. Res. 52, 235–238 (in Japanese).
oto, Y., Tamai, K., Miyama, T., Kominami, Y., Hosoda, I., 2006. Effects of disturbance

on vertical stratification of broad-leaved secondary forests in Tatsunokuchi-
yama experimental forest. Bull. FFPRI 400, 215–225 (in Japanese with English
summary).

ranier, A., 1987. Evaluation of transpiration in a Douglas-fir stand by means of sap
flow measurements. Tree Physiol. 3, 309–320.

aibara, K., Aiba, Y., 1982. The nutrient circulation and budget for a small catchment
basin of an established Sugi (Cryptomeria japonica D. Don) and Hinoki (Chamae-
cyparis obtusa S. et Z.) stand. J. Jpn. For. Soc. 64, 8–14 (in Japanese with English
summary).

attori, S., Abe, T., 1989. Characteristics of interception loss in bamboo forest. Suiri
Kagaku 186, 34–53 (in Japanese).

attori, S., Chikaarashi, H., 1988. Effect of thinning on canopy interception in a Hinoki
stand. J. Jpn. For. Soc. 70, 529–533 (in Japanese with English summary).

attori, S., Chikaarashi, H., Takeuchi, N., 1982. Measurement of the rainfall inter-
ception and its micrometeorological analysis in a Hinoki stand. Bull. FFPRI 318,
79–102 (in Japanese with English summary).

erbst, M., Kutsch, W.L., Hummelshoj, P., Jensen, N.O., Kappen, L., 2002. Canopy
physiology: interpreting the variations in eddy fluxes of water vapour and car-
bon dioxide observed over a beech forest. Basic Appl. Ecol. 3, 157–169.

erbst, M., Rosier, P.T.W., Morecroft, M.D., Gowing, D.J., 2008. Comparative mea-
surements of transpiration and canopy conductance in two mixed deciduous
woodlands differing in structure and species composition. Tree Physiol. 28,
959–970.

imiyama, T., Nakamura, N., 2006. Land use in Fukuoka prefecture ca. 2000 viewed
from the 1:25,000 topographic maps. Rep. Taisetsuzan Inst. Sci. 40, 87–100 (in
Japanese with English summary).

irano, T., Hirata, R., Fujinuma, Y., Saigusa, N., Yamamoto, S., Harazono, Y., Takada,

M., Inukai, K., Inoue, G., 2003. CO2 and water vapor exchange of a larch forest in
northern Japan. Tellus 55, 244–257.

ida, S., Tanaka, T., Sugita, M., 2006. Change of evapotranspiration components due to
the succession from Japanese red pine to evergreen oak. J. Hydrol. 326, 166–180.

sagi, Y., Kawahara, T., Kamo, K., Ito, H., 1997. Net production and carbon cycling in
a bamboo Phyllostachys pubescens stand. Plant Ecol. 130, 41–52.
nagement 260 (2010) 1295–1302 1301

Iwatsubo, G., Tsutsumi, T., 1967. On the amount of plant nutrients supplied to the
ground by rainwater in adjacent open plot and forests (2). Bull. Kyoto Univ. For.
39, 110–124 (in Japanese with English summary).

Kobayashi, T., Tada, M., 2010. How do Moso bamboo forests change carbon seques-
tration and storage, and decomposition of soil organic matter in community
forests? Shinrin Kagaku 53, 6–10 (in Japanese).

Komatsu, H., Tanaka, N., Kume, T., 2007a. Do coniferous forests evaporate more water
than broad-leaved forests in Japan? J. Hydrol. 336, 361–375.

Komatsu, H., Kume, T., Otsuki, K., 2007b. Contemporary role of catchment water
balance data for forest evapotranspiration research. J. Jpn. For. Soc. 89, 346–359
(in Japanese with English summary).

Komatsu, H., Kume, T., Otsuki, K., 2008a. The effect of converting a native broad-
leaved forest to a coniferous plantation forest on annual water yield: a paired-
catchment study in northern Japan. Forest Ecol. Manage. 255, 880–886.

Komatsu, H., Shinohara, Y., Kume, T., Otsuki, K., 2008b. Relationship between annual
rainfall and interception ratio for forests across Japan. Forest Ecol. Manage. 256,
1189–1197.

Komatsu, H., Maita, E., Otsuki, K., 2008c. A model to estimate annual forest
evapotranspiration in Japan from mean annual temperature. J. Hydrol. 348,
330–340.

