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SITE INFORMATION

AsiaFlux site code : PSO
Management : FRIM, NIES/FRIM/UPM project 
Position : 2 58' N, 102 18' E, 75-150m a.s.l.
Vegetation : lowland dipterocarp forest (>814 species)
LAI : approximately 6.5
Canopy Height :  30-40m (with emergent trees 45m)
Air temp : 25.3C
Precipitation : 1865mm (2003-2009)

PSO is roughly classified as the tropical rain forest. 
Though the average annual precipitation is about 1800 
mm and not so many. Obvious dry season is not 
observed, but modulate dry and wet periods exist, 
depending on years. Most rainfall occurs after late 
afternoon. It can be defined as a border type of South-
east Asian tropical rain forests. Therefore, PSO is a 
suitable site to evaluate how tropical rain forests 
change their functions under the future possible 
climate change, such as the change of rainfall pattern, 
temperature, air and soil humidity, radiation, and so on.

Contact : Kosugi, Y. (ykosugi@kais.kyoto-u.ac.jp)
http://www.bluemoon.kais.kyoto-u.ac.jp/pasoh

Pasoh Forest Reserve in Peninsula Malaysia is a famous IBP pioneer site on the carbon 
budget of the tropical rain forest (Kira, 1987), and also one of the oldest tower sites in South-
east Asia. The aluminum tower canopy walkway system was established in 1992, and the 
microclimate observation at the 52m-tower started in 1995. Continuous eddy covariance flux 
observation has been carried out since September 2002, accompanied with environmental 
biophysical,  ecophysiological, biogeochemical, and hydrological researches, to clarify gas 
exchange of South-east Asian tropical rain forests.

Plot 1 
Tower

50ha Plot

Gas Exchange Studies at Gas Exchange Studies at PasohPasoh
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Topic 1 : Variations in micrometeorology

During 2003 and 2009, annual rainfall ranged between 1,451 and 2,235mm. 
The year 2009 was the driest year with ENSO. At Pasoh, rainfall pattern 
mainly governs the variations in micrometeorology. 
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Topic 2 : Evapotranspiration and Water budget
Stomatal regulation occurred to maintain stable annual evapotranspiration
(~1,300 mm /yr). At Pasoh, trees usually used the surface water around 0-
50cm depth, while absorbed the water from deeper layer at the dry period.
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Topic 3 : Dynamic equilibrium of carbon budget
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Topic 3 : Dynamic equilibrium of carbon budget
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Topic 4 : Soil water and soil fluxes 

At Pasoh, soil CO2 flux was temporally increased with the increase of soil 
water content, while spatially decreased with the increae of soil water 
content. This paradox is important to understand the soil flux at this site. 
CH4 flux also closely related with soil water content.

�Itoh et al, unpublished data)

�Kosugi et al, 2008)

Annual estimation of soil respiration (excluding CWD flux ~0.8 tC ?) ����
2003����15.9 tC ha-1 year-1 2004����15.7 tC ha-1 year-1 2005����15.3 tC ha-1 year-1
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Topic 5 : Patchy stomatal closure of canopy leaves  

At Pasoh, severe decline of canopy photosynthesis in the afternoon was 
occurred accompanied with the patchy stomatal closure of canopy leaves. 

Dipterocarpus sublamellatus

Takanashi et al, 2006, Kosugi et al, 2009, Kamakura et al, 2011)

Uniform stomatal closure Patchy stomatal closure

A: Xanthophyllum stipitatum

E: D. sublamellatus shaded

B: Dipterocarpus sublamellatus

D: Neobalanocarpus heimiiC: Ptychopyxis caput-medusae

D C

B

A

E

Sunlit leaves of every touchable 
trees (A to D) from aluminum 
walkway showed severe decline 
of photosynthesis coupled with 
patchy stomatal closure.  

B, D : 
Emergent trees
Dipterocarpaceae
A, C :
Medium trees
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IMPACT OF CLIMATE CHANGE ON CANOPY CO2 AND H2O EXCHANGE OF 
A TROPICAL RAINFOREST IN PENINSULAR MALAYSIA, PASOH 
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Evaluating the impact of climate change on canopy CO2 and H2O exchange of tropical rainforests, and 
identifying the factors controlling these exchanges at different timescales are of primary importance to 
understanding the role of gas exchange in the global climate. To clarify the impact of the environmental 
factors and their future changes on gas exchange processes of tropical forests, we should first evaluate the 
actual range of their fluctuations as influenced by inter-annual climate variability. Long-term heat, H2O,
and CO2 flux monitoring based on eddy covariance measurements allows the evaluation of inter-annual 
range of fluctuation in gas exchange, as well as a detailed analysis of the factors controlling gas exchanges. 
We investigated inter-annual variation of canopy CO2 exchange (NEE) and evapotranspiration during a 
7-year period over a lowland Dipterocarp forest in Pasoh, Peninsular Malaysia, using the eddy covariance 
method.

At the study site, annual rainfall fluctuated between 1,451 and 2,235 mm during the 7-year period. 
Despite of inter-annual variation in rainfall, annual evapotranspiration was stable (1,287 ± 52 mm), except 
for a slight decrease in at the driest year (2009). Evapotranspiration was roughly related to the amount of 
available energy, but regulated by stomatal closure to prevent excessive water loss at high vapour pressure 
deficit. Even during dry periods, no significant decrease in evapotranspiration occurred, as water was 
supplied from soil layers deeper than 0.5 m. Ecosystem respiration (RE) increased with soil water content. 
Daytime NEE was also stable during the 7 years despite climate variability. Afternoon inhibition of canopy 
photosynthesis was seen every month. Daytime NEE did not become more negative with increasing solar 
radiation, or with increasing soil water content. During dry periods, gross primary production (GPP) and 
thus canopy gross photosynthesis decreased slightly, coupling with decreased daytime RE. Our results 
strongly suggest values of GPP and RE of approximately 3,000–3,600 g C m-2 year-1, and NEE of 0 ± 200 
gC m-2 year-1, with no clear dependence on annual solar radiation or air temperature, and some dependence 
on rainfall pattern and soil water content. 

In this forest, variability in rainfall pattern resulted in seasonal and inter-annual variability in 
micrometeorology; evapotranspiration, photosynthesis, and ecosystem respiration responded to these 
changes, and compensated for each other and/or other components of micrometeorology, resulting in rather 
stable annual evapotranspiration and NEE, even during a considerably dry year associated with an ENSO 
event. Neither net nor gross canopy CO2 uptake showed dependence on radiation. However canopy gross 
photosynthesis and ecosystem respiration showed dependence on soil water content. These results strongly 
suggest that the reduction in radiation caused by factors such as haze events does not cause a significant 
change in canopy CO2 exchange. A decrease in rainfall and soil drought would however cause a decrease 
in both GPP and RE, resulting in no significant change in NEE, or shift in the direction of CO2 uptake. We 
also detected a stomatal regulation of evapotranspiration at high vapour pressure deficit to mitigate 
excessive evapotranspiration under conditions of high energy, regardless of soil water content. Our results 
for 2009, an ENSO year, suggest that if more severely dry and hot years occur, the decline in 
evapotranspiration and GPP caused by the stomatal closure under conditions of higher vapour pressure 
deficit would increase significantly, to cause the break down of the ‘homeostasis’. 
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RELATIONSHIP BETWEEN LUE AND TOWER-OBSERVED SPECTRAL 
VEGETATION INDICES IN A TROPICAL RAINFOREST AT PASOH, 
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The light use efficiency (LUE) is important parameters for the model estimation of productivity 

of vegetation cover. The LUE is calculated generally as the productivity divided by the absorbed PAR 
(LUE = GPP/APAR). In the field of forest remote sensing, many researchers has tried to estimate the LUE 
of forest canopy by using the spectral reflectance, and the Photochemical Reflectance Index (PRI) (1) is one 
of the useful vegetation indices (VIs) for the remote estimation of LUE (2, 3, 4). According to the recent 
review by Garbulsky et al. (2011) (4), the positive correlation between the PRI and LUE has been observed 
in many forest ecosystems. However, the slope of PRI-LUE regression line/curve tends to be varied with 
varying vegetation types. Grace et al. (2007) (5) have reported that the slope of the relationship was quite 
different between the Boreal forests and tropical woodland.  

The aims of this study are (1) to confirm the sensitivity of PRI and other broadband/hyperspectral 
VIs in tropical rainforest and (2) to discuss the site-difference of PRI-LUE relationship. We have 
investigated the seasonal variations of canopy spectral reflectance and CO2 flux in tropical rainforest at 
Pasoh Forest Reserve. Eddy CO2 flux (3) and hyperspectral reflectance of forest canopy (6) were monitored 
by using tower-mounted devises since 2002 and 2008, respectively. In this study, we analyzed the field 
data between Oct 2008 and Dec 2009. 

Firstly, we compared the variation in the LUE and six VIs (NDVI, EVI, GRVI, PRI, CCI and CI). 
Although the LUE did not show clear seasonal variation, peaky reduction/increment in LUE (min. 0.007 ~ 
max 0.020 mol mol-1) was observed at about a monthly interval (data not shown). As for the VIs, similar 
peaky variation was found in CCI and PRI. The highest 
correlation coefficient was observed between the LUE 
and PRI (r = 0.46, p < 0.001). By comparing the 
LUE-PRI relationship in Pasoh tropical rain forest and 
other forest types in Siberia, Canada, Japan and 
Botswana, we found that the slope of regression line 
tend to be increased with elevating the latitude and/or 
air temperature (Fig. 1). Although further studies are 
necessary, these results indicate that the PRI is better 
index for LUE estimation even in the Pasoh tropical 
rain forest and the variation in the sensitivity of PRI 
might be estimated by using meteorological/geological 
parameter(s).  
 
 (1) Gamon, J.A., Peñuelas, J., & Field, C.B. (1992). Remote 
Sens. Environ. 41, 35–44.  (2) Nichol, C.J., Huemmrich, 
K.F., Black, T.A., et al. (2000). Agr. For. Meteorol., 101, 
131 142.  (3) Nakaji, T., Ide, R., Takagi, K., et al. (2008). 
Agr. For. Meteorol., 148, 776 787.  (4) Garbulsky, M.F., 
Peñuelas, J., Gamon, J., et al. (2011). Remote Sens. Environ. 
115, 281-297.  (5) Grace, J., Nichol, C., Disney, M., et al. 
(2007). Global Change Biol., 13, 1484 1497. (6) Yasuda, Y., 
Ohtani, Y., Watanabe, T. et al. (2003). Agr. For. Meteorol. 
114, 235-244.  (7) Motohka, T., Nasahara, K., Oguma, H., 
& Tsuchida, S. (2010). Remote Sens., 2, 2369-2387. 
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Background and Objectives
The light use efficiency (LUE = GPP/APAR) is one of the essential 
parameters for the vegetation productivity models. 

Although the remote-sensed spectral vegetation indices (VIs), such as 
Photochemical Reflectance Index (PRI = [R531-R570]/[R531+R570]) would 
be useful indicators for the estimation of spatial/temporal variations in 
LUE(1-4), we should confirm whether site specific differences of VI’s
sensitivity exist or not. 

In this study, we carried out tower monitoring of canopy spectral 
reflectance and eddy CO2 flux (Fig.1) in Pasoh Forest Reserve to check 
the sensitivity of PRI and other broadband/hyperspectral VIs at the Asian 
tropical region.

Main results and conclusion
PRI is better index for LUE estimation even in the Pasoh tropical rain  
forest. (Highest r value of PRI-LUE relationship, Table 1 ).

The sensitivity of PRI in Pasoh is quite different compared to the 
temperate forests and boreal forests. Slope of regression line is higher 
in  the tropical forests, supporting the similar result in another tropical 
forest in Botswana (5) (Comparison of tower/airborne RS studies, Fig. 2). 

When we use the PRI on a global scale, this sensitivity difference should 
be considered carefully. 

This difference may be estimated by other meteorological/geological 
parameter(s), such as mean air temperature (Positive correlation between 
mean T and slope, Fig. 3). 

Materials & Methods
Pasoh Forest Reserve,

Lowland dipterocarp forest 
(LAI 6.5, 30-40mH)
Open pass eddy CO2 flux 

system on 52m tower (6)

Canopy spectral 
reflectance (R) derived 
from tower-mounted 2 
spectral radiometers 
(400~1100nm)
R = downward / upward 
energy ratio)
Four broad-band VIs
(NDVI, EVI, GRVI & CI) 
and two hyperspectral
VIs (PRI and CCI) (3, 7).

Oct 2008 ~ Dec 2009
culmination (13:00) and 
sunny sky condition.
NDVI = Normalized Difference 
Vegetation Index, EVI = 
Enhanced Vegetation Index, 
GRVI = Green Red Vegetation 
Index, PRI = Photochemical 
Vegetation Index, CCI = Canopy 
Chlorophyll Index, CI = 
Chlorophyll Index. 

Correlation analysis 
and modeling 

TowerTower--based  remote sensingbased  remote sensing

Ground-truthing

Development and check of 
estimation algorism

Global monitoring

Correlation analysis 
and modeling 

TowerTower--based  remote sensingbased  remote sensing

Ground-truthing

Development and check of 
estimation algorism

Global monitoringGlobal monitoring

Fig. 1

Outline of tower monitoring study

Relationship between LUE and towerRelationship between LUE and tower--observed spectral vegetation indices in a observed spectral vegetation indices in a 
tropical rainforest at Pasoh, Peninsular Malaysiatropical rainforest at Pasoh, Peninsular Malaysia

Table 1. Correlation coefficient between the productivity and VIs (n  = 421)
Spectral vegetation index (VI)
NDVI EVI GRVI PRI CCI CI

GPP 0.16 0.09 0.09 0.12 ** 0.11 *** 0.22
LUE -0.19 *** 0.32 *** -0.20 *** 0.46 *** 0.39 *** -0.08 ***

Significance: ** p <0.01, *** p <0.001 (Pearson's correlation test)

Fig. 3

Relationship 
between air 
temperature and 
slope of PRI-LUE 
regression line.
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Monitoring data
No clear seasonal 
variations in GPP and LUE 
were observed in Pasoh 
tropical forest.

Short term depression of 
LUE was well linked with 
PRI partially (Fig. 4).
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The effect of patchy stomatal behavior on leaf- and canopy-scale CO2 flux of a 
tropical rainforest in Peninsular Malaysia, Pasoh 
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    The canopy leaves of many tropical trees show midday depression of photosynthesis which is caused 
by high light occurring with high leaf temperature or water deficit (Ishida et al. Tree Physiol. 1999).  In a 
primary tropical rainforest at Pasoh Forest Reserve in Peninsular Malaysia, the leaf-scale net assmilation 
rate (A), stomatal conductance (gs), and the ‘apparent’ maximum carboxylation rate (Vcmax*) in leaves of 
dipterocarp trees were depressed in the afternoon (Takanashi et al. Tree Physiol. 2006).  The apparent 
maximum carboxylation rate (Vcmax*) was estimated from the leaf gas exchange data in the field using 
one-point method, which is an inverse method based on the Farquhar-von Caemmerer-Berry model.  The 
leaf CO2 exchange calculations based on the Farquhar-von Caemmerer-Berry model under assumption of 
uniform stomatal behavior could not explain depressed values of A during midday.  Numerical analysis of 
leaf CO2 exchange calculated under assumption of patchy stomatal behavior showed that main factor in the 
inhibition of A during midday was patchy stomatal closure with a bimodal manner (Kosugi et al. Tree 
Physiol. 2009, Kamakura et al. Tree Physiol. 2011).  Direct observation of stomatal aperture distribution 
in leaves of some canopy tree species consisting tropical dipterocarp forests also demonstrated midday 
patchy stomatal closure that fits a bimodal pattern. 
    The objective of this study is to determine whether midday depression of photosynthesis induced by 
patchy stomatal closure seen in leaves of many canopy trees consisting tropical dipterocarp forests affects 
canopy photosynthesis.  At Pasoh, one of the flux tower sites in Southeast Asia, canopy CO2 exchange has 
been measured with eddy covariance method (EC).  The core area is covered with a primary lowland 
mixed dipterocarp forest (tropical evergreen broadleaf forest), consisting of various species of Shorea and
Dipterocarpus.  In this site, the diurnal pattern of CO2 exchange at the canopy-scale also showed a clear 
restriction of canopy photosynthesis in the afternoon (Kosugi et al. Agric. Forest Meteorol. 2008).  
Canopy-scale photosynthesis is mainly determined by gas exchange of leaves at the top of the canopy.  
We investigated the diurnal change of gas exchange parameters at the canopy-scale such as canopy 
conductance (gc) and the ‘apparent’ maximum carboxylation rate of canopy (VCMAX*) using inverse 
Big-Leaf model analysis of EC fluxes (Kosugi et al. Agric. Forest Meteorol. 2005).  Canopy conductance 
(gc) and VCMAX* decreased with a reduction of canopy photosynthesis in the afternoon.  These results 
suggest that patchy stomatal behavior affects canopy-scale CO2 exchange as well as leaf CO2 exchange. 
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The effect of patchy stomatal behavior on leaf- and canopy-scale CO2 flux of 
a tropical rainforest in Peninsular Malaysia, Pasoh
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Site Description

Inverse Big-Leaf model analysis of EC fluxes 
Apparent maximum carboxylation rate of the canopy 

(VcMAX*, μμμμmol m-2 s-1) derived from 30min fluxesCanopy conductance (gc, mm s-1)

CI: intercellular CO2 conc. of the canopy

gc: canopy conductance
VCMAX*: apparent maximum carboxylation rate of the   

canopy 

RE: ecosystem respiration

Introduction
The canopy leaves of many tropical trees show midday depression of 
photosynthesis which is caused by high irradiance occurring with high leaf
temperature or vapor pressure deficit. In a primary tropical rainforest at 
Pasoh Forest Reserve in Peninsular Malaysia, patchy (non-uniform) 
stomatal closure occurs during midday depression (Fig. 1).

The ‘apparent’ maximum carboxylation rate of the leaf (Vcmax*) 
decreases (Fig. 2). Actually, however, the lack of CO2 caused by 
stomatal closure leads to severe depression of leaf photosynthesis.   

When patchy stomatal closure with a bimodal manner occurs 

Numerical analysis of leaf CO2 exchange calculated under assumption of 
patchy stomatal behavior and direct observation of stomatal aperture in 
leaves of some upper-canopy layers of tropical rainforest trees showed 
that main factor in the midday depression was patchy stomatal closure 
with a bimodal manner (Takanashi et al. 2006, Kosugi et al. 2009, 
Kamakura et al. 2011, Fig. 3).

Canopy-scale photosynthesis is mainly determined by gas exchange of 
leaves at the top of the canopy. Thus, the objective of this study is to 
determine whether midday depression of photosynthesis induced by
patchy stomatal closure seen in leaves of many canopy trees 
consisting tropical dipterocarp forests affects canopy 
photosynthesis.

Methods
Eddy covariance (EC) tower flux observation has been conducted since September 2002 until now (reported in an oral presentation by Y. Kosugi).
We investigated the diurnal change of gas exchange parameters at the canopy-scale such as canopy conductance (gc) and the ‘apparent’ maximum carboxylation 
rate of the canopy (VCMAX*) using inverse Big-Leaf model analysis of EC fluxes (Kosugi et al. 2005). 

Fig. 6 Amount of rainfall, soil water content, air temperature, vapor 
pressure deficit, solar radiation, and available energy at Pasoh in 7 
years between 2003and 2009. 

Conclusion

Fig. 7 Diurnal and seasonal fluctuations of  Big-Leaf parameters, gc
and VcMAX*, with evapotranspiration, NEE, RE, and GPP. Monthly 
averages are shown. NEE data during rain are rejected.

dry

wet&cloudy wet&sunny

Feb 2005 Mar 2005 Dec 2007Nov 2007 Nov 2008 Dec 2008 Ave. 2003 - 2009

Time of day

Wet & sunny  : Nov, Dec 2008

Dry                 : Feb, Mar 2005
Wet & cloudy : Nov, Dec 2007

Over the entire period, 
canopy conductance (gc) 
decreased in the afternoon. 
The apparent maximum 
carboxylation rate of the 
canopy  (canopy VcMAX*) also 
decreased with decreasing gc. 

These results suggest 
that patchy stomatal 
behavior influenced the 
CO2 flux at the canopy-
scale as well as at the 
leaf-scale.

The apparent maximum carboxylation rate of the canopy (VcMAX*) decreased with decreasing gc in the afternoon. Thus, severe depression of 
photosynthesis caused by patchy stomatal closure  in leaves of many canopy trees consisting tropical dipterocarp forests affects canopy-
scale CO2 flux. 

CO2H2O

During the drought  period 
from Feb to Mar 2005, 
smaller gc in related to 
higher VPD was observed. 
Moreover, decline in VcMAX* 
in the afternoon was 
significant.

Results and Discussion

Fig. 3 Simulation and direct observation of 
bimodal stomatal closure of Shorea leprosula at 
midday (Kamakura et al. 2011).
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Fig. 1 Patchy 
stomatal behavior 
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(Takanashi et al. 
2006).

Fig. 2 Relationship between 
whole leaf  conductance and 
normalized apparent 
maximum carboxylation rate 
of D. sublamellatus (Vcmax25*, 
Takanashi et al. 2006).
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Biogenic volatile organic compounds (BVOCs) are emitted by many plant species and include 
terpenoids such as isoprene (C5H8), monoterpenes (C10H16), sesquiterpenes (C15H24) and alcohols.
Terpenoids are highly reactive with ozone and hydroxyl radicals as compared with most anthropogenic 
volatile organic compounds and, therefore, contribute to the formation of ozone and other photochemical 
oxidants in the lower atmosphere. 

We conducted measurements of BVOC emissions from leaves of 38 tropical tree species in a nursery at 
Forest Research Institute Malaysia (FRIM) from 29 January to 3 February 2010. The selected species were 
located at the middle and upper canopies as well as forest floor levels in Malaysia. The biogenic emission 
rate, together with the net assimilation rate and photosynthetic photon flux density, was measured using a 
leaf cuvette (LI6400, Li-cor). BVOC emission from the plant was identified and quantified using gas 
chromatography-mass spectrometry (GCMS QP2010plus, Shimadzu). The samples underwent thermal 
desorption by a TD-20 system (Shimadzu), and compound separation was achieved using an SLB-5ms
capillary column (30 m × 0.25 mm, ID 1 Rate of isoprene emission (I, nmol m–2 s–1) from 
the leaf was calculated according to the following equation. 

1
1

in
out in in

out

wI C C v LA
w

where Cin and Cout are the isoprene concentrations (nmol mol–1) in the inflow and outflow samples,
respectively, and win and wout, the water vapor concentrations (mol mol–1) in the inflow and outflow 
samples, respectively. vin is the flow rate (mol s–1) in the cuvette and LA is the enclosed leaf area (m2).  
Screening of BVOC-emitting species showed that 12 tree species were isoprene emitters (Table 1). No 

isoprene emitter was found in dipterocarp trees. 

Table 1. List of tree species measured in this study. 
Family Species Family Species
Dipterocarparpaceae Shorea singkawang Hopea sublanceolata Sapindaceae Pometia pinnata

S. sumatrana H. glaucescens Xerospermum noronhianum
S. leprosula H. subalata Thymelaeaceae Gonystylus affinis
S. macrantha H. auriculata Aquilaria malaccensis
S. hemsleyana H. bilitonensis Lauraceae Cinnamomum iners
S. lepidota Vatica nitens Anacardiaceae Bouea oppositifolia
S. parvifolia V. pauciflora Meliaceae Azadirachta excelsa
Dipterocarpus gracilis V. flavida Moraceae Streblus elongatus
D. grandiflorus Lecythidaceae Barringtonia fusiformis
D. rigidus Flacourtiaceae Flacourtia rukam
D. tempehes
D. crinitus

Fabaceae Cynometra malaccensis Intsia palembanica
Callerya atropurpurea Archidendron bubalinum
Cassia nodosa

Clusiaceae Garcinia hombroniana Mesua ferrea
G. nigrolineata
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Biogenic Volatile Organic Compounds (BVOCs) including isoprene (C5H8),
monoterpene (C10H16), alcohols, organic acids and aldehydes are released from many
plant species. BVOCs are highly reactive with ozone and hydroxyl radicals as
compared with most anthropogenic volatile organic compounds and, therefore,
contribute to the formation of ozone and other photochemical oxidants in the lower
atmosphere. The estimation of annual global emission of all BVOCs has been
conducted previously (e.g., Guenther et al., 1995, IPCC, 2001), according to which the
estimated values greatly exceed the annual global emission of anthropogenic non-
methane VOCs. Global emission of isoprene accounts for about 50 % of total BVOCs
emission.

Plant materials
We conducted measurements of BVOC emissions from leaves of tropical tree species

in the Pasoh Forest Reservea, Malaysia (2 58 N, 102 18 E, Fig. 1) and in Forest
Research Institute Malaysia (FRIM, Fig. 1). Field measurements were carried out in a
primary lowland mixed dipterocarp forest in Pasoh in December 2007 and September
2009. A 30m walk-up tower provided access to the canopy top of trees (Fig. 1 & Fig.
2). Thirty eight tree species were screened for emissions of isoprene and other BVOCs
in a nursery at FRIM from 29 January to 3 February 2010. The selected seedling
species were located at the middle and upper canopies as well as forest floor levels in
Malaysia (Table 1).
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One species was found to be monoterpene emitter (Xanthophyllum stipitatum, Fig. 4)
in the Pasoh Forest. In a nursery at FRIM, Screening of BVOC-emitting species
showed that 12 tree species were isoprene emitters (Table 2). No isoprene and
monoterpene emitter was found in dipterocarp trees in this study. On the other hand, It
has been found that Oil palms are very high isoprene emitters. This results indicate
that increasing areas of oil palm plantations in the future could increase ozone and
other photochemical oxidants in South East Asia.

METHODS

INTRODUCTION

Xanthophyllum stipitatum Dipterocarpus sublamellatus Neobalanocarpus heimiiPtychopyxis caput-medusae

Family Species Family Species
Dipterocarparpaceae Shorea singkawang Hopea sublanceolata Sapindaceae Pometia pinnata

S. sumatrana H. glaucescens Xerospermum noronhianum
S. leprosula H. subalata Thymelaeaceae Gonystylus affinis
S. macrantha H. auriculata Aquilaria malaccensis
S. hemsleyana H. bilitonensis Lauraceae Cinnamomum iners
S. lepidota Vatica nitens Anacardiaceae Bouea oppositifolia
S. parvifolia V. pauciflora Meliaceae Azadirachta excelsa
Dipterocarpus gracilis V. flavida Moraceae Streblus elongatus
D. grandiflorus Lecythidaceae Barringtonia fusiformis
D. rigidus Flacourtiaceae Flacourtia rukam
D. tempehes
D. crinitus

Fabaceae Cynometramalaccensis Intsia palembanica
Callerya atropurpurea Archidendron bubalinum
Cassia nodosa

Clusiaceae Garcinia hombroniana Mesua ferrea
G. nigrolineata

Table 1. List of tree species measured in this study (FRIM).
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Fig. 1 Location of Pasoh and FRIM.

Photo 2 Ttree species measured  in the Pasoh Forest.

-pinene

Xanthophyllum stipitatum
Macaranga lowiiRinorea anguiferaAlphonsea maingayi

Fig. 2. A schematic diagram of BVOCs sampling using a portable photosynthesis
system (LI6400). For measuring the isoprene emission, the outlet air flow from the
leaf cuvette was divided into two streams by a Teflon T-junction.

Oil Palm (Elaeis guineensis)

Leaf cuvette method
The biogenic emission rate, together with the net assimilation rate and

photosynthetic photon flux density, was measured using a leaf cuvette (LI6400, Li-
cor). BVOC emission from the plant was identified and quantified using gas
chromatography-mass spectrometry (GCMS QP2010plus, Shimadzu). The samples
underwent thermal desorption by a TD-20 system (Shimadzu), and compound
separation was achieved using an SLB-5ms capillary column (30 m 0.25 mm, ID 1

m, Supelco). Rate of isoprene emission (I, nmol m–2 s–1) from the leaf was
calculated according to the following equation.

where Cin and Cout are the isoprene concentrations (nmol mol–1) in the inflow and
outflow samples, respectively, and win and wout, the water vapor concentrations (mol
mol–1) in the inflow and outflow samples, respectively. vin is the flow rate (mol s–1) in
the cuvette and LA is the enclosed leaf area (m2).

Photo 1 A view of canopy walk in Pasoh.

Fig.  4 Total ion 
chromatogram of emission 
gases from X. stipitatum.

Photo 3 The measurements of
BVOC emissions from leaves
of 38 tropical tree species in a
nursery at Forest Research
Institute Malaysia (FRIM).

Fig. 3 Net assimilation rates
and electron transport rates
(Pasoh forest)

Table 2. Isoprene emissions from leaves of tropical tree species. Screening of
BVOC-emitting species showed that 12 tree species were isoprene emitters.

Spieces Compound Emission 
Cynometra malaccensis isoprene middle
Callerya atropurpurea isoprene high
Cassia nodosa isoprene middle
Garcinia hombroniana isoprene middle
Mesua ferrea isoprene high
Cinnamomum iners isoprene middle

Spieces Compound Emission 
Bouea oppositifolia isoprene high
Streblus elongatus isoprene low
Aquilaria malaccensis isoprene very high
Garcinia nigrolineata isoprene high
Flacourtia rukam isoprene low
Archidendron bubalinum isoprene low
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MEASUREMENT OF AUTOTROPHIC RESPIRATION OF TREE IN PASOH 
-FROM LEAVES TO ROOTS-  
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Introduction 

Net Primary Production (NPP) of forest is calculated by subtraction of autotrophic respiration (Ra)
taken from photosynthesis. Ra is from metabolic process of carbon which plant fixed. Mori et al.(2010) led 
size dependency of Ra by measuring whole tree’s respiration. Ra accounts for 40-70 % of fixed carbon in 
temperate forest, (Ryan et al., 1995; Saxe et al., 2001), and 70% in tropic forest (Chambers et al., 2004). 
For accurate estimation of forest carbon cycle, it is needed to combine knowledge of whole ecosystem 
level and understanding of characteristic of each component. In this research, we measured Ra from each 
component to scale up to the whole tree. 

Method 
Measurements were conducted in Pasoh Forest Reserve (2°59’N 102°19’E) in Peninsula Malaysia. This 

is one of AsiaFlux tower sites, which aimed to compare meteorological measurement with ecological 
research. The average annual temperature is 25.5°C  and annual precipitation is 1754 mm.  

Fourteen trees of 0.9 – 29.1 m height were cut in Feb.2010. Sample trees were divided to leaves 
(n=234), branches (n=157), stems (n=119), coarse roots (n=150) and fine roots (d<2 mm; n=220). 
Aboveground samples were measured immediately after cutting and belowground parts were just after 
washing. Cutting sections were covered by silicone to avoid additional wound respiration. CO2 efflux was 
measured by closing chamber system connected to IRGA (LI-840, Li-cor, USA). Surface temperature was 
measured by thermo couple. CO2 efflux at 25°C was calculated assuming Q10=2.0. Dry weight, diameter, 
surface area and volume of samples were measured. For leaves and fine roots, we analyzed scanned images 
for the measurement of surface area. 

Results and Discussion 
Average respiration rates per sample dry weight (nmol CO2 g-1 s-1; (sd)) from each compartment were 

3.42 (1.73) in leaves, 0.85(1.12) in branches, 0.085(0.084) in stems, 0.31(0.29) in coarse roots, 8.16(6.22) 
in fine roots. Respiration rates per sample weight were higher in ticker leaves, especially well related to 
Leaf Mass Area (g m-2) (see presentation of Takanashi et al.). The leaves, branches, stem which located  
at higher position had higher respiration rate, but there were some exceptions. Thinner branch and root 
samples had higher respiration rate per weight. However, root finer than 5 mm in the diameter had high 
respiration with wide variation.  

Whole tree’s respiration was estimated using the data of tree biomass. Stem respiration was calculated 
every meter height. Bottom part of stem which has large biomass per unit height has lower respiration than 
upper part of stem. Thus, it mitigates the height variation within stem. Leaf respiration takes large part in 
total respiration especially in smaller trees. The composition of respiration from each component changes 
according with the tree size. 
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MEASUREMENT OF AUTOTROPHIC RESPIRATION 
OF TREE IN PASOH 

-FROM LEAVES TO ROOTS-

CONCLUSION
Net Primary Production (NPP) of forest is calculated by subtraction of
autotrophic respiration (Ra) from photosynthesis. Ra is from the
metabolic process of carbon which plant fixed. Ra accounts for 40-70 % 
of fixed carbon in temperate forest, (Ryan et al., 1995; Saxe et al., 2001),
and 70% in tropic forest (Chambers et al., 2004). For accurate
estimation of the forest carbon cycle, it is needed to combine knowledge
of whole ecosystem level and understanding of characteristic of each
component. In this research, we measured Ra from each component to 
scale up to the whole tree.
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P3 Hypobathrum racemosum (Roxb.) Kurz
P4 Shorea Multiflora
P5 Aporosa Bracteosa
P6 Anayagorea Javanica
P7 Galearia maingayi Hook.f.

Pasoh Forest Reserve in 
Peninsula Malaysia
(2�58’N, 102�18’E)
Tree height; 30-40 m 
(with emergent tree�45m)
Air temperature; 25.3�
Precipitation; 1865 mm

(2003-2009)

P8 Aglaia Odoratissima
P9 Aglaia Exstipulata
P10 Shorea Multiflora
P11 Sterculia Macrophylla
P12 Dacryodes Rugosa

P13 Pentaspadon Motleyi
P14 Blumeodemdron Tokbrai

CO2 efflux =
[CO2]�P

8.314�T�Sc
[CO2]=increasing ratio of CO2 concentration (mol s-1)
P=atmospheric pressure (Pa)
Sc=surface area (m2)
T= temperature (K�)
8.314J mol-1 K -1= ideal gas constant

CO2 efflux (�mol m-2 s-1) were calculated as below;
then normalized to that of at 25 � assuming Q10=2.

Measurements were conducted 31/Jan.-5/Feb.in
2009. Sample trees were cut and separated into
leaves, branches, stems (every one meter) , and 
coarse roots. Fine root samples were taken from
trench 4m in depth.

Samples were put into chambers connected with
IRGA (LI 840, Li-cor, USA) to measure CO2 efflux.
Temperature, dry weight, diameter, length of
samples were measured. Leaf Area, root surface
area were also measured using image analysis
with images taken by scanner.

(see Takanashi’s poster)
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CO2 efflux from stem
(at 25�;�mol m-2 s-1)
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CO2 efflux from branch
(at 25�;�mol m-2 s-1)
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Biomass & respiration distribution

(see Makita’s poster)

�In tropical rain forest, tree height was a quite important factor of Ra.
�There are relationships between Ra (branch, stem and coarse/fine
root) and diameter, if same size, higher position had higher respiration
rate.
�Leaf, branch, and stem respiration in higher position tended to be
higher, but there were some exceptions.
�Woody part (stem& branch) was important in biomass contribution,
leaf was important in respiration contribution.
�Fine roots might have an important role in total Ra.
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VERTICAL PROFILE OF LEAF PHOTOSYNTHETIC CHARACTERISTICS IN 
A TROPICAL LOWLAND DIPTEROCARP FOREST AT PASOH, PENINSULAR 
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Introduction 
Tropical rainforests are very important for evaluating the role of terrestrial ecosystems in climate 

change because of their huge biomass and their large gas-exchanges of water vapor or carbon dioxide. 
Tropical rainforests consist of many sizes of trees. A leaf photosynthetic capacity was mainly controlled by 
light environment, although trees have own strategies for an efficient photosynthesis conserving their water 
adapting the environments. To understand H2O/CO2 exchange processes of tropical rainforests, we need to 
know both canopy gas-exchange characteristics (captured by the eddy covariance method) and the 
distribution of leaf photosynthetic characteristics with their environments. In this study, the electron 
transport rate for PSII (ETR) and the leaf respiration of tree species in a primary lowland dipterocarp forest 
were investigated with the tree size, the leaf mass per area (LMA), the height of the leaf. 

Methods 
Measurements were conducted at Pasoh Forest Reserve (AsiaFlux site code:PSO, 2°58’ N, 102°18’ E),

Peninsular Malaysia from 31st Jan. to 6th Feb. 2010.We are continuously observing meteorological factors 
including solar radiation, temperature, humidity, and wind speed and H2O/CO2/energy fluxes using the 
eddy covariance method at an observation tower. More than 800 tree species is present in this study forest. 
The continuous canopy height is approximately 35 m in height, although some emergent trees exceed 45 m
in height. Average plant area index optically measured by a plant canopy analyzer (LAI-2000, Licor, USA)
at the tower was about 6.5 m2 m-2. At 300 m south west from the tower, fourteen trees of 0.9 – 29.1 m 
height were cut down for the samplings. Leaves were sampled from the cut down tree recoding each height
from the ground, and ETR in saturated photosynthetic photon flux density condition of 1000 μmol m-2 s-1

(ETRsat) was immediately measured using a photosynthesis yield analyzer (Mini-PAM, Waltz, Germany). 
After measurement of ETR, we measure a leaf dark respiration using three closed dynamic chamber 
systems, each of which was consisted of a dark chamber, a pump and an infra-red gas analyzer (Li-840,
Licor, USA). Additionally, leaves of two emergent tree species which can be sampled at the aluminum
canopy walkway at the tower site were measured in the same way. Surface areas of leaves were calculated 
from the digitalized image taken by a digital scanner before dry weight and leaf thickness were measured.
Leaf dark respiration per surface area at 25°C (Rleaf25) was calculated assuming Q10=2.

Results and Discussion
Average and standard deviation of ETRsat were 31.6 μmol m-2 s-1 and 19.0 μmol m-2 s-1 respectively. 

Average and standard deviation of Rleaf25 were 0.37 μmol CO2 m-2 s-1 and 0.27μmol CO2 m-2 s-1 respectively.
Averages of ETRsat and Rleaf25 grouped by each tree species tend to be high at higher layer and this tendency 
was found within some tree species. The values of LMA were increased with increase of their height, 
although scattered in some species. The values of Rleaf25 were positively related to LMA, and the values of 
ETRsat were also related to LMA. These results suggest that higher trees adapting their local environment 
have thicker leaves which are characterized by high photosynthetic capacity and high respiration rate. 
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Introduction
Tropical rainforests are very important for
evaluating the role of terrestrial ecosystems in
climate change because of their huge biomass and
their large gas-exchanges of water vapor or carbon
dioxide. Tropical rainforests consist of many sizes of
trees. A leaf photosynthetic capacity was mainly
controlled by light environment, although trees have
own strategies for an efficient photosynthesis
conserving their water adapting the environments.
To understand H2O/CO2 exchange processes of
tropical rainforests, we need to know both canopy
gas-exchange characteristics (captured by the eddy
covariance method) and the distribution of leaf
photosynthetic characteristics with their
environments. In this study, the electron transport
rate for PSII (ETR) and the leaf respiration of tree
species in a primary lowland dipterocarp forest were
investigated with the tree size, the leaf mass per
area (LMA), the height of the leaf.

Methods
Leaves were sampled from the cut down tree recoding each height from the ground, and ETR in saturated photosynthetic photon flux density condition of
1000 μmol m-2 s-1 (ETRsat) was immediately measured using a photosynthesis yield analyzer (Mini-PAM, Waltz, Germany). After measurement of ETR, we
measure a leaf dark respiration using three closed dynamic chamber systems, each of which was consisted of a dark chamber, a pump and an infra-red
gas analyzer (Li-840, Licor, USA). Surface areas of leaves were calculated from the digitalized image taken by a digital scanner before dry weight and leaf
thickness were measured. Leaf dark respiration per surface area at 25�C (Rleaf25) was calculated assuming Q10=2.
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Site description
Measurements were conducted at
Pasoh Forest Reserve (AsiaFlux site
code:PSO, 2�58’ N, 102�18’ E),
Peninsular Malaysia from 31st Jan. to
6th Feb. 2010.We are continuously
observing meteorological factors
including solar radiation, temperature,
humidity, and wind speed and
H2O/CO2/energy fluxes using the eddy
covariance method at an observation
tower. More than 800 tree species is
present in this study forest. The
continuous canopy height is
approximately 35 m in height, although
some emergent trees exceed 45 m in
height. Average plant area index
optically measured by a plant canopy
analyzer (LAI-2000, Licor, USA) at the
tower was about 6.5 m2 m-2.
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gas-exchange data at the
observation tower in 2002 and
2003

Materials
At 300 m south west from the tower, fourteen trees of 0.9
– 29.1 m height were cut down for the samplings (sp. 1-
14). Additionally, leaves of two emergent tree species
which can be sampled at the aluminum canopy walkway
at the tower site were measured in the same way (sp. 15
and 16).
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We need to re-analyze parameters
of stomatal conductance and
carbon isotope discrimination in the
forest floor.

Multi-layered modeling at the observation tower

ETRsat and Rleaf25 are related
with cumulative Leaf Area
Index (light environment)

y = a*exp(-b*cumLAI)

0 50 100 150 200
0

10

20

30

40

LMA (g m−2)

H
ei

gh
t (

m
)

LMA = 161.366308*exp(-0.156526*clai)
y = -8.779455 + 0.279169 x, R2 = 0.668733
x = 53.893184 + 2.395446 y, R2 = 0.668733

1

101112

13

14

1516

2

3

4

5

6

789

Number:
average value of each tree

Ellipse:
95% confidence ellipse

Black line:
regression line (solid)
95 % confidence line (dashed)
95% prediction line (dotted)

The values of LMA were increased with increase of
their height, although scattered in some species. The
values of Rleaf25 were positively related to LMA, and
the values of ETRsat were also related to LMA. These
results suggest that higher trees adapting their local
environment have thicker leaves which are
characterized by high photosynthetic capacity and
high respiration rate.

Average and standard deviation of ETRsat were 31.6 μmol m-2 s-1 and 19.0 μmol m-2 s-1 respectively. Average and
standard deviation of Rleaf25 were 0.37 μmol CO2 m-2 s-1 and 0.27μmol CO2 m-2 s-1 respectively. Averages of
ETRsat and Rleaf25 grouped by each tree species tend to be high at higher layer and this tendency was found
within some tree species.

Carbon isotopic conposition of
leaves (δ13Cbulk) increased
with their height.

ETRsat Rleaf25

LMA δ
13Cbulk 

ETRsat vs Rleaf25

LMA vs ETRsat LMA vs Rleaf25
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Tree roots constitute a large fraction of annual net primary production, resulting in a large flux of 
carbon (C) and nutrients into the belowground system. The root systems are composed of different 
diameters and heterogeneous physiological traits. There is now considerable evidence that difference in 
root diameter size influence the respiration. However, current understanding of the patterns and controls of 
root respiration from small fine roots to large coarse roots across species is limited, because previous 
studies focused on specific diameter sizes and specific species. Here, we attempted to clarify the 
species-specific respiration rates of fine roots (<2 mm diameter; n=125) and coarse roots (2–269 mm 
diameter; n=175) of 13 species in 14 trees differing in tree height and age in a primary tropical rainforest. 
The variability in respiration rates was examined in relation to mean root diameter (D; mm) of various 
diameter sizes and the root tissue density (RTD: g cm-3),) and specific root length (SRL: m g-1) of fine 
roots. 

This study site was located in the Pasoh Forest Reserve (28590N, 1028180E) of the Forest Research 
Institute Malaysia in Peninsula Malaysia. Root sampling was conducted from 31 Jan. to 6 Feb. 2010. Each 
root segment was carefully isolated from the soil and then gently washed. The root respiration rate was 
measured using a closed dynamic chamber system equipped with an infrared gas analyzer (LI-840). The 
most suitable chamber was selected from nine size patterns (volume=0.12, 0.21, 0.34, 0.48, 0.94, 1.45, 
2.17, 11.60, or 22.50 L). Following the respiration measurements, root samples were measured for 
morphological traits. The root length, volume, and mean root diameter of all samples <2 mm in diameter 
were determined using WinRHIZO Pro 2007a. Roots >2 mm in diameter were measured manually using a 
vernier scale and ruler. After measuring the morphological traits, all root segments were dried at 70°C for 
48 h and weighed. These procedures were repeated for 300 samples from 14 trees. 

Coarse root respiration rates increased with decreasing D, resulting in significant relationships 
between root respiration and diameter across species. A model based on a radial gradient of respiration 
rates of coarse roots simulated the exponential decrease in respiration with diameter. We found a high 
correlation between the estimated and measured respiration rates for coarse roots. Conversely, when the 
model was fitted to the data from coarse roots, the measured respiration rate of fine roots was higher than 
the estimated respiration rate of fine roots. This result suggests that fine roots, which appear to be 
analogous to leaves, have additional different functions than coarse roots. Fine root respiration rates were 
much higher and more variable than those of larger diameter roots. For fine roots, the mean respiration 
rates for each species increased with decreasing D. The respiration rates of fine roots declined markedly 
with increasing RTD and increased with increasing SRL, which explained a significant portion of the 
variation in the respiration among the 14 tree species examined.  

These results indicate that coarse root respiration in tree species follows a basic relationship with D 
across species and that most of the variation in fine root respiration among species is explained by D, RTD, 
and SRL. Our findings provide evidence of the generality and specificity of root respiration from very fine 
roots to coarse roots in relation to their morphological traits across species. Examining root respiration is a 
time consuming and difficult endeavor because it requires excavating and identifying the roots of each 
species in mixed tropical forest. In practice, if it is possible to use physio-morphological traits beyond 
species, root respiration could be more easily and quickly scaled up to the forest stand level, such as by 
using the proportions of each root biomass distribution for fine and coarse roots in the field.  
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2. Methods

3. Results & Discussion

Pasoh Forest Reserve (2�58' N, 102�18' E) Malaysia

Species

Marsden et al. (2008 New Phytol.) model

Washing

����

Sampling Respiration

1 2 3 4

Morphology   Washing

����

Sampling Respiration

1 2 3 4

Morphology   

SL

SA

HR

Rvm�maximum respiration rate
k�exponential coefficient
��empirical power coefficient

To simulate the decrease of root respiration with increasing diameter, Marsden 
model is based on the hypothesis that the CO2 production of a certain tissue 
volume decreases exponentially from the root surface towards the center 

•When the model was fitted to the data from the coarse roots, the
measured respiration of the coarse roots agreed with the estimated 
respiration and reflected an exponential decrease in the proportion of 
living tissues with increasing distance from the root surface. .
•Conversely, the measured respiration rate of fine roots was higher 
than the estimated respiration rate of fine roots

Rg decreased linearly 
with increasing RTD.

Fine root respiration rates among species were dependent on root
diameter even within 2.0 mm. RTD could have consequences for the
hydraulic and physiological performance and explain root anatomical 
development strongly alters root respiration beyond species. 

1,  Root sampling was conducted from 31th Jan. to 6th Feb. 2010.
2,  Each root segment (0.22�264 mm, n=300) was gently washed. 
3,  The root respiration rate was measured using a closed dynamic

chamber system equipped with an infrared gas analyzer (LI-840). 
2

4,  The volume and mean diameter of all samples were measured
using WinRHIZO (< 2mm) or a vernier scale and ruler (>2mm). 

4. Conclusion
Beyond species, 
Coarse root respiration follows a basic relationship with D. 
Fine root respiration is explained by D and RTD!!

We propose to combine the respiration and morphological 
traits of roots separated into detailed diameter size classes.
In practice, if it is possible to use physio-morphological traits 
beyond species, root respiration could be more easily and 
quickly scaled up to the forest stand level, such as by using 
the proportions of each biomass distribution for fine and 
coarse roots in the field. Knowledge of the relationships 
between the respiration and morphological traits of roots in a 
wide variety of tropical forest species is necessary to further 
improve our understanding of belowground C cycling.

Species name Abbreviation DBH Tree height Number of root sample 
� � � � cm m ��������	� �Coarse root
Shorea acuminata SA 29.1 29.7 27 33 
Shorea leprosula SL 25.6 32 23 27 
Hypobathrum racemosum HR 18.9 23.7 20 19 
Shorea multiflora SM1 16.7 20.2 9 21 
Pentaspadon motleyi PM 9.2 16.5 11 11 
Aporosa bracteosa AB 8.5 13.5 9 11 
Blumeodendron tokbrai BT 5.7 10 6 5 
Anaxagorea javanica AJ 3 5.9 5 6 
Galearia maingayi GM 1.6 3.1 3 7 
Aglaia odoratissima AO 1.4 3.3 4 6 
Dacryodes rugosa DR 1.2 1.8 3 6 
Aglaia exstipulata AE 1.1 2.8 3 7 
Shorea multiflora SM2 0.9 1.9 3 5 
Sterculia macrophylla StM 0.9 1.6 3 �7 
�

We selected 14 trees of 13 species. The selected species represented 
a broad range of taxa of the common woody species in the Pasoh.

AB

Fig.2 Relationship between fine root respiration and D (a,b) and RTD (c,d).
(a,c) Data for every fine root sample. (b,d) Mean value (�SE) within a tree.
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A model based on a radial 
gradient of Rg estimated 
the exponential increase in 
respiration with diameter.
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 Fine roots (n = 129) 
� Coarse roots (n = 171)
� Marsden model

Differences in the respiration between fine roots and coarse roots 
could appear the variation in root functions (e.g., nutrient and water 
uptake, or transport to other tissues).

Low RTDs of 
relatively high Rg

Patterns of root respiration rates and morphological traits 
in 13 tree species in a tropical forest

1. Introduction

 All respiration rates 
measured in the field 
were normalized to 
mean soil temperature 
(25�C) with a fixed Q10
temperature coefficient.

Higher

Is there a strong relationship across species between 
root respiration rates and morphological traits? 

Root respiration is a major source of CO2 efflux from forest 
soils. The root systems are composed of different diameters 
and heterogeneous physiological traits. There is now 
considerable evidence that difference in root diameter size 
influence the respiration. However, the pattern of root 
respiration rates from finer and coarser roots across various 
tropical species remains unknown. Here, we evaluated specific 
root respiration and its relationships to mean root diameter (D)
of various diameter sizes and root tissue density (RTD: g cm-3) 
of the fine roots among 14 tropical trees of 13 species.

Physiological index of resource uptake and transport capacityRoot diameter
Anatomical index of strength, water potential, construction costRoot tissue density

We gratefully acknowledge Dr. Tanaka, Mr. Kanemitsu, Mr. Haruta, Dr. Yamashita, Dr. Noguchi and staffs of FRIM for their valuable help in the field.
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Abstract Field observations for estimating long-term evapotranspiration from 
a tropical rain forest were made in the Pasoh Forest Reserve, Peninsular 
Malaysia. The Penman-Monteith-Rutter model was applied to four-years of 
meteorological records to enable continuous estimation of evapotranspiration 
during dry and wet canopy conditions. The estimates show that the annual 
average total evapotranspiration, transpiration and interception loss for 1996–
1999 were 1548 mm, 1218 mm and 331 mm, respectively, cf. annual rainfall 
of 1571 mm and net radiation of 1744 mm (water equivalent). Although a long 
dry period was included as a result of the strong El Niño in 1997 and 1998, 
evapotranspiration always accounted for a large portion of the net radiation. 
Key words  Evapotranspiration, tropical forest, Penman-Monteith-Rutter model, El Niño, 
Pasoh Forest Reserve

INTRODUCTION
 

Long-term estimation of evapotranspiration from tropical rain forest is important from 
aspects of both hydrological and climatic issues. In Southeast Asia, some estimation 
results, based on annual water budgets in small study catchments, have been documented 
(Bruijnzeel, 1990). However, such results give us only annual evapotranspiration 
amounts and very little information relating to long-term characteristics, including the 
responses to environmental variables. In the Pasoh Forest Reserve, meteorological 
observations above the tropical rain forest were made using a 52-m tower, and evapo-
transpiration estimated through the Bowen ratio method (Tani et al., 2003). This study 
showed that most of radiant energy was used for latent heat of evapotranspiration even 
in dry seasons and that the surface conductance was controlled by the same functions 
of solar radiation and specific humidity deficit in both dry and rainy seasons. Attempts 
to estimate long-term continuous evapotranspiration throughout dry and wet canopy 
conditions using results from short-term flux measurements by an eddy covariance 
method, and from throughfall and stemflow measurements, are reported here. 
 
STUDY SITE AND OBSERVATION DESIGN 
 

This study was conducted in the Pasoh Forest Reserve of FRIM in Negeri Sembilan in 

44



Makoto Tani et al.  
 
 

2

Peninsular Malaysia (2�58�N, 102�18�E). The climate is characterized by small 
seasonal variations, and the southwest and northeast monsoons yield only small 
rainfall peaks around April and November. The annual rainfall of the normal year 
observed from 1983 to 1999 at a meteorological station (Pasoh Dua) near our site was 
1804 mm. The core area (650 ha) of the Pasoh Forest Reserve (2450 ha) is covered 
with a primary lowland mixed Dipterocarp forest, which consists of various species of 
Shorea and Dipterocarpus. The continuous canopy height is about 35 m, although 
some emergent trees exceed 45 m. The leaf area index (LAI) was 6.52.  
 Meteorological variables were monitored by sensors installed at 52.6 m height on a 
tower. Continuous records were obtained for downward and upward solar radiation, 
net radiation, air temperature, humidity, wind direction, wind velocity, and rainfall. Air 
temperature and vapour pressure for the estimation of evapotranspiration by Bowen 
ratio method were measured by two ventilated psychrometers at 43.6 and 52.6 m. One-
week of observations of a closed-path eddy covariance system was conducted in 
March 1998 (Yasuda et al., 2003). Friction velocity, sensible heat, latent heat and CO2 
flux were estimated from these observations. Throughfall and stemflow were monitored 
near the tower. The throughfall was measured by 20 pots, each with an area of 366.4 
cm2, in a square plot of 20 � 15 m, and stemflow was measured from seven trees 
reaching the upper canopy layer in a square plot of 10 � 15 m within the throughfall 
plot. Interception loss was calculated from difference between gross rainfall above the 
canopy at the height of 52.6 m and the total of throughfall and stemflow. 
 A model system composed of a big-leaf parameterization and interception model is 
necessary for estimating long-term evapotranspiration from dry and wet canopies. The 
Penman-Monteith equation for the big-leaf parameterization and the Rutter model for 
the interception component has been widely used for the estimation (Shuttleworth, 
1988). Hence, the Penman-Monteith-Rutter model was also employed for our 
estimation. For the application of this model, potential evaporation from the wet 
canopy is firstly calculated from the aerodynamic resistance, and the actual 
evaporation can be calculated from the potential value and current water storage on the 
canopy, where the saturation storage capacity maximum can be estimated from the 
throughfall and stemflow measurements. Calculating actual evapotranspiration from 
the dry canopy needs an additional parameter, that is, surface resistance representing 
the control by stomata. Characteristics of the surface resistance, the reciprocal of 
surface conductance, had already been analysed and its functional relationship to solar 
radiation and specific humidity deficit was fixed from the analysis (Tani et al., 2003). 
The evaluation of aerodynamic resistance and canopy storage capacity are discussed 
later in this paper. 
 