Komatsu, H., Kume, T., Otsuki, K., 2009. Low flow changes in runoff with converting
a coniferous plantation to a broad-leaved forest in the Tatsunokuchi-Minami
catchment, Japan. Ecohydrology 2, 164–172.

Komatsu, H., Kume, T., Otsuki, K., 2010a. Water resource management in
Japan—forest management or dam reservoirs? J. Environ. Manage. 91, 814–823.

Komatsu, H., Kume, T., Otsuki, K., 2010b. A simple model to estimate monthly for-
est evapotranspiration in Japan from monthly temperature. Hydrol. Process. 24,
1896–1911.

Kosugi, Y., Shibata, S., Kobashi, S., 2003. Parameterization of the CO2 and H2O gas
exchange of several temperate deciduous broad-leaved trees at the leaf scale
considering seasonal changes. Plant Cell Environ. 26, 285–301.

Kosugi, Y., Matsuo, N., 2006. Seasonal fluctuations and temperature dependence of
leaf gas exchange parameters of co-occurring evergreen and deciduous trees in
a temperate broad-leaved forest. Tree Physiol. 26, 1173–1184.

Kubota, M., Tenhunen, J., Zimmermann, R., Schmidt, M., Adiku, S., Kakubari, Y., 2005.
Influences of environmental factors on the radial profile of sap flux density in
Fagus crenata growing at different elevations in the Naeba Mountains, Japan.
Tree Physiol. 25, 545–556.

Kumagai, T., Ichie, T., Yoshimura, M., Yamashita, M., Kenzo, T., Saitoh, T.M., Ohashi,
M., Suzuki, M., Koike, T., Komatsu, H., 2006. Modeling CO2 exchange over a
Bornean tropical rain forest using measured vertical and horizontal variations
in leaf-level physiological parameters and leaf area densities. J. Geophys. Res.-
Atmos. 111, D10107.

Kumagai, T., Aoki, S., Shimizu, T., Otsuki, K., 2007. Sap flow estimates of stand transpi-
ration at two slope positions in a Japanese cedar forest watershed. Tree Physiol.
27, 161–168.

Kumagai, T., Tateishi, M., Shimizu, T., Otsuki, K., 2008. Transpiration and canopy
conductance at two slope positions in a Japanese cedar forest watershed. Agric.
For. Meteorol. 148, 1444–1455.

Kumagai, T., Aoki, S., Otsuki, K., Utsumi, Y., 2009. Impact of stem water storage on
diurnal estimates of whole-tree transpiration and canopy conductance from
sap flow measurements in Japanese cedar and Japanese cypress trees. Hydrol.
Process. 23, 2335–2344.

Kume, T., Tsuruta, K., Komatsu, H., Kumagai, T., Higashi, N., Shinohara, Y., Otsuki,
K., 2010a. Effects of sample size on sap flux-based stand-scale transpiration
estimates. Tree Physiol. 30, 129–138.

Kume, T., Onozawa, Y., Komatsu, H., Tsuruta, K., Shinohara, Y., Otsuki, K.,
2010b. Stand-scale transpiration estimates in a Moso bamboo forest:
(I). Applicability of the sap flux measurements. Forest Ecol. Manage,
doi:10.1016/j.foreco.2010.07.012.

Kutsch, W.L., Herbst, M., Vanselow, R., Hummelshoj, P., Jensen, N.O., Kappen, L., 2001.
Stomatal acclimation influences water and carbon fluxes of a beech canopy in
northern Germany. Basic Appl. Ecol. 2, 265–281.

Landsberg, J.J., Gower, S.T., 1997. Applications of Physiological Ecology to Forest
Management. Academic Press, San Diego.

Leuning, R., 1995. A critical appraisal of a combined stomatal-photosynthesis model
for C3 plants. Plant Cell Environ. 18, 339–355.

Masukata, H., Ando, M., Ogawa, H., 1990. Throughfall, stemflow and interception of
rainwater in an evergreen broadleaved forest. Ecol. Res. 5, 303–316.

Mitsudera, M., Kamata, Y., Nakane, K., 1984. Effect of fire on water and major nutrient
budgets in forest ecosystems. III. Rainfall interception by forest canopy. Jpn. J.
Ecol. 34, 15–25.

Miyazawa, S., Satomi, S., Terashima, I., 1998. Slow leaf development of evergreen
broad-leaved tree species in Japanese warm temperate forests. Ann. Bot. 82,
859–869.

Monteith, J.L., Unsworth, M., 2008. Principles of Environmental Physics. Academic
Press, Burlington.