 
MODEL DESCRIPTION
 
Long-term evapotranspiration was estimated using the Penman-Monteith-Rutter model, 
following its application to Amazonian rain forest by Shuttleworth (1988). Actual 
evapotranspiration is composed of evaporation from the wet canopy and 
evapotranspiration from the dry canopy and is calculated as their total when some 
portion of the canopy is wet and other parts are dry, during and after a rainfall event. 
The potential evapotranspiration values from the totally wet and dry canopies (Ec and 
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Et) can be estimated by Penman-Monteith equation as: 
 � �lrrc�rVc�QlE AcpAdp /)/1(/)/( ����	  (1) 

where E is the evapotranspiration, l is the latent heat of vaporization, � is the mean 
rate of change of specific humidity with temperature, Q is the available energy, Vd is 
the specific humidity deficit, � is the density of air, cp is the specific heat at constant 
pressure, rA is the aerodynamic resistance, and rc is the surface conductance. Ec and Et 
can be calculated if the values rc = 0 and rc > 0, respectively, are assumed. 
 The canopy storage characteristics have to be described by Rutter model as:  
 DESCppPtC ct 



	 )/()1(d/d  (2) 

 � �)(exp0 SCbDD 
	  (3) 

where C is the actual stored water on the canopy, S is the saturation storage capacity, P 
is the gross rainfall, p is the rainfall fraction falling directly to the ground, pt is the 
rainfall fraction diverted to the trunks, Ec is the evaporation from the completely wet 
canopy, D is the drainage from the canopy, D0 is the drainage rate when the storage on 
the canopy is equal to S, and b is an empirical parameter. Hence, the equation for 
estimating actual evapotranspiration (Ea) is written: 

tca ESCESCE )/1()/( 
�	  (4) 
 
 
RESULTS AND DISCUSSION 

Annual amounts of throughfall, stemflow and interception  
 
The relationships of throughfall, stemflow and interception to gross rainfall in each 
measuring period of about two weeks are plotted in Figs 1(a)–(c), and show good 
linear correlations. The annual amounts of gross rainfall, throughfall, stemflow and 
interception from 1 July 1999 to 30 June 2000 were 2262.3, 1879.4, 6.8 and 381.3 mm, 
respectively. The ratios of the throughfall, stemflow and interception to gross rainfall 
were 83.1%, 0.3% and 16.9%. Another interception observation carried out in Pasoh 
Forest (Manokaran, 1979) showed the respective ratios to be 77.56%, 0.64% and 
21.80%. The very small percentages of stemflow were remarkable in both studies as 
they were smaller than the values obtained from other tropical rain forests (e.g. Lloyd 
et al., 1988; Jetten, 1996), that are usually even smaller than those obtained from 
temperate forests. Although our results on stemflow are not without doubt, due to 
forest heterogeneities, the contribution of its small absolute value to interception may 
be evaluated as insignificant in the overall evaporation estimation. The interception 
ratio of 16.9% in our estimate lies between 8.9% in Amazon (Lloyd et al., 1988) and 
21% in West Java (Calder et al., 1986).  
 
 
Penman-Monteith-Rutter model application 
 
Application of the Penman-Monteith-Rutter model first requires a parameter 
estimation process. However, estimating parameters in the Rutter model from 
relationships between gross rainfall, throughfall and stemflow was not easy mainly 
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because the relationships are widely scattered (Figs 1(a)–(c)). One strategy for optimizing 
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Fig. 1 (a) Relationships of throughfall to gross rainfall. (b) Relationships of stemflow 
to gross rainfall. (c) Relationships of interception to gross rainfall. 

 
 
the parameter values is to first follow previous studies and to modify the values by 
comparisons between the tentative calculation results and the observations. A 
parameter value set was obtained for the Amazonian forest (Lloyd et al., 1988). Thus, 
the assumed parameters were as S = 0.74 mm, p = 0.08, D0 = 0.0014 mm min-1, and b 
= 5.25. As the stem flow fraction was very small (Fig. 1(c)), pt was assumed to be 0. 
 The Penman-Monteith equation requires values of aerodynamic resistance for the 
sensible and latent heat fluxes. We assumed that they are equal to the aerodynamic 
resistance for momentum, as used by similar estimations (e.g. Shuttleworth, 1988). 
Because the friction velocity was directly measured by the eddy covariance method, 
we calculated rM from the relationship of rM = U/U*2, where U is the wind velocity and 
U* is the friction velocity. In our estimates using this method, we derived simple 
relations between rM and U for a long-term estimation because the observation by the 
eddy covariance method was carried out only for a week. Hence, we employ rA = 
36.7/U for the daytime and rA = 123/U for thenighttime. 
 Another parameter in the Penman-Monteith equation for calculating evapotransp-
iration from a dry canopy is a surface resistance or its reciprocal, surface conductance 
(gC). Our previous study (Tani et al., 2003) demonstrated the following Jarvis type 
functional relationship of gC (= 1/rC) was applicable to dry and wet conditions 

(a) (b 

(c) 
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including the driest condition in 1998 due to the El Niño event: 
 � � )80exp()6.0/(6.135 dddc VSSg 
�	  (5) 

where Sd is the solar radiation. This relationship was used for our estimates. 
 Since parameter values in the Rutter model are tentatively given as similar values 
to those for Amazonian forest, the calculated results on interception were compared 
with the observations (Fig. 1(c)). The calculated values are much smaller than those 
observed, and the annual total of calculated interception was 182 mm compared with 
the observation of 381 mm, suggesting the saturation storage capacity (S) was too 
small. The LAI of 6.52 for Pasoh is slightly larger than that of 6.0 for Amazon, and 
this may be underestimated because another investigation in the Pasoh Forest Reserve 
determined a value of 7.99 (Kato, 1978). Therefore, we tried to use the maximum 
value based on a review on S of tropical forests (Jetten, 1996). As a result, the annual 
interception was calculated as 265 mm using a larger S value of 1.5 mm, but it is still 
smaller than the observation. A detailed comparison between the calculated and 
observed plots in Fig. 1(c) shows they are similar to each other within the range of 
small rainfall events. This may suggest that the parameters for storage capacity 
roughly represented the canopy storage capacity of Pasoh Forest, and these values 
were used for the present estimation of long-term evapotranspiration. Differences in 
the plots in Fig. 1(c) mainly appear in the range of large rainfall events. The 
calculations do not agree with a tendency in the observations that interception linearly 
increases with rainfall. Under applications of the Rutter model, since evaporation 
mainly occurs in a rainless period, interception tends to be large for rainfall events of 
weak intensity and long duration, including rainless periods. Therefore, the calculated 
interception is liable to be small under a tropical rain forest climate of characterized by 
heavy storms within short durations. Therefore, the disagreement in Fig. 1(c) may 
suggest more intense evaporation during and after a rainfall event though it is difficult 
to explain with our model framework. However, the observations may include some 
errors during a big storm with very intense rainfall. More careful and more detailed 
observation may be necessary to detect the cause of the disagreement. 
 
 
Long-term evapotranspiration 
 
Long-term evapotranspiration from the Pasoh Forest was estimated using the Penman-
Monteith-Rutter model application. The meteorology, evapotranspiration and their 
annual amounts from 1995 to 1999 are shown in Figs 4 and 5, and Table 1. Figure 5 
displays both the results of interception calculated using two values for the saturation 
storage capacity on the canopy (S), 0.74 mm and 1.5 mm, suggested from Amazonian 
forest and regarded as the maxima for tropical forests, respectively. The sensitivity of 
interception to the total evapotranspiration seems small in this figure. This is not only 
caused by the fact that a larger value of S produces a longer period of wet canopy for 
interception and a shorter period of dry canopy, but also due to the small ratios of 
interception to total evapotranspiration compared with those under a temperate climate. 
We therefore S = 1.5 mm was employed in the final estimation in Table 1, although 
some errors were still included in it. 
 Figure 5 also shows that the total evapotranspiration occupied a large portion of 
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the net radiation, and that their high ratio did not decrease even in a remarkable dry  
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Fig. 4 Seasonal variations in monthly averages of meteorological variables. (1) Daily 
total of downward and upward solar radiations, net radiation and daily mean albedo. 
(2) Daily mean, maximum and minimum of air temperature. (3) Daily mean and 
maximum of specific humidity deficit. (4) Daily vector averaged wind direction and 
daily mean and maximum of wind velocity. (5) Monthly rainfall at Pasoh Tower and 
that of the normal year at Pasoh Dua. (6) Southern Oscillation Index (SOI).  
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Fig. 5 Estimation results of monthly evapotranspiration with observed monthly 
rainfall and net radiation. 
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Table 1 Annual evapotranspiration in the Pasoh Forest (mm). 

  Year Rainfall Net radiation Interception Transpiration Total evapotranspiration ET/NR 
  1996  1610  1721  261  1146  1407  82% 
  1997  1182  1715  220  1218  1438  84% 
  1998  1426  1821  222  1309  1531  84% 
  1999  2065  1717  264  1152  1416  82% 
  Mean 1571  1744  242  1206  1448  83% 

The values of energy flux are converted to those in water equivalent using latent heat for vaporization. 
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Fig. 6 Comparison of annual evapotranspiration estimated by micro-meteorological 
observation with that calculated from catchment water budget. Bar: micro-
meteorological observation with net radiation (�), �: Catchment water budget after 
Bruijnzeel (1990). 

 
 
condition due to the El Niño in 1997 and 1998. The mean ratio of 0.83 (Table 1) was 
smaller than that of 0.90 for Amazonian rain forest (Shuttleworth, 1988) but the 
characteristics seems to be common to both forests considering small rainfall 
conditions during our observation period. Indeed, the mean annual total values (water 
equivalent using latent heat of vaporization) of net radiation and rainfall of 1744 and 
1571 mm in Pasoh during our observation period indicate a fairly dry climate 
compared with the respective values of 1469 and 2599 mm for the Amazon (annual 
mean values averaged from October 1983 to September 1985 in Shuttleworth, 1988).  
Nevertheless, the annual evapotranspiration for Pasoh was 1448 mm, larger than the 
1311 mm determined for the Amazon. Such a large evapotranspiration value may have 
been sustained by soil water storage supplied by rainfall in the wetter years previous to 
our observation period. A recent observation in a hill evergreen forest in Thailand with 
a long and severe dry season from December to March showed a large evapotrans-
piration value was estimated throughout year (Tanaka et al., 2003). These observation 
results suggest that evergreen forests in humid tropics may maintain high 
evapotranspiration rates even in dry seasons and that seasonal variation follows the net 
radiation. This characteristic found first in the Amazonian forest may occur widely in 
tropical rain forests with smaller rainfall amounts. 
 Relationships of annual evapotranspiration to annual rainfall estimated from 
micro-meteorological observations in Pasoh and the Amazon are plotted with net 
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radiation in Fig. 6, which demonstrates the relationships obtained from catchment 
water-budget observations in tropical lowland forests (Bruijnzeel, 1990). The two 
micro-meteorological results fall within a small range of evapotranspiration values 
given by many catchment studies with large variations of rainfall. In addition, both of 
them are plotted at the lower range of the water-budget values. This may be plausible 
because a catchment water budget is obliged to overestimate evapotranspiration in the 
case of runoff underestimation caused by deep percolation. Therefore, this comparison 
supports our result that evapotranspiration accounted for a large portion of the net 
radiation. 
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Abstract

This paper reports on the results of a short-term observation of CO2 flux above a tropical forest at Pasoh in Peninsular
Malaysia, using the eddy covariance method with a closed-path CO2 analyzer, in March 1998. CO2 concentration profiles
above and in a canopy were also measured. In the daytime, the time series of fluctuations in CO2 concentration above the
forest drew the ramp pattern with a period of 2 min. This suggests that large-scale turbulent motions contribute to CO2 flux
in the daytime. We obtained data on the CO2 flux for 6 days and CO2 storage flux under the flux measurement level for 3
days in this observation. The values of the CO2 flux fell within −1.0 to 0.5 mg CO2 m−2 s−1. Net ecosystem CO2 exchange
(NEE) was estimated as the sum of the CO2 flux and the CO2 storage flux. Compared with the CO2 flux, the CO2 storage
flux was relatively large in the early morning and the nighttime, therefore, the storage flux became important to estimate the
NEE in those periods. The daily values of the NEE ranged from −2.08 to −2.74 g C m−2 per day. The results suggest that
this tropical forest was a CO2 sink during the period. Although we tired to calculate the mass flow component proposed by
Lee [Agric. For. Meteorol. 91 (1998) 39], the magnitudes of the mass flow obtained here were, from 5.20 to 12.55 g C m−2

per day, much larger than the magnitudes of the NEE.
© 2002 Elsevier Science B.V. All rights reserved.

Keywords: CO2 flux; Eddy-covariance; Net ecosystem CO2 exchange; Tropical rain forest; Southeast Asia

1. Introduction

Eddy covariance measurements of carbon diox-
ide (CO2) flux between a forest ecosystem and
the atmosphere is a sound way to evaluate CO2

∗ Corresponding author. Fax: +81-298-74-3720.
E-mail address: yassan@ffpri.affrc.go.jp (Y. Yasuda).

uptake by the forest. Continuous observations of
CO2 flux have been conducted for various types
of forests, but the vast majority of these sites have
been in boreal and temperate forests in Europe
and North America. Observation sites in tropical
rain forests conducting routine CO2 f1ux mea-
surements are probably only in Central and South
America.

0168-1923/02/$ – see front matter © 2002 Elsevier Science B.V. All rights reserved.
PII: S0 1 6 8 - 1923 (02 )00198 -3
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Direct measurements of CO2 flux over Amazonian
tropical rain forests clearly documented that these
forests were a sink of CO2 at least for a short term pe-
riod (Fan et al., 1990), and possibly even for a whole
year (Grace et al., 1995; Malhi et al., 1998). Tropical
rain forests cover 12% of the vegetated surface of
the earth (Whittaker and Likens, 1975; Malhi et al.,
1998). They play a major role in the global uptake of
CO2 by the biosphere. To investigate this, many more
measurements are required for tropical rain forests in
different areas.

Aoki et al. (1975) took intermittent measurements
of CO2 flux above a tropical rain forest in Southeast
Asia. This experiment was carried out at Pasoh in
Peninsular Malaysia (Pasoh forest). Pasoh forest was
a study area of the International Biological Program
(IBP) in the 1970s. Aoki et al. (1975) estimated the
CO2 flux from vertical CO2 profiles above the forest in
November 1973, and they calculated that the net CO2
uptake rate by the forest was 1.2 mg CO2 m−2 s−1

when the incoming solar radiation was 907 W m−2.
In the present study, we conducted a short-term

measurement of CO2 flux above the Pasoh forest,
adopting the eddy covariance method. Then net

Fig. 1. Location map of the Pasoh Forest Reserve.

ecosystem CO2 exchange (NEE) of the forest was
estimated as the sum of CO2 flux and the change
rate of CO2 concentration in the air layer below the
flux measuring height (Wofsy et al., 1993; Greco and
Baldocchi, 1996; Baldocchi et al., 1997). We collected
the available data of CO2 flux for 6 days and CO2
storage for 3 days during the observation. This experi-
ment was the first attempt to take direct measurements
of CO2 flux above the Pasoh forest, and was carried
out to obtain basic knowledge on characteristics of
CO2 flux above a tropical forest in Southeast Asia.

2. Experiment

2.1. Site description

The observation was conducted in Pasoh Forest Re-
serve of Forest Research Institute Malaysia (FRIM)
from 5 to 15 March in 1998. This forest reserve is
located about 140 km southeast of Kuala Lumpur
in Peninsular Malaysia, and is 2450 ha in area (see
Fig. 1). The reserve is mostly covered with lowland
mixed dipterocarp forest. The forest contains primary
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and secondary forests (about 1650 and 650 ha, re-
spectively), consisting of various species of Shorea
and Dipterocarpus (Soepadmo, 1978). The regener-
ating area was selectively logged between 1955 and
1960 (Manokaran and Kochummen, 1994). Although
the continuous canopy height is about 35 m, there
are some emergent trees that exceed 45 m. The dry
biomass above the ground and the leaf area index
(LAI) were estimated as 463.6 t ha−1 and 6.25 by tree
diameter observation (Niiyama, unpublished), with
empirical equations made for this forest (Kato et al.,
1978). The topography in the forest is gently undulat-
ing. The soils are characterized by the presence of a
band of laterite and a compact structure derived from
shales within the area of Durian Series, are poor in
cations (except for aluminum) and available phospho-
rous, and have a low pH of pH 3.5–4.8 (Soepadmo,
1978).

The climate of the forest is summarized by
Soepadmo (1978). There is little seasonal variation in
air temperature. The mean air temperature is 24.8 ◦C
at 3 m above the ground at an open space in the
forest. There are two rainy and dry seasons in this
region. The rainy seasons are during April–May and
October–November, responding the southwest and
northeast monsoons, respectively. The mean annual
rainfall is about 2050 mm.

The maximum fetch of the forest is about 3500 m
to the north and the minimum one is about 800 m to
the southeast, so that the ratios of the fetch to the
height of the flux-measurement point (52 m) from the
continuous canopy height are 206 and 47, respectively.
Northerly winds dominated during the observation.

2.2. Measurements

CO2 flux was measured at the top of a 52 m-tall
scaffold tower. The closed-path technique was applied
to the eddy covariance measurement. Wind speed and
temperature were measured with a three-axis sonic
anemometer (DA-600, Kaijo), and CO2 concentration
was monitored with a closed-path CO2/H2O analyzer
(LI-6262, LICOR). The sonic anemometer and the
inlet of a sampling tube were installed at 52 m. Sam-
ple air was drawn through a polyethylene tube (16 m
long, 6 mm in diameter) with a diaphragm pump and
was pushed by the pump to the CO2 analyzer through
a Teflon tube (3 m long, 4 mm in diameter). The flow

rates before and after the pump were about 8.5 l min−1

and 2.0 l min−1. Residual air was exhausted from a
vent. The signals from the eddy covariance sensors
were sampled at 5 Hz, and directly recorded with a
digital data recorder (DRM2a, TEAC).

Two CO2 analyzers were used to measure the
vertical profile of CO2 concentrations at six levels
above and within the canopy. One analyzer (LI-6252)
measured CO2 profile above the canopy (52, 48 and
40 m) at the flow rate of 2.0 l min−1 and another one
(LI-6251) measured it within the canopy (30, 21 and
11 m) at the flow rate of 0.5 l min−1. Sampling heights
were changed at 5 min intervals above the canopy and
10 min intervals within the canopy, allowing enough
time to flush tubes containing residual air of last
sampling.

Meteorological data were also collected at the top of
the tower (solar radiation, temperature, humidity, wind
velocity, rainfall, etc.). All instruments were powered
using a generator put at the base of the tower. The
CO2 analyzers were calibrated once or twice a day us-
ing N2 and CO2 standard gases. For H2O output, the
LI-6262 was also calibrated using a dew point gener-
ator (LI-610, LICOR) as many as CO2 calibrations.

CO2 fluxes were calculated using the covariance of
vertical wind velocity and the mixing ratio of CO2
(Grelle and Lindroth, 1996) for every 30 min. The
three-dimensional coordinate rotation of wind veloc-
ity components (McMillen, 1988) was applied to set
mean vertical wind velocity on zero (w̄ = 0). The data
of fluctuations in CO2 concentration were detrended
by linear least squares fittings to remove diurnal varia-
tion. The lag time caused by the air sampling through
tubes was 4.8 s determined by the maximum correla-
tion between fluctuations in temperature and those in
CO2 concentration.

Frequency correction for the damping of fluctuation
at high frequencies was applied to flux calculations.
Here, we used the procedure based on the spectral sim-
ilarity of scalar fluxes (Aubinet et al., 2001). Although
the frequency correction increased absolute values of
CO2 flux during the day and night, the typical increas-
ing rates were only 1–2% in the daytime and <10%
in the nighttime when the magnitudes of CO2 flux
were not extremely small. Malhi et al. (1998) men-
tioned that the frequency correction for the damping
ranged from 10 to 25% in the daytime (mean = 16%)
and from 10 to 30% in the nighttime (mean = 11%)
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above an Amazonian tropical rain forest. Our correc-
tion rates were much smaller than their results.

3. Results and discussion

3.1. Fluctuations in CO2

Fig. 2 shows typical fluctuations in the mixing ra-
tios of CO2 and H2O (measured with LI-6262) and air
temperature above the Pasoh forest. The data in the
figure were collected under unstable conditions and
are illustrated by time traces at intervals of 1 s. The
mean wind velocity during the period was 1.9 m s−1,

Fig. 2. Fluctuations in the mixing ratios of CO2 and H2O and in air temperature for 30 min above the Pasoh forest. The data were obtained
under unstable conditions, from 12:00 to 12:30 h on 13 March.

and the Monin–Obkov length was −16.1 m. The am-
plitude of dominant fluctuation in CO2 was about
7 mg kg−1, and fluctuations with a period of about
2 min are apparent. The variations in CO2 concentra-
tion frequently have gradual decreases followed by
rapid increases (so-called the ramp pattern). The ramp
patterns are also obvious in the time series of humid-
ity and air temperature, although these ramps are in-
verted because the vertical gradients of humidity and
air temperature are opposite to that of CO2 concen-
tration. We cannot see small fluctuations in humidity
at high frequencies, since the damping of humidity
fluctuations due to air sampling through a long tube
is more serious than CO2. The ramp patterns are de-
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tected above agricultural fields (short vegetation) and
forests (Gao et al., 1989; Paw U et al., 1992), and orga-
nized turbulent motions that produce the ramp pattern
greatly contribute to scalar fluxes (Gao et al., 1989).
The fluctuations with a period of about 2 min would
account for a large portion of scalar fluxes during the
daytime.

3.2. Diurnal variations in CO2 flux and NEE

Fig. 3 shows the diurnal variations in CO2 flux,
solar radiation, air temperature, water vapor pressure
deficit (VPD) and wind speed measured at the top of
the tower (52 m). All data are 30 min mean values. The
sign convention of the CO2 flux is that downward flux
is negative and upward flux is positive. In the afternoon
on 10 March (DOY 68), the CO2 flux data could not
be obtained because of instrument trouble. During the
observation period, the maximum solar radiation was
1080 W m−2 and mean air temperature was 26.9 ◦C.
The maximum VPD was 30.2 h Pa, which is very dry
for the region. However, it was very humid from mid-
night to early morning. We observed mist formation in
the early morning of almost all days. Two rain events
were observed on the nights of DOY 70 (0.73 mm) and
DOY 71 (8.0 mm), and the total amount of rainfall was
8.73 mm. Wind speed was generally low, especially
in the morning. The lowest wind speed was 0.2 m s−1

measured in the morning of DOY 68, and the mean
wind speed throughout the period was 1.6 m s−1.

For reference, we also show CO2 flux calculated
without linear detrending of CO2 data (block-average
removal). The linear detrending of CO2 data reduces
extreme positive and negative values of flux, when
the diurnal variation of CO2 concentration is large.
The simple-mean removal keeps low-frequency com-
ponents arising from the diurnal variation, which are
not related to eddy fluxes.

The diurnal variations in CO2 flux clearly document
the activity of the forest ecosystem. The values of the
fluxes had a range of −1.0 to 0.5 mg CO2 m−2 s−1

(−22.7 to 11.4 �mol m−2 s−1). The peaks of the down-
ward CO2 flux appeared earlier than the peaks of the
solar radiation on clear days (DOY 67, 69, 72). In such
cases, the magnitude of the CO2 flux increased rapidly
in the morning, but decreased gradually in the after-
noon. A similar variation in CO2 flux was measured
above a Brazilian rain forest (Grace et al., 1996).

We obtained data on stored CO2 in the air layer
under the flux-measurement height (CO2 storage flux)
for 3 days: 9, 11 and 12 March (DOY 67, 69 and 70,
respectively). The units of the CO2 storage flux were
the same as those of CO2 flux; positive and negative
signs indicate the increase and the decrease of stored
CO2 in the air layer. Fig. 4 shows the diurnal variations
of the CO2 flux (Fc), the CO2 storage flux (Fstorage) on
9, 11 and 12 March. The diurnal variations in the net
ecosystem exchange (NEE) evaluated as Fc + Fstorage
are also shown in Fig. 4.

We can see Fstorage has the same order as Fc. In
the morning, Fstorage started to decrease earlier than
Fc. Fstorage then reached the negative peak in the early
morning and increased before Fc reached its negative
maximum. These variations mean that trees first con-
sume CO2 stored in the canopy air layer, and later, as
the vertical gradient of CO2 becomes large, CO2 flux
tends to be downward. After the canopy air layer is
well mixed, the contribution of the storage becomes
small, however, the low wind conditions in the morn-
ing raise the importance of the CO2 stored in the
canopy layer.

The NEE represents the net biotic CO2 flux of the
forest. The amount of the NEE was larger than that of
the CO2 flux during the low turbulence period from
night to morning, especially in the morning when the
storage flux dominated Fc. However, the NEE and
Fc had almost the same values in the afternoon, be-
cause the changes of stored CO2 in the underlying
layer were small (Fstorage was small) in that period.
We confirm that the measurements of CO2 storage
during the night and morning were particularly im-
portant, when we consider CO2 uptake by a forest
ecosystem.

Fig. 5 presents the response of NEE in the Pasoh
forest to solar radiation obtained during the daytime
on 9, 11 and 12 March. It is clearly shown that the
amount of NEE increases as the incident solar radi-
ation increases. However, when the solar radiation is
>800 W m−2, the NEE seems to be saturated. All plots
are distinguished according to the water vapor pressure
deficit: VPD ≤ 16 h Pa or VPD > 16 h Pa. Curves in
the figure denote rectangular hyperbolas fitted to the
plots. When the VPD was ≤16 h Pa, the magnitude of
the NEE sharply increased under low light condition
(about <300 W m−2) and saturated under high light
condition. When the VPD was >16 h Pa, the magnitude
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Fig. 3. Diurnal variations in CO2 flux above the Pasoh forest, and half-hourly averaged meteorological data (solar radiation, air temperature,
water vapor pressure deficit and wind speed) at 52 m height on 8–15 March (DOY 66–73). The broken line in the top figure indicates
CO2 flux calculated from the block-average removal (without linear detrending).
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Fig. 4. Diurnal variations in CO2 flux, CO2 storage flux and net ecosystem exchange (NEE) on 9 March (a), 11 March (b), 12 March (c)
in 1998.
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Fig. 5. Response of daytime NEE to solar radiation for 3 days (9, 11 and 12 March). The lines indicate the least squares fitting of
rectangular hyperbolic function for different conditions of water vapor pressure deficit (VPD): broken line, VPD > 16 h Pa; dashed line,
VPD ≤ 16 h Pa; solid line, total.

of the NEE was smaller than that for VPD ≤ 16 h Pa
and was never saturated.

The mean daily value of NEE was −2.44 g C m−2

per day. Fan et al. (1990) and Grace et al. (1996)
evaluated the daily values of NEE in Amazo-
nian tropical forests as about −0.60 g C m−2 per
day (−0.05 mol m−2 per day) calculated from a
short-term measurement and −0.54 g C m−2 per day
(−0.045 mol m−2 per day) measured during a 44
day-observation. The daily NEE in the Pasoh forest
is 4.1–4.5 times that in the Amazonian forest. More-
over, Grace et al. (1996) obtained daily NEE in the
Amazonian forest in the dry season as −1.08 g C m−2

per day (−0.09 mol m−2 per day). Our measurements,
which were taken on clear days in the dry season,
were 2.3 times larger than the daily NEE in the Ama-
zonian forest in the dry season. The daily NEE in
this study were correspond to daily NEE of temperate
deciduous forests in autumn (Greco and Baldocchi,
1996; Lee et al., 1999).

3.3. Discussion of the mass flow effect on
daily NEE

Lee (1998) showed that NEE should be evaluated
as the sum of CO2 flux, CO2 storage and vertical mass

flow (vertical advective flow) arising from non-zero
mean vertical wind velocity. Here, we try to calcu-
late the mass flow component, following the proce-
dure suggested by Lee (1998). In our calculation, the
true mean vertical velocities were calculated with lin-
ear fitting of vertical wind velocity to horizontal wind
velocity for every 1◦ interval in the wind direction.
For the present short-term experiment, we made a lin-
ear fitting for each wind direction using the wind data
in directions of ±20◦, thereby increasing the number
of data for each regression always larger than 20.

Table 1 shows daily values of CO2 flux, CO2 stor-
age, NEE (flux + storage) and vertical mass flow for
3 days. The daily CO2 flux values were negative for 3
days, while daily CO2 storage values were negative for
2 days and slightly positive on 11 March. Therefore,
the daily NEE values were negative for all days. The
daily values of the mass flow component were positive
for 3 days. The absolute values of the mass flow were
2.0–4.6 times larger than those of the NEE. Anthoni
et al. (1999) and Baldocchi et al. (2000) showed that
the amount of CO2 released from an ecosystem was
increased at night when the mass flow component was
taken into account. However, according to their esti-
mates, the daily value of mass flow component did not
exceed that of the sum of daily CO2 flux and daily
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Table 1
Daily values of CO2 flux, CO2 storage, NEE and mass flow

Period CO2 flux CO2 storage NEE Mass flow

9 March −2.14 (−0.178) −0.36 (−0.030) −2.50 (−0.208) 5.02 (0.418)
11 March −2.73 (−0.228) 0.01 (8.3 × 10−4) −2.74 (−0.228) 12.55 (1.046)
12 March −1.51 (−0.126) −0.57 (−0.048) −2.08 (−0.173) 8.75 (0.729)
Three-day mean −2.13 (−0.178) −0.31 (−0.026) −2.44 (−0.203) 8.77 (0.731)

Units are in g C m−2 per day (mol m−2 per day).

storage of CO2. If the net ecosystem CO2 uptake of
the Pasoh forest is estimated as the total amount of
three components (CO2 flux, CO2 storage and vertical
mass flow), our results will indicate that this tropical
forest functions as a CO2 source.

There seems to be considerable errors in the esti-
mation of the mass flow, since our values of the mass
flow were too large, compared to other results. One
of reasons for errors would be in the evaluation of the
true vertical wind velocity from limited data set. Lee
(1998) obtained the true mean vertical velocities from
longer data sets (over 1.5 months). Our data set may
be short for reliable estimations. Another error could
arise from neglecting horizontal advection in Lee’s
method. Finnigan (1999) pointed out that horizontal
advection cannot be neglected in most cases when we
must bother with advective fluxes. Although the effect
of horizontal advection might be large, we do not have
a procedure for measuring it at a single-point obser-
vation. It is worth challenging to find how to evaluate
effects of horizontal and vertical advections on NEE.
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S u m m a r y  

 
TAKANASHI S., KOSUGI Y., TANI M., MATSUO N., MITANI T. & NIK A.R. 2004. Character-

istics of the gas exchange of a tropical rain forest in Peninsular Malaysia. – Phyton 45 (4): (xx)-(xx). 
Understanding the energy/H2O/CO2 exchange processes of tropical rain forests is very 

important for evaluating their roles in climate change. We measured sensible heat, latent heat, and 
CO2 fluxes above a tropical rain forest in Peninsular Malaysia using the eddy covariance method for 
the year 2003. The average daily sensible and latent heat fluxes were 3.0 and 6.1 MJ, respectively. 
After considering the calculated heat storage terms, energy budget closure was estimated to be ap-
proximately 65%, even during the day. The average daily CO2 flux was –2.1 g C m-2 in 2003. The 
average diurnal change of CO2 flux ranged from –18.0 to 10.0 μmol m-2 s-1, and no significant sea-
sonal changes were observed. In the night time, CO2 efflux measured using the eddy covariance 
method increased with friction velocity, suggesting an underestimation of ecosystem respiration 
under poor mixing conditions. 

 
 

I n t r o d u c t i o n  

 

Understanding the energy/H2O/CO2 exchange processes of tropical rain 

forests is very important for evaluating their roles in climate change. Ecosystems 

absorb carbon dioxide by photosynthesis and release it by autotrophic and hetero-

trophic respiration. The rates of photosynthesis and respiration constitute very large 

units in tropical rain forests; therefore, a high level of accuracy and a carefully 

thought out strategy at the experimental design stage are necessary in order to ex-

amine the balance of absorption and emission in terms of small differences in the 
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gross values of both. These rates vary diurnally and seasonally in response to inter-

actions between the physical environment and physiological factors. A flux meas-

urement above the forest canopy using a micro-meteorological method permits 

direct computation of gas exchange in the forest ecosystem and analysis of the 

characteristics at various time scales. Flux measurements using the eddy covariance 

method have been conducted for various vegetation types and ages (e.g., 

VALENTINI & al. 2000, BALDOCCHI & al. 2001). However, in Southeast Asia very 

few studies have been initiated for estimating net ecosystem exchange (NEE) from 

micro-meteorological observations, although net ecosystem production has been 

estimated from ecological studies at sites such as the Pasoh Forest Reserve 

(HOSHIZAKI & al. 1999, 2001). Only a short term observation of CO2 flux was con-

ducted in March 1998 at Pasoh (YASUDA & al. 2003). In order to describe and ex-

plain the temporal patterns of gas exchange in tropical rain forests there is a clear 

need for further data sets and analyses, especially with regard to long term CO2 

flux. In this paper, we present long term observations of sensible heat, latent heat, 

and CO2 fluxes related to environmental factors, including solar radiation, air tem-

perature, vapour pressure deficit, rainfall, and soil moisture, as well as their diurnal 

and seasonal changes for the year 2003. 

 

 
M a t e r i a l  a n d  M e t h o d s  

 
Site description 

Observations were conducted at the Pasoh Forest Reserve near Simpang Pertang in Negeri 
Sembilan, about 140 km southeast of Kuala Lumpur, in Peninsular Malaysia (2°58’N, 102°18’E). 
The core area (600 ha) of the reserve is covered with a primary lowland mixed dipterocarp forest, 
which consists of various species of Shorea and Dipterocarpus. The continuous canopy height is 
approximately 35 m, although some emergent trees exceed 45 m. Based on empirical equations 
obtained for the Pasoh Forest Reserve by KATO & al. 1978, the leaf area index (LAI) estimated 
from tree diameter observations (Niiyama, unpublished) was 6.52.  

 
Observations 

Fluxes of sensible heat, water vapour, and carbon dioxide were measured at a height of 54 
m on an observation tower. Wind velocity and temperature were observed with a three-axis sonic 
anemometer (SAT-550, Kaijo). Carbon dioxide concentration was monitored with an open path 
CO2/H2O analyzer (LI-7500, Licor). Data were sampled at 10 Hz and sent to a data logger (CR-
5000, Campbell). Fluxes were calculated for the momentum, heat, H2O, and CO2 at an averaging 
time of 30 minutes. The wind field coordinates were rotated so that the mean vertical wind was zero. 
Spike and range over data were interpolated and counted. If the number of spikes or out-of-range 
data exceeded 1% of the total number of data points for each element, then the 30-minute flux data 
were considered to be invalid. The linear trends of temperature, water vapour, and CO2 concentra-
tion were removed. We also corrected for the effect of air density fluctuation (WEBB & al. 1980). 

Meteorological variables monitored at a height of 52 m on the tower included downward 
and upward ranges of short-wave radiation (MR22, Eko), ranges of long-wave radiation (PIR, Ep-
pley), air temperature, humidity (HMP45A, Visala), wind velocity (AC750, Makino), and rainfall. 
Soil water content at depths of 10, 20, and 30 cm (CS515, Campbell), and soil heat flux at a depth 
of 2 cm (HFP01, HukuseFlux), were monitored at three points around the tower. 
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R e s u l t s  a n d  D i s c u s s i o n  

 

Daily mean values of meteorological variables and monthly mean diurnal 

changes in fluxes, air temperature, and vapour pressure deficit monitored at this 

site, for the year 2003, are shown in Fig. 1a. The mean air temperature (25.9 ºC) 

and vapour pressure deficit (6.2 hPa) at 52 m showed little seasonal change. The 

absolute daily maximum air temperature was 33.9 ºC on 5 March (day 64 day of 

the year 2003) and the absolute daily minimum air temperature was 20.8 ºC on 25 

October (day 298). Relatively cool air temperatures and low vapour pressure defi-

cits in January-February and October-December coincided with a cloudy period. 

Annual rainfall in 2003 (1,896 mm) was larger than the four-year average (1,571 

mm) from 1996 to 1999, including the El Niño event from 1997 to early 1998, but 

slightly larger than that of a normal year in FELDA Pasoh Dua (1,804 mm; TANI & 

al. 2003). Soil water content was comparatively constant throughout the year. 

The average daily sensible and latent heat fluxes were 3.0 and 6.1 MJ m
-2

, 

respectively. After considering the heat storage terms, calculated using an empiri-

cal equation for this study site (OHTANI & al. 1997), energy budget closure was 

estimated to be approximately 65%, even during the day. Non-closure of the en-

ergy budget is consistent with observations in many other forests, and the closure 

deficit of about 35% is larger than that of other tropical rain forest sites (e.g., 

KUMAGAI & al. 2004, DA ROCHA & al. 2004). Various causes may have influenced 

this result, but recent studies (LEE 1998, WATANABE & KANDA 2002) have shown 

that such an imbalance may inevitably occur owing to mass flow, even when the 

measurement includes the minimum errors, and the data represent the spatially av-

eraged fluxes. Further analyses (e.g., mass flow rate, horizontal advection) are 

needed, therefore, to solve this problem. The evapotranspiration rate was directly 

calculated at 2.50 mm day
-1

 using an eddy covariance latent heat flux. If the Bowen 

ratio calculated by eddy covariance was correct, and the closure deficits were di-

vided into sensible and latent heat fluxes by the Bowen ratio, then the evapotran-

spiration rate was recalculated as 3.04 mm day
-1

. This value is similar to those re-

ported in other tropical rain forests (3.45 mm day
-1

, SHUTTLEWORTH & al. 1984; 

3.45 mm day
-1

, DA ROCHA & al. 2004; 2.86-3.48 mm day
-1

, KUMAGAI & al. 2004). 

The average diurnal changes in CO2 flux ranged from –18.0 to 10.0 μmol 

m
-2

 s
-1

, and did not show clear seasonal changes corresponding to soil moisture and 

air temperature conditions (Fig. 1b). Under relatively cool and wet conditions in 

January-February and October-December, no significant changes in CO2 fluxes 

were observed. These diurnal changes are similar to those reported for other tropi-

cal forests (GRACE & al. 1996, GOULDEN & al. 2004). The average daily eddy co-

variance CO2 flux was –2.1 g C m
-2

 in 2003. This value was larger than the value 

of NEE reported in other tropical forests (–0.60 g C m
-2

, FAN & al. 1990; –0.95 g C 

m
-2

, GRACE & al. 1996; –1.5 g C m
-2

, GOULDEN & al. 2004), but similar to NEE 

obtained from short term observations at this forest (–2.4 g C m
-2

, YASUDA & al. 

2003). In the night time, CO2 efflux measured using the eddy covariance method 

increased with friction velocity rise, suggesting an underestimation of ecosystem 

respiration under poor mixing conditions (Fig. 2). Uncertainties in CO2 fluxes un-
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der poor mixing conditions influence the absolute accuracy. Taking energy imbal-

ance into account, accuracy would be influenced by vertical mass flow rates and/or 

horizontal advection terms, even under good mixing conditions. Therefore, the ab-

solute value of daily net CO2 exchange should be precisely analyzed and corrected 

by cross-checking other techniques, including process-based models, chamber CO2 

flux observations of all components of the forest, and both biomass and necromass 

increment observations. 

 

 
 
Fig. 1. Seasonal fluctuations in the daily total downward and upward solar radiation, daily 

average, maximum, and minimum air temperatures, daily average and maximum vapour pressure 
deficits, daily total rainfall, and volumetric soil water content at depth of 10, 20, and 30 cm (a). 
Seasonal changes in average diurnal course of the available energy (Q), sensible and latent heat 
fluxes (SHF, LHF), eddy covariance CO2 flux, air temperature (Ta), and vapour pressure deficit 
(VPD) at 52 m (b). 
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Fig. 2. Relationship between friction velocity and nighttime CO2 efflux, with the fre-
quency of each friction velocity (u*) class (class 1-8, in the range of 0.05 m s-1 u*<0.4 m s-1; class 9, 
0.4≤u*<0.6 m s-1; class 10, 0.6≤u*<1.0 m s-1). The circles represent the average eddy covariance data 
in each friction velocity class, and the error bars represent standard error. 
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a b s t r a c t

Theeddy covariancemethodwasused to observe carbondioxideflux (Fc) for 3 years over an

old-growth tropical rainforest at Pasoh in Peninsular Malaysia. The average nighttime Fc

andNEEwere 3.6 and 4.7 mmol m�2 s�1, respectively,when friction velocity (u*) � 0.2, while

the average soil respiration rate measured occasionally with the chamber method was

estimated to be 4.1 mmol m�2 s�1 if we used the relationship between volumetric soil water

content, or 3.8 mmol m�2 s�1 if we used the pure average of nine observations. The

comparison of Fc, NEE and soil respiration strongly suggests that nighttime CO2 efflux

was underestimated even when the CO2 storage term is considered. The correction of Fc
data for low u* did not correct this underestimate, and it was strongly suggested that this

forest was not a strong carbon sink, as raw Fc data, even with the u* filtering, implied.

Monthly average daytime diurnal changes in CO2 exchange over the canopy were fairly

constant from 2003 to 2005 despite fluctuations in soil moisture, solar radiation, air

temperature andvapor pressuredeficit betweendryandwetperiods.Anobvious inhibition

of canopy CO2 exchange in the afternoon coupling with increases in VPD and air tem-

perature was observed year-round. In the case of nighttime NEE, a slight increase in wet

period was observed. Diurnal pattern of CO2 exchange revealed that obvious restriction of

canopy photosynthesis in the afternoon was occurred in this forest irrespective of soil

moisture. Seasonal and annual patterns of CO2 exchange reveal that one of the main

causes which induce the difference in NEE pattern between Amazonian and Southeast

Asian rainforests was not the difference in daytime photosynthesis but the difference in

ecosystem respiration related with dry and rainy seasons. The decrease of CO2 uptake

(increase of NEE) at wet period was also observed at this site, but did not form an obvious

seasonality such as in Amazonian forests.
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1. Introduction

The tropical rainforest plays a major role in the global carbon

budget because of absorption and emission of CO2 through

photosynthesis, respiration and decomposition associated

with its large biomass (Malhi et al., 1999; Malhi and Grace,

2000). Clarification of the nature and magnitude of diurnal,

seasonal and annual CO2 exchanges in tropical rainforests and

what controls the exchanges at different timescales is a

primary issue for understanding the role of these exchanges

on the global carbon budget. Unfortunately, flux measure-

ments that use eddy covariance methods in the tropical

rainforest are sparse compared to studies on other vegetation

types (e.g. Valentini et al., 2000; Baldocchi et al., 2001). Recent

studies have reported on long-term flux observations at

several sites in the Amazonian rainforest (Malhi et al., 1998,

2002; Araujo et al., 2002; Saleska et al., 2003; Chambers et al.,

2004; Goulden et al., 2004; Kruijt et al., 2004; Miller et al., 2004;

da Rocha et al., 2004). Few studies, however, have estimated

net ecosystem exchange (NEE) from tower observations in

Southeast Asian tropical rainforest. Eddy covariance CO2/H2O

gas exchangedata covering up to 1 year has been reported only

at two sites: Lambir on Borneo in Malaysia (Kumagai et al.,

2004a,b,c, 2005, 2006) and Pasoh in Peninsular Malaysia (the

site of the present study; Yasuda et al., 2003; Takanashi et al.,

2005). Further data sets and analyses, especially with regard to

long-term CO2 flux, are clearly warranted to describe and

explain gas exchange in tropical rainforests.

Eddy covariance measurements coupled with microme-

teorological data allow a detailed analysis of the factors

controlling gas exchanges. However, net ecosystem CO2

exchange measurements are unreliable when turbulence is

weak, for example, as at night (Goulden et al., 1996; Lavigne

et al., 1997; Law et al., 1999; Baldocchi and Bowling, 2003).

Uncertainties in the nighttime flux and thus in the annual

carbon budget might be especially severe for tropical forests

with large sinks and sources year-round and frequent calm

atmospheric conditions. Measurements derived using the

chamber method can describe nocturnal CO2 exchange by

using techniques to extrapolate the measurements to entire

ecosystems (Anthoni et al., 1999). It is, however, very difficult

to evaluate variations at larger temporal and spatial scales

with enough accuracy to permit a comparison with data from

spatially integrated eddy covariance techniques (Drewitt et al.,

2002). Nevertheless, a comparison of ecosystem respiration

using data from both methods will yield insights into

uncertainties in nighttime flux measurements and the

computed annual carbon budget in tropical rainforests

(Chambers et al., 2004) and at other sites with other vegetation

types (Goulden et al., 1996; Lavigne et al., 1997; Law et al., 1999,

2001; Bolstad et al., 2004; Ohkubo et al., 2007).

Major environmental differences exist between Amazo-

nian and Southeast Asian rainforests with respect to factors

determining the nature and magnitude of diurnal, seasonal

and annual CO2 exchanges. For example, the patterns of

rainfall are different. Most sites in the Amazon rainforests

have distinct dry and wet seasons during the year and the

affect of drought stress on CO2 exchange and the carbon

budget is an important issue in this region (e.g. Asner et al.,

2004). In contrast, Southeast Asian rainforests such as Lambir

and Pasoh do not experience distinct dry and wet seasons

during the year although dry and wet periods do exist as part

of the seasonal fluctuation with considerable variability

between years (Tani et al., 2003; Kumagai et al., 2005). Goulden

et al. (2004) described results from their 1-year eddy

covariance data set at Tapajós and showed that NEE decreased

during the dry season because soil respiration decreased. They

also showed no obvious influence of drought stress on

daytime net canopy photosynthesis, probably because of

deep rooting systems. It is unknown if these results are equally

valid for Southeast Asian rainforests. Further study is

warranted to investigate issues related to CO2 exchange in

tropical rainforests, especially for inter comparisons of the

nature, magnitude and controls of diurnal, seasonal and

annual CO2 exchanges over Amazon and Southeast Asian

rainforests.

This paper considers 3 years of eddy covariance CO2 flux

data coupled with occasional measurements of soil respira-

tion derived using the chamber method at a primary tropical

rainforest in the Pasoh Forest Reserve on Peninsular Malaysia,

Southeast Asia. This paper will assess the uncertainty of

nighttime fluxes and the annual carbon budget at this site by

comparingnighttimeCO2 flux at the canopy, net CO2 exchange

of the forest including the CO2 storage term and chamber

measurements of soil respiration. The paper will describe the

nature and magnitude of diurnal, seasonal and annual CO2

exchanges and analyze factors, including drought stress, that

determine the exchanges.

2. Methods

2.1. Site

Observationswere conducted in the PasohForestReserveof the

ForestResearch InstituteMalaysia (FRIM), locatednearSimpang

Pertang in Negeri Sembilan, on Peninsular Malaysia (28580N,

1028180E, 75–150 m a.s.l.). The core area (600 ha) of the reserve

(2450 ha) is covered with primary lowland mixed dipterocarp

forest (tropical evergreen broad-leaved forest) that includes

various species of Shorea and Dipterocarpus. The continuous

canopy height is approximately 35m, but some emergent trees

exceed 45m. Empirical equations obtained for the Pasoh Forest

Reserve by Kato et al. (1978) yielded leaf area index (LAI)

estimates of 6.52 from tree diameter observations (Niiyama,

unpublished data). The core area is buffered by a secondary

forest (650 ha) and primary hill dipterocarp forest (1000 ha)

(Soepadmo, 1978; Manokaran and Kochummern, 1992). Yama-

shita et al. (2003) described the soil characteristics of the area in

detail. Soil type around the tower is Haplic Acrisol according to

FAO classifications. The A horizon is thin (0–5 cm). Lateritic

gravels are abundant below30 cm (Soepadmo, 1978; Yamashita

et al., 2003). The core area of the forest reserve includes plot 1, a

2-ha plot used extensively to study primary productivity of the

tropical rainforest by the International Biological Programme

(IBP) (Katoetal., 1978). Biometricobservationshavebeencarried

out continuouslyalso ina6-haplot that extendsplot 1, anda50-

haplot (e.g.,Niiyamaetal., 2003;Hoshizaki etal., 2004). Thearea

has gently undulating topography. The flux observation tower

sits in the 6-ha plot.
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Mean annual rainfall is 1804 mm (1983–1997; Tani et al.,

2003), a total less than in other regions of Peninsular Malaysia

(Noguchi et al., 2003). In comparison, the Lambir site on Borneo

has an annual rainfall of 2734 mm (1968–2001) (Kumagai et al.,

2005). Rainfall totals show peaks fromMarch to May and from

October to December (Fig. 1a). Rainfall is also characterized by

its short duration (mean = 3.8 h) and relatively high intensity

(mean storm intensity = 7.8 mm h�1) (Noguchi et al., 2003). A

distinct diurnal cycle exists in rainfall (Fig. 1b).

2.2. Observations

Meteorological variables monitored at a height of 52 m on the

tower included downward and upward shortwave radiation

(measured using MR22, Eko, Japan), longwave radiation (PIR,

Eppley, USA), air temperature, humidity (HMP45A, HMP45C,

Vaisala, Finland), wind velocity (AC750, Makino, Japan) and

rainfall. Soil water content at depths of 0.1, 0.2 and 0.3 m

(CS515, Campbell Scientific, USA), soil heat flux (HFP01,

Hukseflux Thermal Sensors B.V., Netherlands) and soil

temperature (thermocouple model 107, Campbell Scientific)

at a depth of 0.02 mweremonitored at three points around the

tower. Rainfall was measured by tipping bucket rain gauges

(Ota Keiki 34-T, Japan) at the top of the 52-m tower and at an

observatory located 430 m away from the tower. These data

were compared with the storage rain measured at the

observatory and corrected. The Vaisala sensor was calibrated

periodically using an Assmann psychrometer (SY-3D, Yoshino

Keiki, Japan). In addition, vertical profiles of CO2 concentra-

tion, air temperature and humidity were also derived from

measurements at several heights on the same tower to assess

fluxes of sensible and latent heat and CO2 storage (Sc,

mmol m�2 s�1). Air samples for CO2 measurement were drawn

continuously at a flow rate of 2000 ml min�1 through a 4-mm

internal diameter polyethylene tube at each inlet from ten

levels (0.2, 0.5, 1, 2, 5, 10, 20, 30, 45, and 53 m) by an IRGA (LI-

7000, Li-Cor, Inc., USA). The IRGA was located in an

observation house on the forest floor. The profile system

sampled cycling through the entire profile every 5 min. At each

height, sufficient time was allowed to flush the tubing of

residual air before sampling with the IRGA. The IRGA was

automatically calibrated daily using zero concentration gas

(N2). The CO2 profile was measured intermittently from

September 2004 to November 2005. The profile data available

for calculating the storage termswere limited by an occasional

system breakdown or trouble with any of the sensors, mainly

caused by lightning.

Fluxes of sensible heat, water vapor and carbon dioxide

were measured at a height of 54 m on the observation tower.

Wind velocity and temperature were observed with a three-

axis sonic anemometer (SAT-550, Kaijo, Japan).We tested that

this sonic anemometer showed an enough accuracy compar-

ing in situ with a higher-class instrument (DAT660, Kaijyo,

Japan). Carbon dioxide concentration was monitored with an

openpathCO2/H2O analyzer (LI-7500, Li-Cor, Inc., USA). The LI-

7500wasmounted at an angle so thatwater drops could not sit

on the sensor lens, and the radiation effect would be

minimized. No smearing was used for the sensor lens. Data

were sampled at 10 Hz and sent to a data logger (CR-5000,

Campbell Scientific). A solar power system drove the flux and

meteorological observation system. However, the profile

measurement of CO2 concentration was operated with a

commercial power supply that was installed at this site in

December 2003. Raw data recorded to the memory card were

transferred every 10 days to the laboratory. Fluxes of

momentum, heat (H, W m�2), H2O (lE, W m�2) and CO2 (Fc,

mmol m�2 s�1) were calculated with an averaging time of

30 min. Themanufacturer’s recommended correction for time

lag in the LI-7500 was included in the open-path system. A

three-dimensional coordinate rotation for the vertical wind

velocity normal to the mean wind direction (double rotation;

McMillen, 1988) was applied assuming a zero mean vertical

wind. Spike and range over data were interpolated and

counted. If the number of spikes or out-of-range data

exceeded 1% of the total number of data points for each

element, then the 30-min flux data samples were considered

to be invalid. A Webb, Pearman and Leuning (WPL) correction

for the effect of air density fluctuations (Webb et al., 1980) was

applied. Linear trends in temperature, water vapor and CO2

concentration were not removed. Linear detrending might

cause underestimates of low-frequency flux, which is sup-

posed to be large for tall tropical forests with lowwind speeds,

low turbulent intensity and thus large eddies that can

transport flux. The influence of linear detrending can also

be assessed by considering the annual integration of CO2

exchange. The comparison of averaging time of 1 h and 30-

min showed that the contribution of larger scale component

was approximately 2.0% (n = 12,094, median, 1-h Fc data were

Fig. 1 – (a) Monthly rainfall at the site in 2003, 2004, 2005 and the average value between 1983 and 1997, and (b) diurnal

pattern of rainfall at the site in 2003, 2004, and 2005.
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comparedwith the average of 30-min Fc for an hour, data from

2002 to 2005). We did not install the closed path system at this

site for the comparison with open path system, mainly

because of the difficulty of introducing the closed path system

at this site, although we intensively compared these two

methods in our other domestic sites (Kosugi et al., 2005, 2007a).

Fluxes have been observed since September 2002 and this

paper considers approximately 3 years of data through

December 2005. In 2004 and 2005, severe instrument damage

due to lightning strikes occurred, and all flux data were

missing from5 June to 20November 2004 and from24March to

7 May 2005. Thresholds were set for CO2 flux (�50 < Fc < 50,

mmol m�2 s�1), sensible head flux (�400 < H < 1000, W m�2)

and latent head flux (�400 < lE < 1000,Wm�2). Data coverage

for CO2 flux was 22.4% (2002), 84.3% (2003), 48.7% (2004) and

76.4% (2005).

Soil respiration rates observed using the chamber method

were applied to estimate the annual amount and seasonal

trend of soil respiration with a scale that was comparable to

eddy covariance measurements. A 50-m � 50-m plot was

established north of the towerwithin the 6-ha plot established

for long-term ecological research (Fig. 2). Within this plot,

measurements were made at 36 points on a 10-m grid. Fine

surface litter was included in the chamber. Measurements

were conducted nine times including dry, transient and wet

periods from September 2002 to October 2005. Soil respiration

rate was measured using an infrared gas analyzer (LI-6262 or

LI-820, Li-Cor, Inc., USA) equipped with a closed dynamic

chamber made of PVC. Details of the soil respiration

measurement and its spatial and temporal distribution were

reported by Kosugi et al. (2007b).