Murai, H., 1970. Studies on precipitation interception by forest vegetations. Bull.
Gov. For. Exp. Sta. 232, 25–64 (in Japanese).

Murai, H., Kumagai, N., 1989. Studies on effect of some treatments to forest so as to

control stream flow in small mountain watershed. III: Influences on hydrological
cycle in forest land and runoff and sediment discharge in stream. Bull. Shizuoka
Univ. For. 13, 1–25 (in Japanese with English summary).

Murakami, S., Tsuboyama, Y., Shimizu, T., Fujieda, M., Noguchi, S., 2000. Variation
of evapotranspiration with stand age and climate in a small Japanese forested
catchment. J. Hydrol. 227, 114–127.

http://dx.doi.org/10.1016/j.foreco.2010.07.012


1 nd Ma

N

N

O

P

P

P

S

S

S

S

S

S

S

S

S

302 H. Komatsu et al. / Forest Ecology a

ational Astronomical Observatory, 2009. Chronological Environmental Tables
2009/2010. Maruzen, Tokyo.

ishikawa, R., Murakami, T., Yoshida, S., Mitsuda, Y., Nagashima, K., Mizoue, N., 2005.
Characteristic of temporal range shifts of bamboo stands according to adjacent
landcover type. J. Jpn. For. Soc. 87, 402–409 (in Japanese with English summary).

nozawa, Y., Chiwa, M., Komatsu, H., Otsuki, K., 2009. Rainfall interception in a
Moso-bamboo (Phyllostachys pubescens) forest. J. For. Res. 14, 111–116.

ark, H.T., Hattori, S., Kang, H.M., 2000. Seasonal and inter-plot variations of stem-
flow, throughfall and interception loss two deciduous broad-leaved forests. J.
Jpn. Soc. Hydrol. Resour. 13, 17–30.

ataki, D.E., Oren, R., 2003. Species differences in stomatal control of water loss at
the canopy scale in a mature bottomland deciduous forest. Adv. Water Res. 26,
1267–1278.

hillips, N., Oren, R., 1998. A comparison of daily representations of canopy
conductance based on two conditional time averaging methods and the depen-
dence of daily conductance on environmental factors. Ann. Sci. For. 55, 217–
235.

aigusa, N., Yamamoto, S., Murayama, S., Kondo, H., Nishimura, N., 2002. Gross
primary production and net ecosystem exchange of a cooltemperate decidu-
ous forest estimated by the eddy covariance method. Agric. For. Meteorol. 112,
203–215.

ato, Y., Otsuki, K., Ogawa, S., 2003a. Estimation of annual canopy interception by
Lithocarpus edulis Nakai. Bull. Kyushu Univ. For. 83, 15–29 (in Japanese with
English summary).

ato, Y., Kume, A., Otsuki, K., Ogawa, S., 2003b. Effects of difference in canopy
structure on the distribution of throughfall—a comparison of throughfall char-
acteristics between the coniferous forest and the broad-leaved forest. J. Japan
Soc. Hydrol. Water Resour. 16, 605–616 (in Japanese with English summary).

himizu, A., Shimizu, T., Miyabuchi, Y., Ogawa, Y., 2003. Evapotranspiration and
runoff in a forest watershed, western Japan. Hydrol. Process. 17, 3125–
3149.

hinohara, Y., Onozawa, Y., Chiwa, M., Kume, T., Komatsu, H., Otsuki, K., 2010a. Spa-
tial variations in throughfall in a Moso bamboo forest: sampling design for the
estimates of stand-scale throughfall. Hydrol. Process. 24, 253–259.

hinohara, Y., Ide, J., Higashi, N., Komatsu, K., Kume, T., Chiwa, M., Otsuki, K., 2010b.
Observation of canopy interception loss in an abandoned coniferous plantation.
J. Jpn. For. Soc. 92, 54–59 (in Japanese with English summary).

uzuki, M., 1980. Evapotranspiration from a small catchment in hilly mountains. (I)
Seasonal variations in evapotranspiration, rainfall interception and transpira-
tion. J. Jpn. For. Soc. 62, 45–53.
uzuki, M., Kato, H., Tani, M., Fukushima, Y., 1979a. Throughfall, stemflow and rain-
fall interception in Kiryu Experimental Cathcment. (I) Throughfall and stemflow.
J. Jpn. For. Soc. 61, 202–210 (in Japanese with English summary).

uzuki, M., Kato, H., Tani, M., Fukushima, Y., 1979b. Throughfall, stemflow and rain-
fall interception in Kiryu Experimental Cathcment. (II) Rainfall interception. J.
Jpn. For. Soc. 61, 391–398 (in Japanese with English summary).
nagement 260 (2010) 1295–1302

Suzuki, S., Nakagoshi, N., 2008. Expansion of bamboo forests caused by reduced
bamboo-shoot harvest under different natural and artificial conditions. Ecol.
Res. 23, 641–647.