2.3. Gap filling policy

The net CO2 exchange of the forest (NEE) can be assessed by

adding the CO2 storage flux to Fc measured at the top of

canopy. One of the most common gap filling method which is

widely used is perhaps to fill the daytime gap with monthly

light-curve and to fill the nighttime gap with temperature

dependence curve with u* filter, after adding the CO2 storage

flux to Fc. Although, periods of CO2 storage fluxdata are limited

compared to Fc data, mainly because of power supply

limitation, though CO2 storage flux contributed greatly to

NEE in this forest (Yasuda et al., 2003). Besides, daytime CO2

absorption in our site has severe decline in the afternoon (see

Figs. 7 and 10) and light curve interpolationwill induce serious

errors. Nighttime CO2 emission in our site did not depend on

temperature but rather depended on soil water content (see

Fig. 6). So we avoided this most common gap filling method,

which would induce a serious bias in our data and also make

our analysis on CO2 exchange meaningless.

The Fc shown in Fig. 3, Fc, Sc and NEE in Fig. 5, Fc and NEE in

Fig. 6, and NEE shown with black dots in Fig. 7 are completely

composed of observed data. The interpolation of missing data

was done in the following two datasets in our study.

(1) Monthly averaged diurnal course (Figs. 9 and 10 use this

data);

(2) cumulative NEE and annual estimation (Figs. 7 and 8 and

Table 1 deal on this data).

In the case of (1), we averaged every available 30-min data

for eachmonth. So the gaps were filled with the average value

of all available 30-min data at each time in a day for each

month. For the preparation of monthly averaged diurnal

course of NEE for each month (Fig. 9), we used the monthly

averaged diurnal course of Fc and added the average diurnal

course of storage flux using all available storage data. Our

artifice is based on the result of storage flux, which revealed if

we averaged the storage data for a month, diurnal change of

storage flux became almost same as the average diurnal

change using all available storage data. The monthly average

diurnal course of Fc and NEE (adding whole-period average

diurnal course of Sc to monthly average diurnal course of Fc)

will be thus marginally competent for the monthly scale

analyses of factors determining the nature and magnitude of

diurnal, seasonal and annual CO2 exchanges. No correction of

nighttime data was done in this dataset.

In the case of (2), we tested the pure average and average

diurnal course to fill the daytime and nighttime gap to

evaluate line (2) in Fig. 8, and confirmed that the difference

between these two gap-filling methods was quite small (27, 44

and 6 gCm�2 yr�1 for the year of 2003, 2004 and 2005). So we

just showed the data that was filled the gaps with the pure

average of each dataset. For the treatment of Sc and correction

of nighttime data, we discussed on the several methods in

Section 3.

3. Results and discussion

3.1. Meteorology and raw Fc

Fig. 3 shows daily solar radiation, mean and maximum air

temperature, daytime average and maximum vapor pressure

deficit, daily rainfall, volumetric soil water content (the

Fig. 2 – Map of the tower site, soil respiration plot and two

biometric observation plots (plot 1 of the IBP, Kato et al.,

1978; 6 ha-plot, Niiyama et al., 2003). The triangle is a

tower-bridge system including a flux-measurement tower

(white dot) and other two towers (black dots). The contour

interval is 1 m.
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average value from nine total sensors at 0.1, 0.2 and 0.3 m

depth) and canopy CO2 flux from September 2002 to December

2005. Themean and standard deviation of daily solar radiation

(17.3 � 4.1 MJ m�2 day�1), daily mean air temperature (26.3 �

1.2 8C), daily maximum air temperature (31.0 � 1.8 8C), day-

time mean vapor pressure deficit (9.9 � 3.7 hPa) and daytime

maximum vapor pressure deficit (18.1 � 5.6 hPa) at 52 m for

the entire period show that these environmental variables

Fig. 3 – Daily solar radiation, mean and maximum air temperature, daytime average and maximum vapor pressure deficit,

daily rainfall, volumetric soil water content as the average from observations at 0.1, 0.2 and 0.3 m taken with nine sensors,

and canopy CO2 flux measured between September 2002 and December 2005.
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experience small seasonal fluctuations compared to other

types of forests (e.g. Fig. 2 of Kosugi et al., 2005). Relatively cool

air temperatures and low vapor pressure deficits in January–

February andOctober–December coincidewithwet and cloudy

periods. Annual rainfall in 2003 (1896 mm), 2004 (1655 mm)

and 2005 (1649 mm) exceeded the 4-year average (1571 mm)

from 1996 to 1999 that includes the El Niño event from 1997 to

early 1998 (Tani et al., 2003), but was similar to totals in a

normal year (see Fig. 1). Soil water content showed fluctuation

between seasons. The driest period was in February 2005.

Values of 30-min raw Fc data showed no clear seasonal

changes corresponding to soil moisture and air temperature

conditions (Fig. 3).

Diurnal and seasonal variations in soil temperature were

very small and within 24.9 � 0.5 8C (mean � standard devia-

tion). In contrast, seasonal variation in the soil water content

fluctuated considerably between wet and dry periods (Fig. 3).

3.2. Comparison of canopy eddy covariance CO2 flux,
NEE and soil respiration

The influence of soil temperature and water content on soil

respiration rate, and its spatio-temporal variation, were

evaluated at this site by a companion paper (Kosugi et al.,

2007b). Soil respiration rate, temperature and water content

were measured in a 50-m � 50-m plot with a nested sampling

design of varying grid size. Spatially, the soil respiration rate

was low where soil water content was high. In contrast,

temporally, the soil respiration ratewas lowwhen the soil was

dry. During dry periods, the soil respiration rate was still lower

in wetter areas. These results alerted us that we should not

mix up the influences of soil water content on seasonal and

spatial variation of soil respiration rate. Temporal variation in

spatially averaged soil respiration rate over 36 points in the 50-

m � 50-m plot was positively correlated with the soil water

content computed as the average of the 0.1, 0.2 and 0.3 m

depth measurements taken continuously at three points near

the flux observation tower (R = 0.71, p < 0.001, n = 9, Kosugi

et al., 2007b).

Various relationships between soil respiration rate and soil

water content have been reported, including linear (Morén and

Lindroth, 2000; Rey et al., 2002; Savage and Davidson, 2003;

Scott-Denton et al., 2003; Hashimoto et al., 2004), quadratic (Qi

and Xu, 2001; Kang et al., 2003; Sotta et al., 2004) and

logarithmic (Irvine and Law, 2002). In tropical regions,

Schwendenmann et al. (2003) reported the parabolic relation-

ship between soil water content and seasonal variation of soil

respiration rate in an old-growth neotropical rainforest in

Costa Rica. Sotta et al. (2004, 2006) also reported the parabolic

relationship in an old-growth eastern Amazonian rainforest,

although they combined the seasonal and spatial variation of

soil respiration rate in one dataset. On the other hand,

Davidson et al. (2000) reported the temporal positive relation-

ship between soil water content and respiration rate at a

primary forest in eastern Amazonia. Our result in a Southeast

Asian primary rainforest also showed a positive linear

relationship. Further investigation of spatio-temporal varia-

tion of soil respiration is needed to determine the precise

relationship, but the linear relationship was assumed for this

study, aswe didnot detect the decline of soil respiration rate at

the wettest periods in our site (Kosugi et al., 2007b). We also

tested the average of nine observations as another reference

for estimation of annual value of soil respiration. We did not

use the relationship between temporal variation of soil

respiration and temperature in our study, because seasonal

variation in daily average soil temperature was low and no

significant relationship was detected with soil respiration,

although it should be noted that temperature sometimes

strongly correlated with soil water content as Davidson et al.

(1998) showed.

The annual amount of soil respiration estimated using the

average soil water content of the continuousmeasurements at

0.1, 0.2 and 0.3mnear the flux observation towerwas 15.9, 15.7

and 15.3 tC ha�1 yr�1 for 2003, 2004 and 2005, respectively

(values shown as a black line in Fig. 4), which was equivalent

with 4.1 mmol m�2 s�1 for 3-year average. As nine observation

campaigns are not enough to parameterize the model for

annual estimation, another estimation using the pure average

of nine observations (3.8 � 0.4 mmol m�2 s�1, mean � S.E.) was

showed as a gray line in Fig. 4, which is corresponded to be

14.5 � 1.5 tC ha�1 yr�1. For the comparison, Raich and Schle-

singer (1992) reported the average annual soil respiration rates

(12.6 � 0.6 tC ha�1 yr�1, mean � S.E.) in tropical and subtropi-

cal moist forests. In Amazonian tropical forests, Keller et al.

(2005) reported the annual averaged values for Oxisol (3.6 �
0.4 mmol m�2 s�1, mean � S.E.) and Ultisol (4.9 � 1.1 mmol

m�2 s�1, mean � S.E.). Davidson et al. (2004) reported the

mean annual values of 10.0 � 0.9 tC ha�1 yr�1 (mean � S.E.)

based on 14 sampling dates during 3 years. Chambers et al.

(2004) reported the average value of 3.2 mmol m�2 s�1.While in

the Southeast Asian tropical regions, the average soil respira-

tion rate at 50 points at the same site of this study observed in

March 2000 by Adachi et al. (2005) was equivalent to the soil

respiration rate of 4.9 � 2.1 mmol m�2 s�1 (mean � S.D.).

Ishizuka et al. (2005a,b) reported 3.5 � 1.3 mmol m�2 s�1

as the value of 80 points for a tropical rainforest, 3.7 �
0.5 mmol m�2 s�1 for the average of nine forest sites,

3.5 � 0.8 mmol m�2 s�1 for the average of 27 sites with various

land-use, in Indonesia (mean � S.D.). Our results and annual

estimation is close to these values.

Eddy covariance estimates of nocturnal CO2 emission at

this site showed an obvious underestimate for small friction

velocities (u*). The site in the present study is characterized by

a small u* (mean = 0.18) at night. During the night, CO2 flux

measured using the eddy covariance method increased as the

friction velocity increased, suggesting an underestimate of

Table 1 – Annual amount of net ecosystem exchange
(NEE), total ecosystem respiration (RE), soil respiration
(REsoil) and gross ecosystem production (GPP) for 2003,
2004 and 2005, estimated with the assumption that
nighttime soil respiration was 50% of total ecosystem
respiration [line (5) in Fig. 8]

Year NEE
(gC m�2 yr�1)

RE (REsoil)
(gC m�2 yr�1)

GPP
(gC m�2 yr�1)

2003 �79 3176 (1588) 3255

2004 �147 3130 (1565) 3277

2005 �146 3052 (1526) 3198

3-year average �124 3119 (1560) 3243
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ecosystem respiration under conditions of poormixing (Fig. 5).

The average and standard error of nighttime Fc were 3.6 �
0.1 mmol m�2 s�1 when u* � 0.2. The average value decreased

to 2.5 � 0.1 mmol m�2 s�1 without u* filter for all available 30-

min flux data from January 2003 to December 2005 (n = 15,050).

Sc (n = 2178) decreased as u* increased, so the underestimate at

low friction velocities of actual nighttime CO2 exchange

denoted asNEEwasmoderated. The average value of observed

NEE (n = 2067) was 4.7 � 0.2 mmol m�2 s�1 when u* � 0.2, and

4.6 � 0.1 mmol m�2 s�1 without u* filter. Considerable fluctua-

tions of NEE at high u* might be due to insufficient data for the

instantaneous NEE as the sum of Fc and Sc.

Fc and NEE when u* � 0.2 showed a similar dependence as

the soil respiration rate with volumetric soil water content at

depths of 0.1, 0.2 and 0.3 m (Fig. 6). The linear and positive

relationship between soil respiration and volumetric soil

water content at depths of 0.1, 0.2 and 0.3 m (Kosugi et al.,

2007b) is shown as a gray bold line in Fig. 6. It can be said that

soil respiration rate determined using the chamber method

almost corresponded to the observed Fc or NEE. This means

the nocturnal CO2 flux measured with the eddy covariance

method over the canopy corresponded only with the compo-

nent of soil respiration estimatedwith the chambermethod in

this study, even at a moderate friction velocity (u* > 0.2) and

considering storage component.

While, total ecosystem respiration includes respirations

from stem, foliage and coarse surface litter components other

than soil respiration (root respiration, fine surface litter

and soil organic matter decomposition) and will likely be

much greater than soil respiration. Chambers et al. (2004)

reported that soil respiration in a Central Amazon forest was

41% (12.1 tC ha�1 yr�1) of the total ecosystem respiration

(29.5 tC ha�1 yr�1). Goulden et al. (1996) reported that the soil

respiration for a cool–temperate deciduous forest was 67% of

the total ecosystem respiration during the summer. Ohkubo

et al. (2007) reported a soil respiration of 7.1 tC ha�1 yr�1 for a

temperate evergreen Japanese cypress forest, which was 49%

of the ecosystem respiration. The comparison with the eddy

covariance nocturnal Fc or NEE at a moderate friction velocity

(u* > 0.2) and the chamber measurements of soil respiration

rate strongly suggests a severe underestimate for nocturnal

ecosystem respiration when the eddy covariance method is

used even for moderate friction velocities, even considering

the differences may exist in the scales between the chamber

measurements (50 m � 50 m) and the eddy covariance mea-

surements. The situation may be site-dependent. For exam-

ple, recent work on a temperate evergreen coniferous forest

(Ohkubo et al., 2007) showed agreement between both

methods when the friction velocity was large. Few studies

have compared estimates of ecosystem respiration using data

from the chamber method and the eddy covariance method.

Further investigation is warranted and checking results with

data from the chamber method is essential.

Fig. 5 – Nighttime Fc (n = 15,540), Sc (n = 2178) and NEE

(n = 2067) vs. friction velocity. Data were classified into ten

u* groups; average values with a standard error for each

class are shown by dots and error bars. Frequencies are

shown as bar graphs at the top of the diagram. Black bar:

number of Fc data. White bar: number of Sc data. Gray bar:

number of NEE data. Black dot: average value of Fc at each

u* class. White dot: average value of Sc at each u* class.

Gray dot: average value of NEE at each u* class.

Fig. 4 – Seasonal variations in observed (dot) and simulated (black line) soil respiration rate. Observed soil respiration rate

shown in this figure was the spatially averaged value of 36 points. Bars represent the S.D. (n = 36). The linear relationship

between soil water content (u, m3 mS3) as the average from observations at 0.1, 0.2 and 0.3 m taken with nine sensors and

the spatially averaged value of soil respiration rate (Rsoil, mmol mS2 sS1) (Rsoil = 14.442 u + 0.2253) was used to calculate the

simulated values. Pure average of soil respiration at nine observations were shown with gray line.
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3.3. Annual carbon budget

Fig. 7 shows the average diurnal changes in Fc, Sc, NEE without

u* filter and soil respiration rate using all available data from

January 2003 to December 2005. Comparison between

observed diurnal changes in NEE (black dots in Fig. 7) as the

sum of available observed data for Fc and Sc (n = 2067) and

estimated diurnal changes in NEE using the average diurnal

changes in Fc and Sc (line 3 in Fig. 7) allowed an interpolation of

missing Sc data using average diurnal changes in Sc for the

analysis of 3-year averageddiurnal change inNEE. Fig. 7 shows

thatNEE consisted primarily of Sc in themorning, and thatNEE

was about the same as Fc in the afternoon. NEE showed a

distinct minimum in absorption in the afternoon compared to

the morning. At night, NEE matched the soil respiration rate.

This average diurnal change in Fc without any corrections

yielded anNEE of�2.26 gC m�2 day�1 (�8.5 tC ha�1 yr�1) as the

average value from January 2003 to December 2005, if the

average daily sum of Sc was assumed to be nearly zero. Yearly

values were�8.2,�9.5 and�8.4 tC ha�1 yr�1 for 2003, 2004 and

2005, respectively. Note that larger values for 2004 might be

related to the large amount of missing data that followed the

lightning strikes. A short-term observation of CO2 exchange

using the closed-path eddy covariancemethodwas performed

at this site in March 1998 (Yasuda et al., 2003). This study,

whichwas conducted in a dry season, reported CO2 absorption

of approximately �2.24 to �2.58 gC m�2 day�1 in this forest.

Values at this site were smaller than the values of NEE repor-

ted at Amazonian forests (�0.60 gC m�2 day�1, Fan et al., 1990;

�0.95 gC m�2 day�1, Grace et al., 1996; �1.5 gC m�2 day�1,

Goulden et al., 2004), and especially comparing with large

carbon loss reported at two old-growthAmazonian forest after

natural disturbance (3-year average NEE:1.3 tC ha�1 yr�1,

Saleska et al., 2003).

Fig. 8 shows the sensitivity of the annual carbon balance to

detrending, and different correction methods for nighttime

flux. Periods with missing data were filled in this figure with

values interpolated with pure average of each dataset. The

linear detrending caused the NEE to decrease by

�0.4 tC ha�1 yr�1 for 3-year average [compare lines (1) and

(2) in Fig. 8]. The u* filtering used two methods. One method

replaced all nighttime Fc data when u* < 0.2 with the value

derived from the relationship between Fc when u* � 0.2 and

volumetric the soil water content shown by the black bold line

in Fig. 6. With this correction, data at the scale of more than a

day can be considered to represent NEE, assuming daily total

Sc should be nearly zero. In the other method, all nighttime

NEE at the 30-min scale was interpolated with the value

derived from the relationship between NEE when u* � 0.2 and

the volumetric soil water content shown by the thin black line

in Fig. 6, and daytime NEE was calculated adding the average

Fig. 7 – Average diurnal changes in Fc (narrow black line), Sc

(narrow gray line), NEE (bold black line and black dot) and

soil respiration rate (bold gray line) using all available data

from January 2003 to December 2005. The correction with

u* filter did not apply to this dataset.

Fig. 6 – Relationship between the volumetric soil water

content at the depth between 0.1 and 0.3 m and Fc (black

dot) or NEE (white dot) when u* I 0.2. Lines denote the

linear regressions. Bold gray line indicates the linear

regression for soil respiration with chamber observations

(Kosugi et al., 2007b) as a reference. Data were classified

into every 0.02 of volumetric soil water content. Average

values with a standard deviation for each class are shown

by dots and error bars in the figure. Frequencies are

shown as bar graphs at the top of the diagram (black bar:

Fc, white bar: NEE).
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diurnal course of Sc to Fc.With this correction, data at the scale

of more than monthly can be considered to represent NEE,

assuming monthly average diurnal change of Sc should be

similar to the 3-year-average diurnal change of Sc. It should be

noted that both treatments still showed considerable absorp-

tion, with values between �5.8 and �8.0 tC ha�1 yr�1, with all

that the relationships between raw Fc or NEE and volumetric

soil water content shown with lines in Fig. 6 were not

statistically significant because raw Fc and NEE data were

usually highly scattered, and the uncertainty in estimating

ecosystem respiration with OLS optimization (Richardson and

Hollinger, 2005).

We also tested to replace all nighttime eddy covariance

data to the estimated ecosystem respiration based on the

chamber estimate of annual soil respiration of 15.9, 15.7 and

15.3 tC ha�1 yr�1 for 2003, 2004 and 2005, respectively, assum-

ing that soil respiration comprised 50, 40 or 60% of the

ecosystem respiration [lines (5), (6) and (7) in Fig. 8, respec-

tively]. Results showaverageNEE values for 3 years of�1.2, 2.7,

and �3.9 tC ha�1 yr�1 for the 50, 40 and 60% treatments,

respectively.

There have been few reports in the literatures for the

bottom up estimation of ecosystem respiration, though the

ratio of soil to total ecosystem respiration ranges between 41%

for a Central Amazon forest (Chambers et al., 2004) to 67% a

cool–temperate deciduous forest (estimation for during

summer, Goulden et al., 1996). Ohkubo et al. (2007) reported

49% for a temperate evergreen Japanese cypress forest. It is

supposed that the respiration component other than soil

almost matched soil respiration. From this, a more reliable

value for the carbon budget probably lays somewhere between

lines (5)–(7), rather than that of lines (1)–(4). Thus estimation of

the components (other than soil) of ecosystem respiration is

quite important for the carbon budget at this site and we need

much more information. Table 1 shows a reference annual

amount of net ecosystem exchange (NEE), total ecosystem

respiration (RE), soil respiration (REsoil) and gross ecosystem

production (GPP) for 2003, 2004 and 2005, if we assume that

nighttime soil respiration was 50% of the total ecosystem

respiration [line (5) in Fig. 8]. With this assumption, annual

NEE for 2003, 2004 and 2005was estimated to be�0.8,�1.5 and

�1.5 tC ha�1 yr�1, respectively. The 3-year average value

was �1.2 tC ha�1 yr�1. This value would be �2.2 tC ha�1 yr�1,

if we used the estimation of annual soil respiration of

14.5 tC ha�1 yr�1and 50% treatment.

Biometric investigations at this site revealed a decrease

(�3.4 tC ha�1 yr�1, 1994–1998) of total aboveground biomass

(TAGB) (Kato et al., 1978; Hoshizaki et al., 2004). Considerable

tree death (6.2 tC ha�1 yr�1, 1994–1998) was also reported by

Hoshizaki et al. (2004). Similar large disturbance proceeded the

Fig. 8 – Cumulative NEE for each year from January 2003 to December 2005 at Pasoh. (1) Open-path Fc with linear detrending.

(2) Open-path Fc without linear detrending. (3) Open-path Fc without linear detrending, with nighttime correction with u*

filter, replacing all nighttime (solar radiation <2.0W sS1) Fc data when u* < 0.2 using the value derived from the relationship

between Fc when u* I 0.2 and the volumetric soil water content shown by the black bold line in Fig. 6. (4) NEE with nighttime

correction, replacing all nighttime data to the value derived from the relationship between NEE when u* I 0.2 and the

volumetric soil water content shown by the black narrow line in Fig. 6, and adding average diurnal course of Sc to daytime

Fc without linear detrending. (5)–(7) NEE with nighttime correction, replacing all nighttime data to the estimated ecosystem

respiration based on chamber estimations of annual soil respiration subject to the assumption that soil respiration is (5)

50%, (6) 40% or (7) 60% of the ecosystem respiration, and adding average diurnal course of Sc to daytime Fc without linear

detrending. In this figure, missing data were interpolated by pure average of each dataset. Shadows in the figure indicate

missing data periods longer than 10 days.
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initiation of the eddy flux observation in 2000s was also

reported in Amazonian forests (Rice et al., 2004) and might be

triggered by the El Niño events in 1990s as Rice et al. (2004)

pointed out. Saleska et al. (2003) reported the carbon emission

(NEE:1.3 tC ha�1 yr�1 for 3-year average) after disturbance at

two Amazonian forests. It is also supposed that some parts of

the coarse woody debris (CED) were considered to remain

undecayed. Chambers et al. (2000) investigated the decom-

position rate of dead trees in Amazonian forest and reported

the mean residence time of coarse litter to be 5.9 years. The

decrease of TAGB at this site was mitigated in more recent

survey to be nearly balanced (Niiyama et al., unpublished

data). If oscillations of NEE, growth and decay rates are

considered, NEE values of �1.2, 2.7, and �3.9 tC ha�1 yr�1 for

the 50, 40 and 60% treatments shownwith lines (5)–(7) in Fig. 8

are also supposed to bemore probable than raw Fc data or even

with the u* filtering shownwith lines (1)–(4) in Fig. 8, despite of

many uncertainties in the estimation of nighttime ecosystem

respiration based on soil respiration with chamber method,

such as possible errors in soil respiration rate measured with

closed dynamic chamber method (e.g., Davidson et al., 2002;

Bain et al., 2005), uncertainties in the spatial and temporal

variations in the annual estimation, and scaling factor from

soil to total ecosystem respiration. As Miller et al. (2004)

pointed out, uncertainty in estimates of nighttime flux by the

eddy covariancemethodmakes the annual carbon budget less

Fig. 9 – Monthly average diurnal changes in 30-min Fc and NEE. The average diurnal change in Sc for the whole period was

added to the monthly average diurnal change in Fc to calculate the monthly average diurnal course of NEE. Black dots:

monthly average diurnal change in Fc. Gray bar: monthly average diurnal change in NEE. Bold black line: 3-year average

diurnal change in Fc. Narrow black line: 3-year average diurnal change in NEE.

a g r i c u l t u r a l a n d f o r e s t m e t e o r o l o g y 1 4 8 ( 2 0 0 8 ) 4 3 9 – 4 5 2448

8686



certain for tropical than temperate forests because of the large

nighttime ecosystem respiration. Nevertheless, this analysis

strongly suggests that the Southeast Asian tropical rainforest

was not a strong carbon sink, as raw Fc data, even with the u*
filtering, suggested.

3.4. Diel and seasonal change patterns of CO2 exchange

Fig. 9 shows the monthly average diurnal changes in 30-min

CO2 flux and NEE. Themonthly average diurnal change in NEE

was calculated by adding whole-period average diurnal

changes in Sc to monthly average diurnal changes in Fc. No

obvious changes in CO2 fluxes were observed under the

relatively cool and wet conditions during October–December.

Nighttimefluxwas slightly smaller under the driest conditions

of February 2005, but no obvious changes in daytime CO2

absorption were observed in that month. Daytime CO2

absorption was larger in the morning than in the afternoon

for every month.

Fig. 10 shows the relationship between CO2 exchange and

solar radiation or VPD. Monthly averaged diurnal changes in

NEE as shown in Fig. 9 were used in this analysis. Non-

rectangular hyperbola light curves were fitted to the morning

and afternoon data and the interceptions were 10.1 and

2.8 mmol m�2 s�1, respectively. NEE at a given irradiance was

larger in the morning than afternoon throughout the year,

indicating the photosynthetic inhibition of canopy leaves in

the afternoon, irrespective of soil moisture. The interception

of light curve for morning data suggests a quite large

ecosystem respiration at this site. NEE at high irradiance

decreased as VPD decreased. Nevertheless, NEE at a given VPD

was lower in the afternoon than in the morning. No obvious

difference was observed in this diurnal pattern of NEE even in

February 2005, the driest period during the study. Photosyn-

thetic inhibition in the afternoon was probably caused by

leaves responding not only to single environmental factors

such as VPD or soil moisture, but perhaps also to an intrinsic

rhythm, or some restrictions in the water supply that might

occur in tall canopy trees in the tropical rainforest, irrespective

of soil moisture conditions. Doughty et al. (2006) reported that

circadian rhythms constrain leaf gas exchange of many tree

species grown in Amazonian forest. Evidence exists that patch

stomatal closure caused the severe photosynthetic inhibition

in the afternoon for the canopy leaves in this forest (Takanashi

et al., 2006).

Thediurnal and seasonal pattern andamplitude in daytime

CO2 exchange were similar to those reported for the Amazon

tropical rainforests (Grace et al., 1996; Araujo et al., 2002;

Saleska et al., 2003; Goulden et al., 2004) despite differences in

rain patterns. Goulden et al. (2004) and Saleska et al. (2003)

investigated seasonal fluctuations in CO2 exchange for

Amazon tropical rainforests and showed that a reduction in

respiration caused the increase in CO2 sequestration by the

forest during the dry season and that canopy photosynthesis

was not significantly reduced even during the dry season.

Results in this study were similar, but the difference in the

pattern for dry and rainy seasons caused the difference in the

pattern of cumulative NEE between our result (Fig. 8) and

[Saleska et al. (2003), Fig. 3] or [Miller et al. (2004), Fig. 4)], which

showed distinctly higher CO2 sequestration in the dry season

than in the rainy season. The present study also indicates an

increase in soil respiration, Fc and NEE during wet periods and

thus a decrease in CO2 sequestration. Fig. 8 shows that NEE

had larger values in November and December, the period that

the soil water contentwas higher and thus soil respirationwas

larger than in other months. However, in the Southeast Asian

tropical rainforest, wet and dry periods do not persist for as

long as in the Amazon rainforest, and that creates the

difference in the pattern of cumulative NEE.

4. Conclusions

Three years of eddy covariance CO2 flux at a primary

Southeast Asian tropical rainforest in the Pasoh Forest Reserve

on Peninsular Malaysia, was investigated. The uncertainty of

nighttime fluxes and the annual carbon budget at this site was

assessed by comparing nighttime CO2 flux at the canopy, net

CO2 exchange of the forest including the CO2 storage term and

chamber measurements of soil respiration. The analysis

Fig. 10 – Relationship between CO2 exchange and (a) solar radiation or (b) VPD. Monthly averaged diurnal changes in NEE as

shown in Fig. 9 were used in this analysis. Black circles denote the data in themorning, andwhite circles represent the data

in the afternoon of the usual months. Grey squares indicate the data in themorning andwhite squares show the data in the

afternoon of the driest month (February 2005). (a) Monthly average 30-min data with solar radiation >40 WmS2 were

plotted. (b) Monthly average 30-min data with solar radiation >400WmS2 were plotted.
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strongly suggested that raw Fc data, even with u* filtering,

underestimated the nighttime CO2 efflux as the ecosystem

respiration. Diurnal pattern of CO2 exchange revealed that

obvious restriction of canopy photosynthesis in the afternoon

was occurred in this forest irrespective of soil moisture.

Seasonal and annual patterns of CO2 exchange reveals that

one of the main causes which induce the difference in NEE

pattern between Amazonian and Southeast Asian rainforests

was not the difference in daytime photosynthesis but the

difference in ecosystem respiration related with dry and rainy

seasons. The decrease of CO2 uptake (increase of NEE) at wet

period was also observed at this site, but did not form an

obvious seasonality such as in Amazonian forests. Muchmore

dataset from worldwide flux sites should be accumulated in

future to clarify the characteristics of CO2 exchange in tropical

regions with various environmental and vegetation types.
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A B S T R A C T
Ambient CO2 concentration, air temperature and relative humidity were measured intermittently for a 3-year period
from the floor to the canopy top of a tropical rainforest in Pasoh, Peninsular Malaysia. Mean diurnal CO2 storage
flux (Sc; μmol m−2 s−1) and sensible and latent heat storage fluxes (Qa and Qw; W m−2) ranged from −12.7 to
3.2 μmol m−2 s−1, −15 to 27 W m−2 and −10 to 20 W m−2, respectively. Small differences in diurnal changes were
observed in Sc and Qa between the driest and wettest periods. Compared with the ranges of mean diurnal CO2 eddy
flux (−14.7 to 4.9 μmol m−2 s−1), sensible eddy flux (−12 to 169 W m−2) and latent eddy flux (0 to 250 W m−2), the
contribution of CO2 storage flux was especially large. Comparison with summertime data from a temperate Japanese
cypress forest suggested a higher contribution of Sc in the tropical rainforest, probably mainly due to the difference in
nighttime friction velocity at the sites. On the other hand, differences in Qa and Qw were smaller than the difference in
Sc, probably because of the smaller nighttime sinks/sources of heat and water vapour.

1. Introduction

Globally, the most important interactions between terrestrial
ecosystems and the atmosphere include energy, water and carbon
transfers. The magnitudes of these exchange processes vary with
climate and vegetation. Eddy covariance is one of the best me-
teorological methods for evaluating CO2 and energy exchanges
between forests and the atmosphere. However, this method has
been widely reported as unreliable for estimating CO2 exchange
between forests and the atmosphere at night (e.g. Law et al.,
1999; Baldocchi, 2003). Eddy covariance generally underes-
timates nighttime CO2 emission from forests (i.e. ecosystem
respiration). Energy exchange imbalance has also been reported
at many forest sites (Wilson et al., 2002). To overcome these
problems, we must clarify the processes of CO2 and energy ex-
changes between forests and the atmosphere. Generally, CO2
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and energy exchanges between a forest and the atmosphere con-
sist of three components: eddy flux; storage flux and mass flow—
arising from horizontal flow convergence/divergence or a non-
zero mean vertical velocity at the observation height (e.g. Lee,
1998). Recently, horizontal and vertical advective CO2 fluxes
have been estimated by observing wind speed and CO2 con-
centration spatially at many points with numerous instruments
(Sun et al., 2007; Feigenwinter et al., 2008). They showed the
characteristics of the advective CO2 fluxes and indicated that
the contributions of advective fluxes to CO2 exchange were not
negligible, although detailed investigations are needed for more
accurate estimation. Storage fluxes of CO2, sensible heat and
latent heat also cannot be ignored, especially for closed forests
with a tall canopy. In the absence of advection, the daily net stor-
age of CO2, sensible heat and latent heat in the air column should
be roughly zero. Over the course of a day or more, stored CO2,
sensible heat and latent heat change very little; however, under
some conditions, large contributions of these storage fluxes may
occur over shorter time scales and should be evaluated to assess
their contributions to eddy fluxes. Within the air space of such a
forest, the meteorological environment varies from the floor to
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the canopy top, and vertical profiling is a very important method
for evaluating storage fluxes and understanding the process of
gas exchange.

By measuring the CO2 concentration ([CO2]) at several
heights, vertical concentration (μmol m−3) profiles and CO2

storage flux (Sc; μmol m−2 s−1) estimates have been made for
a number of forest types (e.g. Brooks et al., 1997; Jarvis et al.,
1997; Hollinger et al., 1998; Malhi et al., 1998; Dolman et al.,
2002; Kondo et al., 2005; Ohkubo et al., 2007). Similarly, by
measuring the air temperature and relative humidity at several
heights, sensible and latent heat storage flux (Qa and Qw, re-
spectively; W m−2) estimates have been made in a several kinds
of forests (e.g. McCaughey and Saxton, 1988; Vogt et al., 1996;
Silberstein et al., 2001; Turnipseed et al., 2002; Oliphant et al.,
2004).

A great deal of gas exchange is thought to occur in tropical
rainforests. Despite the importance of such exchanges, how-
ever, few studies have continuously measured the stored CO2,
sensible heat and latent heat fluxes in tropical rainforests, cou-
pled with eddy flux measurements above the canopy. Massive
stores of CO2, heat and water are thought to exist in tropical
rainforests due to the warm temperature, generous year-round
incoming radiation and large quantity of biomass. Moreover,
tropical rainforests are structurally complex, with tall canopies,
and their environmental factors vary from the forest floor to
canopy top. Thus, much more information is needed to under-
stand the exchange of CO2, sensible heat and latent heat within
the tropical region. Previous studies of storage fluxes in South-
east Asian tropical rainforests have mainly relied on short-term
measurements collected at only two sites: Lambir Hills National
Park in Sarawak, Malaysia (Hc, 50–60 m; leaf area index, LAI,
5.1) and the Pasoh Forest Reserve (PSO) in Peninsular Malaysia
(Hc, 35–45 m; LAI, 6.52). Kumagai et al. (2001) described the
micrometeorological conditions in a forest canopy at Lambir
Hills National Park, using measurements of several environ-
mental factors, including global solar radiation, wind speed, air
temperature, humidity and [CO2] above and within the canopy,
which were collected for a week. Similarly, in PSO, Aoki et al.
(1975) measured environmental factors over a several-day pe-
riod to study the micrometeorology and primary production of
the forest, whereas Yasuda et al. (2003) used data collected over
a 3-d period to produce a six-level [CO2] profile to estimate
CO2 storage flux and net ecosystem exchange (NEE). Clearly,
long-term observation of these storage parameters is needed to
understand the process of each element’s formation under vari-
ous conditions.

In this study, we profiled [CO2], air temperature and relative
humidity at 8 or 10 heights intermittently for 2 or 3 yr, con-
comitantly with eddy covariance measurements over the canopy
to clarify the diurnal and seasonal patterns of vertical profiles
and storage fluxes, changes in the storage fluxes under various
meteorological conditions and the contribution of the storage
fluxes to CO2 and energy exchanges.

2. Materials and methods

2.1. Site description

The study site is located in the PSO near Simpang Pertang at
Negri Sembilan in Peninsular Malaysia (2◦58′N, 102◦18′E). The
core area (600 ha) of the reserve (2450 ha) is covered with a
primary lowland mixed dipterocarp forest (tropical evergreen
broadleaved forest) that includes various species of Shorea and
Dipterocarpus. The continuous canopy height is approximately
35 m, although some emergent trees exceed 45 m. The LAI,
estimated from tree-diameter measurements (Niiyama, unpub-
lished), is 6.52. The topography in the forest is gently undulat-
ing. There are two rainy seasons in the region (March–May and
October–December), brought by the southwestern and north-
eastern monsoons, respectively. Seasonal rainfall fluctuations
have been described by Noguchi et al. (2003) and Kosugi et al.
(2008). From 2003 to 2005, the average annual air temperature
at 52 m was 26.2 ◦C and the mean annual precipitation was
1739 mm.

2.2. Measurements

Eddy fluxes of CO2, sensible heat and latent heat were measured
by the eddy covariance method at a height of 54 m from an obser-
vation tower. The wind speed and temperature were measured
with a three-axis sonic anemometer (SAT-550, Kaijo, Tokyo,
Japan), and the concentrations of CO2 and H2O were moni-
tored with an open-path infrared gas analyzer (IRGA; LI-7500,
LI-COR, Inc., Lincoln, NE, USA). The data were sampled at
10 Hz and sent to a data logger (CR-5000, Campbell Scientific,
Logan, UT, USA). Detailed descriptions of the eddy covari-
ance measurements have been provided by Kosugi et al. (2008).
Downward short-wave radiation was monitored from the obser-
vation tower at a height of 52 m (MR22, EKO, Tokyo, Japan).
Soil water contents at depths of 0.1, 0.2 and 0.3 m (CS515,
Campbell Scientific) were monitored with nine sensors at three
points around the tower. Vertical profiles of air temperature and
relative humidity were made at eight levels (1, 5, 10, 20, 30,
40, 45 and 53 m) using ventilated temperature and relative hu-
midity sensors (HMP45A and HMP45C, Vaisala, Boulder, CO,
USA). The air temperature and relative humidity at the site have
been under continuous observation since March 2003. Other
meteorological observations, described by Kosugi et al. (2008),
were logged every 10 min using three data loggers (CR-10X,
Campbell Scientific).

We used an IRGA and an automated profiling system (HT-
CT-P; Hydrotech, Shiga, Japan) to produce the [CO2] profile.
Air samples for [CO2] measurement were drawn continuously
at a flow rate of 2000 ml min−1 through a 4-mm internal diam-
eter polyethylene tube at each inlet from ten levels (0.2, 0.5, 1,
2, 5, 10, 20, 30, 45 and 53 m) by a closed-path IRGA (LI-7000,
LI-COR, Inc.). The IRGA was located in an observation house
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on the forest floor. The profile system sampled an entire pro-
file every 5 min. Depending on the measuring height, 12 to 35
s were allowed to flush the tubing of residual air before sam-
pling with the IRGA. We selected the purging time based on a
pulse test of high-concentration CO2 through a tube. The IRGA
was automatically calibrated daily, using zero concentration gas
(N2). We conducted continuous short-term [CO2] profile mea-
surements several times a year for terms of several weeks to
1 month. We replaced the IRGA after every observation term and
checked the zero and span of CO2 at the beginning and end of
each observation term. Data collected when a serious gap in zero
was observed were excluded. In every case, the span was quite
stable. Switching between the canopy heights was controlled
by a control port module (SDM-CD16AC, Campbell Scientific)
and a series of solenoid valves (FAG31-6-4-12C, CKD, Rolling
Meadows, IL, USA). The [CO2] was recorded by a data logger
(CR-23X, Campbell Scientific). The basic principles of the pro-
filing system for CO2 and its accuracy are described in detail in
Xu et al. (1999) and Mölder et al. (2000), although some mi-
nor parts of their measurement systems are different from ours.
The CO2 profile was measured intermittently from September
2004 to November 2005, a period that included rainy and dry
seasons. Occasional system breakdown or trouble with the sen-
sors, mainly caused by thunder, limited the completeness of the
profile data available for calculating the storage terms.

2.3. Calculations

Eddy fluxes of CO2 (Fc, μmol m−2 s−1), sensible heat
(H, W m−2) and latent heat (λE, W m−2) over the canopy were
calculated with an averaging time of 30 min. The Fc, H and λE in
this study showed the eddy covariance fluxes measured over the
canopy, not including the storage fluxes. A Webb, Penman and
Leuning (WPL) correction for the effect of air density fluctua-
tions (Webb et al., 1980) was applied. Linear trends in tempera-
ture, water vapour and CO2 concentration were not removed, as
linear de-trending might cause underestimates of low-frequency
flux, which is thought to be large for tall tropical forests with
low wind speeds, low turbulent intensity, and thus, large eddies
that can transport flux. The influence of linear de-trending can
also be assessed by considering the annual integration of CO2

exchange (Kosugi et al., 2008). Comparison of averaging times
of 1 h and 30 min showed that the contribution of the larger scale
component was approximately 2.0% (n = 12 094, median; 1-h
Fc data were compared with the average of 30-min Fc for 1 h,
for data from 2002 to 2005). Although this difference should be
accounted for, we used 30 min for the averaging time, because
with a 1-h averaging time, a stationarity check showed too many
data of poor quality (Kosugi et al., 2008).

The storage fluxes (Sc, Qa and Qw) were calculated from the
following equations:

Sc =
∫ Zr

0

(
δc

δt

)
dz (1)

where Zr, c, t and z represent the height of the eddy flux mea-
surement (m), the [CO2], the time (s) and the height from the
ground (m), respectively. Considering the time from each inlet
to the IRGA, we used data from the last 11 s of each cycle. We
collected data six times and calculated the average at each height
every 30 min:

Qa =
∫ Zr

0
ρCp

(
δTa

δt

)
dz (2)

where ρ, Cp and Ta are the air density (kg m−3), specific heat
(J kg−1 K−1) and air temperature (K), respectively. We calculated
the average Ta every 30 min. The storage flux Qw was given by

Qw =
∫ Zr

0

(
ρCp

�

) (
δe

δt

)
dz (3)

where � and e are the psychrometric constant (hPa K−1) and
water vapour pressure (hPa), respectively. The values of δc/δt,
δTa/δt and δe/δt were calculated by dividing 30 min into the
difference in 30-min mean c, Ta and e between the beginning and
end of each 30-min run. We assumed that c, Ta and e varied lin-
early between the measurement points. Finally, we determined
each storage flux by calculating δc/δt, δTa/δt and δe/δt from the
differences between the averaged values for c, Ta and e, respec-
tively, every 30 min. A previous study estimated that the biomass
heat storage in the study forest ranges from −10 to 15 W m−2

based on short-term stem temperature and heat-plate measure-
ments. Lamaud et al. (2001) reported that the energy fixed by
photosynthesis represents only 1–3% of the incident net radia-
tion at the canopy scale. Although these terms can sometimes be
significant, we did not deal with them in this study.

Recently, Finnigan (2006) showed that for accuracy, the stor-
age flux should be calculated using the difference between the
volume mean scalar at the beginning and end of each run. To as-
sess the difference between the two methods, we also calculated
CO2 concentration at each height every 5 and 15 min and cal-
culated CO2 storage fluxes (Sc5 and Sc15, μmol m−2 s−1) every
30 min by averaging the results of six and two runs, respectively.
We also compared these storage fluxes (Sc5 and Sc15) with Sc

(Fig. 1). The data were divided by u∗. The relationships between
Sc and Sc5 and Sc15 seem to be approximately 1:1, although some
dispersion was observed. In addition, open circles representing
high u∗ seemed to be concentrated near the 1:1 lines. Large dif-
ferences between Sc and Sc5 and Sc15 were seen when Sc was
large and u∗ was small during nighttime (data not shown). The
indices of dispersion

∑
(Sc−Sc5)2

N
and

∑
(Sc−Sc15)2

N
(N is the number

of data) were 45.2 and 28.4 with small u∗ (<0.4 m s−1) and 9.7
and 4.8 with large u∗ (≥0.4 m s−1), respectively. These values
indicate that data averaged over a short time might be influenced
by horizontal heterogeneity in the CO2 concentration; strong air
mixing decreases the heterogeneity. In this study, we adopted a
30-min averaging time because short-time-averaged data might
be biased by a single gust. For the period from 0:00 to 0:30, we
averaged the [CO2] data from 0:05 to 0:30, because the IRGA
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Fig. 1. Relationship between Sc and Sc5 (a)
and Sc15 (b). We classified the data as small
u∗ (<0.4 m s−1; solid circles) and large u∗
(≥0.4 m s−1; open circles). The lines
indicate a 1:1 relationship.

Table 1. The ratio of the number of available 30-min data to the whole period for each month for Sc and Qa and Qw (%)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

2003 Sc – – – – – – – – – – – –
Qa, Qw – – – – – – – 30 100 61 – 48

2004 Sc – – – – – – – – 21 90 28 100
Qa, Qw 100 100 40 34 100 79 – – – – – –

2005 Sc 40 48 72 – – 21 8 – – 42 25 –
Qa, Qw – – – – – – 98 100 98 62 73 –

was calibrated from 0:00 to 0:05 every day. Table 1 shows the
ratio of the number of available 30-min data points to the whole
period for each month.

We compared the data from this study with results from the
Kiryu Experimental Watershed in a temperate Japanese cypress
forest in Shiga Prefecture, Japan (34◦58′N, 136◦00′E). From
2004 to 2006, the Kiryu site had an average annual air tempera-
ture of 13.3 ◦C and mean annual precipitation of 1599 mm. The
canopy height was 19 m and the LAI ranged from 4.5 to 5.5, with
little fluctuation. The area around the observation tower tended
to mildly incline at approximately 9.2◦. The CO2 concentration
was measured at five heights (0.3, 1, 4, 14 and 20 m), and air
temperature and relative humidity were measured at six heights
(1, 4, 10, 14, 20 and 28 m). The measurement system and cal-
culation method were almost the same as in this study. Reports
by Ohkubo et al. (2007) and Ohkubo and Kosugi (2008) provide
further details.

3. Results and discussion

3.1. Seasonal changes in storage fluxes

We calculated the mean diurnal changes in Sc, Qa and Qw by
averaging all acquired data in every 30-min period for each
month. During rain, we could obtain storage-flux data but not
eddy-flux data because drops of water became attached to the
lens of the IRGA probe (Li-7500). Figures 2–4 show the monthly

mean diurnal changes in Sc, Qa and Qw, respectively. The plots
show some scattering, which could be due to the small number
of data (Table 1). As indicated in these figures, none of the
storage fluxes showed large seasonal fluctuation. To investigate
the seasonality of storage fluxes in detail, we compared the mean
diurnal variations of storage fluxes with meteorological factors
in the driest and wettest periods.

Figure 5 shows the mean diurnal variations of rainfall (a), solar
radiation (b), air temperature at 53 m (c), vapour pressure deficit
at 53 m (d), Sc (e), Qa (f) and Qw (g) in the driest and wettest
periods during the observation. We selected the driest period
data from days with the small volumetric soil water content (the
daily average value from nine total sensors at 0.1, 0.2 and 0.3 m
depths, <0.22 m3 m−3) during the dry season and the wettest
period data from days with large volumetric soil water content
(≥0.33 m3 m−3) during the rainy season. During the rainy sea-
son, it usually rained from afternoon until midnight. Rain and
low solar radiation seldom occurred continuously all day long.
Mean daily rainfall in the driest and wettest period were 0.9 and
12.7 (mm d−1), respectively. Solar radiation values were similar
in the early morning in the driest and wettest periods, but daily
solar radiation in the wettest period (14.2 MJ d−1) was smaller
than that in the driest period (19.1 MJ d−1). The diurnal ampli-
tudes of air temperature and water vapour pressure deficit in the
wettest period (5.6 ◦C and 7.3 hPa, respectively) were smaller
than those in the driest period (7.3 ◦C and 8.9 hPa, respectively).
The difference of air temperature and vapour pressure deficit
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Fig. 2. Monthly ensemble averages of half-hourly values of Sc. Solid circles show the averaged value for each month, and the solid line indicates the
averaged value for all available data. The rainy seasons (March to May and October to December) are enclosed by a thick line.

Fig. 3. Monthly ensemble averages of half-hourly values of Qa. Solid circles show the averaged value for each month, and the solid line indicates
the averaged value for all available data. The rainy seasons (March to May and October to December) are enclosed by a thick line.

between the wettest and driest periods became small in the early
morning (0.7 ◦C and 1.3 hPa, respectively) and large in the
afternoon (3.5 ◦C and 4.5 hPa, respectively).

Figure 5e shows that the negative peak of Sc in the wettest
period was somewhat closer to zero than that in the driest pe-
riod; this result may reflect the influence of a slightly smaller

photosynthesis rate as a CO2 sink due to the slightly smaller
solar radiation in the wettest period (Fig. 5b). From sunset
to midnight (19:00–24:00), the average Sc in the driest period
(0.70 μmol m−2 s−1) was smaller than that in the wettest period
(2.92 μmol m−2 s−1). This result corresponds to the nighttime Fc

being slightly smaller under the driest condition (Kosugi et al.,
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Fig. 4. Monthly ensemble averages of half-hourly values of Qw. Solid circles show the averaged value for each month, and the solid line indicates
the averaged value for all available data. The rainy seasons (March to May and October to December) are enclosed by a thick line.

2008). Kosugi et al. (2008) also reported that the soil respiration
rate was low temporally, when the soil was dry. We can assume
that the small nighttime Sc was due to the low soil respiration rate
in the driest period, which contributed to nighttime ecosystem
respiration as a CO2 source.

In the case of Qa, the positive peak in the morning, negative
peak in the afternoon, and nighttime values in the wettest period
were closer to zero than those in the driest period. The diurnal
amplitude of Qa in the wettest period (41.0 W m−2) was smaller
than that in the driest period (54.7 W m−2; Fig. 5f), due to
the lower solar radiation in the wettest period than in the driest
period. On the other hand, no clear difference in the mean diurnal
variation in Qw was observed between the driest and wettest
periods, although the plots scattered in the afternoon (Fig. 5g).
These results correspond to the finding of no clear seasonal
changes in λE, although H sometimes fluctuated between the
dry and wet periods (Takanashi et al., unpublished).

3.2. Diurnal changes in vertical profiles
and storage fluxes

3.2.1. Vertical CO2 profiles and CO2 storage fluxes (Sc).
Figure 6 shows the mean diurnal variations in Sc, Fc and u∗ (a)
and the isoline of [CO2] (b). The arrows indicate the average
times of sunrise and sunset; solar noon was around 13:00 at this
site. The diurnal variations shown in Fig. 6 were obtained by
averaging all available data collected at 30-min intervals. From
midnight to sunrise, [CO2] increased at all heights with low u∗

and was highest during the day at sunrise. After sunrise, [CO2]
rapidly decreased with increasing u∗, especially in the lower
canopy, thereby reducing the vertical gradient. After 10:00, there
was no clear vertical difference in [CO2], and the concentrations
throughout the forest were similar to those in the well-mixed at-
mosphere above the canopy space, except near the ground. From
13:00 to 18:00, [CO2] throughout the canopy remained stable.
In the afternoon, [CO2] reached its minimum. Around 20:00,
the vertical CO2 gradient began to build again from the ground,
and [CO2] increased and became vertically stratified within the
canopy. At the soil surface, [CO2] was consistently higher than
at any other level within the canopy. The Sc was greater than
zero (2.2 μmol m−2 s−1 on average) at night (20:00–06:00) and
dropped below zero after sunrise, whereas Fc remained positive.
At 10:00, Sc reached its negative peak (−12.7 μmol m−2 s−1),
and Fc switched from positive to negative. At sunset, Sc and Fc

both became positive. The average Sc over the daily cycle was
0.017 μmol m−2 s−1, a value that was not significantly different
from zero.

The diurnal vertical profiles of [CO2] and Sc should be influ-
enced by both air mixing and ecosystem processes. Two mech-
anisms can explain the rapid transition in [CO2] after sunrise.
First, much of the nocturnally stored CO2 released during night-
time respiration may be rapidly reabsorbed by photosynthesis
after sunrise, since the leaves are dispersed vertically below the
canopy in this forest (i.e. there is no trunk space). This study
site is located near the equator; so, solar altitude increases dras-
tically and light can penetrate deeply into the canopy as time
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Fig. 5. Mean diurnal variations in rainfall
(a), solar radiation (b), air temperature at
53 m (c), vapour pressure deficit at 53 m (d),
Sc (e), Qa (f) and Qw (g) in the driest and
wettest periods during the observation. The
driest period data (black bars and solid
circles) were selected from days with small
volumetric soil water content
(<0.22 m3 m−3, average value from nine
total sensors at 0.1, 0.2 and 0.3 m depths)
during the dry season, and the wettest period
data (white bars and open circles) were
selected from days with large volumetric soil
water content (≥0.33 m3 m−3) during the
rainy season. The error bars represent the
standard errors of the means. The number of
Sc values for the driest period and wettest
period were 13 d (11% of available Sc data)
and 23 d (20% of available Sc data),
respectively. The numbers of Qa and Qw

values in the driest period and wettest period
were 36 d (11% of available Qa and Qw

data) and 21 d (6% of available Qa and Qw

data), respectively.

passes after sunrise. Because there is sufficient light soon after
sunrise for photosynthesis to start, [CO2] decreases rapidly. Sec-
ond, the forest air is mixed and emitted upward from the canopy
due to turbulence caused by heating of the air. Thus, u∗ rapidly
increased after sunrise (Fig. 6). At night, the elevated [CO2]
within the canopy was caused by the calm conditions, which
trapped respired CO2. After sunrise (around 7:00), [CO2] at 10–
30 m began to decrease due to photosynthetic activity. Thirty
minutes later, [CO2] at 0.2–5 m began to decrease. This time lag
might have been due to tall trees and dense vegetation blocking
light from reaching lower heights just after sunrise; thus, CO2

emission from the soil may have strongly affected [CO2] at lower
heights. Then, [CO2] at 45–53 m began to decrease. Two reasons
might explain such a late decrease in [CO2]. One is that there
was no photosynthesis uptake above the canopy. The other is that
[CO2] below the canopy was still higher than [CO2] above the
canopy and increasing air mixing still increased [CO2] above the
canopy. For that reason, at 09:00, Fc was still positive whereas
Sc was negative. This negative–positive difference implies that
early-morning photosynthesis was not detected over the canopy

by the eddy covariance measurement. The daytime [CO2] was
considerably lower than the nighttime [CO2] because photo-
synthetic uptake of CO2, which was greater than respiratory
CO2 emission and air mixing, occurred during the day, whereas
respiratory efflux and accumulation of CO2 by plants and soil
occurred at night. The elevated [CO2] near the forest floor sug-
gests that gentle air mixing and soil respiration, which represent
a large share of the respiration in the ecosystem, significantly
influence this period. Larger amplitude has been found near the
crown in tropical rainforests (e.g. Aoki et al., 1975; Kumagai
et al., 2001), including at our site, than in other forest types (e.g.
Brooks et al., 1997; Jarvis et al., 1997; Hollinger et al., 1998;
Dolman et al., 2002; Kondo et al., 2005).

3.2.2. Vertical air temperature profiles and sensible heat
storage fluxes (Qa).
Figure 7 shows the mean diurnal variations in Qa, H and u∗ (a)
and the air temperature isoline (b). At night, the air temperature
decreased due to radiative cooling from the forest floor to the top
of the canopy. At 07:30, the air temperature reached its minimum
at every height; air temperature then reached its maximum at
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Fig. 6. (a) Mean diurnal variations in Sc (solid circles), Fc (open
circles) and u∗ (line), based on all available data (141 d). The error bars
represent the standard errors of the means. (b) Isoline of the average
CO2 concentration distributions within the canopy as a function of
height and time of day (N = 141 d). Isolines are indicated every 5 ppm.
The arrows on the x-axis represent the average times of sunrise
(ranging from 06:54 to 07:25) and sunset (ranging from 18:55 to
19:26) throughout the year.

14:30 at all heights. The amplitude of the diurnal change in
air temperature at 53 m (6.5 ◦C) was larger than that at 1 m
(5.6 ◦C). The values of Qa and H were negative at night but
became positive after sunrise as the air temperature increased.
This rapid increase after sunrise is due to light deeply entering
the canopy, as discussed in the previous section. The positive
peak of Qa (27 W m−2) occurred at 10:00, while H reached its
positive peak (169 W m−2) at noon. In the afternoon, Qa dropped
below zero as the air temperature decreased. Just before sunset,
H also became negative, even as Qa reached its negative peak
(−15 W m−2) at 19:00. The average Qa over the daily cycle was
0.00029 W m−2, a value that can be regarded as zero.

The deep penetration of light into the forest accounts for the
amplitude difference in air temperature being small between the
top (53 m) and bottom (1 m) of the forest. The diurnal pattern of
Qa (i.e. a positive peak for Qa in the morning and negative peak
in the afternoon) is similar to the patterns found at several other
sites in various forest types (e.g. McCaughey and Saxton, 1988;
Vogt et al., 1996; Silberstein et al., 2001; Turnipseed et al., 2002;
Oliphant et al., 2004).

3.2.3. Vertical water vapour pressure profiles and latent
heat storage fluxes (Qw).
Figure 8 shows the mean diurnal variations in Qw, λE and u∗
(a) and the average water vapour pressure isoline (b). The wa-
ter vapour pressure decreased at all heights from midnight to

Fig. 7. (a) Mean diurnal variations in Qa (solid circles), H (open
circles) and u∗ (line), based on all available data (336 d). The error bars
represent the standard errors of the means. (b) Isoline of the average air
temperature distributions within the canopy as a function of height and
time of day (N = 336 d). Isolines are indicated every 0.5 ◦C. The
arrows are as given in Fig. 6.

sunrise, but increased rapidly after sunrise. Beginning at mid-
day, the water vapour pressure decreased from 10:30 to 15:30,
after which time it increased until midnight. This bimodal di-
urnal variation was observed everywhere except near the forest
floor. The water vapour pressure near the forest floor was con-
sistently higher than at any other level. Bimodal fluctuation was
also found for Qw due to the bimodal fluctuation in water vapour
pressure. From 20:00 to 00:30, Qw and λE were both positive,
while from 00:30 to 06:00, Qw was negative and λE was pos-
itive. After sunrise, Qw became positive, peaking (20 W m−2)
at 09:30, while λE reached its positive peak (250 W m−2) at
13:00 and then decreased until again becoming positive in the
evening. The average Qw over the daily cycle was 0.014 W m−2.
Similarly to Qa, this value can be considered zero.

Bimodal variation in Qw depended on the δe/δt at each height.
Diurnal changes in the daytime water vapour pressure profile
and Qw were mainly controlled by the balance between the
transpiration rate and the level of air mixing. The water vapour
pressure increased from 07:30 at all levels because of the start
of transpiration and low air mixing condition. It then decreased
from 10:00 above the canopy (at 40–53 m), as the level of air
mixing increased by the transport of water vapour upward from
the canopy. Further decreases in the water vapour pressure were
observed at 20–30 m from 10:30 and at 5–10 m from 11:00.
The time lag reflects differences in the air mixing condition,
which was weak at lower levels. In the afternoon, water vapour
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Fig. 8. (a) Mean diurnal variations in Qw (solid circles), λE (open
circles) and u∗ (line) based on all available data (336 d). The error bars
represent the standard errors of the means. (b) Isoline of the average
water vapour pressure distributions within the canopy as a function of
height and time of day (N = 336 d). Isolines are indicated every
0.25 hPa. The arrows are as given in Fig. 6.

pressure except at 1 m started to increase due to decreasing
u∗. After sunset, the evapotranspiration rate dropped, and water
vapour pressure at 1 m began to decrease. At 1 m, air mixing
was weak all day long, and the evapotranspiration rate mainly
controlled the water vapour pressure.

Oliphant et al. (2004) also reported two positive peaks in
the diurnal profile of Qw in a temperate deciduous forest in
summer. On the other hand, Qw showed no clear bimodal diur-
nal variation at other sites (e.g. McCaughey and Saxton, 1988;
Vogt et al., 1996; Silberstein et al., 2001; Turnipseed et al.,
2002). The differences may be due to the smaller number of
levels (e.g. three) and shorter observation periods used in those
studies.

3.3. Differences in the storage fluxes under various
meteorological conditions

Turbulent mixing and the source/sink intensity (i.e. respiration
and photosynthesis, in the case of CO2) govern the dynamics
of CO2 within a forest canopy (Brooks et al., 1997). These
factors also govern the dynamics of sensible and latent heat
storage fluxes. Solar radiation strongly influences photosynthe-
sis and transpiration; therefore, solar radiation is a good index
of the sources/sinks of CO2, sensible heat and latent heat. So-
lar radiation also makes up a large part of the net radiation
and is thus the main energy source for heat fluxes. We investi-

gated how u∗, which is an index of turbulent mixing, and solar
radiation influenced the storage fluxes Sc, Qa and Qw at this
site.

Figure 9 shows the transition of Sc, Qa and Qw with u∗ in
panels I, II and III, respectively. Ensemble-averaged storage
fluxes and eddy fluxes for each u∗ range during the day and at
night are shown in panels (a) and (b), respectively. The ensem-
ble mean diurnal variations in the vertical [CO2] profile were
classified into two patterns based on the average u∗ at night
(Fig. 10). Similarly, the ensemble mean diurnal variations in Sc

and Fc (a), Qa and H (b) and Qw and λE (c) were classified into
two patterns by the daily accumulated solar radiation patterns
(Fig. 11).

Figure 9I-a, shows that the negative value of Sc approached
zero as u∗ increased during the day, whereas Fc decreased except
when the range of u∗ was very low. On the other hand, panel
I-b shows that the positive value of Sc approached zero as u∗
increased at night, whereas Fc increased. At night, CO2 is emit-
ted throughout the forest and turbulence with a high u∗ value
accelerates the upward emission of CO2 from the canopy. This
leads to a decrease in Sc and an increase in Fc with increasing
u∗ (Fig. 9I-b). As shown in Fig. 10, when the nighttime u∗ was
high, [CO2] was lower than that at low u∗, especially at the lower
levels. In daytime, there were no clear differences between the
two accumulated daily solar radiation patterns of Sc, although
the negative peak of Sc with small solar radiation was slightly
closer to zero than that with large solar radiation (Fig. 11a). At
this site, canopy photosynthesis and stomatal conductance did
not differ between sunny and cloudy days and showed an ob-
vious trend of decline from late morning and in the afternoon,
irrespective of whether it was a sunny or cloudy day or the rainy
or dry season (Takanashi et al., 2006; Kosugi et al., 2008). Thus,
differences in solar radiation at this site had no obvious influence
on either Fc or Sc.

Panels II-a and III-a of Fig. 9 show that Qa and Qw decreased
with increasing u∗ during the day, in contrast to the increases in H
and λE, whereas panels II-b and III-b of Fig. 9 demonstrate that
at night Qa and Qw were not obviously influenced by u∗. During
the day, as u∗ increased, Qa and Qw decreased while H and λE
increased because the turbulence above the canopy promoted
the release of heat and water stored in the forest. Values of Qa

and Qw were unaffected by increases in u∗ at night, when there
were no notable sinks or sources; thus vertical gradients of air
temperature and water vapour pressure did not form. The diurnal
amplitudes of Qa and Qw with larger solar radiation were larger
than those with smaller solar radiation (Figs. 11b and c).

These results indicate that air mixing at night controlled the
large contribution of Sc to the exchange of CO2 between the
forest and the atmosphere but did not greatly influence Qa and
Qw. On the other hand, larger solar radiation led to larger diurnal
amplitudes of Qa and Qw, but did not largely influence Sc. This
difference in daytime coincided with that of eddy covariance
fluxes measured over the canopy.
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Fig. 9. Storage fluxes Sc (I), Qa (II) and Qw (III) (solid circles) and eddy fluxes Fc (I), H (II) and λE (III) (open circles) for each u∗ range. The
upper panels show daytime (09:00–15:00) data (a) and the lower panels show nighttime (21:00–03:00) data (b). The error bars represent the standard
errors of the means.

Fig. 10. Mean diurnal variations in the vertical profiles of the CO2

concentration for two nighttime u∗ patterns. We classified the patterns
by the average u∗ at night (00:00–06:00) into (a) <0.15 m s−1 versus
(b) ≥0.15 m s−1. The number of data points in (a) and (b) are 40 and
50, respectively. The [CO2] profiles are based on measurements taken
every 3 h.

3.4. Contribution of storage fluxes to the exchange
of CO2 and energy

Although storage fluxes (especially Qa and Qw) had a diurnal
mean close to zero, they could contribute significantly to the ex-
change of CO2 and energy on a half-hourly basis. The negative
peak of the mean diurnal change in Sc (−12.7 μmol m−2 s−1)
corresponded to 86% of the negative peak of Fc (Fig. 6). Figure
6a shows that the nighttime respiratory efflux of CO2 from the
forest floor and the standing biomass were considerably underes-
timated by Fc alone. On average, the nocturnal (i.e. 20:00–06:00)
value of Sc (2.2 μmol m−2 s−1) was roughly half of the value
of Fc + Sc (4.7 μmol m−2 s−1). The contribution ratio of Sc to
Fc + Sc ranged from −419 to 370%. The contribution became
large when Fc + Sc approached zero just after sunrise and be-
fore sunset. After sunrise, the contribution ratio of Sc to Fc + Sc

decreased with increasing Fc + Sc and eventually became nearly
zero.

The positive peaks of Qa (27 W m−2) and Qw (20 W m−2)
were 16 and 7.8% of the positive peaks of H and λE, respec-
tively (Figs. 7 and 8). The contribution ratios of Qa and Qw

to H + λE + Qa + Qw ranged from −152 to 273% and −33
to 90%, respectively, and the contribution became large when
H +λE + Qa + Qw was small during nighttime. Contributions of
Qa and Qw were about half of H + λE + Qa + Qw from midnight
to sunrise. After sunrise, the contribution ratios of Qa and Qw

decreased with increasing H + λE + Qa + Qw and approached
zero. Wilson et al. (2002) reported that the energy balance
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Fig. 11. Mean diurnal variations in u∗ and the storage fluxes (Sc, Fc, Qa, H, Qw and λE) for two daily accumulated solar radiation patterns. Using
the solar radiation, we classified the values into patterns I (< 17 MJ d−1) and II (≥ 17 MJ d−1). There were 125 and 170 values in classifications I
and II, respectively. (a) Mean diurnal variations in u∗ (solid line), Sc (solid circles) and Fc (open circles). (b) Mean diurnal variations in Qa (solid
circles) and H (open circles). (c) Mean diurnal variations in Qw (solid circles) and λE (open circles). The error bars represent the standard errors of
the means.

ratio during nighttime was smaller than that in daytime and
that a weak air mixing condition decreased the energy balance
ratio. Our results indicate that the contributions of Qa and Qw to
H + λE + Qa + Qw were large during nighttime, and Qa and
Qw became larger with smaller u∗ (Fig. 9). We can assume
that Qa and Qw are quite important when the energy balance
ratio is small, and that other components such as advection
would also largely influence the energy balance under such a
condition.

To reveal which factors influence the storage fluxes and how,
we compared our data from PSO in a tropical rainforest with
summertime data from Kiryu Experimental Watershed (KEW)
in a temperate Japanese cypress forest (Ohkubo et al., 2007;
Ohkubo and Kosugi, 2008). Canopy height at PSO was about
twice that at KEW. The LAI at PSO was also slightly larger than
that at KEW. Leaves were distributed vertically at PSO whereas
the KEW forest had a dense crown and trunk space. Further,
KEW was mainly covered by Chamaecyparis obtusa Sieb. et
Zucc. (Japanese cypress, an evergreen conifer), whereas PSO
was covered by a primary forest of lowland mixed dipterocarp
(tropical evergreen broadleaved forest), which included various
species of Shorea and Dipterocarpus. The observation system
and calculation method for storage fluxes were almost the same
at both sites. Thus, we could neglect methodological differences
between these two study sites.

Figure 12 presents comparisons of the diurnal variation of the
air temperature and water vapour deficit (a), u∗ and solar radia-
tion (b), Sc and Fc (c), Qa and H (d) and Qw and λE (e) at PSO to
those at KEW in summer. Solar noon at PSO was about 1 h later
than that at KEW. Air temperatures and water vapour deficit were
almost the same at the two sites, ranging from 23.0 to 29.0 ◦C and
1.1 to 11.4 hPa at KEW and 23.2 to 28.7 ◦C and 0.7 to 9.7 hPa at
PSO, respectively (Fig. 12a). At PSO, u∗ was smaller especially
during night and early morning and solar radiation was slightly
larger than at KEW (Fig. 12b). During nighttime, average Sc

from 20:00 to 06:00 at PSO (2.2 μmol m−2 s−1) was larger than
that from 20:00 to 04:00 at KEW (0.8 μmol m−2 s−1; Fig. 12c).
The diurnal amplitude of Sc at PSO (15.9 μmol m−2 s−1) was
about three times larger than that at KEW (4.8 μmol m−2 s−1),
whereas the diurnal amplitudes of Qa and Qw at PSO (42 W m−2

and 30 W m−2) were also larger than those at KEW (30 W m−2

and 14 W m−2; Figs. 12d and e). The diurnal variations of Fc,
H and λE at KEW were similar to those at PSO, although Fc at
PSO was slightly smaller than that at KEW.

We assumed that the differences in u∗ during nighttime mainly
reflected differences in Sc between the two sites, because CO2

emitted by ecosystem respiration would be easily stored under
the condition of weak air mixing (low u∗). Negative Sc would
also become larger because a large amount of stored CO2 would
be released upward from the canopy before sunrise. Meanwhile,
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Fig. 12. (a) Diurnal variation in air temperature and water vapour pressure at Kiryu Experimental Watershed (KEW) in a temperate Japanese
cypress forest (Ohkubo and Kosugi, 2008; open circles and dashed line) and at the present study site at Pasoh Forest Reserve (PSO) in a tropical
rainforest (solid circles and thick line). (b) Diurnal variation in u∗ and solar radiation at KEW (open circles and dashed line) and at PSO (solid
circles and thick line). (c) Diurnal variation in Sc and Fc at KEW (open circles and dashed line) and at PSO (solid circles and thick line). (d) Diurnal
variation in Qa and H at KEW (open circles and dashed line) and at PSO (solid circles and thick line). (e) Diurnal variation in Qw and λE at KEW
(open circles and dashed line) and at PSO (solid circles and thick line).

the strength of u∗ did not seem to have much influence on Qa

and Qw at night, because sink/source intensity was smaller in
the cases of heat and water vapour compared with CO2.

As also shown in Fig. 12, PSO and KEW had similar nighttime
Fc + Sc values in summer. However, we expect that nighttime
ecosystem respiration at PSO was larger than that at KEW and
that the larger source of CO2 also somewhat influenced the larger
Sc at PSO. Ohkubo et al. (2007) reported that nocturnal Fc + Sc

was nearly equal to total ecosystem respiration with high u∗ at
KEW, whereas Kosugi et al. (2008) reported that Fc + Sc cor-
responded only to the component of soil respiration estimated
with the chamber method, even at a moderate friction velocity
(u∗ > 0.2 m s−1). We can assume that our Fc + Sc data consid-
erably underestimated nighttime ecosystem respiration at PSO
even under moderate u∗, and thus, the actual mean nighttime
CO2 source, as the ecosystem respiration was likely greater than
the nocturnal value of Fc + Sc.

Next, we compared nighttime ecosystem respiration as a CO2

source between KEW in summer and PSO. Using the average
from June to August for two summers (2003–2004), Ohkubo
et al. (2007) estimated the summertime soil respiration rate at
KEW to be 3.1 μmol m−2 s−1, which represented 49.6% of the
total ecosystem respiration (6.2 μmol m−2 s−1). Kosugi et al.
(2008) estimated the average soil respiration rate at PSO for
3 yr (2003–2005) to be 4.1 μmol m−2 s−1. Total ecosystem
respiration includes respiration from stem, foliage and coarse
surface litter components other than soil respiration (root respi-
ration, fine surface litter and soil organic matter decomposition)
and is likely to be greater than soil respiration. The above esti-
mates for ecosystem respiration at the two sites are consistent
with the findings that Fc + Sc underestimated ecosystem res-
piration at PSO, and that the Fc + Sc values were similar at
the two sites. In addition to the weak air mixing condition, a
larger CO2 source would make Sc somewhat large at PSO. The
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underestimation would be caused by advection over non-flat ter-
rain with relatively small u∗ compared with other forest types.

Comparison of Sc values at our study site and other forests
revealed larger Sc in tropical forests than in other forest types
(e.g. Jarvis et al., 1997; Hollinger et al., 1998; Dolman et al.,
2002). Further, the Sc found for a central Amazonian forest
(Malhi et al., 1998) was as large as that for our tropical rain-
forest site. We also compared Qa and Qw with those at other
study sites (e.g. McCaughey and Saxton, 1988; Vogt et al., 1996;
Silberstein et al., 2001; Turnipseed et al., 2002; Oliphant et al.,
2004) but could not find clear differences between our site and
other sites. This result could reflect methodological differences
and the shorter observation periods in most past studies. How-
ever, we could also assume that there are no conspicuous differ-
ences in Qa and Qw between various forest types, unlike for Sc.
The difference in Sc characteristics between two tropical rainfor-
est sites might be caused by a combination of weaker air mixing
and a larger source. On the other hand, the small differences of
Qa and Qw would be due to the small sinks/sources of heat and
water vapour among these forest sites at night.

4. Conclusions

Using 3 yr (2003–2005) of intermittent observations of [CO2],
air temperature and relative humidity at several heights from the
floor to the canopy top of a tropical rainforest at Pasoh, Penin-
sular Malaysia, we analysed the amplitude and diurnal profiles
of [CO2], air temperature and water vapour pressure as well as
Sc, Qa and Qw and their contributions to CO2 and energy ex-
changes. From sunset to midnight, Sc in the driest period was
slightly smaller than that in the wettest period. This result cor-
responds to the finding that nighttime Fc was slightly smaller
under the driest condition (Kosugi et al., 2008), reflecting the low
soil respiration rate in the dry period, which largely contributed
to nighttime ecosystem respiration as a CO2 source. The diurnal
amplitude of Qa in the wettest period was slightly smaller than
that in the driest period. However, no clear difference was found
for Qw. These results correspond to the finding of no clear sea-
sonal changes in λE, while H sometimes fluctuated between the
dry and wet periods (Takanashi et al., unpublished). The small
fluctuation of Qa can be explained by the low solar radiation in
the wet period.

At night, Sc contributed to the CO2 exchange between the for-
est and the atmosphere, being greater under low u∗ conditions
than under high u∗. In contrast, the strength of air mixing (u∗)
at night did not heavily influence Qa and Qw. In daytime, Qa

and Qw had larger diurnal amplitudes when solar radiation was
greater; in contrast, the diurnal variation of Sc did not depend
greatly on solar radiation. Comparison of our data with summer-
time data from a temperate Japanese cypress forest suggested a
much higher contribution of Sc at our tropical rainforest study
site, mainly because of lower nighttime u∗. Weak air mixing
would make Sc large. Further comparison with other forest sites

indicated that the weak air mixing condition at our site also
created a vertical gradient of CO2, air temperature and water
vapour pressure within the forest. Such a situation could induce
a time lag in the diurnal variation of these meteorological fac-
tors, depending on the height from the ground. The larger source
from ecosystem respiration at this site would also make Sc some-
what large. On the other hand, differences in Qa and Qw were
smaller than the difference in Sc among sites, probably because
of the lack of sizable heat and water vapour sources at nighttime.
Our long-term observations revealed that the diurnal patterns of
each storage flux form from a combination of the strength of air
mixing (u∗) and the availability of sources and sinks.

5. Acknowledgments

We thank the Forestry Department of Negeri Sembilan and
the Director General of the Forest Research Institute Malaysia
(FRIM) for permitting us to work in the Pasoh Forest Reserve.
We also thank the staff of the Hydrology Unit and the Pasoh
Station of the FRIM for collecting data. Dr. Kaoru Niiyama
provided the LAI data for the forest reserve. We also thank
Dr. Toshinori Okuda, Dr. Naishen Liang and the members of a
joint research project between FRIM, Universiti Putra Malaysia
and the National Institute for Environmental Studies, Japan, for
assisting with our fieldwork. This study was supported by the
Global Environment Research Fund of the Japan Environment
Agency and by scientific research grants from the Ministry of
Education, Culture, Sports, Science, and Technology, Japan and
also by Grants-in-Aid for Scientific Research from the Japan
Society for the Promotion of Science.

References

Aoki, M., Yabuki, K. and Koyama, H. 1975. Micrometeorology and
assessment of primary production of a tropical rain forest in West
Malaysia. J. Agric. Met. 31, 115–124.

Baldocchi, D. 2003. Assessing the eddy covariance technique for evalu-
ating carbon dioxide exchange rates of ecosystems: past, present and
future. Global Change Biol. 9, 479–492.

Brooks, J. R., Flanagan, L. B., Varney, G. T. and Ehleringer, J. R. 1997.
Vertical gradients in photosynthetic gas exchange characteristics and
refixation of respired CO2 within boreal forest canopies. Tree Physiol.
17, 1–12.

Dolman, A. J., Moors, E. J. and Elbers, J. A. 2002. The carbon uptake of
a mid-latitude pine forest growing on sandy soil. Agric. For. Meteorol.
111, 157–170.

Feigenwinter, C., Bernhofer, C., Eichelmann, U., Heinesch, B., Hertel,
M. and co-authors. 2008. Comparison of horizontal and vertical ad-
vective CO2 fluxes at three forest sites. Agric. For. Meteorol. 148,
12–24.

Finnigan, J. J. 2006. The storage term in eddy flux calculations. Agric.
For. Meteorol. 136, 108–113.

Hollinger, D. Y., Kelliher, F. M., Schulze, E.-D., Bauer, G., Arneth, A.
and co-authors. 1998. Forest-atmosphere carbon dioxide exchange in
eastern Siberia. Agric. For. Meteorol. 90, 291–306.

Tellus 60B (2008), 4

103



582 S. OHKUBO ET AL.

Jarvis, P. G., Massheder, J. M., Hale, S. E., Moncrieff, J. B., Rayment,
M. and co-authors. 1997. Seasonal variation of carbon dioxide, wa-
ter vapor, and energy exchange of a boreal black spruce forest. J.
Geophys. Res. 102, 28 953–28 966.

Kondo, M., Muraoka, H., Uchida, M., Yazaki, Y. and Koizumi, H.
2005. Refixation of respired CO2 by understory vegetation in a cool-
temperate deciduous forest in Japan. Agric. For. Meteorol. 134, 110–
121.

Kosugi, Y., Takanashi, S., Ohkubo, S., Matsuo, N., Tani, M. and
co-authors. 2008. CO2 exchange of a tropical rain forest at Pa-
soh in Peninsular Malaysia. Agric. For. Meteorol. 148, 439–
452.

Kumagai, T., Kuraji, K., Noguchi, H., Tanaka, Y., Tanaka, K. and co-
authors. 2001. Vertical profiles of environmental factors within tropi-
cal rainforest. J. For. Res. 6, 257–264.

Lamaud, E., Ogée, J., Brunet, Y. and Berbigier, P. 2001. Validation of
eddy flux measurements above the understorey of a pine forest. Agric.
For. Meteorol. 106, 187–203.

Law, B. E., Ryan, M. G. and Anthoni, P. M. 1999. Seasonal and annual
respiration of a ponderosa pine ecosystem. Global Change Biol. 5,
169–182.

Lee, X. 1998. On micrometeorological observations of surface–air ex-
change over tall vegetation. Agric. For. Meteorol. 91, 39–49.

Malhi, Y., Nobre, A. D., Grace, J., Kruijt, B., Pereira, M. G. P. and
co-authors. 1998. Carbon dioxide transfer over a Central Amazonian
rain forest. J. Geophys. Res. 103, 31 593–31 612.

McCaughey, J. H. and Saxton, E. L. 1988. Energy balance storage terms
in a mixed forest. Agric. For. Meteorol. 44, 1–18.

Mölder, M., Lindroth, A. and Halldin, S. 2000. Water vapor, CO2, and
temperature profiles in and above a forest-accuracy assessment of
an unattended measurement system. J. Atmos. Ocean. Technol. 17,
417–425.

Noguchi, S., Nik, A. R. and Tani, M. 2003. Rainfall characteristics of
tropical rainforest at Pasoh Forest Reserve, Negeri Sembilan, Penin-
sular Malaysia. In: Pasoh: Ecology of a Lowland Rain Forest in
Southeast Asia, (eds T. Okuda, N. Manokaran, Y. Matsumoto, K.
Niiyama, S. C. Thomas and P. S. Ashton), Springer, Tokyo, 51–
58.

Ohkubo, S. and Kosugi, Y. 2008. Amplitude and seasonality of storage
fluxes for CO2, heat and water vapor in a temperate Japanese cypress
forest. Tellus 60B, 11–20.

Ohkubo, S., Kosugi, Y., Takanashi, S., Mitani, T. and Tani, M. 2007.
Comparison of the eddy covariance and automated closed chamber
methods for evaluating nocturnal CO2 exchange in a Japanese cypress
forest. Agric. For. Meteorol. 142, 50–65.

Oliphant, A. J., Grimmond, C. S. B., Zutter, H. N., Schmid, H. P., Su,
H.-B. and co-authors. 2004. Heat storage and energy balance fluxes
for a temperate deciduous forest. Agr. For. Meteorol. 126, 185–201.

Silberstein, R., Held, A., Hatton, T., Viney, N. and Sivapalan, M. 2001.
Energy balance of a natural jarrah (Eucalyptus marginata) forest
in Western Australia: measurements during the spring and summer.
Agric. For. Meteorol. 109, 79–104.

Sun, J., Burns, S., Delaney, A., Oncley, S., Turnipseed, A.
and co-authors. 2007. CO2 transport over complex terrain. Agric.
For. Meteorol. 145, 1–21.

Takanashi S., Kosugi, Y., Matsuo, N., Tani, M. and Ohte, N. 2006. Patchy
stomatal behavior in broad-leaved trees grown in different habitats.
Tree Physiol. 26, 1565–1578.

Turnipseed, A. A., Blanken, P. D., Anderson, D. E. and Monson, R.
K. 2002. Energy budget above a high-elevation subalpine forest in
complex topography. Agric. For. Meteorol. 110, 177–201.

Vogt, R., Bernhofer, Ch., Gay, L. W., Jaeger, L. and Parlow, E. 1996.
The available energy over a Scots pine plantation: what’s up for par-
titioning? Theor. Appl. Climatol. 53, 23–31.

Webb, E. K., Pearman, G. I. and Leuning, R. 1980. Correction of flux
measurements for density effects due to heat and water vapour trans-
fer. Quart. J. R. Met. Soc. 106, 85–100.

Wilson, K. B., Goldstein, A., Falge, E., Aubinet, M., Baldocchi, D. and
co-authors. 2002. Energy balance closure at FLUXNET sites. Agric.
For. Meteorol. 113, 223–243.

Xu, L.-K., Matista, A. A. and Hsiao, T. C. 1999. A technique for mea-
suring CO2 and water vapor profiles within and above plant canopies
over short periods. Agric. For. Meteorol. 94, 1–12.

Yasuda, Y., Ohtani, Y., Watanabe, T., Okano, M., Yokota, T. and co-
authors. 2003. Measurement of CO2 flux above a tropical rain forest
at Pasoh in Peninsular Malaysia. Agric. For. Meteorol. 114, 235–244.

Tellus 60B (2008), 4

104



HYDROLOGICAL PROCESSES
Hydrol. Process. 24, 472–480 (2010)
Published online 3 November 2009 in Wiley InterScience
(www.interscience.wiley.com) DOI: 10.1002/hyp.7499

Water and heat fluxes above a lowland dipterocarp forest in
Peninsular Malaysia

Satoru Takanashi,1* Yoshiko Kosugi,2 Shinjiro Ohkubo,3 Naoko Matsuo,4 Makoto Tani2

and Abdul Rahim Nik5

1 Forest Meteorology Laboratory, Department of Meteorological Environment, Forestry and Forest Products Research Institute, Ibaraki 305-0031,
Japan

2 Graduate School of Agriculture, Kyoto University, Kyoto 606-8502, Japan
3 National Agricultural Research Center for Hokkaido Region, Sapporo 062-8555, Japan

4 Faculty of Bioresources, Mie University, Tsu, Mie 514-8507, Japan
5 Forest Research Institute Malaysia, Kepong, Kuala Lumpur 52109, Malaysia

Abstract:

We measured the fluxes of sensible and latent heat between a low-land dipterocarp forest in Peninsular Malaysia and the
atmosphere. No clear seasonal or interannual changes in latent heat flux were found from 2003 to 2005, while sensible heat flux
sometimes fluctuated depending on the fluctuation of incoming radiation between wet and dry seasons. The evapotranspiration
rates averaged for the period between 2003 and 2005 were 2Ð77 and 3Ð61 mm day�1 using eddy covariance data without
and with an energy balance correction, respectively. Average precipitation was 4Ð74 mm day�1. Midday surface conductance
decreased with an increasing atmospheric water vapour pressure deficit and thus restricted the excess water loss on sunny days
in the dry season. However, the relationship between the surface conductance and vapour pressure deficit did not significantly
decline with an increase in volumetric soil water content even during a period of extremely low rainfall. Copyright © 2009
John Wiley & Sons, Ltd.
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INTRODUCTION

The exchange of heat and water vapour by terrestrial
ecosystems, coupled with carbon dioxide, plays a role
in the regulation of the thermal environment of the atmo-
sphere and water cycling on the planet scale. Tropical
rainforests, in particular, play an important role in cli-
mate change because of their large plant volume and
complexity. It is important to understand the role played
by heat and water exchanges of a tropical rain forest in
global environmental changes. In recent decades, diur-
nal and seasonal changes in the H2O and CO2 exchange
rates of forests have been directly detected using the
eddy covariance method (Aubinet et al., 2000; Baldocchi,
2003). With over 140 micrometeorological flux measure-
ment sites, FLUXNET was established to understand the
mechanisms controlling the exchanges of CO2, water
vapour and energy across spectra of time and space, and
to provide information for modelling carbon and water
cycling across regions and across the globe (Baldocchi
et al., 2001). A few studies have reported on long-term
eddy covariance heat and H2O flux observations in trop-
ical rainforests, both in the Amazon (Shuttleworth, 1988;

* Correspondence to: Satoru Takanashi, Forest Meteorology Laboratory,
Department of Meteorological Environment, Forestry and Forest Products
Research Institute, Ibaraki 305-0031, Japan.
E-mail: tnsatoru@ffpri.affrc.go.jp

Malhi et al., 2002; da Rocha et al., 2004) and in South-
east Asia (Kumagai et al., 2004). There are major envi-
ronmental differences between Amazonian and Southeast
Asian rainforests in the patterns of rainfall. Most sites
in Amazon rainforests have distinct dry and wet sea-
sons during the year, although the magnitude of dryness
depends on the location (Nepstad et al., 1994). In con-
trast, Peninsular Malaysian and Bornean rainforests do
not experience distinct dry and wet seasons during the
year although dry and wet periods do exist as part of the
seasonal fluctuation with considerable variability between
years (Tani et al., 2003b; Kumagai et al., 2005). Given
that H2O is exchanged through leaf stomata, the heat
and water exchange characteristics of a forest are mainly
affected by stomatal regulation. Therefore, the stomatal
behaviour and surface conductance response to chang-
ing moisture availability should be investigated to clarify
the effects of varying amounts and patterns of rainfall on
heat and H2O exchange in tropical rain forests. During the
long dry season in the central-to-eastern Amazon, forest
canopy foliage is maintained via deep roots to soil water
reserves (Nepstad et al., 1994). Effects of drought stress
on the surface conductance of Amazonian rainforest were
reported for Manaus (Malhi et al., 2002), but were not
evident at Santarém (da Rocha et al., 2004). Kumagai
et al. (2004) reported that drought stress reduced surface
conductance at Lambir in Borneo. It is unknown if these
results are equally valid for other rain forests. Further

Copyright © 2009 John Wiley & Sons, Ltd.
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study is warranted to investigate issues related to heat
and H2O exchange in tropical rain forests, especially for
intercomparisons over the Amazon and Southeast Asian
regions.

This paper considers 3 years of eddy covariance sen-
sible and latent flux data for a primary tropical rain for-
est in the Pasoh Forest Reserve in Peninsular Malaysia,
Southeast Asia. This paper assesses the footprint of flux
measurement and the magnitude of the energy imbalance
at this site, describes the nature and magnitude of diur-
nal, seasonal and interannual heat and H2O exchanges,
and analyzes whether the effects of drought stress on the
surface conductance are evident at this site.

METHODS

Site description

Observations were conducted at the Pasoh Forest
Reserve near Simpang Pertang in Negeri Sembilan,
Peninsular Malaysia (2°580N, 102°180E, Figure 1). The
core area (600 ha) of the reserve is a primary low-land
mixed dipterocarp forest consisting of various species
of Shorea and Dipterocarpus. The continuous canopy
height is approximately 35 m, although some emergent
trees exceed 45 m. An intensive research project by the
International Biological Programme was conducted in
this forest reserve from 1970 to 1974 (Soepadmo, 1978).
On the basis of empirical equations obtained for the Pasoh
Forest Reserve by Kato et al. (1978), the leaf area index
estimated from tree diameter observations (Niiyama,
unpublished) was 6Ð52. The plant area index was optically
measured using a plant canopy analyzer (LAI-2000, Li-
Cor Inc., Lincoln, NB, USA) on 19 September 2002,
27 November 2002, 9 March 2003, 25, 26 and 27
August 2003, 17 December 2003, 30 May 2004, and
12 September 2004. The temporally averaged plant area
index was 5Ð76 and the standard deviation was 0Ð47
(n D 15).

Figure 1. Location of Pasoh Forest Reserve

The core area of the forest reserve includes plot 1, a
2-ha plot used extensively to study primary productivity
of the tropical rain forest by the International Biological
Programme (Kato et al., 1978). Biometric observations
have been carried out continuously also in a 6-ha plot
that extends plot 1, and a 50-ha plot (e.g. Davies et al.,
2003; Niiyama et al., 2003; Hoshizaki et al., 2004). The
topography, area of the Pasoh Forest Reserve and the
locations of the 6-ha plot, the 50-ha plot and the flux
observation tower are shown in Figure 2. The forest
reserve is widest at about 3500 m to the north and
narrowest at about 800 m. The area has gently undulating
topography, and the altitude of the core area ranges from
75 to 150 m a.s.l. Soil characteristics and the rainfall
pattern are briefly described with citations in the paper
of Kosugi et al. (2007a).

Figure 2. Location of the observation tower (a) and fetch length in the
daytime and the boundary of Pasoh Forest Reserve (b). On the basis of
the work of Schuepp et al. (1990), the fetch length for which >80% of
the flux measurements are expected to come from is calculated and the

points plotted
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Micrometeorological measurements

Flux measurements were made at a height of 54 m
from the observation tower. The wind velocity and tem-
perature were observed with a three-axis sonic anemome-
ter (SAT-550, Kaijo, Japan) from September 2002 (the
first probe was disabled by lightning on 5 June 2004,
and a new one was installed on 24 November 2004) to
December 2005. Water vapour densities were monitored
with an open path CO2/H2O analyzer (LI-7500, Li-Cor
Inc., Lincoln, NB, USA) from September 2002 (the first
probe was disabled by lightning on 5 June 2004, and a
new one was installed on 4 September 2004) to Decem-
ber 2005. Analog signals from the sonic anemometer and
infrared gas analyzer were sampled by a data logger (CR-
5000, Campbell Scientific, Utah, USA) at 10 Hz. The
averaging time for the calculation of fluxes was 30 min.
The Webb, Pearman, and Leuning (WPL) correction for
the effect of air density fluctuation (Webb et al., 1980)
was made. A three-dimensional coordinate rotation for
the vertical wind velocity normal to the mean wind direc-
tion (double rotation; McMillen, 1988; Kaimal and Finni-
gan, 1994) was applied assuming a zero mean vertical
wind. This paper considers the data from 1 January 2003
to 31 December 2005. Thresholds were set for sensible
heat flux (�400 < H < 1000, W m�2) and latent heat
flux (�400 < �E < 1000, W m�2). Data were ignored
from 30 min before to 1 h after rainfall (>0Ð5 mm) to
avoid data spikes and noise caused by rainfall drops in
the path of the infrared beam of the LI-7500. Valid sur-
face fluxes were obtained during 66Ð2% of this period
(79Ð1% of 2003, 46Ð2% of 2004 and 73Ð3% of 2005). The
observation tower was equipped with instruments to mea-
sure downward and upward short-wave radiation (MR22,
Eko, Japan), long-wave radiation (PIR, Eppley Labora-
tory Inc., Newport, RI, USA), air temperature, humid-
ity (HMP45A, Visala, Helsinki, Finland), wind velocity
(AC750, Makino, Japan) and rainfall (RT-5, Ikedakeiki,
Japan). Soil water content at depths of 0Ð1, 0Ð2 and 0Ð3 m
(CS615 or CS616, Campbell Scientific, Utah, USA) and
soil heat flux at a depth of 0Ð02 m (HFP01, Hukseflux
Thermal Sensors B.V., The Netherlands) were monitored
at three points around the tower. Rainfall was measured
by tipping bucket rain gauges (Ota Keiki 34-T, Japan) at
the top of the 52-m tower and at an observatory located
430 m from the tower. The rainfall measured on the tower
may be influenced by strong wind, whereas the rainfall in
the observatory was sometimes different from that at the
tower site owing to large spatial variability of rainfall in
the region. Both types of data were carefully compared
with the data for storage rain recorded at the observatory
and corrected (Konishi et al., 2006). We used the rainfall
data recorded at the observatory if that measured at the
tower was not available.

Data analysis

To analyze the response of stomata to environmental
factors, surface conductance was calculated using latent

heat flux and the Penman–Monteith equation:

gc
�1 D rc D ra

�(
1�Rn � G� C �CP�es�Ta� � ea�/ra

�E
� �1 C ��

)
�1�

where Rn is the net radiation (W m�2), G is the ground
heat flux (W m�2), �E is the latent heat flux (W m�2),
gc is the surface conductance (s m�1), rc is the surface
resistance (m s�1), 1 is the rate of change of saturated
water vapour pressure with temperature (Pa K�1), � is the
air density (mol m�3), Cp is the specific heat capacity of
air (J mol K�1), es�Ta� is the saturated vapour pressure
at air temperature (Pa), ea is the vapour pressure (Pa),
� is the psychrometric constant (Pa K�1), and ra is the
aerodynamic resistance (s m�1). Aerodynamic resistance
was calculated as (Kumagai et al., 2004; Kosugi et al.,
2007b):

ra D ur

uŁ2 �2�

where ur is the wind velocity at the reference height
(m s�1, height of 54 m) and uŁ is the friction velocity
obtained from eddy covariance measurements (m s�1).
The decoupling factor (�) was calculated using the
expression derived by MacNaughton and Jarvis (1983):

� D 1/� C 1

1/� C 1 C rc/ra
�3�

To avoid influences of evaporation from wet canopy,
the data for which there was no rainfall in the previous
24 h were used in the analysis of the surface conductance.

RESULTS AND DISCUSSION

Footprint and energy closure analysis

Figure 2 shows the footprint of fluxes in the daytime
and the boundary of Pasoh Forest Reserve. On the
basis of the model developed by Schuepp et al. (1990),
observations for which >80% of the measured flux is
expected to have come from within the boundary made
up 72% of the total number of measurements during
the daytime. Figure 3 shows the sum of 30-min sensible
heat flux (Heddy, W m�2) and latent heat flux (�Eeddy)
versus the available energy that was calculated as net
radiation (Rn) minus the soil heat flux (G) and canopy
heat storage (S). The slope of this relationship for all
data was 0Ð724, while for data limited to the data for
which the fetch lengths were within the boundary, the
slope became 0Ð776.

Energy balance closure provides important information
on the absolute accuracy of the sensible heat flux and
latent heat flux estimates derived from eddy covariance
measurements. From many studies, a general concern has
developed within the micrometeorological community
that surface energy fluxes (�E C H) are frequently (but
not always) underestimated by about 10–30% relative
to estimates of available energy (Rn � G � S) (Wilson

Copyright © 2009 John Wiley & Sons, Ltd. Hydrol. Process. 24, 472–480 (2010)
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Figure 3. The sum of sensible heat flux (Heddy) and latent heat flux
(�Eeddy) vs. the available energy [net radiation (Rn) minus the sum of
soil heat flux (G) and canopy heat storage (S)] for half-hourly data. Black
circles represent all available data and grey circles represent the data
whose fetch lengths were within the boundary of Pasoh Forest Reserve.

Lines fitted by linear regression are also shown

et al., 2002). Figure 4 shows the imbalance ratios (IBR D
�E C H

Rn � G � S � 1) and the slopes of linear regression of
the sum of surface energy fluxes (�E C H) against the
available energy (Rn � G � S) for each of the friction

velocity classes. Both the slope and the imbalance ratio
increased with friction velocity up to approximately 80%
of the energy balance closure. This value is within the
common range of the imbalance reported for many flux
observation sites covered in various types of vegetation
across the world (Wilson et al., 2002), although it should
be noted that it still indicates a considerable imbalance
of energy and thus suggests the underestimation of heat
and water fluxes and bulk surface conductance.

Tanaka et al. (2002) evaluated the total evapotranspi-
ration from a larch forest by assuming that the energy
closure deficit could be divided into sensible and latent
heat advection fluxes, defined as the product of the
energy difference between incoming and outgoing air
and the volume of advective air. Ohta et al. (2001) esti-
mated actual evapotranspiration by multiplying the ratio
obtained using the energy balance closure method by the
eddy latent heat flux. For a better estimation of evapo-
transpiration from the Pasoh forest, sensible and latent
heat fluxes were corrected by assuming that the Bowen
ratio deduced from the eddy covariance fluxes was con-
served after correction, and closure deficits were divided
into sensible and latent heat fluxes using the Bowen ratio.
Available energy was divided into sensible and latent heat
fluxes using the Bowen ratio as calculated from the eddy
covariance fluxes; therefore, the evapotranspiration rate

Figure 4. Effects of friction velocity (uŁ) on the imbalance ratios and the linear regression slopes in the daytime. Box plots of the imbalance ratios
(IBR) for each different friction velocity class are shown. The medians are indicated by the black center line, and the first and third quartiles are the
edges of the box. The ends of the lines extending from the boxes denote extreme values that are within 1Ð5 times the quartile range from the upper
or lower quartile. The averages are indicated by grey lines. Black points represent the linear regression slopes between the available energy and the

sum of sensible heat flux and latent heat flux
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of a canopy was corrected as follows:

�E D �Eeddy
Rn � G

Heddy C �Eeddy
�4�

where �Eeddy is the evapotranspiration rate measured
above the forest using the eddy covariance method
(W m�2) and Heddy is the sensible heat flux above the
forest determined using the eddy covariance method
(W m�2).

The evapotranspiration rate averaged for the period
between 2003 and 2005 was directly estimated to be
2Ð77 mm day�1 using an eddy covariance latent heat flux
without correction. After the energy balance correction,
it became 3Ð61 mm day�1. As the average rainfall at this
site is 4Ð74 mm day�1, this difference is not negligible.
It cannot be said that this is the best method for the
energy balance correction, as there is no evidence or
theory that the Bowen ratio suggested by the eddy
covariance measurement is conserved after considering

various factors including the mass movement other than
that of the eddy. However, our results along with the
results for many other flux sites reported by Wilson
et al. (2002) strongly suggest the necessity of considering
an energy imbalance correction in the estimation of
evapotranspiration using the eddy covariance method.

Diurnal, seasonal and interannual fluctuation of sensible
and latent heat fluxes

Annual rainfall totals in 2003, 2004 and 2005 were
1896, 1655, and 1649 mm respectively. These values
were close to the mean annual rainfall from 1983 to
1997 (1804 mm) at an observation station near the site
(Tani et al., 2003a). The driest condition of the soil
was observed in February 2005. Seasonal changes in
the micrometeorological and hydrological environments
at Pasoh Forest Reserve from 2003 to 2005 are shown
in Figure 5. Relatively low air temperature, a low level

Figure 5. Seasonal changes in daily total rainfall (bar) and daily average volumetric soil water content at depth of 0Ð1–0Ð3 m (line) (a), and monthly
average diurnal time courses of downward solar radiation (triangles: SR), air temperatures (squares: Ta), and vapour pressure deficits (circles: VPD)

(b). Lines in (b) represent average diurnal time courses of 3 years
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of solar radiation and a low vapour pressure deficit coin-
cided with cloudy and rainy periods (January and Decem-
ber in 2003 and December 2004). High air temperature,
a high level of solar radiation and high vapour pressure
deficit coincided with sunny and dry periods (February
2005).

Figure 6 shows the monthly average diurnal changes
in sensible and latent heat fluxes over the canopy after
the energy balance correction from January 2003 to
December 2005. The black line represents the average
diurnal change for the 3 years. The grey line, which
almost overlies the black line, shows the 3-year average
diurnal course of the sum of sensible heat fluxes over the
canopy and sensible heat storage fluxes, or latent heat
fluxes over the canopy and latent heat storage fluxes.
Figure 6 shows that the contributions of storage fluxes to
the heat and water exchange between the forest and the
atmosphere were small; Ohkubo et al. (2008) reported
that the positive peaks of the heat and water storage
fluxes were 16 and 7Ð8% of the positive peaks of Heddy

and �Eeddy, respectively. We see from this figure that
there were no clear seasonal and interannual changes in
latent heat flux from 2003 to 2005, while the sensible
heat flux sometimes fluctuated depending on variations
in incoming radiation between wet and dry periods. For
example, the largest diurnal maximum of sensible heat
flux was observed in February 2005, which was the
driest and sunniest month during the 3-year observation
period (Figure 5), and smaller maxima of sensible heat
flux were observed in January and December 2003 and

December 2004, which were cooler and cloudier months
(Figure 5). We see from Figure 6 that latent heat flux and
thus evapotranspiration from the forest did not increase
in the driest, hottest and sunniest month (February
2005). Tanaka et al. (2008) reviewed evapotranspiration
estimates from tropical monsoon forests of mainland
Southeast Asia and reported that the dry season (from
November to April) evapotranspiration rate for evergreen
forests ranged from 0Ð6 to 5Ð9 mm day�1 and that there
were relatively small differences in the wet season
evapotranspiration rate (around 3 mm day�1). Our results
for the monthly averaged evapotranspiration rates ranging
from 3Ð2 to 3Ð8 mm day�1 are slightly higher than those
of tropical monsoon forests in the wet season and those
of Bornean tropical rainforest (2Ð86–3Ð48 mm day�1,
Kumagai et al., 2004) and similar to those of eastern
Amazonian forest (wet season rate of 3Ð2 and dry season
rate of 4Ð0 mm day�1; da Rocha et al., 2004).

Figure 7 shows the relationship between the vapour
pressure deficit and surface conductance (gc) and the
decoupling coefficient calculated for the available 30-min
data in the afternoon under light-saturated conditions.
This relationship is shown for each year and for two
groups of average volumetric soil water content at 0Ð1,
0Ð2, and 0Ð3 m depth (average values for nine sensors).
The Lohammar equation (Lohammar et al., 1980), which
has often been used to represent the relationship between
the stomatal conductance and vapour pressure deficit in
single-leaf-scale analysis, was used here to fit curves to
the data (Figure 7) to assess whether this relationship

Figure 6. Diurnal changes in sensible heat flux (a) and latent heat flux (b). Monthly average time courses of each year are plotted. Black lines
represent average time courses of 3 years. Grey lines represent monthly average time courses of the sum of sensible heat flux and storage or latent

heat flux and storage
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Figure 6. (Continued )

changed between dry and rainy seasons owing to the soil
moisture condition. It is noted that surface conductance
differed sharply when estimated with and without the
energy balance correction. The values after correction
may not be theoretically correct, but it is a better
estimation than that made without the correction. One
reason for this is that the value with energy balance
correction is closer to the surface conductance of the
same site determined using the Bowen ratio method
and reported by Tani et al. (2003b) and Takanashi et al.
(2003).

Figure 7 shows that the midday surface conductance
decreased as the atmospheric water vapour pressure
deficit increased and thus restricted the excess water loss
on sunny days in the dry season, and midday stom-
atal control of the transpiration (1 � �) increased with
the atmospheric water vapour pressure deficit. However,
the relationship between surface conductance and vapour
pressure deficit did not decline with increasing volumet-
ric soil water content. During the extremely low rainfall
period from January to February in 2005 (Figure 7h),
the relationship slightly declined. Tani et al. (2003b)
and Takanashi et al. (2003) estimated the surface con-
ductance using both the Bowen ratio method and the
Penman–Monteith equation at this site and showed that
the conductance was consistently controlled by the same
function of solar radiation and vapour pressure deficit
and that evaporation did not suffer from severe stress of
soil water even in the driest condition in early 1998. Our
results along with those of previous studies suggest that
there is no clear restriction of surface conductance by
the soil moisture condition at this site, which is similar

to that observed for other tropical rainforests (da Rocha
et al., 2004).

CONCLUSIONS

We analysed sensible and latent heat fluxes above a trop-
ical rainforest in Peninsular Malaysia for 3 years from
2003 to 2005. The Pasoh forest did not have distinct wet
and dry seasonal changes in weather conditions, such as
those seen in some parts of the Amazonian forests. After
considering the heat storage terms and fetch length, the
energy balance closure was estimated to be approximately
78%, which improved to around 80% for periods with
higher friction velocity. An energy balance correction
was made for the latent heat flux measured using the eddy
covariance method. With the correction, the evapotranspi-
ration from the lowland dipterocarp forest in the Pasoh
Forest Reserve was estimated to be 3Ð61 mm day�1,
which was less than the rainfall of 4Ð71 mm day�1. There
was no evidence of water stress from the diurnal changes
in the latent heat flux, and the surface conductance was
limited by the vapour pressure deficit but not by the vol-
umetric soil water content.
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Abstract We investigated inter-annual variation of can-

opy CO2 exchange (NEE) and evapotranspiration during a

7-year period over a lowland Dipterocarp forest in Pasoh,

Peninsular Malaysia, using the eddy covariance method.

Annual rainfall fluctuated between 1,451 and 2,235 mm

during this period. Annual evapotranspiration estimated by

energy budget correction and gap filling using the rela-

tionship between latent heat and available energy was

1,287 ± 52 mm. Despite inter-annual variation in rainfall,

annual evapotranspiration was stable, except for a slight

decrease in the driest year (2009). Evapotranspiration was

roughly related to the amount of available energy, but was

regulated by stomatal closure to prevent excessive water

loss at high vapour pressure deficit. Even during dry peri-

ods, no significant decrease in evapotranspiration occurred,

as water was supplied from soil layers deeper than 0.5 m.

Ecosystem respiration (RE) increased with soil water

content. Daytime NEE was also stable during the 7 years,

despite climate variability. Afternoon inhibition of canopy

photosynthesis was seen every month. Daytime NEE did

not become more negative with increasing solar radiation,

or with increasing soil water content. During dry periods,

gross primary production (GPP) and thus canopy gross

photosynthesis decreased slightly, coupled with decreased

daytime RE. In this forest, variability in rainfall pattern

resulted in seasonal and inter-annual variability in micro-

meteorology; evapotranspiration, photosynthesis, and RE

responded to these changes, and compensated for each

other and/or other components of micrometeorology,

resulting in rather stable annual evapotranspiration and

NEE, even during a very dry year associated with an El

Nino Southern Oscillation (ENSO) event.

Keywords Dipterocarp � Ecosystem respiration � Eddy
covariance method � Flux � NEE � Southeast Asia

Introduction

Clarification of the nature and magnitude of diurnal, sea-

sonal, and annual evapotranspiration and canopy CO2

exchange in tropical rainforests, and identification of the

factors affecting these exchanges on different timescales

are of primary importance to understanding the role of gas

exchange in the global climate. Although relatively few
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studies have applied eddy covariance (EC) flux measure-

ment in tropical rainforests compared with other vegetation

types (Valentini et al. 2000; Baldocchi et al. 2001; Yasuda

et al. 2003), recent studies have observed 1–3 years of flux

of either evapotranspiration or CO2 exchange at several

sites in Amazonian (Malhi et al. 1998, 2002; Araújo et al.

2002; Saleska et al. 2003; da Rocha et al. 2004; Goulden

et al. 2004; Kruijt et al. 2004; Miller et al. 2004) and

Southeast Asian (Kumagai et al. 2005, 2006; Takanashi

et al. 2005; Hirano et al. 2007; Kosugi et al. 2008;

Takanashi et al. 2010) tropical rainforests.

The most important environmental difference between

Amazonian and Southeast Asian tropical forests with

regard to factors determining the nature and magnitude of

diurnal, seasonal, and annual evapotranspiration and

canopy CO2 exchanges, is rainfall pattern. For example,

most Amazon rainforest sites have distinct dry and wet

seasons during the year and the effect of drought stress on

gas exchange is an important issue in this region (Asner

et al. 2004). In contrast, Southeast Asian rainforests do not

experience distinct dry and wet seasons during the year

although dry and wet periods do occur with considerable

variability between years (Tani et al. 2003; Kumagai et al.

2005). After examination of a year’s worth of EC data for

the Tapajós site of Brazil, Goulden et al. (2004) showed

that canopy CO2 exchange (NEE) became more negative

during the dry season as soil respiration decreased. They

also found no obvious effect of drought stress on daytime

net canopy photosynthesis, probably because of deep root

systems. Recently we studied 3 years of EC CO2 flux

(Kosugi et al. 2008) and latent and sensible heat fluxes

(Takanashi et al. 2010) in a primary tropical rainforest in

the Pasoh Forest Reserve, Peninsular Malaysia. We found a

very stable monthly diurnal course of evapotranspiration

and NEE during this period. Although we observed an

increase in CO2 uptake caused by a decrease in soil res-

piration during dry periods in this Southeast Asian rain-

forest similar to that reported by Goulden et al. (2004), the

increase of CO2 uptake did not have the clear seasonality it

exhibited in Amazonian forests. From these results, rainfall

pattern, and the closely related soil moisture, can be

assumed to be among the most important environmental

factors determining gas exchange in tropical forests. Other

environmental factors, for example radiation, air tempera-

ture, and vapour pressure deficit, which are also related to

rainfall pattern, and typically regarded as key factors in

various types of global-scale carbon and water movement

models used to evaluate ecosystem function, should also be

considered. To clarify the effect of these environmental

factors and their future changes on gas exchange processes

of tropical forests, we should first evaluate the actual range

of their fluctuations as affected by inter-annual climate

variability.

Long-term heat, H2O, and CO2 flux monitoring based on

EC measurements enables evaluation of the inter-annual

range of fluctuation in gas exchange and detailed analysis

of the factors affecting gas exchange. In this study, we

examined 7 years of fluctuations in microclimate, sensible

and latent heat flux, and CO2 flux to determine the effect of

daily, seasonal, and inter-annual climate variability on

evapotranspiration and canopy CO2 exchange of a tropical

rainforest in Pasoh, Peninsular Malaysia.