Tanaka, K., Kosugi, Y., Nakamura, A., 2002. Impact of leaf physiological characteristics
on seasonal variation in CO2, latent and sensible heat exchanges over a tree
plantation. Agric. For. Meteorol. 114, 103–122.

Tanaka, N., Kuraji, K., Shiraki, K., Suzuki, Y., Ohta, T., Suzuki, M., 2005. Throughfall,
stemflow and rainfall interception at mature Cryptomeria japonica and Chamae-
cyparis obtusa stands in Fukuroyamasawa watershed. Bull. Tokyo Univ. For. 113,
197–240 (in Japanese with English summary).

Taniguchi, M., Tsujimura, M., Tanaka, T., 1996. Significance of stemflow in ground-
water recharge. 1: Evaluation of the stemflow contribution to recharge using a
mass balance approach. Hydrol. Process. 10, 71–80.

Tateishi, M., Kumagai, T., Utsumi, Y., Umebayashi, T., Shiiba, Y., Inoue, K., Kaji, K.,
Cho, K., Otsuki, K., 2008. Spatial variations in xylem sap flux density in evergreen
oak trees with radial-porous wood: comparisons with anatomical observations.
Trees 23, 23–30.

Torii, A., 1998. Estimation of range expansion rate of bamboo stands using aerial
photograph—case study on Mt. Hachiman, Shiga prefecture, and Mt. Otoko,
Kyoto prefecture, Japan. Jpn. J. Ecol. 48, 37–47 (in Japanese with English sum-
mary).

Torii, A., 2003. Bamboo forests as invaders to surrounded secondary forests. J. Jpn.
Soc. Reveg. Technol. 28, 412–416 (in Japanese).

Torii, A., Isagi, Y., 1997. Extension of bamboo forests in southern part of Kyoto
prefecture. Jpn. J. Ecol. 47, 31–41 (in Japanese with English summary).

Toriyabe, N., Kai, S., 2005. Time-series change and spatial distribution on bamboo
stands: a case study in Kunitomi town and Aya twon using GIS and aerial pho-
tographs. Kyushu J. For. Res. 58, 123–126 (in Japanese).

Uchimura, E., 1994. Invitation to Bamboos: Wonder of Biology. Kenseisha, Tokyo (in
Japanese).

Ueda, K., 1979. Bamboos and Japanese. NHK Shuppan, Tokyo (in Japanese).
Vertessy, R.A., Watson, F.G.R., O’Sullivan, S.K., 2001. Factors determining relations

between stand age and catchment water balance in mountain ash forests. Forest
Ecol. Manage. 143, 13–26.

Ward, R.C., Robinson, M., 2000. Principles of Hydrology. McGraw-Hill, London.
Wilson, K.B., Hason, P.J., Mulholland, P.J., Baldocchi, D.D., Wullschleger, S.D., 2001. A

comparison of methods for determining forest evapotranspiration and its com-
ponents: sap-flow, soil water budget, eddy covariance and catchment water
balance. Agric. For. Meteorol. 106, 153–168.

Wullschleger, S.D., Hanson, P.J., Todd, D.E., 2001. Transpiration from a multi-species

deciduous forest as estimated by xylem sap flow techniques. Forest Ecol. Man-
age. 143, 205–213.

Yamamoto, T., Kusunoki, S., Suzuki, M., Shima, S., 2004. Distribution of bamboo
groves and its influence on surrounding environment in Yamaguchi prefec-
ture based on field survey and aerial photographs. Japan Soc. Civil Eng. 776/VII,
107–112 (in Japanese).


	Stand-scale transpiration estimates in a Moso bamboo forest: II. Comparison with coniferous forests
	Introduction
	Materials and methods
	Study area
	Measurements
	Comparison data

	Results and discussion
	Annual transpiration
	Seasonal trend in transpiration
	Comparison with other forests
	Comparison assuming the same meteorological conditions
	Sum of transpiration and rainfall interception
	Recommendations for future studies

	Acknowledgments
	References