Materials and methods

Site

The study was conducted on an observation tower in the

Pasoh Forest Reserve (PSO) of the Forest Research Institute

Malaysia (FRIM), located near Simpang Pertang in Negeri

Sembilan, Peninsular Malaysia (2�580N, 102�180E,
75–150 m a.s.l.). The core area (600 ha) of the reserve

(2,450 ha) is covered with primary lowland mixed diptero-

carp forest and includes various species of Shorea and

Dipterocarpus. The continuous canopy height is approxi-

mately 35 m, but some emergent trees exceed 45 m. The soil

type around the tower is Haplic Acrisol according to FAO

classifications. The A horizon is thin (0–0.05 m; Yamashita

et al. 2003), and lateritic gravels are abundant below 0.3 m

(Soepadmo 1978; Yamashita et al. 2003). The area has a

gently undulating topography. Topographic details and a

fetch analysis are reported in Takanashi et al. (2010).

Additional site details are described in Kosugi et al. (2008).

Mean annual rainfall at the study site totals 1,804 mm

(1983–1997; Tani et al. 2003), less than in other regions of

Peninsular Malaysia (Noguchi et al. 2003). Rainfall peaks

from March to May and from October to December, and

mostly occurs from late afternoon to night (Kosugi et al. 2008).

Observations

Meteorological variables were monitored at a height of

52–54 m on the observation tower; these variables included

downward (Sd, W m-2) and upward shortwave radiation

(measured using anMR22; Eko Instruments, Tokyo, Japan),

downward and upward longwave radiation (model PIR;

Eppley, Newport, RI, USA), net radiation as the balance of

the four previous components (Rn, W m-2), air temperature

and humidity (models HMP45A, HMP45C; Vaisala,

Helsinki, Finland), and rainfall (Fig. 1). Soil water content at

depths of 0.1, 0.2, and 0.3 m (volumetric soil water content

(VSWC), m3 m-3; average of the values from nine sensors;

CS615 or CS616; Campbell Scientific, Logan, UT, USA),

soil heat flux (G, W m-2; model HFP01; Hukseflux Thermal

Sensors, Delft, The Netherlands), and soil temperature
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(Tsoil2cm, �C; thermocouple model 107; Campbell Scien-

tific) at a depth of 0.02 m were monitored at three points

around the tower. Rainfall was measured by use of tipping-

bucket rain gauges (model 34-T; Ota Keiki Seisakusho,

Tokyo, Japan) at the top of the tower (52 m) and at an

observatory located 430 m from the tower.

Fluxes of sensible heat, water vapour, and carbon

dioxide were measured at a height of 54 m on the obser-

vation tower. Wind velocity and temperature were mea-

sured with a three-axis sonic anemometer (SAT-550;

Kaijo, Tokyo, Japan). CO2 and H2O concentrations were

monitored with an open path CO2/H2O analyser (LI-7500;

Li-Cor, Lincoln, NE, USA). Data were sampled at 10 Hz

and sent to a data logger (CR-5000; Campbell Scientific).

Fluxes of momentum, sensible heat (H, W m-2), latent

heat (kE, W m-2) and CO2 (Fc, lmol m-2 s-1) were cal-

culated as 30-min averages. Double rotation (McMillen

1988) was applied, assuming a zero mean vertical wind.

The Webb–Pearman–Leuning (WPL) correction for the

effect of air density fluctuations (Webb et al. 1980) was

applied. Linear trends in temperature, water vapour, and

CO2 concentration were not removed. The eddy flux

observations were described in more detail in Kosugi et al.

(2008). We added two criteria after the flux data used in

Kosugi et al. (2008) and Takanashi et al. (2010). Data that

did not meet the stationarity criteria (Foken and Wichura

1996; Aubinet et al. 2000) were rejected. kE and Fc data

obtained during periods of rainfall (from 30 min before to

60 min after a rainfall event) were rejected. Eddy flux

observations have been collected since September 2002,

and this study considered the 7 years of data from January

2003 to December 2009.

Vertical profiles of CO2 concentration, air temperature

and humidity were also observed to assess fluxes of sen-

sible and latent heat and CO2 storage (Sc, lmol m-2 s-1).

More details of the profile measurements and calculation of

the storage terms are described in Ohkubo et al. (2008).

The profile data available for calculating the storage terms

were limited. To compensate for the lack of profile

observation data, we used the differentials at one reference

height for canopy heat storage fluxes and CO2 storage flux

for preparing the long-term database. Each component of

biomass, sensible heat, and latent heat storage flux

(S, W m-2) was estimated using the relationship with the
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average volumetric soil water content at 0.1, 0.2, and 0.3 m taken
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the Pasoh tower site from January 2003 to December 2009
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temperature or vapour pressure differential at 52-m height

based on Ohtani et al. (1997). We estimated Sc using the

CO2 concentration at 54-m height, based on the relation-

ship between Dc/Dt (ppm h-1) at the top of tower mea-

sured with the LI-7500 open-path sensor and Sc calculated

from the profile measurement (Fig. 2). In this study,

instantaneous NEE was estimated as Fc ? Sc.

Evapotranspiration data correction and gap-filling

policy

As reported by Takanashi et al. (2010), energy imbalance is

a severe problem and should be considered when estimat-

ing evapotranspiration at this site, as pointed out for other

tower sites (Wilson et al. 2002; Kumagai et al. 2005;

Kosugi and Katsuyama 2007; Kosugi et al. 2007a). We

tried several methods of data correction and gap filling to

assess the effect of the imbalance correction and the gap-

filling method. Because we used an open-path infrared gas

analyzer (IRGA), latent heat flux data were rejected and

replaced with (Rn - G - S) - H during periods of rainfall

and for the first hour after rainfall.

Method 1

Energy budget corrections were made for both sensible and

latent heat fluxes using a Bowen ratio to produce an energy

imbalance of zero. Gaps were filled using the second-order

polynomial relationship between 30-min kE after the

energy budget correction with Method 1 and available

energy (Rn - G - S) determined using all available data

for each year.

Method 10

This is the same as Method 1 for energy budget correc-

tions, but with a different gap-filling method. The daily

amount of evapotranspiration was calculated for the days

the gap percentage was within 15%, and the daily base

gap was filled using the second-order polynomial rela-

tionship between daily amounts of evapotranspiration (E,

mm) after the energy budget correction with Method 1

and Rn - G - S determined using all available data for

the 7 years.

Method 2

No energy budget corrections were made. Gaps were filled

using the second-order polynomial relationship between

raw 30-min kE and Rn - G - S determined using all

available data for each year.

Method 3

Energy budget corrections were made for latent heat flux

only to produce energy imbalances of zero. Gaps were

filled using the second-order polynomial relationship

between 30-min kE after energy budget correction with

Method 3 and Rn - G - S determined using all available

data for each year.

Note that gap filling was only applied for the analysis

with Figs. 5 and 6, and not that with Figs. 3 and 4, to

prevent possible artificial bias. In Figs. 3 and 4, energy

budget corrections were based on Method 1. In Fig. 4,

monthly averaged daily amounts of sensible and latent heat

flux were calculated for days with gap percentage values

within 15%.

Data correction and gap-filling policy of NEE

Nighttime and daytime NEE gaps were filled separately.

As pointed out by Kosugi et al. (2008), raw nighttime

NEE data might severely underestimate nighttime eco-

system respiration (RE) at this site, even with turbulent

intensity (u*) correction. All nighttime NEE data were

rejected and replaced with estimated RE. RE was esti-

mated in two different ways. Daytime gaps were normally

filled with the 7-year-average diurnal course of observed

daytime NEE. Because we used open-path IRGA, Fc and

Sc were rejected during periods of rainfall and for the first
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Fig. 2 The relationship between the difference in ambient CO2

concentration at the top of the observation tower (54 m) measured

using a LI7500 open-path gas analyser (Dc/Dt, ppm h-1) and storage

CO2 flux (Sc, lmol m-2 s-1) estimated using CO2 concentrations

from 10 different heights. All available data for 2008 were used in

this analysis (n = 3,879). The median value of the relationship was

used for estimation of storage CO2 flux
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hour after rainfall. In Methods 1 and 3, described below,

daytime NEE during periods of rainfall was replaced with

estimated RE. We have no evidence that NEE during

rainfall events equals RE, although we expect it to fall

within a range between RE and the average diurnal course

of daytime NEE. We examined both extremes as descri-

bed in Methods 1 and 2. The effect of the different

models of filling rainfall gaps was also assessed in this

study.

Method 1

Nighttime NEE was replaced with estimated RE based

on the relationship between ‘‘optimum’’ nighttime NEE

with EC measurement and VSWC (bold black line in

Fig. 7b). Daytime NEE during periods of rain was

replaced with estimated RE. Other daytime gaps were

filled with the 7-year-average diurnal course of observed

daytime NEE.

Method 2

Nighttime NEE was replaced with estimated RE based on

the relationship between ‘‘optimum’’ nighttime NEE with

EC measurement and VSWC (bold black line in Fig. 7b).

Daytime gaps were filled with the 7-year-average diurnal

course of observed daytime NEE.

Method 3

Nighttime NEE was replaced with another estimate of RE

based on the chamber method (grey line in Fig. 7b). We

occasionally observed the soil respiration rate at the site,

from 2002 using a 50 m 9 50 m plot (Kosugi et al. 2007b)

and from 2006 at a 2-ha plot matching the main fetch of the

EC flux (Takanashi et al. 2010), including a wide range of

VSWC. The spatially averaged soil respiration in the larger

(2 ha) plot roughly showed a linear increase with increas-

ing VSWC, as in the 50 m 9 50 m plot, although the slope
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became milder, and the deviation became wider than in the

smaller plot. We made a trial estimate of total RE, using

this estimate of soil respiration in relation to VSWC from

the 2-ha plot (Kosugi et al., unpublished data) and other

components (leaf, trunk, forest floor trees, and coarse

woody debris (CWD)) of RE reported by Chambers et al.

(2004). Daytime NEE during periods of rain was replaced

with estimated RE. Other daytime gaps were filled with the

7-year-average diurnal course of observed daytime NEE.

Note that gap filling was only applied for the analysis in

Figs. 10, 11 and 12, and not for those in Figs. 8 and 9, to

prevent possible artificial bias. In Figs. 8 and 9a, the

monthly averaged diurnal course of daytime NEE was

purely calculated using all available 30-min data. In

Figs. 9b, c, daytime mean NEE was purely calculated using

all available 30-min data for the days that the gap per-

centage of daytime NEE data was within 15%.

Results

Micrometeorology

Annual rainfall fluctuated between 1,451 and 2,235 mm

(1,865 ± 288 mm) during the 7 study years. The study site

had a constant rainy period in November and December,

and mild dry periods between January and March and from

July to October, although the intensity of these dry periods

varied annually. The years 2003, 2004, and 2005 were

rather dry, and 2006, 2007, and 2008 were wet years. Also,

2009 was a dry year, affected by an ENSO event, with only

1,451 mm rain. Figure 1 shows that variation in rainfall

pattern resulted in seasonal and inter-annual variability in

other components of micrometeorology. VSWC was higher

during 2006, 2007, and 2008, and in November and

December of every year. Air temperature, vapour pressure

deficit, and radiation decreased in wet periods in November

and December of every year. Because most rainfall

occurred in the evening and at night, reductions in radiation

during wet periods were not apparent. The driest month

during the 7-year period was February 2005, the wettest

and sunniest month was November 2008, and several

unusual daytime storms and cloudy days occurred in

December 2007.

Evapotranspiration

Approximately 70% of available energy in this forest was

partitioned to the latent heat flux (Figs. 3, 4c). Latent heat

flux peaked around solar noon (1300 h local time), and no

obvious decline occurred in the afternoon compared with

morning values (Fig. 3). The diurnal course of latent heat

flux was rather stable over the 7-year period, with little

fluctuation from the 7-year-average line (Fig. 3). Both

daily latent and sensible heat flux were roughly related to

the amount of available energy (Fig. 4a), although Figs. 3,
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(grey bars) and latent (black bars) heat flux, and available energy

(black line) at the Pasoh tower site from January 2003 to December

2009. Energy budget correction was made for both sensible and latent

heat flux to result in energy imbalances of zero. All latent heat flux

data during rainfall events and for the first hour after the events were

rejected and replaced with (Rn - G - S) - H. Daily amounts of

sensible and latent heat flux were calculated for the days when gap

percentage was within 15%
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4a, c indicate that excess energy was disproportionately

partitioned to sensible heat flux. The relationship between

the daily latent heat flux and vapour pressure deficit (de)
shows the upper limit of latent heat flux at high vapour

pressure deficit (Fig. 4b).

Daily and annual evapotranspiration were calculated

using several data correction and gap-filling methods.

Although considerable differences existed among the esti-

mates, we are able to obtain stable annual evapotranspi-

ration (1,287 ± 52 mm with Method 1) despite rainfall

fluctuation and irrespective of correction or gap-filling

method (Figs. 5, 6). At the same time, we detected a slight

decrease of annual evapotranspiration in the driest year

(2009). Figure 6 shows that, except in the driest year

(2009), annual evapotranspiration increased with increas-

ing annual amount of available energy (Rn – G - S).

We did not detect any obvious decline in monthly

evapotranspiration, even in February 2005, the driest

month of the study, although during the driest period of the

study from January to March 2005, the amount of rainfall

was much lower than the amount of evapotranspiration

(Fig. 5a). Figure 5b shows the soil water budget, compar-

ing cumulative residual evapotranspiration from rainfall

and soil water storage differential between 0 and 0.5 m

depth; this was calculated using the average VSWC at the

depth between 0.1 and 0.3 m from nine sensors, assuming

uniform soil water content between 0 and 0.5 m depth. In

most periods, a decline in soil water storage between 0 and

0.5 m depth coincided well with evaporative demand

(slope of decline shown by the bold black line in Fig. 5b).

However, in the driest periods, for example August 2004,

February 2005, July and August 2006, February 2009, and

July to October 2009, the slope of evaporative demand was

greater than the slope of decline for soil water storage

between 0 and 0.5 m depth, indicating that water was

supplied from deeper soil layers.

Nighttime NEE

Kosugi et al. (2008) compared nighttime NEE and soil

respiration, but did not have enough NEE data, because Sc
data were limited at that time. In this study, we were able to

examine the relationship in more detail using all available

NEE data for the 7-year study period after calculating Sc
using the differential of CO2 concentration at the reference

height.

First, pure processing of all raw nighttime NEE data

showed that it increased with increasing VSWC, although

the values were lower than expected total RE (grey line in

Fig. 7b), as pointed out by Kosugi et al. (2008). We have

no solution for the severe imbalance problem at this site,

because it was strongly suggested advection flux was

involved in most nighttime gas exchange. However, we

can still extract the trend of nighttime NEE (=RE) from
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for both sensible and latent heat fluxes using the Bowen ratio, to result
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Method 2, and in Method 3 were only made for latent heat flux, to

result in energy imbalances of zero. All latent heat flux data during

rainfall events and for the first hour after the events were rejected and

replaced with (Rn - G - S) - H. Gaps were filled using the second-

order polynomial relationship between 30-min kE and available

energy (Rn - G - S) determined using all available data for each

year. Evapotranspiration calculated using Method 1 was used in

b. The soil water storage differential in 0–0.5-m-deep soil was

calculated using the average volumetric soil water content at depths

from 0.1 to 0.3 m from nine sensors, assuming uniform soil water

content between 0 and 0.5 m depth
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the EC data. The ‘‘optimum’’ sets of nighttime NEE,

Fc, and Sc data matching the criteria (Fc[ 0, Sc[ 0,

5\NEE\ 15 lmol m-2 s-1) were chosen for further

analysis (n = 6,033, Fig. 7a, b). The NEE criteria were set

to be within the range of expected RE, on the basis of

information from the chamber studies. We detected an

increase in Fc and a decrease in Sc with increasing u*

(Fig. 7a), and also noticed a clear dependency of VSWC on

u*, which resulted in decreasing NEE at higher u*. As the

decline of NEE at low u* disappeared during the rise of

lower criteria of NEE (Fig. 7a), we did not discard the NEE

at low u* to make the relationship between NEE and

VSWC (Fig. 7b). A mild increase in NEE with increasing

VSWC was detected (bold black line in Fig. 7b), and the

line defined by this relationship corresponded well with the

trial estimate of RE based on the chamber observations,

although the range of values was lower than the estimated

values of RE.

Daytime NEE

The monthly averaged diurnal course of daytime NEE

(Fig. 8) was quite stable and showed no obvious variation
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evapotranspiration were calculated for the days when gap percentage

was within 15%, and daily base gap was filled using the second-order

polynomial relationship between the daily amount of evapotranspi-

ration and available energy (Rn - G - S) determined using all

available data for all 7 years
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Chambers et al. (2004)
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during the 7 years. These results agree with those of a

previous study using data from 2003 and 2005 (Kosugi

et al. 2008), even though the more recent years included in

our study had both wetter (2006–2008) and drier conditions

(2009, related to the ENSO event). Less negative values of

NEE (decreased CO2 uptake) were seen in the afternoon

every month. The numbers of NEE observations omitted

because of rain are shown in Fig. 8 (grey bars), and we

should carefully consider the effect of these periods, even

though most rainfall occurred in the evening and at night,

and the numbers of daytime rain event observations were

often similar between dry and wet periods, except for a few

months. If we assume less negative NEE values (smaller

CO2 uptake) during rain periods, then afternoon NEE

values would be even less negative.

The effect of solar radiation on NEE is shown in Fig. 9.

Monthly averaged diurnal course of daytime NEE plotted

against that of photosynthetic photon flux density (PPFD)

(Fig. 9a) showed no obvious differences in the lower

reaching point and diurnal pattern of NEE between the

driest sunny period (February 2005), the wettest sunny

period (November 2008), and a wet and cloudy period

(December 2007), regardless of the differences in PPFD,

although the afternoon decline in NEE was more severe in

the driest month (February 2005). Daytime mean NEE

neither became less negative with decreased daily sum of

solar radiation at this site (Fig. 9b), nor became signifi-

cantly less negative with the decrease in daily mean VSWC

(Fig. 9c).

Carbon budget

Gap filling was performed to assess the daily, monthly, and

annual sums of NEE, gross primary production (GPP), and

RE and their variations in relation to variation in micro-

climate. Daily sum of GPP plotted against that of solar

radiation (Fig. 10a; gap-filling Method 1; the daily sum of

GPP is shown for the days when the percentage daytime
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gap of NEE was within 15%) showed no dependency of

GPP on solar radiation, but showed a mild decrease with

decreasing VSWC (Fig. 10b). This indicates that GPP

decreased in the dry period along with the daytime decline

in RE; thus, daytime NEE remained stable and showed no

clear dependence on VSWC. The estimated monthly sum
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of GPP and RE consequently exhibited dependency on

VSWC (Fig. 10c). The decline in RE during dry periods

was greater than that in GPP, and thus NEE resulted in

more CO2 uptake by the whole canopy in dry periods than

in wet periods.

Cumulative GPP and NEE exhibited no dependence on

solar radiation, irrespective of gap-filling method (Fig. 11).

In wet periods, especially in November and December of

every year, cumulative NEE tended to increase (Fig. 11b),

indicating net CO2 release by the whole ecosystem. The

average and standard deviation of annual GPP, RE, and

NEE over the 7 years were 3,164 ± 77, 3,143 ± 59, and

-21 ± 44 g C m-2, respectively, with Method 1, 3,275 ±

91, 3,143 ± 60, and -132 ± 52 g C m-2, respectively,

with Method 2, and 3,332 ± 79, 3,498 ± 64, and

166 ± 43 g C m-2, respectively, with Method 3 (Fig. 12).

However, depending on the gap-filling method, inter-

annual fluctuation in GPP, RE, and NEE was up

to ± 100 g C m-2 (Figs. 11, 12). Neither gross nor net

CO2 uptake (GPP and negative value of NEE, respectively)

exhibited any increase with increasing solar radiation on an

annual basis (Fig. 12), and the annual values of GPP and

RE roughly increased with increasing rainfall, and thus

VSWC (Fig. 12).
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Discussion

Evapotranspiration

Annual evapotranspiration estimated with energy budget

correction and gap filling using the relationship between

latent heat and available energy was approximately

1,300 mm and quite stable despite inter-annual variation in

rainfall (Figs. 3, 5, 6). It was roughly related to the amount

of available energy. At the same time, a limitation on

evapotranspiration at high vapour pressure was clearly

observed (Fig. 4). This plateau in the relationship between

evapotranspiration and vapour pressure deficit was evi-

dence that stomatal closure occurred to prevent excessive

water loss at high vapour pressure deficit. A decline in

canopy conductance with vapour pressure deficit, irre-

spective of VSWC, was also reported by Takanashi et al.

(2010). No increase in annual evapotranspiration with

available energy occurred in the case of Method 2 (Fig. 6),

probably because the periods of rainfall (including the first

hour following the rain event), when raw kE was rejected

and replaced with (Rn - G - S) - H, were fewer in

sunny years. Thus the trend seen with Method 2 is con-

sidered to be artificial. The amount of annual evapotrans-

piration with Method 2 is also suspected to be an

underestimate, based on comparisons with values of annual

evapotranspiration in the tropics derived from the water

budget (Oki et al. 1995).

No severe decline of evapotranspiration occurred during

dry periods, because water was supplied from soil layers

deeper than 0–0.5 m (Fig. 5). This phenomenon coincided

well with the observed root distribution at this site. While

observations of root distribution carried out in February

2009 and 2010 found most fine roots between 0 and 0.5 m,

we also found fine roots as deep as 4.0 m (Yamashita et al.,

unpublished data).

Canopy CO2 exchange

Nighttime NEE increased with soil water content (Fig. 7).

Kosugi et al. (2007b) showed that soil respiration was

lower in wetter places, but increased in wetter periods. The

increase in nighttime NEE during wet periods corresponds

well with the increase in spatially averaged soil respiration

rate with increasing soil water content, which was detected

by long-term chamber observations of soil respiration at

the study site (Kosugi et al. 2007b; Fig. 7). Daytime NEE

was stable during the 7 years despite climate variability

(Fig. 8). In particular, we did not detect any evidence of the

increasing or decreasing daytime NEE during wetter years,

for example 2006 and 2008, or drier years, for example

2005 and 2009. This result indicates that no clear increase

or decrease of daytime net canopy CO2 uptake occurred

within the range of observed seasonal and inter-annual

differences in solar radiation and air temperature. After-

noon inhibition of canopy photosynthesis was seen every

month (Fig. 8), although the magnitude of inhibition might

have depended on soil moisture in the driest month

(Fig. 9a). Daytime NEE neither became more negative

with increasing solar radiation at this site (Fig. 9b), nor

increased with increasing soil water content (Fig. 9c). This

result indicates that GPP and thus canopy gross photo-

synthesis decreased a little during dry periods, coupling

with decreased daytime RE (Fig. 10b).

The inhibition of canopy photosynthesis in the after-

noon, and the slight decline in daily GPP in dry periods,

corresponded well with results of single-leaf gas exchange

analysis of the canopy leaves at this site (Takanashi et al.

2006; Kosugi et al. 2009). Therefore, we suggest that

patchy stomatal closure induced the decline in canopy

photosynthesis. The decline in RE coupled with the decline

in GPP mitigated the influence of soil drought to net can-

opy CO2 exchange, resulting in rather stable monthly and

annual NEE. Our studies on single-leaf gas exchange also

revealed that increased PPFD does not cause increased net

assimilation by canopy leaves at this site in dry or wet

periods (Kosugi et al. 2009). This result differed from that

of Graham et al. (2003), who found that illumination

resulted in increased net assimilation by a canopy leaves in

an Amazonian rainforest. However, the difference might

have been the result of the ambient PPFD conditions of the

leaves, which were much lower in those sampled by

Graham et al. (Fig. 2 in Graham et al. 2003) than in those

at our site (Fig. 9a in this study, and Kosugi et al. 2009).

Our data (Fig. 9a) also indicate a decline in net CO2 uptake

at lower PPFD (\1,000 lmol m-2 s-1). Our results

strongly suggest that more consideration should be given to

the actual results of tower flux observations when dis-

cussing the effect of radiation on canopy CO2 uptake; most

numerical models expected to predict the effect of future

climate change are apt to use simple and perhaps mis-

leading assumptions that CO2 uptake increases with

increasing radiation, and vice versa.

More precise analysis of annual budgets requires much

more information about every component of RE. Our

results strongly suggest values of GPP and RE of approx-

imately 3,000–3,400 g C m-2 year-1, and NEE of around

0 ± 200 g C m-2 year-1, with no clear dependence on

annual differences in solar radiation or air temperature, and

some dependence on rainfall pattern and soil water content.

Conclusions

Variation in rainfall pattern resulted in seasonal and inter-

annual variability in micrometeorology at our Southeast
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Asian primary tropical rainforest study site, in the Pasoh

Forest Reserve, Peninsular Malaysia. Evapotranspiration,

canopy photosynthesis, and RE responded to this variation

of rainfall pattern compensating for each other and/or other

components of micrometeorology to result in stable values

of annual evapotranspiration and NEE. We detected a

dependence of evapotranspiration on available energy,

regulation of evapotranspiration at high vapour pressure

deficit, and no dependence of evapotranspiration on the

amount of rainfall or soil water content. Stomatal regula-

tion occurred at high vapour pressure deficit to mitigate

excessive evapotranspiration under conditions of higher

available energy, irrespective of soil water content, and

water supply from deeper layers supported this stable

evapotranspiration even during the driest periods. How-

ever, neither net nor gross canopy CO2 uptake showed

dependence on radiation, and canopy gross photosynthesis

and RE showed dependence on soil water content. These

results strongly suggest that the reduction in radiation

caused by factors such as haze events is not likely to cause

a significant change in canopy CO2 exchange, and that a

decrease in rainfall and thus soil drought would cause

decreases in both GPP and RE, and vice versa, resulting in

no significant change in NEE, or a slight shift in the

direction of CO2 uptake.

Our results for 2009, an ENSO year, suggest that if more

severely dry and hot years occur, the decline in evapo-

transpiration and GPP caused by the stomatal closure under

conditions of higher vapour pressure deficit would increase

substantially. Future comparison with results from other

tower sites, coupled with a larger data set with wider

variation in micrometeorological conditions, will be valu-

able for evaluating the response of tropical rainforests to

possible climate change.
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[1] Methyl chloride (CH3Cl) fluxes were investigated at
leaf and forest-canopy scales in tropical forests in Malaysia.
Screening of CH3Cl-emitting species showed that 21% of
117 tree species were CH3Cl emitters; the percentage was
markedly higher for dipterocarps (66%) than non-
dipterocarps (6%). The dipterocarp-derived CH3Cl was
characterized by high emissions (median: 0.03 mg g�1 h�1)
and low stable carbon isotope ratios (mean: �88.9 ±
11.0%). Measurements of CH3Cl above the canopy showed
a slight decrease in the mixing ratios with increasing height.
These values were used to estimate the canopy-scale flux of
about 14 mg m�2 h�1, comparable to that extrapolated from
the leaf-scale emissions. Using the canopy-scale flux, global
CH3Cl emission by tropical forests was estimated to be
1.3 Tg yr�1, representing approximately 30% of the global
emissions. Above-canopy measurements were also made for
isoprene, with a mean flux of 1.2 mg m�2 h�1.
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1. Introduction

[2] Emission of methyl chloride (CH3Cl), predominantly
from natural sources, provides the dominant input of hal-
ocarbons to the atmosphere and influences stratospheric
chemistry through the chlorine-catalyzed destruction of
stratospheric ozone [World Meteorological Organization
(WMO), 2007]. Among a variety of natural sources, tropical
forest ecosystems, including living tropical plants [Yokouchi
et al., 2002], senescent or dead leaves [Hamilton et al.,
2003], and wood-rotting fungi [Harper, 1985], are consid-
ered a major source of CH3Cl, whereas tropical soil may act
as a net sink of CH3Cl. In recent years, there has been
growing evidence of the strong emission of CH3Cl from
tropical and subtropical terrestrial sources [Gebhardt et al.,
2008; Keppler et al., 2005; Moore et al., 2005; Saito and
Yokouchi, 2006, 2008; Yokouchi et al., 2006, 2007]. How-
ever, the actual source strength of tropical forests is still
uncertain because of the lack of field observations and the

extremely high species diversity of tropical plants, with
variable fluxes of CH3Cl between and within species
[Yokouchi et al., 2007]. Micrometeorological flux measure-
ments, such as the gradient method [e.g., Schween et al.,
1997], have been applied to estimate the averaged gas flux
from a whole forest ecosystem at the canopy scale, although
the method has not been applied to the measurement of
CH3Cl flux.
[3] Tropical forests also play an important role in the

photochemistry of the lower troposphere by emitting a
variety of reactive volatile organic compounds (VOCs) such
as isoprene, the most important VOC in the rural atmo-
sphere [e.g., Guenther et al., 1995]. Isoprene emission
fluxes have been studied in the tropical forests of South
America [e.g., Geron et al., 2002; Greenberg et al., 2004;
Karl et al., 2004; Rasmussen and Khalil, 1988] and Africa
[e.g., Greenberg et al., 1999; Klinger et al., 1998], although
few such studies have been conducted in Southeast Asia.
[4] To estimate whole-ecosystem CH3Cl emissions, we

conducted the first canopy-scale flux measurements of
CH3Cl above a lowland tropical rain forest in Malaysia by
the micrometeorological gradient method. We also screened
more than 100 tropical tree species for CH3Cl emissions and
made stable carbon isotope measurements of CH3Cl emitted
from tropical plants. In addition, we made the first canopy-
scale flux measurements of isoprene in Southeast Asian
tropical forests.

2. Experiments

2.1. Site Description

[5] Leaves and air were sampled at the Pasoh Forest
Reserve (2�580N, 102�180E; elevation, 75–150 m a.s.l.),
located in Negri Sembilan, about 70 km southeast of Kuala
Lumpur in Peninsular Malaysia. The core area (about
600 ha) of the site is characterized by a primary lowland
mixed forest dominated by Dipterocarpaceae (such as
Shorea and Dipterocarpus). Mean canopy height of the
primary forest is 27.4 m, with some emergent trees exceed-
ing 45 m [Okuda et al., 2003]. A 52-m tower used for the
observations is located in the southwestern part of the
primary forest. Continuous canopy-scale CO2 and H2O flux
measurements with eddy covariance method have been
conducted at the top of the tower since 2002 [Takanashi
et al., 2005; Kosugi et al., 2008; Ohkubo et al., 2008]. The
mean annual temperature is 25.6�C and the mean annual
rainfall is 1571 mm [Tani et al., 2003]. Additional leaf
sampling was conducted at the Dipterocarp Arboretum and
along a nature trail (Engkabang Trail) at the Forest Research
Institute Malaysia (FRIM), Kuala Lumpur.
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2.2. Screening of CH3Cl-Emitting Species

[6] Leaves were collected from 117 species at Pasoh in
December 2006, August 2007, and December 2007 and at
FRIM in December 2006 and August 2007. During the
experiments at Pasoh in 2006 and December 2007, leaves in
the canopy were taken using the tower or a canopy walkway
(30 m high). Sampling at Pasoh in August 2007 was
conducted for infant plants at the forest floor. At FRIM,
leaves of dipterocarp trees were taken at the Dipterocarp
Arboretum and those of non-dipterocarp trees were gathered
along the nature trail. Leaves of tall trees (>3 m height) were
obtained using a sling.
[7] Foliar emission gas was collected using the vial

method. Details of the sampling and analytical methods
have been published elsewhere [Yokouchi et al., 2007].
Whole leaves were detached from the plants and placed in
a 40-ml screw-cap vial. The samples were analyzed at the
National Institute for Environmental Studies (NIES; sam-
ples in 2006 and December 2007) or FRIM (August 2007).
Headspace gas in the vials was analyzed by preconcentra-
tion/gas chromatography/mass spectrometry (GC/MS, HP
6890/5973) at NIES within a week after sampling or by a
GC equipped with a flame ionization detector (HP 5890
Series II) and an HP-PLOT Q capillary column (30 m long)
at FRIM within a few days after sampling. Quantification of
CH3Cl was made with 5 ppmv standard gas (Taiyo Toyo
Sanso), which was prepared gravimetrically. The leaves of
dipterocarps (obtained in December 2007) with significant
CH3Cl emissions were analyzed for stable carbon isotope
ratios using preconcentration/gas chromatography/combus-
tion/isotope ratio mass spectrometry (GC/C/IRMS, HP
6890/Finnigan MAT 252). Details for the isotope measure-
ments were described by Saito and Yokouchi [2008]. After
analyses, leaves were dried for 24 h at 80�C and weighed,
and CH3Cl emission rates were expressed as ng (g dry leaf
weight)�1 h�1. Some preliminary tests for the reliability of
the vial method had shown no significant change of the
emission rates and the stable carbon isotope ratios at least
for a few days after sampling [Yokouchi et al., 2007; Saito
and Yokouchi, 2008].

2.3. Micrometeorological Gradient Measurements

[8] Ambient air above the forest canopy was sampled at
Pasoh in December 2007 from the tower. The tower height
was temporarily extended to 60 m with a telescopic mea-
suring pole. Air was drawn from three heights (45, 52, and
60 m) through separate 1=4-inch (OD) Teflon

1

tubes to three
sampling units at 35-m height on the tower. The air samples
were pressurized into evacuated stainless steel canisters to
100 kPa above atmospheric pressure for 30 min at a
constant flow rate using the sampling units, which consisted
of metal bellows pumps (MB-41, Metal Bellows Inc.), mass
flow controllers (Model 2203, Kofloc), back pressure reg-
ulators (Model 6800, Kofloc), and ozone scrubbers (multi-
ple layer of MnO2-coated copper mesh, Shimazu). Two
types of canister were used: 6-L fused-silica-lined stainless
steel canisters (SilicoCan, Restek Co., Ltd.) and 3-L elec-
trochemical buffing canisters (Ultra Finish Technology).
The air samples were analyzed by the preconcentration/
GC/MS as described in detail by Enomoto et al. [2005].
Quantification was made with a gravimetrically prepared
standard gas containing CH3Cl (500 pptv) and isoprene

(100 pptv). Based on replicate analyses of the standard gas,
the analytical precision of CH3Cl and isoprene was estimat-
ed to be about 0.5%.
[9] Canopy-scale flux of VOCs was estimated by the

micrometeorological gradient method. The flux, F
(mg m�2 s�1), is given by:

F ¼ DC

Dz
; ð1Þ

where K is the eddy diffusion coefficient (m2 s�1) and DC/
Dz is the vertical concentration gradient (mg m�3 m�1)
above the forest canopy. The eddy diffusion coefficient was
calculated using the modified Bowen ratio technique
[Meyers et al., 1996], which is based on the assumption
that the eddy diffusion coefficient for VOCs is equal to that
for heat. Accordingly, the flux can be calculated with the
following equation:

F ¼ H

rCp

�DC=Dz

DT=Dz
; ð2Þ

where H is the sensible heat flux (W m�2), r is the density
of air (kg m�3), Cp is the specific heat of air (J kg�1 K�1),
and DT/Dz is the temperature gradient (K m�1). The
sensible heat flux was measured at 54 m from the tower by
eddy correlation with a three-dimensional sonic anem-
ometer thermometer (SAT-550, Kaijo [Takanashi et al.,
2005]). The temperature difference between 45 and 52 m
was directly measured with an aspirated psychrometer
(Meteo Electronics) composed of 10 pairs of copper-
constantan thermocouples. Vertical gradients of VOC
mixing ratios were estimated by a least squares fitting to
the measured profile data. The uncertainty of the calculated
flux was estimated by the propagation-of-error technique
using the uncertainties of heat (10%), temperature (0.01 K),
and the least square fitting to the concentration data.

3. Results and Discussion

3.1. CH3Cl-Emitting Tropical Tree Species

[10] Of the 117 species screened, 24 were identified as
emitters of CH3Cl, those species that emitted CH3Cl at rates
greater than 0.01 mg g�1 h�1 (Table 1). Fluxes varied
widely between and within the species, with the emission
rates ranging from <0.01 to 0.23 mg g�1 h�1 (by Shorea
ochrophloria). These values were low compared with those
reported from dipterocarps growing in a tropical greenhouse
(0.02 to 0.6 mg g�1 h�1) [Yokouchi et al., 2002]. As for
dipterocarp trees, of the 29 species examined, 19 emitted
CH3Cl (non- CH3Cl emitters were Anisoptera megisto-
carpa, Dipterocarpus cornutus , D. costulatus ,
D. grandiflorus, D. kerrii, D. malaccencis, Dryobalanop
aromatica, Hopea subulata, Shorea accuminata, and
S. ovalis). Thus, 66% of the dipterocarp species examined
were CH3Cl-emitting (with a median emission rate of
0.03 mg g�1 h�1), which is one order of magnitude greater
than the percentage for non-dipterocarp trees (6%, median:
0.01 mg g�1 h�1). Among the dipterocarp species studied,
six had been examined previously at Pasoh in June 2002
using the branch enclosure method and five were identified
as emitters [Yokouchi et al., 2006]. Most of these previously
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identified emitters (Neobalanocarpus hemii, Shorea
multiflora, S. ochrophloria, and S. pauciflora) were found
to emit CH3Cl significantly in this study, with the exception
of Dipterocarpus sublamelatus.
[11] The observed leaf-scale emission rate can be extrap-

olated to the flux at the canopy scale, based on the
following assumptions: the coverage by dipterocarp trees
is 27% of the total forest basal area [Davies et al., 2003] and
the remaining portion (63%) is covered by non-diptero-
carps; the percentages of the CH3Cl emitters are 66% for
dipterocarps and 6% for non-dipterocarps; the leaf biomass
per unit area is 900 g m�2 [Kato et al., 1978]; and our
observations are representative of tropical plants at the site.
As a result, the canopy-scale median and maximum fluxes
were estimated to be 5 and 39 mg m�2 h�1 (0.1 and
0.8 mmol m�2 h�1), respectively. For both calculations,
the relative contribution of dipterocarp tree species to the
canopy-scale fluxes was more than 90%.
[12] Table 2 shows the stable carbon isotope measure-

ments made for 11 dipterocarp species obtained at Pasoh in
December 2007. The stable carbon isotope ratios of CH3Cl
vary widely, ranging from �65% for D. sublamelatus to
�111% for Neobalanocarpus hemii. Although the mea-
sured isotope ratios for Shorea multiflora (�88.8% and
�85.5%), which is the only species that was previously
studied using glasshouse-grown tropical plants [Saito and
Yokouchi, 2008], were lower than the previous measure-
ments for S. multiflora (�72.1 ± 3.9%), the measured

isotope ratio of the 11 dipterocarp species (�88.9 ±
11.0%) was on average very similar to that of the previous
study (�87.4 ± 12.3%). Our present findings appear to
support the conclusion of the previous study: global CH3Cl
emission by tropical plants accounts for 30–50% of the

Table 1. Methyl Chloride-Emitting Species and Their Emission Rates at Field Sites in Malaysia

Family Species

CH3Cl (mg g– 1 h– 1)

Jun 2002a Dec 2006 Aug 2007 Dec 2007

Dipterocarpaceae Anisoptera magistocarpa 0.01 -b - -
Dipterocarpaceae Dipterocarpus crinitus - - 0.03 <0.01
Dipterocarpaceae D. rutundipolius - 0.01 - -
Dipterocarpaceae D. sublamelatus 0.03 <0.01 - <0.01
Dipterocarpaceae D. sublamelatus 0.04 <0.01 - <0.01
Dipterocarpaceae Hopea dryobalanoides - - - 0.01
Dipterocarpaceae H. helferi - 0.09 - -
Dipterocarpaceae H. odorata - - 0.07 -
Dipterocarpaceae Neobalanocarpus hemii 0.20 - 0.10 0.01
Dipterocarpaceae Neobalanocarpus hemii 0.03 - 0.10 0.01
Dipterocarpaceae Shorea bracteolata - - 0.04 -
Dipterocarpaceae S. leprosula <0.01 - 0.03 <0.01
Dipterocarpaceae S. macroptera - - <0.01 0.02
Dipterocarpaceae S. macroptera - - 0.01 0.02
Dipterocarpaceae S. multiflora 0.04 - 0.02 0.02
Dipterocarpaceae S. maxima - 0.03 - 0.01
Dipterocarpaceae S. maxima - 0.06 - 0.01
Dipterocarpaceae S. maxwelliana 0.04 - 0.10 0.04
Dipterocarpaceae S. ochrophloria - 0.20 - -
Dipterocarpaceae S. platyclados - 0.01 - -
Dipterocarpaceae S. platyclados - 0.02 - -
Dipterocarpaceae S. paruifolia - - 0.01 0.07
Dipterocarpaceae S. pauciflora 0.03 0.02 0.01 0.04
Dipterocarpaceae S. pauciflora 0.03 0.02 0.03 0.04
Dipterocarpaceae Vatica bella - - - 0.01
Euphorbiaceae Aporusa microstachya - - 0.02 <0.01
Rhizophoraceae Carallia brachiata - - 0.02 -
Myrthaceae Eugenia polyantha - - 0.01 -
Sumaroubaceae Eurycoma longifolia - - 0.01 <0.01
Tiliaceae Pentace triptera - - 0.01 -

aYokouchi et al. [2006].
bHere - indicates not measured.

Table 2. Measured Stable Carbon Isotope Ratios of Methyl

Chloride Emitted From Dipterocarp Tree Species

Species CH3Cl (%)

Dipterocarpus crinitus –96.4
D. sublamelatus –65.2
D. sublamelatus –76.0
Hopea dryobalanoides –78.7
Hopea dryobalanoides –81.2
Neobalanocarpus hemii –108.8
Neobalanocarpus hemii –111.0
Shorea macroptera –79.0
S. maxima –87.4
S. maxima –81.0
S. maxwelliana –83.4
S. maxwelliana –99.3
S. multiflora –88.8
S. multiflora –85.5
S. paruiflora –96.2
S. paruiflora –93.4
S. pauciflora –94.6
S. pauciflora –97.7
Vatica bella –88.9
Vatica bella –85.2
mean –88.9 ± 11
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global emission, as deduced from the isotopic mass balance
calculation.

3.2. Vertical Profiles of CH3Cl and Isoprene Above the
Forest Canopy

3.2.1. CH3Cl
[13] Between 15 and 19 December 2007, CH3Cl and

isoprene concentrations were measured for eight vertical
profiles above the forest canopy at Pasoh. Figure 1a shows
seven profiles; one profile was excluded (taken around
12:03 on 19 December) because of the substantial influence
of polluted air, as indicated by high mixing ratios of
anthropogenic VOCs, such as benzene (data not shown).
The measured CH3Cl mixing ratios were mostly above
650 pptv, which exceeds the background mixing ratio in
the tropics (about 550 pptv; [Yokouchi et al., 2000]), and

showed slightly decreasing trends with increasing measure-
ment heights, except for the first profile on 16 December. In
this profile, a background mixing ratio of 560 pptv for
CH3Cl was observed just above the canopy. This unexpect-
edly irregular profile was eliminated from the flux calcu-
lations, although its cause is unknown.
[14] The emission fluxes of CH3Cl estimated by the

gradient method are shown in Table 3. The estimated fluxes
(5–66 mg m�2 h�1 or 0.1–1.3 mmol m�2 h�1) were
positive, indicating upward flux from the tropical forest to
the atmosphere. However, it should be noted that the values
were associated with large uncertainties. In particular, two
estimated fluxes (66 ± 190 mg m�2 h�1 at 12:42 on
16 December and 5 ± 11 mg m�2 h�1 at 12:46 on
19 December) were associated with a relative standard error
exceeding 100%. Those uncertainties were mostly attributed
to the poor least-squares fit of the irregular gradient data,
partly caused by low analytical precision compared to the
small gradients. Thus, we considered that median flux
(14 mg m�2 h�1) is more reliable than the mean
(28 mg m�2 h�1). The median flux reasonably agrees with
the estimates (median: 5 mg m�2 h�1, maximum:
39 mg m�2 h�1) extrapolated from the leaf-scale measure-
ments in section 3.1. This may suggest that living tropical
plants make a major contribution to the emission of CH3Cl
for the whole forest ecosystem at Pasoh; however, the large
uncertainties, particularly with regard to the leaf-scale
measurements by the vial method and their extrapolation
to the canopy-scale flux, make it difficult to estimate the
relative contribution of each terrestrial tropical source (i.e.,
living tropical plants, senescent or dead leaves, and fungi).
[15] We extrapolated the measured local emission of

CH3Cl at Pasoh to the global scale by simply multiplying
the area-based fluxes (median: 14 mg m�2 h�1) by the
global tropical forest area (10.39 � 106 km2 [Guenther et
al., 1995]). The resulting annual global emission of 1.3 Tg
corresponds to approximately 30% of the total (about
4.4 Tg; [WMO, 2007]), suggesting that tropical forest is
the single largest source of atmospheric CH3Cl. This
estimated flux is consistent with the recent estimate of
1.5 ± 0.6 Tg yr�1 by Gebhardt et al. [2008], which was
based on the landscape-scale flux estimated by the airborne
measurement of CH3Cl over the tropical forests in South
America, suggesting homogeneous emission of CH3Cl from
the global tropical forests. This may imply that CH3Cl
emission by the global tropical forests is somewhat lower
than model predictions (2.4 Tg yr�1, [Lee-Taylor et al.,

Figure 1. Measured vertical profiles of (a) methyl chloride
and (b) isoprene above the forest canopy at the Pasoh Forest
Reserve in Peninsular Malaysia in December 2007.

Table 3. Canopy Scale Fluxes of Methyl Chloride and Isoprene

Estimated by Vertical Gradient Measurements

Date Time Temperature (�C)
CH3Cl

(mg m–2 h– 1)
C5H8

(mg m–2 h– 1)

15 Dec 17:13 26.0 8 ± 1 –0.03 ± 0.3
16 Dec 11:10 25.1 -a 0.1 ± 0.1
16 Dec 11:55 26.8 13 ± 6 0.3 ± 0.1
16 Dec 12:42 28.0 66 ± 190 1.5 ± 0.8
16 Dec 14:05 29.5 59 ± 23 2.1 ± 0.8
19 Dec 12:46 27.8 5 ± 11 2.3 ± 0.7
19 Dec 13:33 28.0 14 ± 5 1.2 ± 0.4
Median 27.8 14 1.2

aHere - means not calculated (see text).
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2001]; 2.9 Tg yr�1, [Yoshida et al., 2004]). However, our
estimate is based on a limited data set at a local site and its
extrapolation to the global scale involves many assumptions
and simplifications. Thus, more extensive field measure-
ments in the broad range of tropical forest ecosystems are
clearly required for more reliable flux estimates of CH3Cl.
3.2.2. Isoprene
[16] Measured daytime mixing ratios of isoprene above

the canopy are shown in Figure 1b. The mixing ratios
(range: 700–3000 pptv) decreased with increasing height;
the vertical trends were similar to the vertical gradients of
CH3Cl, but more pronounced for isoprene. The fluxes
determined by the gradient method were in the range of
�0.03 to 2.3 mg m�2 h�1 (Table 3). Although the flux data
were very limited, a pattern of high emissions around
midday (0.3 to 2.3 mg m�2 h�1) and low emissions during
the morning (0.1 mg m�2 h�1) and the late afternoon
(�0.03 mg m�2 h�1) was observed, probably reflecting
temperature and light dependency of isoprene emission
[e.g., Guenther et al., 1993; Tingey et al., 1979]. The
observed flux of isoprene (median: 1.2 mg m�2 h�1) is
consistent with previous studies conducted in tropical for-
ests in South America (e.g., 3.09 mg m�2 h�1, [Zimmerman
et al., 1988]; 1.35 mg m�2 h�1, [Karl et al., 2004]; 2.4 mg
m�2 h�1, [Kuhn et al., 2007]).

[17] Acknowledgments. We thank En Seng Quah for his help in
collecting leaf and air samples and in plant identification, and Naishen
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the Japanese Ministry of Education, Science, Sport and Culture through a
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a b s t r a c t

Measurements of net ecosystem production (NEP) over forest stands were conducted from

11 flux towers in sub-arctic, temperate, and tropical regions in East Asia between 2000 and

2005. The sites extend over a wide latitude, ranging from 3 to 648N, and include sub-arctic

and temperate needle-leaf deciduous forests (larch) (central Siberia, Mongolia, China, and

northern Japan), temperate mixed, broadleaf deciduous, needle-leaf evergreen forests

(northern and central Japan), and seasonal and tropical rain forests (Thailand andMalaysia).

The sub-arctic larch forests had short growing periods of 3–4 months. The temperate

deciduous forests showed the greatest positive NEP after leaf expansion in early summer.

Among the 11 sites, the maximum gross primary production (GPP) was observed in a

temperate larch forest during the early stages of the growing period due to the high

productivity of the larch species. The temperate evergreen sites displayed positive NEP

earlier in the spring than the deciduous sites and had long growing periods (>10 months).

The tropical seasonal forests showed negative NEP during the dry period from February to

April, and turned positive after the rainy season started. The tropical rain forest showed a

small flux (<30 g C m�2 month�1) throughout the year without a clear seasonal change.

In 2002 and 2003, several significantweather anomalieswere observed, such as increased

temperature in the temperate sites and less precipitation than average in the tropical sites in

the beginning of 2002, and decreased solar radiation in the temperate sites in the 2003

summer. The seasonal patterns of NEP were sensitive to the anomalies, and the variations

were caused by: (1) high spring air temperature, which induced an early start of the growing

period in the temperate forests, (2) summer solar radiation, which controlled the summer

GPP in the temperate forestswith a slight variation among sites due to different responses of
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1. Introduction

Forest ecosystems located in East Asia have several different

characteristics when compared with their counterparts in the

European, North, and South American continents. For exam-

ple, forested areas in the East Eurasian continent exist in a

wide latitude range, spreading continually from the sub-arctic,

through the temperate, to the tropics (Yu et al., 2006). In

addition, heat, water, and CO2 exchanges are under the strong

influence of atmospheric and water vapor circulations

induced by the Asian monsoon (Kim et al., 2006). A

temperature contrast between the Eurasian continent and

the oceans is considered as a key factor for characterizing

monsoon intensity. In addition, the influence of the Asian

monsoon, which is related to El Niño Southern Oscillation

(ENSO) events, has been observed in the inter-annual climatic

variations of Asia, particularly land surface temperature,

summer rainfall, and snow depth (Yasunari and Seki, 1992;

Kitoh et al., 1999). A distinct influence of ENSO events is also

observed in tropical Asian ecosystems, especially in the year-

to-year change in temperature and precipitation (Malhi and

Wright, 2004). After ENSO events, tropical Asian forests often

experience a longer dry season. This change significantly

affects the carbon and water cycles in the ecosystem and

triggers the flowering of dominant species in tropical forests

(Sakai et al., 2006), which are typically observed once every

several years. Thus, the data gathered from the monitoring of

long-term fluxes at multiple sites in addition to phenological

and eco-physiological activities is indispensable for interpret-

ing the mechanism of seasonal and year-to-year variability in

heat, water, and CO2 exchanges. This information can be

applied to a wide variety of terrestrial ecosystems in Asia and

used to predict long-term biological responses to climatic

systems which change dynamically in the multi-year time-

scale.

Recent studies using a tower flux measurement network

have shown that the seasonal changes in NEP and its year-to-

year variations are affected by various meteorological and

biological factors, which are stated in the following. In several

broadleaf deciduous forests in the boreal and temperate

zones, the annual NEP is primarily controlled by the length of

the growing period (Black et al., 2000; Carrara et al., 2003;

Saigusa et al., 2005). Summer drought stresses greatly

influence temperate ecosystems in North America and the

Mediterranean region (Law et al., 2001; Irvine et al., 2002;

Reichstein et al., 2002; Powell et al., 2006) while temperate

forests in East Asia are relatively free from severe drought

stress in summer. This difference is due to the influence of the

Asian summer monsoon in the rainy season of the East Asian

temperate forests during the early stages of their growing

period. In addition, these forests are often exposed to natural

disasters, such as destructive typhoon storms and landslides.

Unexpected defoliation caused by heavy rainstorms occa-

sionally impacts the annual carbon budget of the forests (Ito

et al., 2005). The body of knowledge on the seasonal and inter-

annual variations of the carbon cycle in tropical Asian forest

ecosystems based on long-term flux measurements has been

increasing (Yasuda et al., 2003; Saitoh et al., 2005; Kosugi et al.,

2008). However, our data and understanding of these varia-

tions in a larger spatial scale are still quite limited.

Until recently, most integrated studies based on the flux

tower network were developed mainly in Europe and North

America. Thiswork revealed the seasonal patterns and annual

values of the net ecosystem CO2 exchange (NEE), GPP, and

ecosystem respiration (RE) in different ecosystems (Falge et al.,

2002; Reichstein et al., 2005; Amiro et al., 2006; Coursolle et al.,

2006; Owen et al., 2007). In Asia, studies have been started to

clarify the control factors of the seasonal change and annual

values of NEE based on the data obtained at several flux sites

(Yamamoto et al., 2005; Yu et al., 2006). Few studies, however,

have been reported using Asian ecosystems to generalize our

understanding of the temporal and spatial variability of NEE,

GPP, and RE from a dataset consisting of multiple sites over

several years.

Thus, the objectives of the present study are: (1) to describe

important characteristics of seasonal and inter-annual

changes in NEP, GPP, and RE during the 2000–2005 employing

more than 10 flux observation sites in sub-arctic, temperate,

and tropical forests in Asia, and (2) to demonstrate how

ecosystems respond to meteorological anomalies widely

observed in East Asia during this same period. The results

of three case studies will be presented. The first case exhibited

less solar radiation in the mid-latitude temperate zone in the

summer of 2003. Next, thewarmwinter of 2002with unusually

high air temperature in northeastern Asia and, lastly, the long

dry period in tropical southeastern Asia at the beginning of

2002.

2. Methods

2.1. Study sites

The present comparative study consists of 11 forest sites in

East Asia. Four deciduous coniferous forests (larch) in the

high- andmid-latitudes are in the study, i.e., a sub-arctic larch

forest in a continuous permafrost region of central Siberia,

Russia (the site name is Tura; the abbreviated site code is TUR),

a sub-arctic larch forest in a mountainous region in Mongolia

(Southern Khentei Taiga; SKT), a planted temperate larch

forest in northeastern China (Laoshan; LSH), and a planted

temperate larch forest in Hokkaido, Japan (Tomakomai Flux

GPP to the temperature and water vapor pressure deficit (VPD) conditions, and (3) a long dry

season, which significantly reduced GPP in a tropical seasonal forest.

The dataset, which was obtained from a wide variety of forest ecosystems in East Asia over

several years, is essential to validate ecosystem models and to generate technological devel-

opments of satellite remote sensing in the distribution of the terrestrial carbon budget in Asia.

# 2007 Elsevier B.V. All rights reserved.
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Research Site, TMK). Four temperate mid-latitude forests are

also in the study, i.e., an old conifer-hardwood mixed forest

in Hokkaido, Japan (CC-LaG Experiment Site, Teshio; TSE); a

birch-oak secondary forest in central Japan (Takayama;

TKY); a red pine forest in central Japan (Fujiyoshida Forest

Meteorology Research Site; FJY) and a planted Japanese

cypress forest (Kiryu ExperimentWatershed; KEW) in central

Japan. In the low-latitude, three tropical dipterocarp forests

were selected, a tropical mixed deciduous forest (Mak Klong;

MKL) and a tropical dry evergreen forest (Sakaerat; SKR) in

Thailand, and a tropical rain forest (Pasoh Forest Reserve;

PSO) in Malaysia. MKL and SKR are two seasonal forests. The

locations of the study sites are shown in Fig. 1. The

ecosystem type, dominant species, and approximate age

are described in Table 1 and the climatic conditions are

presented in Table 2.

2.2. Measurement system

Continuous long-term flux observations were performed at

each site with the exception of TUR and maintained by

different research organizations. The observation at TUR

(central Siberia) was only conducted during the summer from

June to September. All sites had an eddy covariance

measurement system installed on a tower, which consisted

of a three-dimensional sonic anemometer–thermometer, an

infrared gas analyzer (IRGA) for CO2 and water vapor, and a

data acquisition system. Open and closed-path IRGAs were

utilized depending on the site. Continuous high frequency

(mostly from 5 to 10 Hz) data were recorded and the

covariance was calculated at 30 min intervals. To test the

energy balance closure and to monitor basic environmental

variables, net radiation (or downward and upward short- and

long-wave radiation), photosynthetically photon flux density

(PPFD), ground heat flux, vertical profiles of air temperature,

humidity, CO2 concentration, and vertical profiles of soil

temperature, and volumetric soil water content were mea-

sured atmost sites. Themeasurement systems for each site as

used in the study period are listed in Table 3.

2.3. Data processing and gap filling

The net ecosystem CO2 exchange was estimated from the CO2

flux over the canopy, taking into account the temporal change

in CO2 storage below the height of the flux measurement

system. The total RE was estimated by the nighttime NEE with

data filtering by the friction velocity (u*). The threshold values

of u*-filteringwere determined byHirata et al. (2008) and varied

slightly among sites as listed in Table 3. Site-specific

differences to mitigate the effects of nighttime NEE in the

estimation of RE are described in Appendix A.

For the present study, the observed nighttime NEE were

fitted to the equation of Lloyd and Taylor (1994):

FRE ¼ FRE;Tref
exp

E0

R
1

TK þ Tre f � T0
� 1
TK þ Ta � T0

 !( )
; (1)

where FRE;Tref is the ecosystem respiration rate (FRE) at the

reference temperature Tref (10 8C), E0 is the activation energy

(J mol�1), R is the ideal gas constant (8.314 J mol�1 K�1), TK and

T0 are constants (273.15 K and 227.13 K), and Ta is the air

temperature (8C). The two regression coefficients, E0 and

FRE;Tref , were estimated for every site and each day with a 29-

day moving window using the least-squares method. Gaps in

the nighttime NEE were filled by Eq. (1) as a function of the

nighttime air temperature.

Fig. 1 – Location of study sites in East Asia plotted on a land classification map illustrated according to De Fries et al. (1998).
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The observed daytime NEE (FNEE,day) were fitted to the

following equation based on the non-rectangular hyperbola

relationship (Thornley, 1976) as a function of PPFD (Q):

FNEE;day ¼ �
fQ þ Pmax �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðfQ þ PmaxÞ2 � 4fQuPmax

q
2u

þ Rd (2)

Here, f is the initial slope, Pmax is themaximum level of GPP at

light saturation, u (=0.9) is a parameter of convexity, and Rd is

the intercept. The regression coefficients f, Pmax, and Rd were

determined for every site and each day with a 15-day moving

windowby the least-squaresmethod. Gaps in the daytimeNEE

were filled by Eq. (2) as a function of PPFD.

The gross primary production (GPP; FGPP) was calculated as

the sum of NEP (–FNEE) and RE:

FGPP ¼ �FNEE þ FRE (3)

The temperature dependence of RE in the daytime was

assumed to be equal to the nighttime estimation, and the

daytime RE was calculated by Eq. (1) using the daytime air

temperature. The procedure of gap filling and flux partitioning

for the present analyses were described in detail by Hirata et

al. (2008).

3. Results and discussion

3.1. Monthly values of GPP, RE, and NEP (2000–2005)

Fig. 2a–k represents the monthly values of GPP estimated at

each site. Sites represented in Fig. 2a–d are larch forests (DC) in

central Siberia (the annual air temperature is �9 8C), Mongolia

(�1 8C), northeastern China (5 8C), and northern Japan (6 8C),

respectively. The maximum values of GPP in the larch forests

were observed during the early stages of their growing period,

such as, July (Fig. 2a–c) and June (Fig. 2d). As clearly shown in

Fig. 2a–d, the maximum values of GPP and the length of the

growing period increased with the annual air temperature. In

contrast, the seasonal variations of GPP are shown to display

similar behavior (the rapid increase after leaf expansion, the

peak in early growing period, and the slow decrease frommid-

summer to fall). Among the eleven sites shown in Fig. 2a–k, the

maximumvalue of GPPwas the highest in the temperate larch

forest TMK (�420 g C m�2 month�1; Fig. 2d). This result is

supported by previous eco-physiological studies, such as

those by Koike et al. (2000) and Wang et al. (2005b). Both

indicate that the larch species in northeastern Asia have a

high photosynthetic capacity andmay act as an important CO2

sink.

Fig. 2e and h represents the monthly values of GPP

estimated in a temperate mixed forest (MX), a birch-oak

forest (DB), a red pine forest (EC), and a Japanese cypress forest

(EC), respectively. The EC forests (Fig. 2g and h) had a longer

growing season (>10 months) compared with mixed or

deciduous forests (Fig. 2e–f). Even during the mid-winter

(December–February), EC forests showed weak but detectable

positive GPP, which is similar to the results of Ohtani et al.

(2005). These results indicate a temperate red pine forest in

central Japan has enough potential to assimilate CO2 even in
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Table 2 – Climatic conditions of the study sites

Code Air temperature Precipitation
annual (mm)

Climatic
zone

Observation
period

Annual
mean (8C)

Monthly
minimum (8C)

Monthly
maximum (8C)

TUR �9a – – 360a Sub-arctic 2004

SKT �1 �21 16 250 Sub-arctic 2004–2005

LSH 5 �16 21 640 Temperate 2004

TSE 5 �8 16 970 Temperate 2002

TMK 6 �7 18 1040 Temperate 2001–2003

TKY 7 �8 19 2030 Temperate 2000–2004

FJY 10 �3 22 2060 Temperate 2000–2004

KEW 15 2 29 1600 Temperate 2001–2004

MKL 25 22 29 1200 Tropical 2003–2004

SKR 24 22 27 1500 Tropical 2002–2003

PSO 26 25 28 1700 Tropical 2003–2005

a Climatic data from TUR was obtained from a meteorological station near the site (Nakai et al., in press).

Table 3 – Measurement systems

Code Measurement height (m) Sonic anemometer IRGA u* threshold (m s�1)

TUR 20 R-3, Gilla LI-7500, LI-CORb 0.1

SKT 30 SAT-550, Kaijoc LI-7500, LI-CORb 0.3

LSH 29 SAT-550, Kaijoc LI-7000, LI-CORb 0.2

TSE 32 DA600-3TV, Kaijoc LI-7000, LI-CORb 0.0

TMK 27 DA600-3TV, Kaijoc LI-6262, LI-CORb 0.3

TKY 25 DA600-3T, Kaijoc LI-6262, LI-CORb 0.5

FJY 26 DA600-3T, Kaijoc LI-6262, LI-CORb 0.2

KEW 29 DA600-T, Kaijoc LI-7500, LI-CORb 0.4

MKL 42 SAT-540, Kaijoc LI-6262, LI-CORb 0.2

SKR 45 Wind Master, Gilla LI-6262, LI-CORb –d

PSO 54 SAT-550, Kaijoc LI-7500, LI-CORb –d

a Gill Instruments Ltd., Lymington, UK.
b LI-COR, Inc., Lincoln, NE, USA.
c KAIJOSONIC Corporation, Tokyo, Japan.
d See Appendix A for detail.

Fig. 2 – Monthly GPP observed at the 11 sites listed in Table 1. The site code, year(s) of GPP evaluation, and ecosystem type

are indicated in each figure.

a g r i c u l t u r a l a n d f o r e s t m e t e o r o l o g y 1 4 8 ( 2 0 0 8 ) 7 0 0 – 7 1 3704
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mid-winter when the climatic conditions are favorable. It

should be also mentioned that the GPP in the temperate DC

and DB forests started to increase before the leaf foliation

period of canopy trees, which was typically from May to June

(Fig. 2c, d, and f). This early increase in GPP was primarily

caused by the photosynthetic activity of understorey plants,

particularly ferns (Dryopteris crassirhizoma) at TMK and dwarf

bamboo (Sasa senanensis) at TKY.

The seasonal variations of GPP estimated in tropical forests

(Fig. 2i–k) had completely different aspects from sub-arctic

and temperate forests. GPP values for the tropical rain forest in

Malaysia (PSO; Fig. 2k) were high throughout the year with

little seasonality. GPP values measured in PSO were similar to

the maximum level of those observed in the temperate MX

and EC forests. TheGPP of tropical seasonal forests in Thailand

(Fig. 2i and j) decreased fromDecember to April, due to the dry

season. Drought stress is likely the main cause for the

photosynthetic rate reduction.

Fig. 3a–k displays the monthly values of the total RE. From

sub-arctic to temperate (Fig. 3a–h), the maximum values of RE

were observed in mid-summer (July and/or August) and the

seasonal variations were quite similar. This observation is

likely due to the fact that themost important controlling factor

of RE in sub-arctic and temperate forestswas the temperature,

and other factors, such as drought stress, were not dominant.

The maximum monthly value of RE was highest in the

temperate larch forest in mid-summer (Fig. 3d). This high RE

might be related to the high photosynthetic activity of needles

during the growing period of the temperate larch forest. The

RE of tropical seasonal forests (Fig. 3i and j) decreased from

December to April, due to the dry season. In the tropical rain

forest (Fig. 3k), the seasonality of RE was less clear.

Fig. 4a–k represents themonthly values of NEP at each site.

The NEP at the sub-arctic and temperate deciduous forests

(Fig. 4a–f) indicates clear seasonal change, and themaximum

value of NEP tended to increase with the annual air

temperature. In the TMK and TSE sites (Fig. 4d and e), the

values of mid-summer NEP reduced to almost zero or

negative. One reason for this reduction was the high

respiratory activity in both sites during mid-summer as

indicated in Fig. 3d and e. TheNEP at temperate EC forests and

a tropical rain forest (Fig. 4g, h, and k) had less clear seasonal

changes compared with sub-arctic and temperate deciduous

forests. Slight decrease in NEP was observed in winter at

temperate EC forests (Fig. 4g and h) caused by low tempera-

ture conditions. In tropical seasonal forests (Fig. 4i and j), zero

or negative NEP was observed from February to April due to

the dry season.

Seasonal patterns for GPP, RE, and NEP estimated from the

various ecosystems in East Asia are a valuable dataset, which

can be used for validation and sensitivity tests of various

terrestrial ecosystem models. In addition, this data can be

applicable for advanced technological development of satellite

remote sensing; however, the patterns still include consider-

able uncertainty depending on the observational conditions

and the data processing, such as topography and fetch around

the towers, different data correction and quality control, and

so on. A critical source of uncertainty, and also the most

difficult problem to be solved, lies is the nighttime under-

estimation of NEE and data corrections. As indicated in

Appendix A, this study used the usual u*-filtering for most

sites, while site-specific data filtering was applied at two

tropical sites. Currently, comparative studies are being

performed for the better estimation of nighttime RE and the

annual NEP bymultiple methods at the sites, such as the Eddy

covariance method, chamber method, and other biometric

methods (Kosugi et al., 2008; Kondo et al., submitted; Hirata et

al., 2008). However, the uncertainty in thenighttimefluxmight

still be great especially for tropical forests with large year-

round CO2 emissions and frequent calm atmospheric condi-

tions (Kosugi et al., 2008), and absolute values of GPP and RE in

Figs. 2 and 3 might include some bias. Further studies are

Fig. 3 – Monthly RE observed at the 11 sites listed in Table 1. The site code, year(s) of RE evaluation, and ecosystem type are

indicated in each figure.

a g r i c u l t u r a l a n d f o r e s t m e t e o r o l o g y 1 4 8 ( 2 0 0 8 ) 7 0 0 – 7 1 3 705
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clearly necessary to establish an effective and practical way to

avoid nighttime data problems.

3.2. Meteorological anomalies and ecosystem responses

During our study period from 2000 to 2005, several significant

anomalies in the meteorological conditions were observed,

such as solar radiation, air temperature, and precipitation. In

the following analyses, results of three case studies are

presented showing how each forest ecosystem responded to

the meteorological anomalies. The first case is the negative

anomaly of solar radiation observed in the mid-latitude

zonal area during the 2003 summer. The second case

occurred in the beginning of 2002 when unusually high

surface air temperature widely appeared in northeastern

Asia. The third case happened during the same period as the

second case and presented as a negative precipitation

anomaly in tropical Asia. The data were obtained from

NCEP/NCAR reanalysis data (Kistler et al., 2001), and the

anomalies in the meteorological variable refer to the 1971–

2000 base period.

3.2.1. Case 1: effect of negative anomaly of solar

radiation in the 2003 summer
To demonstrate themeteorological conditions of the first case,

the spatial distribution of the anomaly within the summer

solar radiation (3-month average of July–September) in 2003 is

displayed in Fig. 5. In a zonal area at mid-latitude around 35–

408N from China to the main island of Japan through South

Korea, a clear negative anomaly of solar radiation was

observed. The anomaly was stationary during the 2003

summer with a wide longitude range from 808 to 1508E, under

the influence of an active rain front which remained for an

unusually long period. In the 2003 summer, several meteor-

ological stations on the main island of Japan broke records for

the minimum daylight hours, especially in July 2003 (Japan

Meteorological Agency, 2005).

WeexaminedPPFDat each site and found that a significant

negative anomaly was observed in the 2003 summer at three

temperate forests in the central part of the main island of

Japan. Fig. 6a–c shows monthly values of GPP from 2001 to

2003 at the three sites: TKY, FJY andKEW, respectively. At two

of the three sites (TKY and FJY), a significant decrease was

observed in GPP especially in July 2003 compared with

previous years. The mean GPP of July was 19% (TKY) and

32% (FJY) lower in 2003 than in other years. The significant

Fig. 5 – The spatial distribution of the anomaly in summer

solar radiation (3-month average of July–September) in

2003 obtained from NCEP/NCAR reanalysis data (base

period 1971–2000).

Fig. 4 – Monthly NEP observed at the eleven sites listed in Table 1. The site code, year(s) of NEP evaluation, and ecosystem

type are indicated in each figure.

a g r i c u l t u r a l a n d f o r e s t m e t e o r o l o g y 1 4 8 ( 2 0 0 8 ) 7 0 0 – 7 1 3706
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decrease in GPP was mainly due to an unusually low PPFD in

July, whichwas 32% (TKY) and 44% (FJY) lower in 2003 than in

previous years. Monthly values of GPP in the KEW site,

however, did not show a clear decrease in the 2003 summer,

even though the monthly PPFD in July was 35% lower in 2003

than in other years.

To investigate the cause for the different responses to

summer GPP, we compared monthly mean Pmax (the

maximum level of GPP at light saturation condition) among

the three sites. Fig. 6d–f indicates the monthly Pmax at the

first two sites (TKY and FJY) did not show systematic year-to-

year difference from 2001 to 2003. In contrast, the values of

Pmax at the KEW site were obviously higher in the 2003

summer than in other years from June to September. To

discuss the cause for different year-to-year changes in Pmax,

the monthly mean daytime air temperature and daytime

water vapor pressure deficit (VPD) were shown in Fig. 7a–f for

the three sites. A clear decrease was observed in daytime

temperature in the 2003 summer especially in July for each

site. Here, it should be noted that themonthly mean daytime

VPD was relatively lower at the TKY and FJY sites (<0.9 kPa)

even during mid-summer due to cool climatic conditions in

high altitude (>1000 m a.s.l.), while those at KEW site had

higher VPD (>1.2 kPa) in July and August except for 2003. The

decreased daytime VPD and decreased water stress in the

2003 summer are possible causes for the increased Pmax at

the KEW site.

These results suggest the following interpretations of the

different response seen among the three forests to the

negative anomaly of solar radiation during the 2003 summer:

(1) at the TKY and FJY sites, the decrease in themonthly GPP in

2003 summer was caused mainly by a significant reduction

(from 32 to 44%) in monthly PPFD, which was lower than

observed in previous years; (2) at the KEW site, a similar level

of decrease (35%) in the monthly PPFD was also observed,

however, a decrease in the monthly GPP was not obvious. The

effect of low PPFD may have been compensated by the

increase in Pmax in this forest.

Fig. 7 – Monthly averaged daytime (PPFD > 0) air temperature at (a) TKY, (b) FJY, and (c) KEW, and monthly averaged daytime

VPD at (d) TKY, (e) FJY, and (f) KEW from 2001 to 2003.

Fig. 6 – Monthly GPP at (a) TKY, (b) FJY, and (c) KEW, andmonthlymean Pmax at (d) TKY, (e) FJY, and (f) KEW from 2001 to 2003.

a g r i c u l t u r a l a n d f o r e s t m e t e o r o l o g y 1 4 8 ( 2 0 0 8 ) 7 0 0 – 7 1 3 707
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3.2.2. Case 2: effects of the positive anomaly of surface air
temperature in the beginning of 2002

The second case is the effect of a positive anomaly of surface

air temperature. Fig. 8 shows a spatial distribution of the

anomaly in the surface air temperature from the winter to

spring 2002 (3-month average of January–March). A significant

anomaly of positive surface air temperature was observed

over a large area which encompasses the eastern part of

China, North- and South-Korea, Japan, Mongolia, and the

southern part of Russia. A significant high spring air

temperature anomaly was observed in northeastern Asia

during the El Niño year of 1998. Thehigh temperature anomaly

observed in the beginning of 2002 was, however, slightly

before the onset of the 2002/2003 El Niño. The winter air

temperature in North Eurasia is highly influenced not only by

ENSO events but also by the arctic atmospheric pressure

pattern and polar atmospheric circulation, which varieswith a

period of several years or longer (Yamazaki, 2004). Currently,

the mechanism of unusually high (or low) temperature

anomalies in northeastern Asia has not been clarified.

Responding to the positive temperature anomaly at the

beginning of 2002, NEP in several forests increased during the

early stage of the growing period. Fig. 9a–d shows themonthly

values of NEP at four temperate forests in central Japan from

2001 to 2003. The deviation of monthly mean air temperature

in 2002 from the 3-year average (2001–2003) is shown in Fig. 9e–

h. At two EC forests (Fig. 9c and d), a higher NEP was observed

from March to April, probably due to the enhancement of

needle photosynthetic activity under the warm weather

condition. On the other hand, at two deciduous forests

(Fig. 9a and b), no obvious year-to-year difference was

observed from January to April, since the forests were leafless.

The monthly NEP was higher in 2002 than observed in 2001

and 2003 at the beginning of the growing season (May in TMK,

and June in TKY) for the deciduous forests. At the TKY site, the

NEP in the beginning of the growing season (June) was highest

in 2002 compared to 2001 and 2003 though the high

temperature deviation was finished by May.

Themain cause for this result was due to the earlier timing

of leaf expansion during 2002 than had occurred in 2001 and

2003. At the TKY site, the leaf expansion had a year-to-year

variation for about 2–3weeks, and the timing of the expansion

in 2002 was earlier than normal years (Saigusa et al., 2005). At

the TMK site, Hirata et al. (2007) reported that the larchneedles

foliated 2-weeks earlier in 2002 than in 2001 and 2003.

As a result, the unusually warm winter in 2002 affected

temperate forests as follows: (1) the warm weather condition

enhanced photosynthesis rates of temperate evergreen con-

iferous forests and increased NEP, (2) in the temperate

deciduous forests, the high air temperature caused early leaf

expansion, which enhanced NEP at the beginning of the

growing period even after the high temperature deviation

was over.

3.2.3. Case 3: effects of negative precipitation anomaly
at the early stage of 2002

The third case is the effects of less precipitation in tropical

Asia during the same period that unusually high temperature

was observed in northeastern Asia (from January to March

2002). Fig. 10 indicates the spatial distribution of the anomaly

of 3-month averaged precipitation in January–March in 2002.

There was a significant negative precipitation anomaly in

Southeast Asia, ranging fromaround 08 to 208Nand from908 to

1508E. The area of the negative precipitation anomaly covered

Fig. 8 – The spatial distribution of the anomaly in a

3-month mean surface air temperature (January–March) in

2002 obtained by NCEP/NCAR Reanalysis data (base period

1971–2000).

Fig. 9 – Monthly NEP from 2001 to 2003 at four temperate forests (a) TMK, (b) TKY, (c) FJY, and (d) KEW. The deviation of

monthly mean air temperature of 2002 (DTa) from the 3-year average (2001–2003) was also shown at each forest.

a g r i c u l t u r a l a n d f o r e s t m e t e o r o l o g y 1 4 8 ( 2 0 0 8 ) 7 0 0 – 7 1 3708
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the northern part of Kalimantan, Philippine Islands, the

northern part of Sumatra, the Malay Peninsula, and Indochi-

nese Peninsula.

As a response to decreased precipitation, Fig. 11a and b

showes that the monthly values of GPP at the tropical

seasonal forest in Thailand (SKR) were reduced from January

to April 2002 compared with 2003, and the monthly NEP was

negative (carbon release) from February to May. This forest

has a dry season in winter (December–February) in a normal

year; however, there was an unusually longer dry season at

the beginning of 2002, which continued until the end of April.

Fig. 11c shows the 10-daymean volumetric soil water content

(SWC)measured at 10 cmdepth. Values of SWCwas quite low

(<0.1) from January to April (day of year (DOY) <110) in 2002.

The long dry period with low SWC at the early stage of 2002

was probably a main cause for the reduction in GPP.As

observed in the tropical seasonal forests in Thailand, recent

studies have reported that significant reductions in the CO2

uptake of tropical forests have been widely observed in

Southeast Asia caused by severe droughts andwild fires every

several years. Hirano et al. (2007) reported that the highest

CO2 release was observed in 2002 at a tropical peat swamp

forest in Indonesia during their study period from 2002 to

2004, due to dry condition and a dense smoke emitted from

large forest fires associated with severe droughts. Kobayashi

et al. (2005) estimated the net primary production (NPP) by

satellite images, and suggested that the year-to-year varia-

tions of NPP in Southeast Asia were affected by El Niño

drought years. Patra et al. (2005) mentioned that changes in

meteorology (i.e., rainfall and air temperature) associated

withENSOeventswere themost dominant controlling factors

of CO2 flux in tropical Asia, based on the estimation of global

distribution of source/sink of CO2 using atmospheric trans-

port models.

Inter-annual variation of CO2 uptake in tropical Asia is, as

discussed above, closely related to the large scale climatic

variations, and further studies are necessary to generalize our

understandings of a variety of interactions between terrestrial

ecosystems and the atmosphere in tropical Asia. The focus of

the analysis in this section was on the seasonal and year-to-

year changes in the CO2 flux observed from 2002 to 2003 at a

tropical seasonal forest, and more thorough analyses are

clearly necessary using multiple years and sites to investigate

spatial variations in the seasonal patterns of CO2 flux in

tropical Asia. In addition to the strong negative anomaly for

precipitation discussed in this section, some positive anoma-

lies appeared simultaneously to the south of the equator and

in the mid- and high-latitudes, as shown in Fig. 10. Further

studies should focus more on the spatial distributions of CO2

flux and such effects as phenological changes in severe

droughts, reduction in photosynthesis, and respiration by

water limitations, forest fire, and the recovery process from

such disturbances. Studies should be based not only on the

ground observation network, but also on satellite remote

sensing and modeling analyses. Clarifying the variety of

ecosystem responses to climatic variations in tropical Asia is

indispensable for a better prediction of future changes in the

Fig. 10 – The spatial distribution of the anomaly in 3-month

mean precipitation (January–March) in 2002 obtained by

NCEP/NCAR reanalysis data (base period 1971–2000)

(5T 10S5 kg mS2 sS1 is equivalent to 4.3 mm dayS1).

Fig. 11 – Seasonal changes in the monthly values of (a) NEP

and (b) GPP, and (c) 10-day mean values of volumetric soil

water content at 10 cm deep in tropical seasonal forest site

(SKR).

a g r i c u l t u r a l a n d f o r e s t m e t e o r o l o g y 1 4 8 ( 2 0 0 8 ) 7 0 0 – 7 1 3 709
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terrestrial carbon cycle processes and also in the growth rate

of atmospheric CO2 concentration.

4. Conclusion

In East Asia,where few long-termandmulti-site datasets have

been available, continuous flux observations weremade for 1–

5 years during the study period from 2000 to 2005 at 11 forest

sites distributed in the sub-arctic, temperate, and tropical

zone. In addition, the seasonal patterns and amplitudes of

GPP, RE, and NEP were discussed.

Larch forests, distributed over a vast area in northeastern

Asia, have a characteristic that the maximum values of GPP

and the length of the growing period clearly increasedwith the

annual air temperature. Among the 11 study sites, the

maximum values of the monthly GPP were the highest in

the temperate larch forest (TMK) (�420 g C m�2 month�1). The

high maximum GPP was probably caused by the high

photosynthetic capacity of the larch species achieved during

their short growing period. This result reveals the important

role of larch species, which produce seasonal and year-to-year

variations of carbon uptake by the boreal ecosystems.

The seasonal patterns of RE were compared among 11 sites

and found to be similar at eight sites from the sub-arctic to

temperate zone and in different ecosystems (DC, MX, DB, and

EC). This result was interpreted to indicate that the tempera-

ture was the most important factor controlling RE and that

other factors, such as drought stress,were not dominant in the

sub-arctic to temperate forests. These ecosystems are rela-

tively free from severe drought stress in summer, due to the

influence of theAsian summermonsoon in the rainy seasonof

the East Asian temperate forests during the early stages of

their growing period.

Three case studies were presented to illustrate how GPP

and NEP for several ecosystems responded to significant

meteorological anomalies observed in East Asia from 2002 to

2003. The productivity in the temperate forests (TMK, TKY)

typically decreased when summer solar radiation was

unusually less than normal years, due to an active rain front

stationary during the 2003 summer. However, the effect of a

decrease in PPFD could be compensated for by the increased

maximum level of photosynthetic activity due to less VPD and

less water stress depending on the site.

The effects of unusually high air temperatures at the

beginning of 2002 differed between evergreen and deciduous

forests in the temperate zone. For evergreen forests, photo-

synthesis was directly enhanced in March and April under

warmweather conditions. On the other hand, unusually early

leaf expansion was observed in deciduous forests, which

increased NEP at the beginning of the growing season. The

earlier timing of leaf expansion during 2002 enhanced NEP in

deciduous forests from May to June even after the high

temperature deviation was over.

Finally, decreased precipitation at the early stage of 2002,

which happened during the sameperiod as the unusually high

air temperature in the temperate zone, significantly decreased

GPP in a tropical seasonal forest due to a long dry period and

severe drought stress. Year-to-year change in CO2 uptake in

tropical forests in Southeast Asia is closely related to the large

scale climatic variation such as El Niño events and also large

forest fires associated with severe droughts.

Although this study is still preliminary as an integrated

study of Asian scale, the results showed some important

aspects, i.e., that forest ecosystems in Asia responded

dynamically to meteorological anomalies depending on the

climatic zone and forest type, particularly, summer solar

radiation in temperate forests, air temperature at the early

stage of year in temperate and sub-arctic forests, and severe

drought that is typically observed once every several years in

tropical forests.
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Appendix A

nighttime data correction is one of themost critical sources

of uncertainty at many sites. Several effects such as complex

topography in mountainous regions and horizontal advection

in tall canopies are expected to be important sources of error;

however, effective protocols for data correction have not been

established. We applied u*-filtering method for most sites in

the present study. Practical validations of the method have

been conducted in some sites, for example, u*-filtering worked

well so that the values of nocturnal NEE in high u* conditions

were almost equivalent to those estimated by the integration

of chamber measurements for soil, trunk, and foliar respira-

tion at a temperate site (KEW) (Ohkubo et al., 2007). However,

the nocturnal NEE estimated by the eddy covariance method

a g r i c u l t u r a l a n d f o r e s t m e t e o r o l o g y 1 4 8 ( 2 0 0 8 ) 7 0 0 – 7 1 3710
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showed a serious underestimation even in high u* conditions

in the following two tropical forests.

At a tropical seasonal forest (SKR) where the mean tree

height was approximately 35 m, the value of u*-threshold was

not determined successfully because the relationship between

the nighttime NEE and u* under the same temperature

conditions were unclear. The values of nighttime NEE were

not ‘‘saturated’’ even in turbulent (high u*) conditions (Gamo

et al., 2005).

Kondo et al. (submitted) tested three methods of data

filtering to estimate RE. One technique was originally

proposed by van Gorsel et al. (2007). This method used the

maximumvalue of the nighttime NEE each night to construct

a temperature response function (such as Eq. (1)) instead of

using all the nighttime NEE data of windy (high u*)

conditions. Using biometric estimations (Kondo et al., sub-

mitted) as the standard, the annual RE estimation based on

van Gorsel’s filtering was more realistic than u*-filtering.

Therefore, the present study used regression parameters of

Eq. (1), which are estimated based on the van Gorsel’s

filtering, for the SKR site.

At tropical forest PSO, where mean canopy height was

higher than 35 m, RE by the eddy covariance measurement

was difficult to estimate (Kosugi et al., 2008). Estimation of

total RE based on detailed chamber measurements was first

attempted. The results suggested a serious underestimation of

REwhen calculatedusing the eddy covariancewith u*-filtering.

In addition, an original method of data filtering was used in

which all nighttime NEE data were replaced with the values

estimated based on the chamber measurements. They

concluded that the values of annual NEP estimated by their

methodweremore reliable compared to the estimations based

on biometric studies in their forest. Therefore, the present

study used nighttime NEE data which were estimated with

differing techniques depending on the site.
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a b s t r a c t

The objective of this paper is to clarify what kind of environmental factors that regulate net

ecosystemproduction (NEP), gross primary production (GPP), and ecosystem respiration (RE)

in forest ecosystems across East Asia. Study sites were widely distributed and included

diverse ecosystems, such as evergreen and deciduous, coniferous and broadleaf, planted

and natural forests, from subarctic to tropical zones. We measured NEP using the eddy

covariance technique at 13 forest sites in East Asia.

Annual values of GPP and RE are simply regulated by annualmean air temperature across

East Asia. There is a clear linear relationship between annual GPP and annual mean air

temperature because the air temperature influences both growing period length and the

seasonal variation of the maximum photosynthetic capacity, which, together, regulate the

annual GPP. On the other hand, there is a strong exponential relationship between annual

RE and annual mean air temperature on an East Asia scale, which is quite similar to the

relation obtained on a canopy scale. The dependency of annual RE on air temperature on the

East Asia scale was similar to that of monthly RE on air temperature on an individual site

scale excepting for temperate larch and mixed forests in northern Japan.

The reason why the relation is simple is that severe stress, which affects GPP or RE, is

small in East Asia. The present study suggests that RE is sensitive to non-climate environ-

mental factors when compared to GPP, thus the annual RE–air temperature relationship is

more scattered than the annual GPP–air temperature relationship. The NEP is small at high

latitude, relatively large atmid-latitude, and scattered at low latitude. As awhole, the NEP is

more influenced by RE than GPP in East Asia. Compared to North America and Europe, the
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1. Introduction

The Kyoto protocol, which accounts for offsetting reduced

targets of CO2 emission by carbon sequestration in forests

through forest management, became effective in February

2005. The rules, which were determined at COP6 and COP7

(Schulze et al., 2002), have focused attention on the role of the

terrestrial biosphere in global scale carbon cycles. Therefore,

accurate data are required for net ecosystem production (NEP)

over various terrestrial ecosystems. However, uncertainty

remains about the change in carbon stock from forest

management and the response of the ecosystem CO2

exchange to climate change.

Recently, several studies have been made of the inter-

comparison of CO2 fluxes on regional and global scales as

continuous data for CO2 fluxes from the eddy covariance

technique have been accumulated. Valentini et al. (2000)

showed the relationship between carbon accumulation and

geography in Europe. Law et al. (2002) investigated the

response of vegetation to environmental variables using the

North American and European flux data collected by FLUX-

NET. Falge et al. (2002) compared seasonal variations in net

ecosystemexchange (NEE) for various vegetations. Amiro et al.

(2006) studied the affect of disturbance on carbon balance in

boreal forests by the comparing flux data for several sites in

Canada. However, systematic inter-comparative studies of

CO2 fluxes in Asia have been limited.

In East Asia, which is the East Eurasian continent in the

Northern Hemisphere, a humid region spreads continuously

from the arctic to the tropics because of the East Asian

monsoon and rain front (Kohyama, 2006). Seasonal variation

in temperature is clear in the subarctic and temperate zones

while it is small in the tropical zone. Snow covers the land for

1–7 months in the subarctic and cool-temperate zones. There

is also a permafrost period in the subarctic and cool-temperate

zones. The temperate zonehas four seasons anda rainy period

for about 1 month before the summer dry season. Typhoons

hit marine countries at mid-latitude. In the tropical zone; the

year is divided into rainy and dry seasons. Drought occurs

every few years in an El Niño event in the tropical zone (Hirano

et al., 2007).

In East Asia, forest ecosystems, which adjust for humid

regions, are continuously distributed from subarctic, through

temperate, to tropical climate zones fromnorth to south (Ohta

et al., 1993; Kohyama, 2006). In the present study, sites are

distributed widely from the subarctic to tropical zones in East

increase in the ratio of GPP to air temperature is slightly higher in East Asia. One of the possible

reasons for this is that GPP in East Asia is not exposed to severe environmental stresses, such as

summer drought.

# 2007 Elsevier B.V. All rights reserved.

Fig. 1 – Location of study sites in East Asia in a land classification map (De Fries et al., 1998).
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Asia, and cover typical vegetation types found in East Asia.

Boreal forests are considered to play an important role in

global climate and the global scale carbon cycle, as they are

large carbon stocks (e.g. Bonan et al., 1992; Otto-Bliesner and

Upchurch, 1997). The eastern Siberian boreal forest is

dominated by deciduous conifer forest (larch: Larix) over

permafrost (Gower and Richards, 1990; Matsuura et al., 2005).

However, there are few studies for CO2 exchange between

forest ecosystems and the atmosphere over larch forest

(Hollinger et al., 1998). Therefore, we have collected data at

four larch forest sites. There are many forest types in the

temperate zone. Deciduous broadleaf, larch, mixed, and

evergreen forest were examined in this report. The tropical

zone is mainly dominated by evergreen broadleaf forest.

However, reports on NEE are still limited from Asian tropical

ecosystems (Yasuda et al., 2003; Saitoh et al., 2005). Therefore,

we collected data for five different types of tropical forest.

The objectives of this paper are to clarify environmental

control factors that regulate NEP, gross primary production

(GPP), and ecosystem respiration (RE) in various forest

ecosystems across East Asia and to compare these with those

in the North America and Europe.

2. Materials and methods

2.1. Sites description

We analyzed CO2 flux data from 13 flux tower sites, which are

distributed geographically from 28S to 648N in latitude and

from 988E to 1418E in longitude. Fig. 1 shows the site location,

and Table 1 shows the details of the site characteristics. The

climatic zones include subarctic (2 sites), temperate (6 sites)

and tropical (5 sites) zones. The forest biomes are constituted

of deciduous coniferous (4 sites), deciduous broadleaf (1 site),

mixed evergreen and deciduous (1 site), evergreen coniferous

(2 sites), and tropical forests (5 sites). Eleven sites in the

present study are relatively close to the ocean, and two sites

are located deeper within the continent.

Most sites are natural forests, secondary forests, or planted

forests with a tree agemore than approximately 45 years. This

study also includes two naturally or artificially disturbed sites

in the tropics; one is a young forest regenerating after a severe

wild fire (BKS), and the other is a peat swamp forest where the

ground water level is artificially controlled (PDF). At the BKS

site, forest burned severely in 1998 andmost of the trees were

killed. During our study period, a shrub species Macaranga

giganteawas re-growingwith a tree age of 4 years or less. At the

PDF site, a drainage canal was built near the study site in the

late 1990s. The ground water level slowly reduced and the soil

surface layer became dry (Hirano et al., 2007).

2.2. Measurements

Net ecosystem CO2 exchange (NEE = �NEP) was calculated as

the sum of the eddy CO2 flux (FC) and the rate of change in CO2

storage below the flux measurement height (FS). FC was

measured using the eddy covariance technique with three-

dimensional sonic anemometer–thermometers and open- or

closed-path CO2/H2O analyzers. Measurement systems and

calculation protocols were mostly based on EUROFLUX

methodology (Aubinet et al., 2000). The CO2 storage change

was calculated by the vertical profile of the atmospheric CO2

concentration or a single height measurement of CO2

concentration at the flux measurement height. At KEW and

PSO sites, FS was neglected since the measurement of CO2

concentration was not conducted at the site. The measure-

ment instruments used at each site are shown in Table 2.

2.3. Estimation of GPP and RE, gap filling, and data
procedure

At each site, principal investigators performed quality control

for high frequency data (4–10 Hz) including the removal of

spikes, raw data tests (Vickers and Mahrt, 1997), a non-

stationary test and an integral turbulence test (Foken and

Wichura, 1996) and calculated 30-min or 60-min fluxes. The

detailed protocols used at each site are described in the

references listed in Table 1. This study collected 30-min- or 60-

min-average meteorological observations and CO2 fluxes with

data gaps, and applies nighttime correction and gap-filling.

Positive or negative NEP represents the forest ecosystem

absorbing or releasing CO2, respectively. NEP data with low

turbulence were excluded using the threshold of friction

velocity (u*) (Massman and Lee, 2002). We examined whether

temperature-normalized nighttimeNEE responds to turbulent

intensity from all nighttime data categorized into u* classes of

0.1 m s�1. We statistically distinguish the u* classes for

dropping RE from each other (Tukey’s HSD, p < 0.05) (Hirata

et al., 2007), and obtained the threshold of u*, which varied

among the sites (Table 2).

At the TUR site (a larch forest in central Siberia),

measurement periods were limited to the growing season.

Therefore, we used long-term (1968–1992) meteorological data

fromameteorological stationnear the site for annualmean air

temperature and annual precipitation data. An eddy covar-

iance measurement was performed from June to the first half

of September 2005 (Nakai et al., in press). NEP estimated by the

eddy covariance technique at TUR is not based on year-round

data but on themeasurement in the growing season from June

to early September. At the site, GPP during the dormant season

can be ignored because the larch trees were leafless, and

winter CO2 efflux from the snow surface estimated by

chamber measurement was negligibly small for a whole-year

estimation (Matsuura et al., 2007). Therefore, we considered

the NEP and RE in the growing season at TUR to be almost

equivalent to the annual NEP and RE, however, the annual

values might have some overestimation (NEP) and under-

estimation (RE) due to disregarding RE in the dormant season.

We used the following equation of Lloyd and Taylor (1994)

to fill gaps in nighttime NEE (FNEE, night):

FNEE;night ¼ FRE;Tref
exp

E0

R
1

TK þ Tref � T0
� 1
TK þ Ta � T0

� �� �
(1)

Here Ta is the air temperature (8C), E0 is activation energy

(J mol�1), R is ideal gas constant (J mol�1 K�1). FRE, Tref is FNEE,

night at the reference temperature (Tref), which was 10 8C. TK

and T0 are 273.15 and 227.13 K, respectively. FRE; Tref and E0
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were determined each day for a 29-daymoving window by the

least-squares method.

Data gaps in daytime NEE (FNEE, day) were filled by the

following non-rectangular hyperbola equation as a function of

photosynthetic photon flux density (PPFD; Q) (Prioul and

Chartier, 1977).

FNEE;day ¼
�fQ � Pmax þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðfQ þ PmaxÞ2 � 4fQuPmax

q
2 u

þ Rd (2)

In the equation, Pmax, f, u(=0.9) and Rd are the maximum

GPP at light saturation (mmol m�2 s�1), the initial slope

(mol mol�1), the convexity of the light-response curve and

daytime respiration (mmol m�2 s�1), respectively. The para-

meters for Eq. (2) were determined each day for a 15-day

moving window by the least-squares method. Gaps of

observed NEP were filled by estimated NEP using non-linear

empirical models (Eqs. (1) and (2)).

The relationship between thenet ecosystemexchange, NEE

(FNEE), the net ecosystem production, NEP (FNEP), the gross

primary production, GPP (FGPP), and the total ecosystem

respiration, RE (FRE), is expressed:

FNEP ¼ �FNEE ¼ FGPP � FRE (3)

In this equation, where GPP represents CO2 assimilation by

photosynthesis in vegetation. RE represents CO2 release by

soil, stem, branch, and foliage respiration. The values of NEE in

nighttime and winter season are identical to RE because GPP

equals zero. Daytime RE was estimated by extrapolation using

Eq. (1). GPP was calculated by the subtraction of daytime NEE

from daytime RE.

Here we explain some site specific procedures for flux

calculation (Saigusa et al., 2008). Flux measurement involves

particular problems caused by advection and low turbulence

at night (Massman and Lee, 2002). The effects of these factors

are different at each site, because they relate to site specific

conditions such as complex topography, canopy structure and

frequency of calm nights. We applied u* correction to night-

time NEE for most sites. However, at two tropical forest sites

(SKR and PSO), there was a significant underestimation of

nighttimeNEE even if u* filteringwas applied. At both sites, the

annual NEP was estimated by biometric methods, and the

underestimation in the total ecosystem respiration estimated

by the eddy covariance method was obvious from the

comparison with these other methods (Saigusa et al., 2008).

At the PSO site, we replaced all the nighttime NEE values by

values of ecosystem respiration that was calculated by an

empirical equation based on the chamber method (Kosugi et

al., 2008). van Gorsel et al. (2007) proposed a method for

correction of nighttime NEE, which uses the maximum value

of nighttime NEE of each night to construct a temperature

response function (such as Eq. (1)). At the SKR site, in addition

of this method, we used nighttime data only during turbulent

night (high u*) in order to exclude low turbulent data

continuing whole night (Saigusa et al., 2008).

3. Results

3.1. Annual values of GPP, RE and NEP

Annual values of carbon budget components and meteor-

ological variables are listed in Table 3 for each site and year.

GPP ranged from 40 to 2 tC ha�1 year�1 and RE from 40 to

1 tC ha�1 year�1. In the tropical forest (< 208N), values of GPP

reached 33.3 � 3.3 tC ha�1 year�1, while RE varied from

23 tC ha�1 year�1 at BKS (TRF; 18S) to 40 tC ha�1 year�1 at

PDF (TRD; 28S) (Table 3).

The annual values of NEP ranged widely from �7 to

5 tC ha�1 year�1 from 28S to 648N in latitude. NEP was small at

high latitude, relatively large at mid-latitude, and there was

large scattering at low latitude. Above 408N, CO2 exchangewas

almost balanced or absorbed slightly with small scatter. The

NEP of evergreen forests (FJY, KEW) was larger than that of

Table 2 – Measurement systems

Site
code

Sonic anemometer
model

IRGA model Flux
measurement
height (m)

Sampling
frequency

(Hz)

Average period
for flux calculation

(min)

u* threshould
(m s�1)

TUR R-3, Gilla LI-7500, Licord 20 10 30 0.1

SKT SAT-550, Kaijob LI-7500, Licord 30 10 30 0.3

LSH SAT-550, Kaijob LI-7000, Licord 29 10 30 0.2

TSE DA600-3TV, Kaijob LI-7000, Licord 32 10 30 0.0

TMK DA600-3TV, Kaijob LI-6262, Licord 27 10 30 0.3

TKY DA600-3TV, Kaijob LI-6262, Licord 25 5 30 0.5

FJY DA600-3TV, Kaijob LI-6262, Licord 26 5 30 0.2

KEW DA-600T, Kaijob LI-7500, Licord 29 10 30 0.4

MKL SAT540, Kaijob LI-6262, Licord 42 4 30 0.2

SKR Wind Master, Gilla LI-6262, Licord 45 4 30 –

PSO SAT-550, Kaijob LI-7500, Licord 54 10 30 –

BKS Wind Master, Gilla LI-6262, Licord 14 10 30 0.2

PDF CSAT3, Campbellc LI-7500, Licord 41 10 60 0.1

a Gill Instruments Ltd., Lymington, UK.
b KAIJOSONIC Corporation, Tokyo, Japan.
c Campbell Scientific, Inc., Logan, USA.
d LI-COR Inc., Lincoln, USA.
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deciduous forests (LSH, TMK, TKY) at mid-latitude. At low

latitude, NEP varied from being a large CO2 sink in tropical

secondary forest BKS (TRF; 18S), almost at equilibrium in

tropical rain forest PSO (TR; 38N) and a large CO2 source (�5.8–

�7.2 tC ha�1 year�1) in tropical peat swamp forest PDF (TRD;

28S). This large negative NEP was mainly caused by enhanced

ecosystem respiration due to the affect of the artificial

disturbance, in which the ground water level decreased due

to excavated drains, and the decomposition of soil organic

matter significantly accelerated as the surface soil dried

(Hirano et al., 2007). This resulted in the highest RE/GPP value

of 1.2 of all sites. The values of RE/GPP ranged from 0.8 to 1.0 in

other tropical forests (<208N), from 0.7 to 1.0 in temperate

forests (30–458N), and were about 0.7 for subarctic forests

(>488N). In the young tropical secondary forest BKS (TRF; 18S),

RE/GPP was about 0.8, which was smaller than other tropical

forests due to low RE.

3.2. Relationships between air temperature and
GPP, RE and NEP

The responses of annual values of NEP, GPP, RE, and RE/GPP to

environmental factors are examined in the following sections.

Fig. 2 shows the relationships between annual carbon fluxes

and annual mean air temperature. Data was categorized by

forest types, which were deciduous coniferous (DC; TUR, SKT,

LSH, TMK), deciduous broadleaf (DB; TKY), mixed (MX; TSE),

evergreen coniferous (EC; FJY, KEW), tropical (TR; MKL, SKR,

PSO), tropical swamp (TRD; PDF), and tropical secondary (TRF;

BKS) (Table 2). As is clearly shown in Fig. 2(a), the annual

values of GPP linearly increased with the air temperature,

which varied between �10 and 27 8C from the subarctic zone

to the tropical zone. The solid line in Fig. 2(a) shows the result

of linear regression between GPP and the annual temperature

obtained in the present study (GPP = 0.97 � Ta + 8.4, r2 = 0.92,

RMS = 2.84 tC ha�1 year�1), except for the two disturbed sites:

BKS (TRF) and PDF (TRD) (Table 4). The dashed line shows the

result based on forests in North America and Europe from Law

et al. (2002) (GPP = 0.47 � Ta + 8.52, r2 = 0.50).

The annual values of RE also had a significant positive

correlationwith the annual air temperature (Fig. 2(b)), however,

the relationwas rathermore exponential than linear. The solid

curve in Fig. 2(b) was the result of regressionwith the Lloyd and

Taylor equation. The determination coefficient of the regres-

sion curve was 0.89 and RMS was 3.45 tC ha�1 year�1, which

indicates the RE–temperature relationship was relatively more

scattered than the GPP–temperature relationship.

It should benoted that the regression lines shown in Fig. 2(a)

and (b)werecalculatedonly fromthedataofmature forests,not

using data from the two disturbed forests; BKS (TRD) and PDF

Fig. 2 – Relationships between annual mean air temperature (Ta) and (a) GPP, (b) RE, (c) NEP and (d) ratio of RE to GPP (RE/GPP).

Data is categorized by forest type (Table 2) using symbols. A solid line in (a) is the regression line, which is calculated from

non-disturbed forests (that is, except for disturbed sites (TRF, TRD)); GPP = 0.97Ta + 7.99, r2 = 0.92, RMS = 2.84 tC haS1 yearS1.

The dashed line in (a) is the regression between annual GPP and annual mean air temperature in North America and

Europe (Law et al., 2002); GPP = 0.42Ta + 8.53, r2 = 0.50. The solid line in (b) is the regression curve, which is calculated from

non-disturbed forests excluding disturbed sites (TRF, TRD); Fnight;Tref=FRE;Trefe
E0=R½ð1=ðTKþTref�T0ÞÞ�ð1=ðTKþT0�TaÞÞ	, FRE,

Tref = 14.47 tC haS1 yearS1, E0 = 24.99 J molS1 KS1, r2 = 0.89, RMS = 3.45 tC haS1 yearS1.
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(TRF). The data from the disturbed sites was also plotted in

Fig. 2(a) and (b), and the relations between GPP and the annual

temperature at the disturbed forestswere quite similar to those

for themature forests (Fig. 2(a)), however, the relationsbetween

RE and the annual temperature at the disturbed forests were

much more scattered (Fig. 2(b)).

Fig. 2(c) shows the relationship between annual NEP and

annual mean air temperature. Observed annual NEP rapidly

increased with air temperature, when the temperature was

lower than about 10 8C, from 1 to 5 tC ha�1 year�1, and stayed

at 4–5 tC ha�1 year�1 in the temperature range between 10 and

20 8C. In the tropical zone with a temperature from 24 to 27 8C,

the annual NEP showed a large scatter from �7 to

4 tC ha�1 year�1.

The ratio of RE toGPP increasedwith temperature (Fig. 2(d)).

RE/GPP was almost 0.7 when the annual mean temperature

was below 0 8C. In the temperate zone with a temperature

range between 5 and 20 8C, values of RE/GPP ranged from 0.7 to

1.0, where the values of RE/GPP for temperate deciduous

coniferous (temperate larch) (DC) and temperate mixed (MX)

forests (�1.0) were higher than that for temperate deciduous

(DB) and temperate evergreen coniferous (EC) forests (0.7–0.8).

In the tropical zone, the RE/GPP of mature forests ranged

between 0.8 and 1.0; 0.8 for young secondary forest (TRF, BKS

sites), was the smallest and 1.2 for drainage forest (TRD, PDF

sites) was the largest.

3.3. Maximum GPP at light saturation (Pmax)

The forest sites included in the present study have different

dominant species, different light-photosynthesis responses for

individual leaves, and different growing periods. In order to

make clear the controlling factors for the annual GPP, we

examined the significance of the parameters for themaximum

and themean levelsofphotosynthetic ability.Table 4 shows the

regression results for the relationship between the annual GPP

andthemaximumPmaxandtheannualmeanPmax, respectively.

Annual mean Pmax clearly increased with annual GPP (Fig. 3,

Table 4), althoughmaximum Pmax had a poor relationshipwith

annual GPP (Table 4). In Section 4.1, we discuss the reason that

the annual mean Pmax correlates strongly with annual GPP.

3.4. Other climatic factors

Table 4 shows linear regression results for the annual values of

several variables with GPP and RE. Annual PPFD did not

influence annual GPP, although PPFD influenced seasonal or

interannual variations of GPP at a specific site (e.g. Li et al.,

2005; Hirano et al., 2007; Hirata et al., 2007). These results were

because GPP saturated at high PPFD and PPFD had no affect

during the defoliated season.

The annual GPP had a positive correlation with the

maximum leaf area index (LAI), although the correlation

coefficient was poor (r2 = 0.23). A caution should be given that

the LAI data at several sites included not only leaf area but also

plant area such as stems and branches. Moreover, the

evaluation method for LAI was different among the sites.

The correlation was also relatively low between the annual

values of soil water content (SWC) and both GPP and RE across

East Asia, althoughSWC influenced the RE of tropical forests at

a site scale (Gamo et al., 2005; Hirano et al., 2007; Kosugi et al.,

2008). In contrast, it did not influence the RE of a subarctic

forest (SKT) (Li et al., 2005) or a temperate larch forest (TMK)

(Liang et al., 2004) at a site scale.

Both GPP and RE decreasedwith annual precipitationwhen

precipitation was below 1000 mm year�1. However, there was

no significant relationship between NEP and precipitation

(Table 3).

4. Discussion

4.1. GPP

This study clearly shows that annual GPP has a significant

positive correlation with the annual air temperature across

East Asia, and the relationship is quite linear even though the

study sites covered diverse forest ecosystems with a wide

climatic range from subarctic to tropical zones and different

Table 4 – Regression results where the equation is y = aX + b

Y variable X variable Slope, a Intercept, b r2 RMS

Annual GPP (tC ha year�1) Annual mean air temperature (8C) 0.97 7.99 0.92 2.84

Annual GPP (tC ha year�1) Annual cumulative PPFD (mol m�2 year�1) 0.00 �7.64 0.37 7.83

Annual GPP (tC ha year�1) Annual mean Pmax (mmol m�2 s�1) 1.17 2.09 0.87 3.63

Annual GPP (tC ha year�1) Maximum Pmax (mmol m�2 s�1) 0.54 3.07 0.38 7.78

Annual GPP (tC ha year�1) Maximum LAI (PAI) (m2 m�2) 3.09 7.42 0.23 10.23

Annual GPP (tC ha year�1) Annual mean SWC (m3 m�3) �16.15 23.61 0.03 11.68

Annual RE (tC ha year�1) Annual mean SWC (m3 m�3) �17.40 22.94 0.03 12.11

The data includes non-disturbed sites (DC, DB, MX, EC and TR) and excludes disturbed sites (TRF and TRD).

Fig. 3 – Relationship between annual GPP and annual mean

Pmax; Y = 1.17X + 2.09, r2 = 0.87, RMS = 3.63 tC haS1 yearS1.
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ecosystem types such as deciduous, evergreen, broadleaved,

and coniferous (Fig. 2(a)). At the same time, the annual GPP

shows a strong linear relationship with the annual mean Pmax

(Fig. 3). We are, therefore, able to hypothesize that there is a

significant interdependence among the annual air tempera-

ture, the annual mean Pmax, and the annual GPP in the forest

ecosystems across East Asia. In the following sections, we

discuss how meteorological elements and biological charac-

teristics regulate annual GPP.

It is generally said that GPP is determined by growing

season length, photosynthetic capacity, and LAI (Chapin et al.,

2002). The annual air temperature can influence all three of the

above conditions, and in particular, the temperature is the

most important factor in regulating the growth period length

(Saigusa et al., 2008). As listed in Table 3, the growing season

length for GPP, which means the number of days when GPP

was positive, could be longer than 360 days when the annual

air temperature was above 9 8C for evergreen forests in

temperate and tropical zones, and decreased to only about

100 days with the decrease in annual temperature in

temperate and subarctic zones.

The seasonal change of the photosynthetic capacitywas an

important factor in regulating the annual GPP. Seasonal

changes in Pmax, which represents the highest level of

photosynthetic capacity, are plotted in Fig. 4 for a subarctic

larch forest in central Siberia (TUR), a temperate larch forest in

northern Japan (TMK), a temperate evergreen coniferous

forest in central Japan (KEW), and a tropical evergreen forest

in Thailand (SKR). In the larch forest in central Siberia (TUR),

the growing seasonwas quite short (from June to August), and

themaximumvalue of Pmax, which appeared in the early stage

of the growing period (July), was the lowest of all sites. At the

temperate larch forest (TMK), the growing season was longer

than TUR (from May to October), with the highest Pmax

observed in June. At the evergreen site (KEW), the growing

season was the longest (the whole year), however, the

maximum value of Pmax was less than the temperate

deciduous forest. Pmax of the tropical dry evergreen forest

(SKR) peaked at the end of the rainy season or the beginning of

the dry season (September to October), but kept relatively high

throughout the year.

According to Table 3, Pmax values observed in the temperate

larch forest (44.0 mmol m�2 s�1 at TMK) was higher than those

in the two tropical forests (SKR, PSO) where the annual values

of GPP were extreme (>30 tC ha�1 year�1). This result was

interpreted to mean that higher annual GPP in the tropical

forests was mainly attributable to relatively high Pmax

maintained throughout the year. The strong positive correla-

tion between the annual mean Pmax and the annual GPP

supports this. The reason the annual mean Pmax showed

higher correlation with the annual GPP compared to the

maximum Pmax was that the annual mean Pmax takes into

account the affect of growing period length.

In previous studies, Law et al. (2002) found that there is a

significant positive correlation between the annual air

temperature and the annual GPP estimated at various flux

sites in North America and Europe. The regression lines of

both studies are plotted in Fig. 2(a),with a dashed line for Law’s

result and a solid line for the present study. The present study

covers a wide temperature range from �9 to 27 8C, and the

determination coefficient of the regression line was much

higher (0.92) than that in Law’s study (0.57). This result

suggests that the annual GPP in East Asian forests is primarily

related to annual temperature.

One of the reasons the annual GPP so strongly correlates

with temperaturewas possibly that forests in East Asia are not

exposed to severe stresses other than temperature. For

example, photosynthetic capacity of forests in North America

and Europe is influenced by the limitation of soil water content

and high vapor pressure deficit (VPD) caused by summer

Fig. 4 – Seasonal variation in Pmax at the (a) TUR, (b) TMK, (c) KEW and (d) SKR sites.
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drought (e.g., Anthoni et al., 1999; Scott et al., 2004). In

comparison, the annual precipitation at the present study

sites in East Asia was mostly higher than 600 mm, up to

2400 mm, except for the two subarctic sites (230–270 mm at

SKT; 360 mm at TUR). This is fairly high compared to North

America and Europe (198–1700 mm). Furthermore, there is a

rainy season at mid-latitudes in East Asia in the early stage of

the growing season typically from June to July, which provides

sufficient water to ecosystems every year. As a result, less

summer drought stress is a strong candidate for the main

cause of the simple relationship between the annual GPP and

the annual air temperature in East Asia. On a site scale, the

diurnal, seasonal or interannual variation of GPP is affected by

VPD conditions (Gamo et al., 2005; Li et al., 2005; Wang et al.,

2004; Hirano et al., 2007).

4.2. RE

A strong exponential relationship between the annual RE and

the annual mean air temperature was observed throughout

East Asia (Fig. 2(b)). Similar results were observed at a site

scale. In Fig. 5, we superimpose the monthly RE–air tempera-

ture relationship on the annual relationship (Fig. 2(b)) (the unit

of RE has been converted from annual to monthly) in order to

compare the dependency of RE on air temperature between an

East Asia scale and an individual site scale. The white squares

and solid curve represent the relationship between annual RE

and air temperature. Most monthly RE–air temperature

relationships almost overlap annual RE–air temperature

relationships, except for temperate larch and mixed forests

in northern Japan (TMK; DC, TSE; MX), which have ratios of

GPP to air temperature that increase at a quicker rate than

those of other forests. At TMK site, RE values should be

enhanced by the high photosynthetic activity of larch forest

during the growing season (Hirata et al., 2007).

In contrast, previous studies such as Law et al. (2002)

reported a less clear relationship between annual RE and

annual mean temperature in North America and Europe. One

of the advantages of this study was that the sites were

distributed over a wide latitude range from 28S to 648Nwith an

annual temperature from�9 to 27 8C, while the previous study

sites in North America and Europe typically covered from 30 to

708N. The wide latitude range of the present study enabled us

to detect a clear temperature dependence of the annual RE in

East Asia in a wide temperature band.

The annual RE is regulated by numerous components, such

as respiration in the stem (Liang et al., 2005; Miyama et al.,

2006), branch (Miyama et al., 2003), root (Lee et al., 2003;

Dannoura et al., 2006), foliage (Miyama et al., 2003), micro-

organisms (Uchida et al., 2005), and decomposition of litter

(Kim et al., 2005a, Kim et al., 2005b), soil organic carbon (Lee

et al., 2003; Dannoura et al., 2006) and coarse wood debris

(Jomura et al., 2007). The total annual ecosystem respiration is

affected by various processes, not only by meteorological

factors such as temperature and soil water content, but also by

biological and biochemical factors such as plant biomass, soil

organic matter content, nutrient resources, chemical sub-

stances and physical characteristics of the soil, type of

disturbance, tree age, seasonal changes in photosynthesis,

leaf area, and other phenological events. Responses of the

ecosystem respiration to the environment are different

depending on the ecosystem (Bond-Lamberty et al., 2004;

Subke et al., 2006; Trumbore, 2006). Thus, the respiratory

processes could be far more influenced by any number of

factors other than the photosynthetic processes. This inter-

pretation is supported by the fact that the RE–temperature

relationship was more scattered than the GPP–temperature

relationship.

Although the respiration processes includes complicated

mechanisms, the annual total ecosystem respiration from

diverse ecosystems across East Asia was expressed by one

simple curve as a function of the annual mean air tempera-

ture. On the other hand, the seasonal or interannual variation

of RE was affected by seasonal changes in water resources in

some tropical forests such asMKL, SKR (Gamo et al., 2005), PSO

(Kosugi et al., 2008) and PDF (Hirano et al., 2007).

4.3. NEP

In the present study, the NEP–temperature relationship in

Fig. 2(c) shows that NEP is close to zero in subarctic larch

forests (DC) with low annual temperatures (<0 8C). In themid-

Fig. 5 – Relationship between monthly RE and air

temperature. Relationship between annual RE and

annual mean air temperature represented by white

square symbols, and its regression curve

(Fnight;Tref ¼ FRE;Trefe
E0=R½ð1=ðTKþTref�T0ÞÞ�ð1=ðTKþT0�TaÞÞ	,

FRE, Tref = 1.20 tC haS1 monthS1, E0 = 25.73 J molS1 KS1),

represented by a solid line, are the same as those in

Fig. 2(b) except that the annual RE has been converted

from annual to monthly.
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temperature zone (5–20 8C), the annual NEP tends to increase

with temperature, and the CO2 uptake rate is highest in the

temperature range around 10–20 8C. For high temperatures

(>20 8C) the values of annual NEP show a significant scatter

from a large CO2 source (�8 tC ha�1 year�1 at TRD) to a large

sink (4 tC ha�1 year�1 at TRF). The large scatter in the annual

NEP in the high temperature zone was due to the large scatter

in the annual RE, not in GPP.

The influence of disturbance was more significant on RE

than on GPP. A large CO2 release was observed at the PDF site

(TRD) affected by the artificial drainage and acceleration of

peat decomposition by drying soil, although the annual GPP of

the PDF site was relatively close to those of non-disturbed

natural forests (TR). The annual GPP of BKS (TRF) is also close

to that of other natural tropical forests; however, the annual

RE of the BKS site was smaller than that of non-disturbed

natural tropical forest, probably because the trees were quite

young (<4 years old) and the above-ground and below-ground

plant biomass was less than those at the mature forests.

Except for the two disturbed sites, the annual NEP in tropical

mature siteswasmostly less than that in themid-temperature

zone, due to the increased rate of annual RE with temperature

being much higher than that of GPP in higher temperature

conditions. In the Amazon region, Saleska et al. (2003) also

reported that recent disturbance influences RE rather than

GPP; old-growth forests lost CO2, which was mainly released

from large coarse wood debris (CWD) pools despite high

growth rates (Rice et al., 2004) because of the recent

disturbance such as drought associated with a strong El Niño

event.

While annual GPP is simply regulated by annual mean air

temperature (Section 4.1), annual RE ismuchmore sensitive to

factors other than air temperature when compared to GPP

(Section 4.2). The annual NEP was not simply determined by

annual mean air temperature only. Caution should be

exercised as NEP is small in comparison to large gross fluxes

such as GPP and RE. Therefore, factors other than annual

mean air temperature (e.g. site history, disturbance, and soil

characteristic) are responsible for the scatter in the RE–

temperature relationship (Figs. 2(b) and 5), and that they have

a great impact on the resultantNEP. Consequently, annualNEP

should be understood in terms of a wide variety factors via RE.

In temperate and boreal European forests, which are N-

limited, Magnani et al. (2007) reported that NEP was strongly

driven by nitrogen deposition resulting from anthropogenic

activities while GPP and RE were regulated by air temperature.

4.4. Validity of NEP

It is important to evaluate the uncertainty of the annual NEP

by crosschecking with different methods. In this section, we

compare the annual NEP estimated by the eddy covariance

technique with that obtained by the biometric and chamber

methods in order to evaluate the uncertainty.

There are many sources of uncertainty in the eddy

covariance technique: horizontal advection and nighttime

data correction, topography, surface roughness, and night-

time atmospheric stability (e.g. Massman and Lee, 2002).

Moreover, the different instrumentation and installation of

the measurement system among sites may cause systematic

errors when we use the data for the purpose of inter-site

comparisons (Loescher et al., 2005). In addition, even though

the flux measurement was ideally conducted on flat and

horizontal-homogeneous surfaces, the temporal average of

fluxes observed at a single point may have an inherent

distortion compared with the spatial average (Kanda et al.,

2004).

Herewe use data from the biometric and chambermethods

to evaluate uncertainty in the annual NEP, since bothmethods

have advantages and disadvantages. The advantage of the

biometric method for NEP evaluation is that long-term

changes in plant biomass and carbon stock in the soil are

detectable and is, hence, suitable for verification of long-term

integration of NEP (Jia andAkiyama, 2005; Ohtsuka et al., 2005).

The disadvantage is that the method still has a large

uncertainty in estimating carbon stock in the soil, such as

soil organic matter and fine root production (Satomura et al.,

2006; Fukuzawa et al., 2007). The advantage of the chamber

method is that we can use the data for validation of specific

processes on a short time scale such as nighttime ecosystem

respiration and daytime canopy photosynthesis, while the

disadvantage is that it requires an enormous number of

measurements to establish spatial heterogeneity and there are

large uncertainties in the process of scaling up space and time

because many assumptions need to be made (Malhi et al.,

1999).

Other sources of uncertainty may be in the carbon loss

from the foliage as volatile organic compounds (Tani et al.,

2002; Ieda et al., 2006), and from the soil through leaching by

herbivores (Chapin et al., 2002). We neglected these affects in

the present study.

It is important to point out that the spatial and temporal

results of ground research such as micrometeorological,

biometric, and chamber method base analysis are limited.

For instance, our eddy flux data was obtained within about

1 km. Therefore, our observation data cannot completely

cover the long-term and wide areas including whole forests,

tree age, and disturbance in East Asia. Our results are,

however, informative and useful to validate terrestrial

ecosystem models to investigate the response of forest to

climate and disturbance (Sasai et al., 2005; Friend et al., 2007;

Ito et al., 2007).

Since the early 2000s, many studies have been conducted in

various terrestrial ecosystems in Asia to estimate the annual

values of carbon budget components using biometricmeasure-

ments and the chamber method. The annual NEP had been

estimated by the biometric method at the TUR (Matsuura et al.,

2007),TMK(Yoneetal., 2005;Yoneetal., 2006;Hirataetal., 2007),

TKY (Ohtsuka et al., 2007), FJY (Sugita, 2005), SKR (Yamamoto

et al., 2005), and PSO sites (Yamamoto et al., 2005). Fig. 6 shows

the annual NEP from micrometeorological and biometric

methods and the difference between the two. Both methods

resulted in similar variation of NEP between sites. The

differences of NEP between the two methods were 0.4 �
1.0 tC ha�1 year�1. Attention should be paid to uncertainty

arising from the difference of measuring period for the eddy

covariance technique and the biometric method at each site. If

we simply scaled the difference (0.4� 1.0 tC ha�1 year�1) over

the present study area (2.1 Gha; East and Southeast Asia and

Russia (FAO, 2006)), the uncertainty in the different methods
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reached 0.86� 2.05 PgC year�1. Ground measurement of NEP

still containsuncertainties in thepresent study; theseshouldbe

minimized by improving long-term measurements for both

methods in future study.

The chamber method for soil, trunk and foliar respiration

was applied to the KEW and TMK sites. Ohkubo et al. (2007)

validated that nighttime NEP of the KEW site by chamber

method with identical results to that by eddy covariance

technique with a u* threshold. At the TMK site, Liang et al.

(2006) also verified that total NEP of the eddy covariance

technique was close to that of the chamber method (Hirata

et al., 2007).

In the temperate zone, some sites, such as TKY and KEW,

were located in mountainous regions and the topography

around the tower was quite complex. The uncertainty caused

by the horizontal advection and nighttime data correction is

large, however, the annual NEP estimated by the twomethods

were relatively close at both sites (Ohtsuka et al., 2007; Ohkubo

et al., 2007). This result suggests that the eddy covariance data

can be used for estimating ecosystem carbon cycle compo-

nents even in complex topography if the data is well validated

by other methods (Hammerle et al., 2006).

Kosugi et al. (2008) reported that many calm nights caused

continuous underestimation of nighttime NEP by the eddy

covariance technique at the PSO site. In contrast, at the PDF

site, Hirano et al. (2007) observed large nighttime NEE by eddy

covariance technique with small u* similar to that at the PSO

site. Nighttime NEE estimation remained difficult and the

uncertainty was significantly higher in tropical forests for

reasons such as a large amount of respiration under high

temperature conditions throughout the year, many calm

nights (Kosugi et al., 2008), and tall canopy with a wide variety

of tree height (Finnigan, 2004).

5. Conclusions

This paper compares annual values of NEP, GPP, andRE among

11 mature forests and 2 disturbed forests across East Asia

including different ecosystem types such as evergreen and

deciduous, coniferous and broadleaf, planted and natural

forests, with a wide climatic range from subarctic, through

temperate, to tropical zones.

In East Asia, where sufficient precipitation is supplied to

most ecosystems in every growing season, summer drought

stress is less severe than in North America and Europe. Thus

the environmental influence on forest NEP, GPP, and RE differs

in several aspects between these areas.

The findings we obtained from the present inter-site

comparison are summarized as follows:

(1) The annual GPP and RE are simply regulated by annual

meanair temperature across East Asia. The annual GPPhas

a very strong linear relationship with the annual air

temperature, and the annual RE also has a clear exponen-

tial relationship with temperature.

(2) There is a clear inter-dependency among the annual GPP,

annual mean Pmax, and the annual temperature; which

means that the annual GPP is regulated by both growing

period length and the seasonal variation in maximum

photosynthetic ability. Air temperature is the most

important influence on these values.

(3) The RE–temperature relationship is more complicated

than the GPP–temperature relationship. This is because

annual RE is muchmore sensitive to factors other than the

annual temperature compared to GPP. Some factors other

than annual mean air temperature (e.g. site history,

disturbance, and soil characteristic) are responsible for

the scatter in the RE–temperature relationship (Figs. 2(b)

and 5), and that they have a great impact on the resultant

NEP. This indicates that annual NEP should be understood

in terms of a wide variety factors via RE.

(4) Annual NEP is small at high latitude, relatively large at

mid-latitude, and is widely scattered at low latitude. The

site-specific characteristics of NEE are influenced more by

RE than GPP.

(5) Compared with North America and Europe, the regression

coefficients of the GPP–temperature and RE–temperature

relationships are high. Moreover, the slope of the GPP–

temperature relationship in East Asia is greater than that of

North America and Europe. One of the reasons for this

relates to less restriction of GPP and RE by severe

environmental stresses such as summer drought. As a

result, the temperature dependence of the annual values of

GPP and RE can be expressed in a relatively simple form in

East Asia.
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Summary Effects of heterogeneity in stomatal behavior on
gas-exchange characteristics of leaves from four tree species
growing in different climates, including temperate, tropical
monsoon and tropical rain forest, were investigated by combin-
ing gas-exchange measurements and the pressure-infiltration
method. Field observations indicated linear relationships be-
tween whole-leaf conductance and the ratio of infiltrated to
non-infiltrated leaf area (open stomata area) in Dipterocarpus
sublamellatus Foxw. and Neobalanocarpus heimii (King)
Ashton in a tropical rain forest in Peninsular Malaysia, whereas
the ratio of infiltrated to non-infiltrated area rapidly increased
up to the whole-leaf conductance at which the entire leaf was
infiltrated in Cinnamomum camphora Sieb. in a temperate ev-
ergreen forest in Japan and in Azadirachta indica Juss. in a
tropical monsoon area in Thailand. These results strongly sug-
gest small ranges in bell-shaped stomatal conductance distri-
butions in C. camphora and A. indica and bimodal stomatal
conductance distributions in D. sublamellatus and N. heimii.
The values of normalized maximum carboxylation rate at
25 °C (Vcmax25) derived from gas-exchange measurements were
not constant, but decreased with decreasing whole-leaf con-
ductance in D. sublamellatus and N. heimii. A gas-exchange
model analysis revealed a linear relationship between whole-
leaf conductance and the ratio of infiltrated to non-infiltrated
leaf area for bimodal stomatal conductance distributions,
whereas for bell-shaped distributions, the relationships were
nonlinear. Midday depression of apparent Vcmax25 in these spe-
cies was mainly caused by bimodal stomatal closure. The
bimodal stomatal distribution model could also explain diurnal
changes in photosynthetic assimilation and transpiration rates
in these species.

Keywords: Azadirachta indica, Cinnamomum camphora, Dip-
terocarpus sublamellatus, heterobaric leaf, Neobalanocarpus
heimii, pressure infiltration methods, stomatal patchiness,
Vcmax.

Introduction

The rate of gas exchange between plants and the atmosphere is
determined mainly by the rates of photosynthesis and transpi-

ration in individual leaves, both of which vary in response to
environmental factors such as water and nutrient supplies,
temperature and light. In most plants, diurnal changes in pho-
tosynthetic rate within a horizontal leaf can be described by a
time-course with a single peak that is determined by the light
environment. However, in some plants in arid environments or
in habitats where transpirational demand is high, diurnal
changes in photosynthetic rates follow a bimodal time course.
Based on a cost (transpiration) versus benefit (assimilation)
analysis, Cowan (1977) showed that the assumption of opti-
mized regulation of stomatal opening results in a midday de-
pression of transpiration and photosynthesis when the ratio of
the change in transpiration to the change in assimilation is
small. The midday depression is the result of stomatal closure
during the period of the day when evaporative demand is high-
est owing to a large difference in water vapor pressure between
the leaf and the air. The theoretical time courses calculated by
Cowan (1977) agree with changes in the metabolism of C3 and
C4 plants in dry environments, where midday depressions of
transpiration and photosynthesis are common (Lambers et al.
1998). However, although the optimization approach provides
a reasonably good explanation of stomatal behavior, it does
not provide an explicit solution for optimal water use by a
whole plant and does not take into account the effects of water
deficits on physiological processes such as growth or water
transport (Jones 1998).

Declines in photosynthesis during the afternoon have been
reported for plants in many ecosystems. These declines have
been attributed to a variety of causes, including (but not lim-
ited to) stomatal regulation in response to low humidity or low
leaf-water potential, the effects of elevated temperature on
photosynthesis, the accumulation of starch and metabolites,
intrinsic circadian rhythms and increased leaf respiration in re-
sponse to elevated temperature (Jones 1992, Larcher 2003). A
midday depression in gas exchange was observed in the tropi-
cal rain forest trees Dipterocarpus sublamellatus Foxw. and
Neobalanocarpus heimii (King) Ashton in Pasoh on the Ma-
laysian peninsula (Toma et al. 1995) and in Macaranga con-
ifera (Zoll.) Muell. Arg. in East Kalimantan on the island of
Borneo in Indonesia (Ishida et al. 1999a, Ishida et al. 1999b).
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Ishida et al. (1999b) analyzed changes in net assimilation rate
for a given electron transport rate at different temperatures
throughout the day (including early morning and afternoon)
and reported that internal CO2 concentrations (Ci) estimated
by whole-leaf gas exchange probably increase at midday. As
this finding is consistent with the heterogeneous closure of
stomata, a low net assimilation rate at midday would appear to
be the result of increases in both metabolic and stomatal limi-
tations to photosynthesis.

To understand the link between plant responses and envi-
ronmental factors, the measurement of CO2 and H2O gas ex-
change has been carried out for many plant species. Para-
meterization of the Farquhar-von Caemmerer-Berry model
(Farquhar et al. 1980) of biochemical photosynthesis with em-
pirical data obtained by the gas-exchange method has revealed
insights into the gas exchange process in leaves (e.g., Wull-
schleger 1993, Wohlfahrt et al. 1999). Within the context of
the Farquhar-von Caemmerer-Berry model, characteristics
such as the activity of ribulose-1,5-bisphosphate carboxylase/
oxygenase, the rate of ribulose-1,5-bisphosphate regeneration
by electron transport and the rate of triose phosphate utiliza-
tion are taken into account. The normalized maximum rate of
carboxylation at 25 °C (Vcmax25) reflects photosynthetic capac-
ity independent of stomatal conductance. A positive correla-
tion between Vcmax25 and the normalized maximum potential
rate of electron transport has been used to model leaf and can-
opy photosynthesis (Wullschleger 1993, Harley and Baldocchi
1995, Leuning et al. 1995, Leuning 1997, Baldocchi and
Meyers 1998, Baldocchi et al. 2002, Tanaka et al. 2002).

Measurement of gas exchange allows estimation of Vcmax25.
Because the midday depression in photosynthesis is normally
analyzed under conditions of either stomatal or nonstomatal
limitations, Vcmax25 is often used instead of net assimilation rate
to estimate photosynthetic capacity because it avoids the ef-
fects of stomatal regulation. The value of Vcmax25 is derived
from the relationship between photosynthesis and Ci (the A–Ci

curve) under the assumption that gas exchange within the leaf
is homogeneous. However, Laisk (1983) showed that failure to
consider the statistical distribution of stomatal apertures may
cause significant error in the calculated photosynthetic param-
eters of leaves when the diffusion resistance between neigh-
boring substomatal cavities is large and when stomatal aper-
tures vary over a wide range. In the conventional calculation of
the intercellular partial pressure of CO2, it is assumed that pho-
tosynthesis and transpiration are uniform over the leaf area un-
der consideration (Terashima et al. 1988). This results in an
overestimation of the intercellular partial pressure of CO2 and,
consequently, an underestimation of Vcmax25. Wide variation
has been reported in stomatal apertures, even for leaves with
small surface areas (Laisk et al. 1980, van Gardingen et al.
1989, Smith et al. 1989, Weyers and Lawson 1997). The heter-
ogeneity in stomatal apertures is attributed to “patchy” sto-
matal behavior and has been reviewed in several articles (Tera-
shima 1992, Weyers and Lawson 1997, Beyschlag and Eck-
stein 1998, Mott and Buckley 1998).

There are several methods to evaluate the heterogeneity of
stomatal apertures (see Terashima 1992, Weyers and Lawson

1997), including starch–iodine staining (Terashima et al.
1988), infiltration (Beyschlag and Pfanz 1990), measurements
from silicon rubber impressions (Smith et al. 1989), 14C auto-
radiography (Wise et al. 1992), fluorescence imaging (Daley
et al. 1989, Mott et al. 1993, Cardon et al. 1994, Meyer and
Genty 1998), thermography (Jones 1999) and direct micro-
scopic observation (van Gardingen et al. 1989). Patchy sto-
matal behavior has been documented under conditions of
water stress (Sharkey and Seeman 1989, Gunasekera and Ber-
kowitz 1992), low humidity (Loreto and Sharkey 1990, Bey-
schlag et al. 1992, Mott et al. 1993), sudden changes from high
to low irradiance (Cardon et al. 1994, Eckstein et al. 1996),
sudden transition from darkness to bright light (Bro et al.
1996) and in response to exogenous abscisic acid (ABA) ap-
plication (Downton et al. 1988, Terashima et al. 1988, Daley et
al. 1989). The hydraulic interactions among stomata have been
proposed as one mechanism to explain many aspects of patchy
stomatal behavior (Haefner et al. 1997, Mott et al. 1997, Mott
and Buckley 1998, Buckley and Mott 2000), and the effects of
several different distributions of stomatal apertures on gas ex-
change have been modeled (Cheeseman 1991, Buckley et al.
1997). However, under the same climatic conditions, there are
species that show patchy stomatal aperture and species that do
not (e.g., Beyschlag et al. 1992, Wise et al. 1992).

Although several studies have revealed that plants in natural
environments repeatedly undergo heterogeneous stomatal clo-
sure during specific periods of the day (Beyschlag and Pfanz
1990, Beyschlag et al. 1992, Düring and Loveys 1996), rela-
tively few studies have examined the effects of patchy stomatal
behavior on gas-exchange characteristics in the field. One rea-
son for the paucity of field observations is that direct observa-
tion of individual stomatal pores is technically difficult and
laborious. The infiltration method is especially suitable for
gross surveys of patchy closure of stomata in the field (Weyers
and Lawson 1997). However, infiltration is an all-or-nothing
event, which means that this technique essentially results in
the classification of groups of stomata as either open or closed
according to whether some or all of the stomata are above or
below a particular threshold for liquid conductance. To esti-
mate the distribution of stomatal apertures in our study, we
combined gas-exchange measurements with the infiltration
method. The relationship between whole-leaf conductance
and the infiltration ratio was also simulated by computer mod-
eling. We used our empirical data and our model to investigate
the effect of heterogeneity in stomatal opening on the apparent
photosynthetic capacity of leaves and, thus, were able to evalu-
ate the main factor that causes midday depression of photosyn-
thesis.

Materials and methods

Field observations

To investigate the effects of patchy stomatal behavior on gas
exchange in trees from different habitats, we studied the leaves
of four species: Cinnamomum camphora Sieb. in a temperate
evergreen forest in Japan; Azadirachta indica Juss. in a tropi-
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cal monsoon area in Thailand; and Dipterocarpus sublamel-
latus and Neobalanocarpus heimii in a tropical rain forest on
the Malaysian peninsula (Table 1). Whole-leaf conductance
and pressure infiltration were measured for C. camphora on
September 26, 2000, for A. indica on November 16 2000, for
N. heimii on September 19 and 20, 2002 and for D. sub-
lamellatus on September 20, 2002 and March 8, 2003. Gas-ex-
change measurements were made on leaves of the two tropical
trees (D. sublamellatus and N. heimii) on September 18–20,
2002 and March 9, 2003, and the electron transport rates in
these species were measured on March 8 and 9, 2003.

For C. camphora and A. indica, whole-leaf conductance was
measured in situ with an LI-1600 steady-state porometer (Li-
Cor, Lincoln, NE). For N. heimii and D. sublamellatus, whole-
leaf conductance and net assimilation rates were measured in
situ with a Li-Cor LI-6400 gas-exchange measurement system
equipped with a 2 × 3 cm clear-top chamber.

We calculated Vcmax25 to evaluate the effect of heterogeneous
stomatal behavior on gas exchange and to determine directly
the apparent depression in photosynthetic capacity in the field.
Maximum carboxylation rate (Vcmax) was calculated by a “one-
point method” (Wilson et al. 2000, Kosugi et al. 2003, Grassi
et al. 2005), which can be used to determine the actual re-
sponses of leaves in the field. By contrast, determining the
A–Ci curve with a controlled environment chamber is time-
consuming and involves a number of technical difficulties
(Kosugi et al. 2003). To measure Vcmax25 for N. heimii and
D. sublamellatus, we used a 2 × 3 cm light-emitting diode
(LED) chamber and a Li-Cor LI-6400-40 leaf chamber flu-
orometer. The measurements were conducted under ambient
conditions except for light, which was controlled at a photo-
synthetically active radiation (PAR) of 1000 μmol m– 2 s–1. To
estimate Vcmax25, we used data, including measurements made
with the clear-top chamber, obtained at a PAR of > 500 μmol
m – 2 s–1 and Ci < 320 ppm. The intercellular CO2 concentra-
tion was estimated with Equation 4 and the whole-leaf assimi-
lation and conductance values. The electron transport rates for
N. heimii and D. sublamellatus were measured with a Li-Cor
LI-6400-40 leaf chamber fluorometer. The periods during
which gas-exchange and pressure infiltration measurements
were conducted for N. heimii and D. sublamellatus are pre-
sented in Figure 1. Figure 1 also shows the micrometeor-
ological environments, including solar radiation, air tempera-
ture and relative humidity, above a canopy of N. heimii and
D. sublamellatus.

A pressure infiltration technique similar to that of Bey-
schlag and Pfanz (1990) was used to evaluate patchy stomatal
behavior. Immediately after the measurement of leaf conduc-
tance, the leaf was detached from the tree and placed in a
50-ml plastic syringe that was filled with a 1% acid fuchsin so-
lution. Air within the syringe was expelled through the syringe
outlet. The outlet was then closed and the plunger was force-
fully pulled outward to evacuate the internal air spaces of the
leaf. The syringe was simultaneously shaken to remove gas
bubbles that emerged from the leaf surface. The water column
in the syringe was then set under pressure by carefully pushing
the plunger back into the syringe, with the outlet closed. After
careful extraction from the syringe, the leaf was washed with
water and blotted dry between two pieces of absorbent paper.
The degree of acid fuchsin infiltration was recorded by digital
photography. The digital photographs of acid fuchsin-infil-
trated leaves were analyzed with Adobe Photoshop (Adobe
Systems, San Jose, CA) to measure the ratio of acid fuchsin-
infiltrated area to uninfiltrated area.

Model description

We used a stomatal conductance distribution model to evaluate
the effect of the distribution of stomatal apertures on gas ex-
change. In this model, the leaf is subdivided into many isolated
patches. A stomatal conductance is allocated to each patch ac-
cording to the distributions described below. The Ci and the
net assimilation rate in each patch were estimated using this
stomatal conductance model and the Farquhar-von Caemmer-
er-Berry model of biochemical photosynthesis, in which we
assumed that the photosynthetic parameters were uniform
throughout the whole leaf. Mean stomatal conductance (gsleaf)
and mean net assimilation rate (Aleaf) for the whole leaf were
calculated by integrating the stomatal conductance and net as-
similation rate of each patch; thereafter, the “apparent” Vcmax25

to be measured by the chamber method (Vcmax25*) was calcu-
lated. We estimated the infiltrated leaf area that would result
for each modeled distribution of stomatal conductance by as-
suming that a patch would infiltrate if its stomatal conductance
were above some threshold value, corresponding to the liq-
uid-phase conductance allowing infiltration.

Buckley et al. (1997) showed that, for most conductance
distributions, there are fairly small differences between homo-
geneous and patchy assimilation rates at a given Ci. However,
differences between homogeneous and patchy assimilation
rates are greater for conductance distributions that (a) span re-
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Table 1: Summary information about the trees used for gas-exchange and pressure infiltration measurements.

Climate, vegetation type Location Mean annual air temperature (°C), Species Tree Observation
precipitation (mm), years (range) height (m) height (m)

Temperate, evergreen 34.73° N, 15.2, 1159, 1995–1999 Cinnamomum camphora 9 8
broad-leaved tree 134.36° E

Tropical monsoon, 16.94° N, 26.9,  822, 1998–1999 Azadirachta indica 10 3.5
deciduous broad-leaved tree 99.43° E

Tropical, evergreen 2.96° N, 25.6, 1571, 1996–1999 Neobalanocarpus heimii 46 32
broad-leaved tree 102.3° E Dipterocarpus sublamellatus 43 32
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gions of lower conductance; (b) extend over a larger range of
conductances; (c) are more nearly bimodal; and (d) are right-
skewed. In this study, we simulated stomatal conductance us-
ing two distributions of stomatal apertures, namely a bimodal
distribution (which indicates that whole-leaf conductance re-
flects either open or closed stomatal conductance) and a nor-
mal (bell-shaped) distribution. For both types of distributions,
we analyzed the relationships between gsleaf, the infiltration ra-
tio and Vcmax25*. A leaf was subdivided into 10,000 patches of
equal area and equivalent photosynthetic characteristics. For
the bimodal distribution, the stomatal conductance for an open
or a closed patch was gsmax or gsmin, respectively. For the normal
distribution, mean whole-leaf stomatal conductance (gsleaf)
was equal to a given conductance (stomatal conductance val-
ues that were smaller than gsmin were made equal to gsmin). The
normal distribution that we used was truncated at a value of
gsmin. We adjusted the peak of the distribution to make the gsleaf

equal to the given conductance. The modeled leaf was per-
fectly heterobaric, i.e., no lateral flow of CO2 between patches
was allowed. Leaf temperature was assumed to be homoge-
neous.

In this model, the assimilation rate for each patch was deter-
mined with a Farquhar-von Caemmerer-Berry model in which
stomatal conductance values for each patch were given by the
two types of distributions. This model was also used to calcu-
late the value of Vcmax25 by the one-point method.

The partial pressure of CO2 at the sites of carboxylation

(p(Cc)) was calculated assuming that this parameter was re-
lated to Ci as:

C
g C A

g

E

Ei
t
CO

a

t
CO

2

2
=

− −
+

( )
2

2

(1)

1 1 1

g g gt
CO

b
CO

s
CO2 2 2

= + (2)

p C P C A
g

( ) ( )c atm i
i

= − (3)

where Ci is intercellular CO2 concentration (μmol CO2 mol–1

air); Ca is ambient CO2 concentration (μmol CO2 mol–1 air);
A is assimilation rate (μmol m– 2 s–1); gt

CO 2 is total conduc-
tance of CO2 (mol CO2 m– 2 s–1); E is transpiration rate (mol
H2O m– 2 s–1); Patm is atmospheric pressure (MPa); and gi is in-
ternal conductance of CO2 (mol CO2 m– 2 s–1). The variable
gb

CO 2 is boundary layer conductance of CO2 (mol CO2 m– 2 s–1)
such that g gb

CO
b
H O2 2= / . /1 6 2 3, and gs

CO 2 is stomatal conduc-
tance of CO2 (mol CO2 m– 2 s–1) such that g gs

CO
s
H O2 2= / .16 ,

where gb
H O2 is the boundary layer conductance of H2O (mol

H2O m– 2 s–1) and gs
H O2 is stomatal conductance of H2O (mol

H2O m– 2 s–1). Equation 1 uses the correction described by
Jarman (1974) and von Caemmerer and Farquhar (1981) to ac-
count for the convective effects of transpiration at stomatal
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Figure 1. Diurnal variations in solar radiation, air temperature and relative humidity. Arrows indicate periods when the experiments were carried
out with Dipterocarpus sublamellatus and Neobalanocarpus heimii.
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pores.
In the one-point method, the apparent partial pressure of

CO2 at the sites of intercellular space (p(Ci)*) was estimated
from variables measured by the gas-exchange method, includ-
ing the mean total conductance of CO2 for the whole leaf
(gtleaf), Ca, Aleaf, Patm and E. Assuming that p(Ci)* could substi-
tute for p(Cc) (the infinite gi), the value of Vcmax25* was calcu-
lated from the values of Aleaf, p(Ci)* and the leaf temperature
(Tl) as:
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where Rd is non-photorespiratory respiration rate (μmol m– 2

s–1); τ is the specificity factor of Rubisco; p(O) (21,000 Pa) is
the partial pressure of O2 at the sites of oxygenation; Kc and Ko

are the Michaelis-Menten constants of Rubisco for CO2 and
O2, respectively; T1 is leaf temperature (°C); R is the gas con-
stant (8.31 J K–1 mol–1); ΔHa(Vcmax) is the activation energy
for Vcmax; ΔHd(Vcmax) is the deactivation energy for Vcmax; and
ΔS(Vcmax) is an entropy term.

The Arrhenius function was used for the temperature de-
pendences of parameters Kc, Ko, τ, Vcmax and Rd as:
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where τ25, Kc25, Ko25, Vcmax25 and Rd25 are τ, Kc, Ko and Rd at
25 °C, respectively. Terms ΔHa(τ), ΔHa(Kc), ΔHa(Ko) and
ΔHa(Rd) are the activation energies for τ, Kc, Ko and Rd, re-

spectively.
In the model simulation, the net assimilation rate of each

patch was calculated as:
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where Ac is net assimilation rate limited by the RuBP saturated
rate of carboxylation (μmol m– 2 s–1).

The net RuBP-limited CO2 assimilation rate (A j) was ex-
pressed as:
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where J is potential electron transport rate. We expressed J as
the smaller root of the following nonrectangular hyperbola
representing the relationship to absorbed PAR (Farquhar and
Wong 1984).
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where θ is a convexity factor; Jmax is maximum potential rate
of electron transport; Q is incident PAR (μmol m– 2 s–1); ε is
leaf absorbance of Q; and f is the fraction of light loss not used
photosynthetically at chloroplast lamellae. The values of θ
(0.9) and 1 – f (0.593) were approximated from the results of
light curve measurements of electron transport rate. The value
of ε (0.842) was approximated from measurements of the light
penetration of the canopy leaves. Based on Wullschleger
(1993), Jmax is related to Vcmax as:

J k Vmax max= j c (13)

Disregarding the possible limitation imposed on photosyn-
thesis at high CO2 concentrations by the rate of triose phos-
phates utilization, the net assimilation rate is:

A A A= min{ , }c j (14)
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The corresponding values of A and p(Cc) are determined as
the point of intersection of the “demand function” described
by Equation 14 and the “supply function” described by Equa-
tion 3 following the Newton-Raphson method.

To estimate the value of Vcmax25*, we have to know the value
of Rd. Accordingly, the temperature dependency of the respira-
tion rate in darkness was determined from the net assimilation
data obtained in September 2002 with a covered chamber and
the parameter ΔHa(Rd) (= 66,405 J mol–1), and we then scaled
Rd using the relationship with the dark respiration rate based
on the results of Brooks and Farquhar (1985). The value of
Vcmax25 (25 μmol CO2 mol–1) was tentatively used considering
the patchy effects. We used the parameters Vcmax25 and Rd25 ob-
tained from the observed data for D. sublamellatus and
N. heimii in September 2002 and other parameters that were
reported in the literature listed in Table 2.

Figure 2 shows the response of net CO2 assimilation to ap-
parent internal CO2 concentration for D. sublamellatus and
Vcmax25* calculated with Equation 5. Observations were con-
ducted on February 14, 2005. The value of Vcmax25* was also
determined by nonlinear regression based on the biochemical
photosynthesis model and parameters described in this section
(not using Equation 5). The value of 14.9 μmol m– 2 s–1 is
slightly smaller than values calculated with Equation 5. At a
range of apparent Ci (Ci*) from 100 to 320 ppm, the mean and
the standard deviations of Vcmax25* were 15.5 and 0.6 μmol
m– 2 s–1, respectively. Figure 2 also shows that the model simu-
lated acceptable values of Rd.

Results

By microscopic observation, we confirmed that all leaves

studied were heterobaric. The acid fuchsin-infiltrated areas of
the leaves always corresponded to intercostal areas. This was
expected because, in the leaves we studied, leaf veins subdi-
vided the intercellular space into many isolated units (Fig-
ure 3). Infiltrated areas were spatially randomly distributed for
all leaves. Therefore, we assumed that the conductance mea-
sured by the chamber method was approximately equal to true
whole-leaf conductance.

Figures 4 and 5 show the relationship between observed gleaf

and the infiltration ratio as well as diurnal changes in this rela-
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Table 2. List of parameters used in the biochemical photosynthesis model.

Parameter Units Value Reference

Kc

Kc25 Pa CO2 27.5 Harley and Baldocchi (1995)
ΔHa(Kc) J mol–1 80470 Harley et al. (1992)

Ko

Ko25 Pa O2 42000 Harley and Baldocchi (1995)
ΔHa(Ko) J mol–1 14510 Harley et al. (1992)

τ
τ25 2321 Harley and Baldocchi (1995)
ΔHa(τ) J mol–1 –29000 Harley and Baldocchi (1995)

Rd

Rd25 μmol m– 2 s–1 1.00*{0.50–0.05*ln(Q)} This study
ΔHa(Rd) J mol–1 66405 Farquhar et al. (1980)

Vcmax

Vcmax25 μmol m– 2 s–1 25 This study
ΔHa(Vcmax) J mol–1 65000 Tenhunen et al. (1990)
ΔHd(Vcmax) J mol–1 250000 Tenhunen et al. (1990)
ΔS(Vcmax) J mol–1 600 Tenhunen et al. (1990)

Jmax

k j 2.2 This study
gi mol–1 CO2 m– 2 s–1 0.05, 0.2, 0.5, ∞ This study

Figure 2. Responses of net CO2 assimilation (Aleaf) to apparent inter-
nal CO2 concentration and apparent photosynthetic capacity
(Vcmax25*) for D. sublamellatus. Mean whole-leaf stomatal conduc-
tance was 0.09 mol m– 2 s–1 during the observation. The solid line is a
model fit to measured data of Aleaf. Symbols: � = measured values of
Aleaf; and � = measured values of Vcmax25*.
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tionship. Whole-leaf conductance and the infiltration ratio of
the temperate evergreen leaves of C. camphora and the tropi-
cal deciduous leaves of A. indica gradually decreased from
about 1000 h; the leaves of the tropical rain forest trees
N. heimii and D. sublamellatus also exhibited depression of
whole leaf conductance and the infiltration ratio before noon.

Figure 6 shows diurnal changes in A leaf, gleaf, electron trans-
port rate, Ci* and Vcmax25* under saturated light conditions
(PAR = 1000 μmol m– 2 s–1) for N. heimii and D. sublamel-
latus. The diurnal changes in gsleaf and Aleaf were similar in both
species, and the changes in gsleaf resembled the changes in Aleaf.
Parameter Aleaf peaked at 0800 h with values of ~8 and 6 μmol
m– 2 s–1 for D. sublamellatus and N. heimii, respectively, and
decreased gradually thereafter, reaching a minimum at 1400 h
(~0 and 1 μmol m– 2 s–1 for D. sublamellatus and N. heimii, re-
spectively). A small recovery in net photosynthesis occurred
in the late afternoon. Values of Ci* (calculated by Equation 4)

were relatively constant throughout the day, but tended to be
higher in the afternoon. For N. heimii, the mean values of Ci*
before and after noon were 291.6 ppm (± 7.43 standard devia-
tion, n = 27) and 293.8 ppm (± 7.11, n = 14); the corresponding
values for D. sublamellatus were 316.1 ppm (± 5.02, n = 25)
and 342.0 ppm (± 13.4, n = 15). There were no significant
diferences between the before and the after noon data for each
species at P = 0.05 (Student’s t test). There was no clear
diurnal change in electron transport rate, but there were
marked diurnal changes in Vcmax25* that resembled the changes
in gsleaf.

Discussion

The heterogeneity of stomatal behavior in the leaves of trees
from different climates is discussed by considering the rela-
tionship between gsleaf and the infiltration ratio. In addition, the
effects of these parameters on gas exchange in a model of
stomatal conductance are described.

Heterogeneity of stomatal apertures

To examine the distribution of stomata in leaves from each of
the four tree species we studied, we compared the actual rela-
tionship between gsleaf and the infiltration ratio as determined
from data measured in the field with the simulated relationship
obtained with a computer model. Pressure infiltration of acid
fuchsin revealed a patchy distribution of stomatal openings.
However, this did not necessarily reflect a bimodal distribution
of stomatal apertures, because such a patchy distribution of in-
filtrated areas can be observed for normally distributed sto-
matal apertures near the threshold of infiltratable conductance
(Figure 7). The results of a simulation of stomatal apertures
based on a stomatal conductance distribution model revealed
that, if the stomatal apertures are distributed bimodally, the re-
lationship between gsleaf and the infiltration ratio would be lin-
ear (i.e., the infiltration ratio is 100% when gsleaf = gsmax and 0%
when gsleaf = gsmin; Figure 7a). By contrast, for normally dis-
tributed stomatal apertures, the smaller the deviation of the
distribution from normality, the greater the increase in the in-
filtration ratio near the threshold for conductance (Figure 7b).
Figure 8 shows a comparison between the observed and simu-
lated relationships of gsleaf and the infiltration ratio for each of
the species examined. The observed relationship between
these two parameters suggests that stomatal apertures follow a
normal distribution in C. camphora and A. indica; a difference
in thresholds might account for the apparent discrepancy be-
tween the observed and simulated relationship. The threshold
values, corresponding to the liquid-phase conductance allow-
ing infiltration, were not clarified because of insufficient mea-
surements, although these values may range around the values
of single stomata for several reasons, including plant species,
type of liquid and surface tension (e.g., 0.065–0.069 mol m– 2

s–1; leaves of Mediterranean evergreen sclerophylls infiltrated
by double-distilled water at an infiltration pressure of 300 kPa;
Beyschlag et al. 1992). By contrast, the relationship between
gsleaf and the infiltration ratio is linear for N. heimii and D. sub-
lamellatus, indicating that stomatal apertures are bimodally
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Figure 3. Photographs of leaves from (a) Cinnamomum camphora; (b)
Azadirachta indica; (c) Neobalanocarpus heimii; and (d) Diptero-
carpus sublamellatus immediately after the infiltration of a 1% acid
fuchsin solution.
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distributed in these species. We estimated gsmax for N. heimii
and D. sublamellatus—as the value of whole-leaf conduc-
tance for a leaf entirely infiltrated—from the relationships be-
tween whole-leaf conductance and the ratio of infiltrated to
non-infiltrated area by linear-regression. The values of gsmax

for N. heimii and D. sublamellatus were 0.34 and 0.25 mol m– 2

s–1, respectively. These results are similar to those reported by
Beyschlag et al. (1992), who described a linear relationship
between whole-leaf conductance and the amount of liquid per
unit area that infiltrated potted plants of the Mediterranean
sclerophylls, Arbutus unedo L. and Quercus suber L. (leaf
thickness was similar among the leaves of the species). A bi-
modal distribution of stomatal apertures probably causes a de-
pression in the efficiency of carboxylation at midday. Our data
on the distribution of stomatal apertures in N. heimii and D.

sublamellatus are consistent with the relationship between
transpiration rate and the infiltration ratio in canopy tree spe-
cies (Dipterocarpaceae) in the lowland rain forests of Malaysia
(Lambir, Sarawak; Hiromi et al. 1999).

Effects of patchy stomatal behavior on gas exchange

To analyze the effects of patchy stomatal behavior on the char-
acteristics of leaf gas exchange, we compared the observed
and simulated values of the maximum carboxylation rate,
Vcmax25*. We integrated stomatal conductance and assimilation
rate over patches using both the patchy stomatal distribution
model and a model of biochemical photosynthesis, and then
calculate Ci* and Vcmax25*. Figure 9 shows the relationship be-
tween gsleaf and Vcmax25* for D. sublamellatus and N. heimii.
Both a bimodal distribution and a normal distribution (with
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Figure 4. Diurnal relationships
between mean whole-leaf sto-
matal conductance and the in-
filtration ratio for (a) Cinna-
momum camphora and (b)
Azadirachta indica.

170170



two different standard deviations) of stomatal apertures were
simulated with Vcmax25* = 25 μmol m– 2 s–1, gsmin = 0.016 mol
m– 2 s–1 and gsmax = 0.25 mol m– 2 s–1. The values of Vcmax25*
were calculated under constant conditions of leaf temperature
(30 °C), ambient CO2 concentration (380 ppm), boundary
layer conductance (4.64 mol m– 2 s–1), ambient vapor pressure
(20 hPa), and PAR (1000 μmol m– 2 s–1). For the bimodal dis-
tribution of stomatal apertures, Vcmax25* decreased from
25 μmol m– 2 s–1 to about 10 μmol m– 2 s–1 as gsleaf decreased,
although the actual value of Vcmax25* in this model was constant
(25 μmol m– 2 s–1). The relationship between gsleaf and Vcmax25*
was linear for the bimodal distribution; the value of Vcmax25*
decreased as gsleaf decreased. The reduction in Vcmax25* was
greater at greater deviations for the normal distribution, but the
reduction was smaller than that shown for the bimodal distri-

bution. The minimum values of Vcmax25* were ~16 μmol m– 2

s–1 for a standard deviation of 0.09 and ~23 μmol m– 2 s–1 for a
standard deviation of 0.01. The observed and simulated values
of Vcmax25* were similar for the bimodal distribution, except at
low values of Vcmax25* (Figure 10). This does not imply that all
changes in Vcmax25* are the result of patchy stomatal behavior,
especially at low Vcmax25* values (low gsleaf). The changes may
also result from changes in mesophyll functioning such as: (a)
a decline in the rate of electron transport caused by photo-
inhibition; (b) a reduction in transfer conductance from the
intercellular space to the site of carboxylation; or (c) an in-
crease in photorespiration. However, the observed electron
transport rates were not sufficiently low to explain the reduc-
tion in Vcmax25* (Figure 6c), and the model simulation revealed
that the larger the range of stomatal conductance, the more lin-
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Figure 5. Diurnal relationships
between mean whole-leaf sto-
matal conductance and the in-
filtration ratio for (a) Neo-
balanocarpus heimii and (b)
Dipterocarpus sublamellatus.
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Figure 7. Relationships be-
tween simulated mean
whole-leaf stomatal conduc-
tance and the simulated ratio
of infiltrated area for (a) bi-
modal and (b) normal distribu-
tions of stomatal apertures.
The values of stomatal con-
ductance for a closed patch
(gsmin) and for an open patch
(gsmax) were 0.016 and 0.25
mol m– 2 s–1, respectively. The
threshold value of mean
whole-leaf stomatal conduc-
tance (gsleaf) was 0.1 mol m– 2

s–1. Arrows represent the di-
rection of changes in the distri-
bution when the value of gsleaf

increased. There are peaks
around gsmin for the normal
distribution because stomatal
conductance values that were
smaller than gsmin were made
equal to gsmin.

Figure 6. Diurnal changes in
(a) net assimilation rate; (b)
mean whole-leaf stomatal con-
ductance; (c) electron transport
rate; (d) apparent intercellular
CO2 concentration (Ci*); and
(e) apparent normalized maxi-
mum carboxylation rate at
25 °C (Vcmax25*) under
light-saturated conditions for
Neobalanocarpus heimii and
Dipterocarpus sublamellatus.
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ear the relationship between gsleaf and the infiltration ratio. Fig-
ure 11 shows the sensitivity of Vcmax25* to changes in internal
conductance (gi) and gsleaf. Internal conductance has no impor-
tant influence on the relationships between gsleaf and Vcmax25*,
although it affects the absolute value of Vcmax25*. The relation-
ships between gsleaf and Vcmax25* could be explained if gi dy-
namically decreases with decreasing gsleaf. Many articles re-
port that gi is affected by leaf anatomy, including the chloro-
plast surface area facing the intercellular airspaces and the
thickness of mesophyll cell walls (e.g., Terashima et al. 2001,
Evans et al. 1994, Kogami et al. 2001), although few articles
report that gi could change as rapidly as gsleaf in response to a
protein-mediated process; possibly involving a carbonic anhy-
drase or aquaporins (Bernacchi et al. 2002, Centritto et al.
2003). The absolute values of Vcmax25 and gi can be determined
by the isotopic method or by chlorophyll fluorescence analysis
combined with gas-exchange measurements.

The observed relationships strongly suggest that stomatal
conductance in D. sublamellatus and N. heimii follows a bi-
modal distribution. Ishida et al. (1999b) reported that the de-
pression of net photosynthesis at a given electron transport rate
in tropical trees was caused by photorespiration or patchy
stomatal behavior, or both, when the influences of nitrogen as-
similation and photoinhibition were small. The strong correla-
tion between gsleaf and Vcmax25* in our study suggests that the
afternoon depression of Vcmax25* in D. sublamellatus and
N. heimii is caused mainly by bimodal closure of stomata.
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Figure 8. Comparison of the simulated
(lines) and observed (�) relationship
between mean whole-leaf stomatal
conductance and the infiltration ratio
in: (a) Cinnamomum camphora; (b)
Azadirachta indica; (c) Dipterocarpus
sublamellatus; and (d) Neobalano-
carpus heimii. The lines in (a) and (b)
represent the simulated relationship un-
der a normal distribution of stomatal
conductance with standard deviations
of 0.05 and 0.03, respectively, and
threshold value of 0.1 mol m– 2 s–1,
whereas those in (c) and (d) represent
the relationship under a bimodal distri-
bution. The solid lines in (c) and (d)
were fitted from linear regressions, and
the values of stomatal conductance for
an open patch (gsmax) for N. heimii and
D. sublamellatus were 0.34 and
0.25 mol m– 2 s–1, respectively.

Figure 9. Relationships between mean whole-leaf stomatal conduc-
tance and normalized maximum carboxylation rate (Vcmax25*) for
Dipterocarpus sublamellatus and Neobalacarpus heimii. A bimodal
and a normal distribution (with two different standard deviations) of
stomatal apertures were simulated. For the simulations, Vcmax25 =
25 μmol m– 2 s–1; stomatal conductance for a closed patch (gsmin) =
0.016 mol m– 2 s–1; and stomatal conductance for an open patch
(gsmax) = 0.25 mol m– 2 s–1. The simulated values of Vcmax25* were
calculated for different values of mean whole-leaf stomatal conduc-
tance (gsleaf) under constant conditions.
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In conclusion, to investigate the effect of a heterogeneous
distribution of stomatal apertures on the characteristics of gas
exchange in the leaves of trees from different climates (tem-
perate, tropical monsoon and tropical rain forest habitats), we

combined the measurement of gas exchange with the pressure
infiltration method in the field and also carried out computer
model-based simulations. The field observations revealed that
the relationship between gsleaf and the infiltration ratio is linear
in leaves from D. sublamellatus and N. heimii, which grow in
the tropical rain forests of the Malaysian peninsula. By con-
trast, in leaves from C. camphora (which grows in temperate
evergreen forests in Japan) and A. indica (from the tropical
monsoon area of Thailand), the infiltration ratio increased rap-
idly beyond a point that corresponded to the whole-leaf sto-
matal conductance threshold. In D. sublamellatus and N. hei-
mii, the value of Vcmax25* (derived from field observations by
the one-point method) was not constant but rather decreased as
gsleaf decreased. The patchy stomatal conductance distribution
model revealed that, when the stomatal conductance followed
a bimodal distribution, there was a linear relationship between
gsleaf and the infiltration ratio; when the stomatal conductance
followed a normal distribution, increasingly smaller devia-
tions from normal distribution were associated with increas-
ingly greater increases in the infiltration ratio near the thresh-
old conductance. Simulated Vcmax25* decreased as gsleaf de-
creased, and this decline was greater for a bimodal distribution
of stomatal apertures than for a normal distribution. These re-
sults suggest that the stomatal conductance distribution has a
relatively narrow range in C. camphora and A. indica, whereas
stomatal conductance is distributed bimodally in D. sublamel-
latus and N. heimii. The midday depression of Vcmax25* in
D. sublamellatus and N. heimii would result mainly from the
bimodal closure of stomata. The bimodal stomatal distribution
model could also explain the rates of photosynthetic assimila-
tion and transpiration in these species.
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Summary We observed diurnal and seasonal patterns of

leaf-scale gas exchange within the crown of a Dipterocar-

pus sublamellatus Foxw. tree growing in a lowland

dipterocarp forest at Pasoh, Peninsular Malaysia. Obser-

vations were carried out nine times over 6 years, from

September 2002 to December 2007. Observation periods

included both wet and mild-dry periods, and natural and

saturated photosynthetic photon flux density (PPFD)

light conditions. In situ measurements of the diurnal

change in net photosynthetic rate and in stomatal

conductance were carried out on canopy leaves of a

40-m-tall D. sublamellatus tree, which was accessed from a

canopy corridor. A diurnal change in electron transport

rate was observed under saturated PPFD conditions. The

maximum net assimilation rate was � 10 lmol m�2 s�1.

There was a clear inhibition of the net assimilation rate

coupled with stomatal closure after late morning and this

inhibition occurred year-round. Although the electron

transport rate decreased alongside this inhibition, it

sometimes followed on. Numerical analysis showed that

the main factor in the inhibition of the net assimilation

rate was patchy bimodal stomatal closure, which occurred

in both mild-dry and wet periods. The midday depression

occurred year-round, though there are fluctuations in soil

moisture during the mild-dry and wet periods. The

magnitude of the inhibition was not related to soil water

content but was related to vapor pressure deficit (VPD):

that is, whether the days were sunny and hot or cloudy

and cool. On cloudy, cool days in the wet period, the net

photosynthesis was only moderately inhibited, but it still

decreased in the afternoon and was coupled with patchy

stomatal closure, even in quite moderate VPD, leaf

temperature and PPFD conditions. Our results suggest

that patchy stomatal closure signaled by the increase in

VPD, in transpiration and by circadian rhythms, was the

key factor in constraining midday leaf gas exchange of the

D. sublamellatus canopy leaves.

Keywords: electron transport rate, net assimilation rate,
patchy stomatal closure, stomatal conductance, tropical
rainforest.

Introduction

Tropical rainforests play a major role in the global carbon

budget because they are the greatest global source of net

primary production from photosynthesis of canopy tree

leaves. To better understand the roles of tropical rainforests

in the global carbon budget, we need to clarify the nature

and the magnitude of diurnal, seasonal and annual CO2

exchanges in tropical rainforests and to determine the fac-

tors that control the CO2 exchanges at different timescales.

In many tropical forests, the diurnal pattern of CO2

exchange at the canopy-scale shows a clear restriction of

canopy photosynthesis in the afternoon (Malhi et al.

1998, 1999, Araujo et al. 2002, Saleska et al. 2003, Goulden

et al. 2004, Vourlitis et al. 2004, Kumagai et al. 2006,

Kosugi et al. 2008). Vourlitis et al. (2004) conducted their

study in a Brazilian transitional tropical forest with clear

dry and rainy seasons, and reported differences in net eco-

system exchange (NEE) and the magnitude of midday

depression among trees during wet, wet–dry transition,

dry and dry–wet transition periods. Kosugi et al. (2008) car-

ried out their study in a primary tropical rainforest at Pasoh

(Peninsular Malaysia) that receives relatively less rainfall

(1804 mm) during two moderate-wet and mild-dry periods.

They found that the diurnal pattern of NEE and the

Tree Physiology 29, 505–515
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magnitude of midday depression were similar every month

for 3 years, and there were no differences related to soil

moisture or wet and mild-dry periods. These two studies

provide some data, but the seasonal and the inter-annual

trends coupled with various rainfall patterns in the tropical

forest ecosystems remain unclear because of the lack of a

long-term dataset.

Canopy-scale photosynthesis is mainly determined by gas

exchange of leaves at the top of the canopy. Therefore, we

should investigate the gas exchange characteristics of the

canopy leaves to identify the factors affecting midday

depression and its seasonal, inter-annual and regional vari-

ations and the effects of rainfall patterns. Some aspects of

the leaf gas exchange are well understood, such as the rela-

tionship between leaf nitrogen content/nitrogen allocation

and gas exchange (e.g., Field 1983, Evans 1987, Evans

1993, Hikosaka and Terashima 1995, Niinemets and

Tenhunen 1997, Takashima et al. 2004). However, instanta-

neous leaf gas exchange in natural conditions is a dynamic

process that is affected by many micrometeorological and

physiological factors. Ishida et al. (1999) reported severe

midday depression of photosynthesis coupled with stomatal

closure in the upper canopy leaves of a tropical pioneer tree

during a severe ENSO-related drought. As summarized by

Ishida et al. (1996, 1999), midday depression may be caused

by both stomatal and non-stomatal factors, although sto-

matal limitations can be obscured because of the patchy

stomatal behavior (Terashima et al. 1988). When the pat-

tern of stomatal closure is patchy, the stomatal effects on

midday depression of photosynthesis can be underesti-

mated in analyses that rely on uniform leaf intercellular

CO2 concentrations. Using a pressure-infiltration method

and a numerical analysis, Takanashi et al. (2006) showed

that patchy stomatal closure with a bimodal closure pattern

explained the midday depression in top canopy leaves of a

tropical rainforest at Pasoh, Peninsular Malaysia. It is still

unclear whether midday depression occurs year-round,

whether patchy stomatal closure is always the main limiting

factor and which environmental or physiological factors

induce patchy stomatal closure.

To better understand gas exchange of canopy leaves in

tropical rainforests, we carried out long-term observations

of diurnal changes in CO2 exchange in crown leaves of

Dipterocarpus sublamellatus Foxw., which is one of the

dominant species in the Southeast Asian lowland diptero-

carp forest at Pasoh, Peninsular Malaysia. The focus of this

paper is (1) to describe the magnitude and the fluctuations

of CO2 exchange among crown leaves of D. sublamellatus,

(2) to describe the midday depression of photosynthesis and

its variations during mild-dry and wet periods and (3)

to determine which factors limit the net assimilation

rate of canopy leaves during mild-dry and wet periods,

using a numerical analysis based on the Farquhar–von

Caemmerer–Berry model (Farquhar et al. 1980) and taking

into account the patchy stomatal behavior (Takanashi et al.

2006).

Materials and methods

Site and materials

The study site was located in the Pasoh Forest Reserve of

the Forest Research Institute Malaysia (FRIM), near Simp-

ang Pertang in Negeri Sembilan, in Peninsular Malaysia

(2�580N and 102�180E, 75–150 m asl). The core area

(600 ha) of the reserve (2450 ha) is covered with a primary

lowland mixed dipterocarp forest (tropical evergreen

broad-leaved forest), which consists of various species of

Shorea and Dipterocarpus. The continuous canopy height

is � 35 m, although some emergent trees exceed 45 m. Soil

type around the tower is Haplic Acrisol (FAO classifica-

tion). The A horizon is thin (0–5 cm). Lateritic gravels

are abundant below a depth of 30 cm (Yamashita et al.

2003). The mean annual rainfall is 1804 mm (1983–1997;

Tani et al. 2003).

In situ leaf gas exchange and chlorophyll fluorescence

measurements were conducted on intact leaves within

the canopy of a 40-m-tall D. sublamellatus. This tree is

one of the dominant species in this forest and was acces-

sible from a triangle canopy corridor at 31 m height

(Figure 1). This forest has two rainy periods that occur

from March to May and from October to December,

although there are considerable inter-annual fluctuations

(Kosugi et al. 2008). We carried out observations nine

times during the period from September 2002 to Decem-

ber 2007 to obtain data under a range of environmental

and physiological conditions related to mild-dry and wet

periods.

Measurements of leaf gas exchange, chlorophyll

fluorescence and microclimate

We measured the diurnal change of net photosynthetic

rate (A, lmol m�2 s�1) and the stomatal conductance

for water vapor (gs, mol m�2 s�1) of canopy leaves at

the canopy corridor. Photosynthetic photon flux density

(PPFD, lmol m�2 s�1) conditions were considered to be

‘natural’ on nine measurement days using a clear top

chamber: September 19, 2002; March 8, 2003; August

23, 2003; September 10, 2004; November 24, 2004; Febru-

ary 11, 2005; July 3, 2005; October 19, 2005 and Decem-

ber 8, 2007. Saturated PPFD conditions occurred on the

other seven measurement days using light-emitting diode

chambers: September 20, 2002; March 9, 2003; August

23, 2003; November 23, 2004; July 5, 2005; October 17,

2005 and December 14, 2007. A diurnal change in the

maximum electron transport rate (J, lmol m�2 s�1) was

also observed in saturated PPFD conditions. There is only

one individual with sunlit branches that can be accessed

from the canopy corridor, so sampling leaves were selected

from the sunlit leaves of these branches. Sunlit mature

leaves from the upper canopy were chosen. In rainy peri-

ods (November 2004 and December 2007), both newly

expanded young leaves and older leaves coexisted at the
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top part of the sunlit branch, so we sampled both leaf

types. On each observation day, we sampled 3–5 leaves

in saturated PPFD conditions and 3–10 leaves in natural

PPFD conditions. Gas exchange of these leaves was mea-

sured several times during the daytime. In the natural

PPFD conditions, we sometimes included additional leaf

samples (1–5 leaves each measurement) which were cut

after each observation to measure infiltration ratio or

leaf water potential. In that case, we chose new samples

from the immediate vicinity at each observation. Each

observation was carried out for several minutes under

saturated PPFD conditions and immediately under natu-

ral PPFD conditions. Observations were conducted every

30–60 min during daytime. The instrument must be set

up after dawn (around 7:00 am), so data from the early

morning is not included in the dataset. Data from after

5:00 pm is also not included in the dataset, because we left

the forest before sunset for safety reasons. In September

2002, it rained in the afternoon, so diurnal observations

were discontinued.

An LI-6400 gas-exchange measurement system (Li-Cor

Inc., Lincoln, NE) with a 2 · 3 cm clear-top chamber

was used to measure the diurnal change of A and gs under

natural PPFD conditions. In saturated PPFD conditions,

we used a 2 · 3 cm light-emitting diode chamber or a

6400-40 leaf chamber fluorometer (Li-Cor Inc., Lincoln,

NE) to measure the diurnal changes in A, gs and J. The

measurements were conducted under ambient conditions

except for light, which was controlled at a PPFD value of

1000 lmol m�2 s�1. Based on the preliminary test, this

PPFD level was usually sufficient to obtain maximum val-

ues of A, although some leaves showed depression of A

under 1500 or 2000 lmol m�2 s�1 PPFD. The intercellular

CO2 concentration (Ci, lmol mol�1) was estimated assum-

ing that whole-leaf A and gs values were uniform.

Meteorological variablesmonitored at a height of 52 mon

the tower included downward short-wave radiation (MR22,

Eko, Japan) and rainfall. Soil water content (SWC)at depths

of 0.1, 0.2 and 0.3 m were monitored at three points around

the tower (CS615 or CS616, Campbell Scientific, Logan,

UT). The accumulated precipitation index for 60 days

(API60) was defined as
P60

i¼1 P i=i, where Pi is daily precipita-

tion (mm)and i is thenumberof precedingdays (Kosugi et al.

2007). The API60 is used in this study to show the rainfall

pattern at the site, and this corresponded well with the

average SWC at depths of 0.1, 0.2 and 0.3 m (Figure 2).

Canopy-scale gas exchange observed at the top of the flux

tower was reported by Takanashi et al. (2005), Kosugi

et al. (2008) and Ohkubo et al. (2008).

Numerical analysis

We calculated the ‘apparent’ normalized maximum carbox-

ylation rate (Vcmax25*, lmol m�2 s�1) to evaluate the effect

of heterogeneous stomatal behavior on gas exchange, and

to directly determine the apparent depression in photosyn-

thetic capacity in the field (Takanashi et al. 2006). The

‘apparent’ maximum carboxylation rate (Vcmax*) was calcu-

lated using a one-point method (Wilson et al. 2000, Kosugi

et al. 2003, Grassi et al. 2005, Kosugi and Matsuo 2006,

Takanashi et al. 2006), an inverse method based on the

Farquhar–von Caemmerer–Berry model (Farquhar et al.

1980) that can be used to determine the actual responses

of leaves in the field. In the one-point method, the apparent

partial pressure of CO2 within the intercellular space

(p(Ci)*) was estimated from variables measured by the

Figure 1. Canopy corridor and tree (D. sublamellatus). (A) Canopy corridor and sampled tree. (B) Sunlit foliage of sampled tree. (C)
Newly expanding leaves and mature leaves in wet period. A color version of this figure is available as Supplementary Data at Tree
Physiology Online.
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gas-exchange method, and the value of Vcmax25* was calcu-

lated from the values of A, p(Ci)* and leaf temperature (Tl)

as follows:

V cmax25� ¼ Aþ Rdð Þ
p Cið Þ� þ Kc 1þ p Oð Þ

Ko

� �
p Cið Þ� � p Oð Þ

2s

�
1þ exp �S V cmaxð Þ T lþ273ð Þ��Hd V cmaxð Þ

R T lþ273ð Þ

h i
exp �Ha V cmaxð Þ T l�25ð Þ

298R T lþ273ð Þ

h i ; ð1Þ

where Rd is the non-photorespiratory respiration rate (lmol

m�2 s�1), s is the specificity factor of Rubisco, p(O)

(21,000 Pa) is the partial pressure of O2 at the sites of oxy-

genation, Kc and Ko are the Michaelis–Menten constants of

Rubisco for CO2 and O2, Tl is the leaf temperature (�C), R
is the gas constant (8.31 J K�1 mol�1), DHa(Vcmax) is the

activation energy for Vcmax, DHd(Vcmax) is the deactivation

energy for Vcmax and DS(Vcmax) is an entropy term. The

Arrhenius function was used to estimate temperature

dependence of parameters Kc, Ko, s, Vcmax and Rd (detailed

in Kosugi et al. 2003, Kosugi and Matsuo 2006, Takanashi

et al. 2006). Here, we calculated Vcmax25* assuming that the

infinite internal conductance (gi = 1) and thus the CO2

concentration in the chloroplast (p(Cc)) was the same as

p(Ci)*. A possible error in Vcmax25 resulting from this

assumption has been discussed by Takanashi et al. (2006)

and Kosugi and Matsuo (2006).

We simulated the predicted values of the net assimilation

rate at a given stomatal conductance, under both uniform

stomatal behavior and bimodal patchy stomatal behavior

(Takanashi et al. 2006). A bimodal distribution means that

the whole-leaf conductance reflects either open or closed

stomatal conductance. For the bimodal distribution, the

stomatal conductance for an open or a closed patch was

gsmax or gsmin, respectively, and the open/closed patch ratio

was determined from the observed gs for a whole leaf. The

net assimilation rate and the intercellular CO2 concen-

tration for each patch were determined using the same

Farquhar–von Caemmerer–Berry model that was used to

determine the stomatal conductance values for each patch.

We assumed that the photosynthetic parameters were uni-

form throughout the whole leaf. The average net assimila-

tion rate for the whole leaf was calculated by integrating

the net assimilation rate of each patch.

In the model simulation, the net assimilation rate of each

patch or the whole leaf was calculated as described by

Kosugi et al. (2003), Kosugi and Matsuo (2006) and

Takanashi et al. (2006). Briefly, A was determined from

the minimum value between the (ribulose 1,5-bisphosphate)

RuBP-saturated rate or carboxylation-limited net assimila-

tion rate (Ac) and electron transport- or RuBP regenera-

tion-limited net assimilation rate (Aj) as follows:

Ac ¼ V cmax25

exp �HaðV cmaxÞðT l�25Þ
298RðT lþ273Þ

h i
1þ exp �SðV cmaxÞðT lþ273Þ��HdðV cmaxÞ

RðT lþ273Þ

h i

� pðCcÞ � pðOÞ
2s

pðCcÞ þ Kc 1þ pðOÞ
Ko

� �� Rd; ð2Þ

Aj ¼ J
4

pðCcÞ � pðOÞ
2s

pðCcÞ þ pðOÞ
s

� Rd: ð3Þ

Here Vcmax25 is the intrinsic value that represents the car-

boxylation ability of the leaves and is not always the same

as the apparent value (Vcmax25*), which shows significant

diurnal fluctuations coupled with patchy stomatal closure

(Takanashi et al. 2006). A J value was required to evaluate

the influence of depression in electron transport rate on the
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Figure 2. Fluctuation of daily rainfall, % SWC (average value from nine sensors at 0.1-, 0.2- and 0.3-m depth), API60 for 6 years from
2002 to 2007, and dates of leaf gas exchange observations under natural PPFD conditions (nine times) and saturated PPFD (seven
times). The API60 was defined as

P60
i¼1 Pi=i, where Pi is daily precipitation (mm) and i is the number of preceding days. Gray line shows

SWC = 27%, which was designated as the cut-off point between wet and mild-dry periods in this study.

508 KOSUGI, TAKANASHI, MATSUO AND ABDUL RAHIM

TREE PHYSIOLOGY VOLUME 29, 2009

180180



net assimilation rate. To estimate J, we used both observed

J values measured with the chlorophyll fluorescence

method and the optimal Jmax values estimated from the

relationship between Vcmax and Jmax as follows:

Jmax ¼ kjV cmax: ð4Þ

Observed values of Vcmax25 (25.0 lmol m�2 s�1), Rd25

(1.0 lmol m�2 s�1) kj (2.4), gsmax (0.2 mol m�2 s�1) and

gsmin (0.0005 mol m�2 s�1) were used to calculate uniform

photosynthetic parameters. We also used 55,200 J mol�1

for DHa(Vcmax), 220,000 J mol�1 for DHd(Vcmax), 650 J

mol�1 for DS(Vcmax) and 41,500 lmol m�2 s�1 for DHa(Rd)

based on the average line or the median value for evergreen

broadleaved trees listed by Kosugi and Matsuo (2006).

Other parameters were as listed in Takanashi et al. (2006).

Results

Microclimate

Figure 2 shows the fluctuation of daily rainfall, % SWC

(average value from nine sensors at 0.1-, 0.2- and 0.3-m

depth) and API60 for 6 years from 2002 to 2007, and dates

on which leaf gas exchange observations were carried out

under natural PPFD conditions (nine times) and saturated

PPFD conditions (seven times). During the 6 years from

2002 to 2007, the average and the standard deviation of

annual rainfall were 1755 ± 183 mm. This exceeded the

4-year average (1571 mm) from 1996 to 1999, which

included an El Niño event from 1997 to early 1998 (Tani

et al. 2003), but was close to the normal average

(1804 mm, 1983–1997; Tani et al. 2003). The SWC and

the API60 showed rather complex seasonal fluctuations,

corresponding with mild-dry and wet periods twice each

year. Average SWC at each gas exchange observation day

ranged from 18% to 37%. This range included the lowest

5% (SWC < 21%) and the highest 5% (SWC > 35%)

of recorded values during the 6 years. The driest period

in the 6 years occurred in February 2005. We defined

‘mild-dry period’ as a period with SWC < 27%, and

‘wet period’ as one with SWC � 27%. Five gas exchange

observations were carried out during mild-dry periods

(March 2003, August 2003, September 2004, February

2005 and July 2005) and four during wet periods (Septem-

ber 2002, November 2004, October 2005 and December

2007). The September 2002 measurement day fell immedi-

ately after the first rainfall at the end of the mild-dry period,

so it was very difficult to assign this measurement to either a

rainy or a dry period.

At the site, the median daily average of SWC over the 6

years was 28.5%. On 30% of measurement days SWC

exceeded 31.1%, and on 30% of days it was < 25.8%.

Therefore, the observation days were grouped according

to their SWC as follows: November 2004, October 2005

and December 2007 had SWC values within the highest

24% of all the measured SWC values. These were desig-

nated as ‘wet’ periods. The other periods except September

2002 were designated as ‘mild-dry’ periods (SWC on these

measurement days were among the lowest 14% of mea-

sured values). It was very difficult to designate days with

SWC between 25.8% and 31.1% as ‘wet’ or ‘mild-dry’

using only the SWC value. We designated 27% SWC as

the cut-off value between ‘wet’ and ‘mild-dry’, which means

that the September 2002 observation day was considered to

be a ‘wet period’. However, it is more accurate to consider

it as a dry–wet transition period.

Diurnal pattern of leaf CO2 exchange with saturated PPFD

Figure 3 shows the diurnal change of A, gs, J, Vcmax25*, Tl

and vapor pressure deficit (VPD, hPa) measured on the 7

days with saturated PPFD conditions (1000 lmol m�2

s�1). The averaged diurnal change from several leaves

(n = 3–5) is shown in this figure. Daily diurnal change of

solar radiation measured at the top of the tower is also

shown. Note that solar noon is around 13:00 pm local time

at this site. Figure 4 shows the relation between (A) gs and

A, (B) J and A and (C) gs and Vcmax25* during mild-dry

(closed squares) and wet periods (open squares).

Maximum A and gs under saturated PPFD conditions

were � 10 lmol m�2 s�1 and 0.2 mol m�2 s�1, respec-

tively. The corresponding Vcmax25* at that time was

� 20–30 lmol m�2 s�1. These values were recorded in the

early morning of three of the four observations that were

conducted during wet periods (September 2002, October

2005 and December 2007). In the wet period in November

2004, and also in the mild-dry period (March 2003, August

2003 and July 2005), both A and gs were slightly lower than

their maximum values recorded in the morning (Figure 3).

The J ranged between � 50 and 100 lmol m�2 s�1 in

mature leaves (Figure 4). In the middle of wet periods

(November 2004 and December 2007), the newly expanding

leaves had lower A, J and Vcmax25* values than the older

mature leaves. Maximum gs values of these young leaves

within a day were greater than or the same as those of

the older leaves, while the minimum gs in a day was lower

than that of older leaves (Figure 3).

The diurnal change of A showed a clear depression after

late morning, coupled with depression of gs, J and Vcmax25*.

This midday depression occurred on every observation day,

irrespective of mild-dry or wet conditions. On cloudy cool

days in wet periods (October 2005 and December 2007),

depression was moderate and occurred more slowly than

in other periods. On sunny hot days, even in wet periods

(September 2002 and November 2004), depression was

immediate and severe (Figure 3). Both gs and J were signif-

icantly correlated with A (P < 0.0001), and had similar

correlation coefficients (R = 0.69 for gs, R = 0.61 for J).

In mild-dry periods, A, gs and J tended to be lower than

in wet periods. The J did not markedly decrease alongside
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the severe depression of A and gs that occurred in mild-dry

periods. This suggests that the relation between J and A dif-

fered between mild-dry and wet periods (Figure 4). There

was a clear midday depression in Vcmax25* that corre-

sponded with gs both in mild-dry and wet periods. This

phenomenon was also reported by Takanashi et al.

(2006), whose simulations showed that depression of

Vcmax25* was associated with depression of gs during the

patchy stomatal closure.

Figure 5 shows the numerical analysis based on the

Farquhar–von Caemmerer–Berry model. In this model, it

is assumed that assimilation rate is affected by (A) the

decrease of observed electron transport rate while stomata

remain open (gs=0.2 mol m�2 s�1), (B) uniform stomatal

closure while the electron transport rate remains at its opti-

mal value, (C) the patchy bimodal stomatal closure while

electron transport rate remains at its optimal value and

(D) the patchy bimodal stomatal closure coupled with a

decrease in observed electron transport rate. The results

show that neither the decrease in J nor the uniform stoma-

tal closure can explain the magnitude of the depression of

A. On the other hand, the patchy bimodal stomatal closure

largely explained the observed depression in both mild-dry

and wet periods. A slightly better estimation could be

obtained by including the decrease of electron transport

rate as well as the patchy bimodal stomatal closure. During
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the most severe depression of A, the A values obtained

using these assumptions were slightly larger than observed

A values.

Diurnal pattern of leaf CO2 exchange under natural

PPFD conditions

Figure 6 shows the diurnal changes of A, gs and Ci/Ca (the

ratio of Ci to the ambient CO2 concentration, Ca), mea-

sured under natural PPFD conditions in (A) mild-dry

and (B) wet periods. Figure 7 shows the relation between

A or gs and PPFD or VPD, using the same mature-leaf

dataset, and the simulation results assuming uniform sto-

matal closure and patchy bimodal stomatal closure.

Maximum values of A and gs were in the same range as

those measured under saturated PPFD conditions (i.e.,

� 10 lmol m�2 s�1 and 0.2 mol m�2 s�1, respectively).

However, the maximum value of stomatal conductance

sometimes exceeded 0.2 mol m�2 s�1. These maximum val-

ues were observed under natural PPFD conditions in mild-

dry periods, and slightly lower maximum values were

observed under saturated PPFD conditions (March 2003,

August 2003 and July 2003). Compared with saturated

PPFD conditions, maximum values occurred later in the

day under natural PPFD conditions, but varied depending

on environmental conditions such as instantaneous PPFD

at each measured leaf. On cloudy days in wet periods

(October 2005 and December 2007), the maximum A was

sometimes lower than that observed under saturated PPFD

conditions. Moreover, in December 2007, maximum A

occurred in the afternoon, during periods of sunshine. In

November 2004, we observed significantly lower A, gs
and larger Ci/Ca values in newly expanding leaves than that

in older mature leaves (P < 0.001). In December 2007,

young leaves had larger A and gs values on cloudy morn-

ings, while the maximum A values in the afternoon were

smaller than those of mature leaves (Figure 6). Among all

observations, the minimum value of Ci/Ca, which

represents the intrinsic water use efficiency of leaves, ranged

between � 0.6 and 0.7. We did not observe a decrease in

Ci/Ca coupled with midday depression of A.

Midday depression of A occurred on observation days

in both mild-dry and wet periods, except in December

2007 (Figure 6). The relation between A or gs and PPFD

or VPD (Figure 7) showed a clear decline of A in the

afternoon compared with the pattern observed in the

morning. The hyperbolic curves of both A and gs in the

relation with PPFD showed considerable scattering, and

a decline in maximum values in the afternoon. The rela-

tion between A or gs and VPD showed declining curves,

similar to those observed in Lohammer’s equation

(Lohammer et al. 1980), which is often used to describe

the relation between gs and VPD. There were no signifi-

cant differences in these relations between mild-dry and

wet periods. Even in wet periods, A and gs became lower

in high VPD conditions. Furthermore, in wet periods A

and gs were lower in the afternoon than in the morning,

even in cloudy conditions with only moderate VPD

(Figure 7).

The numerical analysis (Figure 7) showed that patchy

bimodal stomatal closure could explain the depression in

A, whereas uniform stomatal closure could not. Uniform

stomatal closure only explained the depression in A in the

mornings of mild-dry periods, and simulation with patchy

stomatal closure overestimated the depression in A com-

pared with that of the observed values.

Discussion

Photosynthetic ability and its temporal variations

Maximum A values of � 10 lmol m�2 s�1 were frequently

observed under both saturated and natural PPFD condi-

tions, thus we can assume that this value represents the

maximum photosynthetic ability of mature canopy leaves

of D. sublamellatus. In the wet period, this maximum value

was observed only under saturated PPFD conditions,
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whereas in the dry period it was sometimes observed under

natural PPFD conditions (Figures 3 and 6). This finding

suggests that we may have missed any higher A values that

occurred under saturated PPFD conditions in the mild-dry

period, because the depression occurred immediately after

sunshine and was coupled with increases in leaf tempera-

ture, VPD, PPFD and water loss through transpiration.

In September 2004 and February 2005 in the mild-dry per-

iod, and in November 2004 in the wet period, the maximum

A was lower than that observed in other periods. The data

alone do not provide sufficient evidence to determine

whether the photosynthetic ability was lower during these

periods than during other periods. However, the numerical

analysis showed that the patchy stomatal closure largely

explained the lower than expected net assimilation rate.

This resulted from the constant photosynthetic ability of
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PPFD conditions. Additional leaf samples (1–5 leaves each observation) were sometimes included. These additional sampling leaves were
cut immediately after each observation and the next leaf was sampled at the following measurement time. Daily diurnal change of solar
radiation measured at the top of the tower is shown (gray line). The SWC at each observation day is shown in the top panel.
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the canopy leaves, which is represented with constant

Vcmax25 value (25 lmol m�2 s�1) in the simulations (Fig-

ures 5 and 7). From this result we can assume that photo-

synthetic ability of canopy leaves showed no significant

temporal variations during the observation periods over

various seasons at this site. Photosynthetic ability differed

only in the newly expanding young leaves in wet periods.

Compared with those in the mature leaves, the values of

A, J and Vcmax25* were lower, the maximum gs was the

same or larger, and the response of gs to VPD was more

rapid in young leaves (Figures 3 and 6). Occasional leaf

flashes were observed in D. sublamellatus corresponding

with the rainfall pattern. Although the data were limited,

they suggested that in the wet period there are some newly

expanding leaves that have lower photosynthetic ability

than mature leaves. Further research is required to clarify

the seasonal variations in photosynthetic capacity.

Does midday depression occur year-round?

Midday depression of A was observed on almost every

observation day, whether light conditions were saturated

or natural PPFD. The only exception was on a cloudy

day during the wet period (December 2007) under natural

PPFD conditions (Figures 3 and 6). In the diurnal change

of A under both saturated and natural PPFD conditions

in December 2007, A gradually decreased after late morn-

ing under natural PPFD conditions. Under natural PPFD

conditions, A reached its maximum daily value during the

sunshine hours in the afternoon, but this value was lower

than that observed in the early morning under saturated

PPFD conditions (Figures 3 and 6). This result strongly

suggests that midday depression also occurred in this

period. From these data, we can conclude that midday

depression of photosynthesis of canopy leaves occurred

year-round, even on cloudy days in the wettest period.

Was patchy stomatal closure always the main factor

limiting midday net assimilation?

We investigated the influence of stomatal and non-stomatal

factors on midday depression of A. Similar correlation coef-

ficients were observed when comparing both gs and A, and

J and A, although J sometimes decreased more slowly than
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gs and A (Figure 3). These relations alone cannot determine

whether stomatal or non-stomatal factors induce midday

depression of A. However, the numerical analysis using

the saturated PPFD data (Figure 5) showed that neither

the decrease in J nor the uniform stomatal closure could

explain the depression of A. Instead, the patchy bimodal

stomatal closure largely explained midday depression of

A, both in dry and in wet periods. This finding strongly sug-

gests that patchy stomatal closure was always the main fac-

tor limiting midday net assimilation in canopy leaves of

D. sublamellatus. Patchy stomatal closure with a bimodal

pattern was also observed in another emergent tree in this

forest, Neobalanocarpus heimii (King) Ashton (Takanashi

et al. 2006). We observed similar depression of A and gs
in all five trees that are accessible from the corridor (unpub-

lished data). Diurnal CO2 exchange at the canopy scale also

showed midday depression every month, irrespective of

mild-dry and wet periods (Kosugi et al. 2008).

The numerical analysis also showed that when low values

ofAwere observed during themild-dry period, patchy bimo-

dal stomatal closure could not explain the more severe

depression in A, which sometimes reached negative values

(Figure 5). At that time, A at a given J became lower than

that in the wetter period (Figure 4). Ishida et al. (1999)

reported similar differences in the relationof J andAbetween

dry and wet seasons, and they suggested that the photorespi-

ration rate might increase during the dryer and the hotter

periods. During the mild-dry period, estimating depression

using the patchy bimodal pattern of stomatal closure some-

times overestimated the depression of A, compared with

the value measured under natural PPFD conditions (Figure

7). This corresponded to the period during the earlymorning

when stomataopened, and sunshinefirst fell on leaves. In this

case, uniform gs andCi explainedA, suggesting that the pat-

tern of stomatal closure was not patchy at that time.

Which environmental or physiological factors induced

patchy stomatal closure?

The data showed that there were some differences in diurnal

patterns of A and gs among the observation periods.

Although numerical analyses showed that there were no

significant fluctuations in photosynthetic ability of canopy

mature leaves among the different observation periods

and that patchy stomatal closure occurring irrespective of

mild-dry and wet periods was always the main factor caus-

ing midday depression of net assimilation.

We attempted to determine which environmental or

physiological factors induced the patchy stomatal closure

and resulted in the different diurnal patterns of A and gs
among the observation periods. On sunny, hot days, leaf

temperature, VPD and thus transpiration rate increased

rapidly when direct radiation reached the canopy leaves

in the morning. On those days, we observed a rapid and

severe decrease or a low value of gs from the beginning of

the day (Figures 3 and 6). This occurred during both

mild-dry and wet periods, irrespective of SWC. On the

other hand, slower and moderate depression of A and gs
were observed on cloudy and cool days. We observed a

strong dependence of gs on VPD (Figure 7). Our results

indicate that the magnitude of midday depression among

observation periods was not related to SWC, but rather

to atmospheric conditions such as whether the day was

sunny and hot or cloudy and cool. Thus midday depression

was related to VPD. However, moderate depression of A

occurred even on cloudy cool days in wet periods, coupled

with patchy stomatal closure in quite moderate VPD, leaf

temperature and PPFD conditions. These results suggest

that patchy stomatal closure was also signaled by circadian

rhythms (Doughty et al. 2006). We have collected some

data on leaf water potential, determined with a pressure

chamber (unpublished) and a hygrometer (Fukui et al.

2007). The pressure chamber method did not accurately

measure the leaf water potential because water was already

moving when we cut the D. sublamellatus leaves, indicating

that the leaf water potential was quite high. Using the

hygrometer, we observed that leaf water potential at mid-

day decreased to –1.1 MPa, a value that is not particularly

low. Our results strongly suggest that low leaf water poten-

tial did not trigger midday depression. Further research is

required to determine which ‘circadian rhythms’ induced

the patchy stomatal closure.

Midday depression coupled with patchy stomatal closure

wasmoremoderateon cloudyandcool days in thewet period

thanon sunny andhot days in themild-dry period.However,

the lower A values observed in newly expanding leaves with

lower photosynthetic ability might mitigate this difference,

andresult in similardiurnalCO2exchangeat thecanopyscale

year-round, as reported by Kosugi et al. (2008).

Supplementary Data

Supplementary data for this article are available at Tree

Physiology Online.
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We investigated effects of heterogeneous stomatal behavior on diurnal patterns of leaf gas exchange in 10 tree species. 
Observations were made in middle and upper canopy layers of potted tropical rainforest trees in a nursery at the Forest 
Research Institute Malaysia. Measurements were taken from 29 January to 3 February 2010. We measured in situ diurnal 
changes in net photosynthetic rate and stomatal conductance in three leaves of each species under natural light. In both top-
canopy and sub-canopy species, midday depression of net assimilation rate occurred in late morning. Numerical analysis 
showed that patchy bimodal stomatal behavior occurred only during midday depression, suggesting that the distribution 
pattern of stomatal apertures (either uniform or non-uniform stomatal behavior) varies exibly within single days. Direct 
observation of stomatal aperture using Suzuki’s Universal Micro-Printing (SUMP) method demonstrated midday patchy sto-
matal closure that ts a bimodal pattern in Shorea leprosula Miq., Shorea macrantha Brandis. and Dipterocarpus tempehes 
V.Sl. Inhibition of net assimilation rate and stomatal conductance appears to be a response to changes in vapor pressure 
de cit (VPD). Variable stomatal closure with increasing VPD is a mechanism used by a range of species to prevent excess 
water loss from leaves through evapotranspiration (viz., inhibition of midday leaf gas exchange). Bimodal stomatal closure 
may occur among adjacent stomata within a single patch, rather than among patches on a single leaf. Our results suggest 
the occurrence of patches at several scales within single leaves. Further analysis should consider variable spatial scales in 
 heterogeneous  stomatal behavior between and within patches and within single leaves.

Keywords: heterobaric leaf, net assimilation rate, stomatal aperture distribution, stomatal conductance, vapor pressure de cit

Introduction

Plants regulate the exchange of CO2 and water vapor with the 
atmosphere by adjusting their photosynthetic capacity and 
changing the apertures of stomata on the epidermis of their 
leaves. To prevent water loss and facilitate CO2 diffusion to 
mesophyll cells, the stomatal aperture mechanism responds 
variably to environmental factors including light intensity, water 
status, temperature and nutrient supply.

Responses to environmental stimuli usually differ between 
adaxial and abaxial stomata on amphistomatous leaves (e.g., 

Travis and Mans eld 1981, Wang et al. 1998). Moreover, 
 heterogeneous or ‘patchy’ stomatal behavior occurs on the 
surface of single leaves in response to water stress (Sharkey 
and Seemann 1989, Gunasekera and Berkowitz 1992), low 
humidity (Loreto and Sharkey 1990, Beyschlag et al. 1992, 
Mott et al. 1993) and exogenous abscisic acid (ABA) applica-
tion (Downton et al. 1988, Terashima et al. 1988). This phe-
nomenon, as well as non-uniform photosynthesis in response 
to environmental stimuli, has been observed in plants with het-
erobaric leaves, in which vertical extensions of bundle sheath 
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cells delimit the mesophyll and restrict the diffusion of CO2 
(Mott and Buckley 1998, 2000, West et al. 2005), whereas 
uniform stomatal behavior occurs in homobaric leaves that lack 
these vertical extensions (Terashima 1992). Concerning the 
differences in growth environment between the two leaf types, 
Wylie (1952) reported that plants with heterobaric leaves were 
found in temperate and dry areas, whereas those with homo-
baric leaves were found in warmer and wet regions. Kenzo 
et al. (2007) postulated that bundle sheath extensions might 
give heterobaric leaves an advantage over homobaric leaves in 
the severe stress canopy environment; this argument is based 
on the occurrence of different leaf types across the steep verti-
cal microenvironmental gradient from forest oor to tree top. 
The bundle sheath extensions in heterobaric leaves may 
respond quickly to drought signals by, for example, reducing 
mesophyll water potential or increasing concentrations of ABA 
transported via the transpiration stream in bundle sheath 
 extensions (Terashima 1992).

Heterogeneous stomatal behavior can be seen in plants under 
natural ecosystems during midday depression of photosynthesis 
(Beyschlag and Pfanz 1990, Beyschlag et al. 1992, Takanashi 
et al. 2006). The existence of this phenomenon under natural 
conditions is important because algorithms commonly used to 
calculate leaf conductance from water vapor exchange measure-
ments assume homogeneously open stomata (see von 
Caemmerer and Farquhar 1981). If there is stomatal patchiness, 
then it results in error in the calculations, and the effects of sto-
matal behavior on midday depression of photosynthesis are 
underestimated. A few studies determined the effects of patchy 
stomatal behavior on gas exchange in the eld. Using a pres-
sure-in ltration method and numerical analysis, Takanashi et al. 
(2006) demonstrated that patchy stomatal closure with a 
bimodal closure pattern may explain midday depression in top 
canopy leaves of a tropical rainforest (at Pasoh, Peninsular 
Malaysia). Moreover, application of numerical analyses to these 
canopy leaves shows that patchy bimodal stomatal closure is the 
main determinant of photosynthetic rate inhibition year round 
(Kosugi et al. 2009). Brodribb and Holbrook (2004) argued that 
hydraulic dysfunction at midday is linked to gas exchange 

depression, which may explain some of the spatial variation in 
stomatal aperture. However, it is still unclear whether patchy 
bimodal stomatal behavior actually occurs under eld conditions 
(because the in ltration method is an all-or-nothing procedure 
that classi es groups of stomata as either open or closed 
depending on whether some or all of the stomata are above or 
below a particular threshold for liquid conductance), and whether 
the distribution of stomatal aperture on a single leaf (either 
 uniform or non-uniform stomatal behavior) varies exibly in 
response to stress factors within a single day.

To better understand the effects of stomatal dynamics on 
the midday depression of photosynthesis, we measured diurnal 
changes in leaf CO2 exchange in 10 tree species; measure-
ments were taken from middle to upper canopy layers in a 
tropical rainforest, and observations were made on individual 
stomatal apertures. We analyzed the relationships between 
diurnal changes in photosynthetic rate and patterns of stomatal 
aperture distribution on single leaves. We used a numerical 
procedure based on the Farquhar–von Caemmerer–Berry 
model (Farquhar et al. 1980) and Suzuki’s Universal Micro-
Printing (SUMP) method for stomatal observation.

Materials and methods

Site and materials

The study was conducted in a nursery at the Forest Research 
Institute Malaysia (FRIM), in Kepong, Peninsular Malaysia 
(3°23 N, 101°63 E). We measured in situ leaf gas exchange 
and observed the stomatal aperture distribution of leaves of 
potted trees (pot size: 18 cm diameter, 20 cm deep) of 10 
species. The species selected were located at the middle and 
upper canopy levels (see Table 1). All species had heterobaric 
leaves. Data were collected from 29 January to 3 February 
2010. Plants were watered several times during observations 
to prevent the soil from drying.

Measurement of leaf gas exchange

Diurnal changes in net assimilation rate (A, mol m 2 s 1) and 
stomatal conductance of water vapor (gs, mol m 2 s 1) of intact 
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Table 1. List of tree species of a Malaysian lowland tropical rainforest measured in this study. Height and ground diameter of each plant are shown.

Forest strati cation Family Species Height, cm Ground diameter, cm Measurement date

Upper layer Dipterocarpaceae Shorea leprosula 200 3.30 1 Feb. 2010
S. macrantha 90 1.30 1 Feb. 2010
S. hemsleyana 85 1.70 2 Feb. 2010
S. sumatrana 180 2.90 1 Feb. 2010
Dipterocarpus 
tempehes

175 2.00 2 Feb. 2010

D. grandiflorous 200 2.70 2 Feb. 2010
Middle layer Dipterocarpaceae Hopea glaucescens 180 1.80 3 Feb. 2010

H. subalata 185 1.30 3 Feb. 2010
Vatica nitens 265 2.70 29 Jan. 2010

Clusiaceae Mesua ferrea 120 1.80 30 Jan. 2010
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leaves were measured under natural photosynthetic photon 
ux density (PPFD, mol m 2 s 1), using an LI-6400 gas 

exchange measurement system (Li-Cor, Inc., Lincoln, NE, USA) 
with a 2  3 cm clear-top chamber. Gas exchange measure-
ments were made on three leaves per plant. Photosynthetic 
photon ux density and leaf-to-air vapor pressure de cit (VPD, 
kPa) conditions on ve measurement days are presented in 
Figure 1. Leaf temperature was 37.3  4.1 °C (mean  SD). The 
ambient CO2 concentration was 397  20 mol mol 1 
(mean  SD).

Model description

We calculated normalized maximum rates of carboxylation at 
25 °C (Vcmax25, mol m 2 s 1) to evaluate the effects of hetero-
geneous stomatal behavior on gas exchange, and to determine 
directly the apparent depression of photosynthetic capacity in 
the eld (Takanashi et al. 2006). Maximum carboxylation rate 
(Vcmax) was calculated with a one-point method (Wilson et al. 
2000, Kosugi et al. 2003, 2009, Grassi et al. 2005, Kosugi 
and Matsuo 2006, Takanashi et al. 2006), which is an inverse 
method based on the Farquhar–von Caemmerer–Berry model 
(Farquhar et al. 1980) that can be used to determine the actual 
responses of leaves in the eld. In the one-point method, the 
apparent partial pressure of CO2 within the intercellular space 
(p(Ci)*) is estimated from variables measured using a gas 
exchange methodology, and the ‘apparent’ normalized maxi-
mum carboxylation rate ( )*Vcmax25  is calculated from the values 
of A, p(Ci)* and leaf temperature (T1). Here, we calculated 
Vcmax25* ,  assuming that the in nite internal conductance 
(gi  ), and thus the CO2 concentration in the chloroplast 
(p(Cc)) was the same as p(Ci)*. A possible in uence of error in 
Vc max25 resulting from the estimation of gi has been discussed 
by Takanashi et al. (2006) and Kosugi and Matsuo (2006). 
Although Vcmax is generally calculated assuming that gi  , 

lower values of gi ( 0.1 CO2 mol m 2 s 1) affect the absolute 
value of Vcmax25. Thus, Vcmax25*  was calculated as follows:

V A R
p C K p O K

p C p Ocmax d
c c o

c25

1
2

1

* ( )
( ) ( ( ( ) / ))

( ) ( ( ) / )

exp[(( ( )( ) ( )) / ( ( ))]
exp[ ( )max

S V T H V R T
H V

ccmax d max

a c

1 1273 273
(( ) / ( ( ))]T R T1 125 298 273

 (1)

where Rd is the non-photorespiratory respiration rate 
( mol m 2 s 1),  is the speci city factor of RuBisCo, p(O) 
(21,000 Pa) is the partial pressure of O2 at the sites of oxygen-
ation, Kc and Ko are the Michaelis–Menten constants of RuBisCo 
for CO2 and O2, respectively, T1 is leaf temperature (°C), R is 
the gas constant (8.31 J K 1 mol 1), Ha(Vcmax) is the activation 
energy for Vcmax, Hd(Vcmax) is the deactivation energy for Vcmax 
and S(Vcmax) is an entropy term. The Arrhenius function was 
used to estimate the temperature dependence of parameters 
Kc, Ko, , Vcmax and Rd (detailed in Kosugi et al. 2003, Kosugi 
and Matsuo 2006, Takanashi et al. 2006).

To determine the effects of stomatal aperture distribution 
on gas exchange, we performed simulations to predict net 
assimilation rates at a given stomatal conductance for both 
uniform and patchy bimodal stomatal distributions (Takanashi 
et al. 2006). A patchy bimodal distribution indicates that 
whole-leaf conductance re ects either open or closed sto-
matal conductance. For patchy bimodal distribution, stomatal 
conductance for open and closed patches was gsmax and gsmin, 
respectively, and the open/closed patch ratio (roc) was deter-
mined from the observed gs for a whole leaf. Net assimilation 
rate and intercellular CO2 concentration for each patch were 
estimated with the Farquhar–von Caemmerer–Berry model 
used for determining patch stomatal conductance values. We 
assumed uniform photosynthetic parameters through the 
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Figure 1. Averaged diurnal change in PPFD ( mol m 2 s 1) and VPD (kPa) on each measurement day. Values are means  SD.
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whole leaf. The average net assimilation rate for the whole leaf 
was calculated by integrating net assimilation rates of individ-
ual patches.

In the model simulations, the net assimilation rate of each 
patch was calculated following Kosugi et al. (2003), Kosugi and 
Matsuo (2006) and Takanashi et al. (2006). Brie y, A of open 
(Aop) and closed (Acl) patches were determined from the mini-
mum value between the RuBP-saturated rate or carboxylation-
limited net assimilation rate (Ac) and the electron transport- or 
RuBP regeneration-limited net assimilation rate (Aj), respectively, 
as follows:

 

A V

H V T R T
S

c cmax

a c maxexp
exp

25

1 125 298 273
1

[ ( )( ) / ( ( ))]
[( (VV T H V R T

p C p O
p C

cmax d cmax

c

c

)( ) ( )) / ( ( ))]

( ) ( ) /
(

1 1273 273

2
)) ( ( ) / )

.
K p O K

R
c o

d1  
(2)

 
A

J p C p O
p C p O

Rj d4
2( ) ( ( ) / )

( ) ( ( ) / )
.c

c  
(3)

Here Vcmax25 is the intrinsic value that represents the car-
boxylation ability of leaves and is not always identical to the 
apparent value ( ),*V

cmax25
 which exhibits signi cant diurnal 

uctuations coupled with patchy stomatal closure (Takanashi 
et al. 2006). CO2 concentration in the chloroplast of open 
patches (p(Cc)op) was determined from Aop and gsmax, and that 
for closed patches (p(Cc)cl) was determined from Acl and gsmin. 
A J value was required to estimate the in uence of depression 
in the electron transport rate on the net assimilation rate. To 
estimate J, we used optimal Jmax values estimated from the 
 relationship between Vcmax and Jmax as follows:

 
J k Vjmax cmax.  

(4)

The net assimilation rate (Aleaf) and CO2 concentration in the 
chloroplasts (p(Cc)leaf) of the whole leaf were calculated as 
follows:

 
A r A r Aleaf oc op oc cl( )1

 (5)

 
p C r p C r p C( ) ( ) ( ) ( ) .c leaf oc c op oc c cl1

 (6)

The estimated maximum rate of carboxylation at 25 °C 
( )*Vcmax25  was determined by substituting values of Aleaf and 
p(Cc)leaf into equation (1).

For photosynthetic parameters, we used the observed opti-
mal values of Vcmax25 and gsmax of each species (listed in Table 2), 
and also used 0.0005 mol m 2 s 1 for gsmin and 2.2 for kj. 
Based on the average line or the median value for evergreen 

broadleaved trees listed by Kosugi and Matsuo (2006), we 
used the following parameterizations: 55,200 J mol 1 for Ha 
(Vcmax), 220,000 J mol 1 for Hd (Vcmax), 650 J mol 1 for S 
(Vcmax) and 41,500 mol m 2 s 1 for Ha (Rd). Other parame-
ters were as listed in Takanashi et al. (2006).

Observation of stomatal aperture distribution

To evaluate patchy stomatal behavior, we obtained the fre-
quency distributions of stomatal aperture for single leaves of 
three top-canopy tree species (Shorea leprosula Miq., Shorea 
macrantha Brandis. and Dipterocarpus tempehes V.Sl.) from 
observations made using the SUMP method, which uses amyl 
acetate and thin celluloid plates (2 cm in diameter; SUMP 
Laboratory, Tokyo). Observations were made twice a day, 
once immediately following the onset of midday depression 
of A, and then halfway through the midday depression. 
Immediately after measuring leaf gas exchange, we made 
impressions of the surface of one of the three experimental 
leaves by fastening the celluloid plate dissolved by amyl ace-
tate to the abaxial leaf surface (the site at which the gas 
exchange rate was measured). Then stomatal behavior was 
observed under a digital microscope (Model VH-Z450; 
Keyence, Osaka). A total of 35–40 microscopic elds per leaf 
(10–17 stomata in each eld of vision) were observed. The 
widths of individual  stomatal pores were determined from 
static images using NIH image software (National Institutes 
of Health, Bethesda, MD, USA). Because the leaves used for 
making impressions were destroyed, we used adjacent leaves 
with similar photosynthetic rates for leaf gas exchange mea-
surements after treatment.

Results

Diurnal pattern of leaf CO2 exchange

The averaged diurnal changes in PPFD ( mol m 2 s 1) and VPD 
(kPa) on each measurement day are presented in Figure 1 
(n  3–9). The measurements were made on clear days.

Patchy stomatal behavior during midday depression 163

Table 2. List of parameters used in the biochemical photosynthetic 
model.

Species Vcmax25, 
mol m 2 s 1

gsmax, 
mol m 2 s 1

S. leprosula 48.9 0.28
S. macrantha 17.4 0.16
S. hemsleyana 26.7 0.08
S. sumatrana 16.1 0.09
D. tempehes 14.6 0.12
D. grandiflorous 20.3 0.10
H. glaucescens 17.3 0.05
H. subalata 21.0 0.06
V. nitens 10.9 0.09
M. ferrea 18.4 0.09
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Stomatal conductance (gs) and A for all plant species varied 
within single days (Figure 2), and every leaf showed midday 
depressions of both parameters. Figure 3 compares the 
observed and simulated plots (simulated by numerical analysis 
based on the Farquhar–von Caemmerer–Berry model) of diur-
nal changes in A for three leaves of each plant species. The 
model assumes that the assimilation rate is affected by uniform 
or patchy bimodal distribution of stomatal aperture. In top- 
canopy species, the observed diurnal change in A was clearly 
depressed in late morning (Figure 3a). With the exception of S. 
leprosula and S. hemsleyana, observed A values recovered in 
the afternoons, but the rates were lower than morning rates. 
Midday depression of observed A also occurred in all sub- 
canopy species (Figure 3b). Observed A usually recovered in 
the afternoon, and for some species, increased to the morning 
level. Comparisons of observed and simulated A values clearly 
show that patchy bimodal distribution of stomatal aperture 
explains the severe depression of A, regardless of species, 
whereas uniform distribution of stomatal aperture explains 
optimum A in the early morning and recovery in the afternoon.

Distribution of stomatal aperture

Figures 4–6 present images (captured by the SUMP method) 
of individual stomatal apertures immediately following the onset 
of midday depression and during the midday depression; fre-
quency distributions of stomatal aperture are also presented. In 
S. leprosula and S. macrantha, two peaks in the frequency dis-
tributions of stomatal aperture indicate that a patchy bimodal 

distribution of stomatal aperture (observed stomata were either 
widely open or almost closed) occurred immediately following 
the onset of midday depression (Figures 4a and 5a). These 
bimodal distributions occurred within single isolated leaf 
patches, rather than between patches. In these two species, 
most stomata closed during midday depression (Figures 4b 
and 5b). A few stomata in each patch still remained open during 
the midday depression; however, between-patch differences 
were not apparent. In D. tempehes, the frequency distribution of 
stomatal aperture was bimodal during the midday depression 
(Figure 6b), but the frequency distribution immediately follow-
ing the onset of midday depression was normal (Figure 6a). 
Between-patch differences were not observed.

Discussion

Midday depression in A clearly occurred in leaves of all 
observed plant species distributed in the upper and middle 
canopy layers. Numerical analysis showed that patchy bimodal 
stomatal closure largely explained this depression (Figure 3). 
Kosugi et al. (2009) also argued that patchy stomatal closure 
was the main factor limiting midday net assimilation in another 
top-canopy species (Dipterocarpus sublamellatus Foxw.) in a 
lowland dipterocarp forest in Peninsular Malaysia. The diurnal 
pattern in A differed slightly between plant species, but was 
similar among the three leaves of each species. Depressed 
 values of A recovered to morning levels in sub-canopy tree 
species, but not in top-canopy tree species. In top-canopy 
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Figure 2. Variation in stomatal conductance (gs) and net assimilation rate (A) for each plant species within single days (medians, 10th, 25th, 75th 
and 90th percentiles with error bars in box and whisker plots).
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 conditions of tropical rainforests, tree leaves suffer severe 
environmental conditions through higher radiation, VPD and 
temperature than leaves in the lower forest layers (Chazdon 
et al. 1996, Kenzo et al. 2007). Thus, values of A in leaves of 
top-canopy tree species may be depressed more strongly than 
those of sub-canopy tree species.

Our numerical analysis demonstrated that patchy bimodal 
stomatal behavior occurred only during the midday depression, 
which strongly suggests that distribution patterns of stomatal 
aperture (uniform vs. non-uniform stomatal behavior) vary 

 exibly within single days. Patchy stomatal closure might be 
induced by environmental factors (Kosugi et al. 2009) and/or 
circadian rhythms (Doughty et al. 2006). Kosugi et al. (2009) 
showed that severe midday depression of A and gs on hot, 
sunny days is related to VPD, whereas moderate depression on 
cloudy and cool days is induced by circadian rhythms. In our 
study, all measurements were made on sunny, hot days. On 
those days, leaf temperature, VPD and thus transpiration rate 
increased quickly with radiation in the morning (Figure 1), 
 followed by rapid and severe depression of A and gs over the 

Patchy stomatal behavior during midday depression 165

Figure 3. Diurnal changes in observed net assimilation rate (A), and simulation results assuming uniform stomatal closure and patchy bimodal 
stomatal closure [n  3 leaves each of top-canopy species (a) and sub-canopy species (b)]. Solid vertical lines for S. leprosula, S. macrantha and 
D. tempehes indicate times when impressions were made of the abaxial leaf surfaces using the SUMP method.
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midday period (Figure 3). Previous studies have reported 
strong correlations between midday depression of photo-
synthesis and VPD (e.g., Brodribb and Holbrook 2004, Tay 
et al. 2007). In most plant species observed, both A and gs 
recovered in the afternoon (Figure 3), coupled with the depres-
sion of radiation and VPD (Figure 1). Our data suggest that 

patchy bimodal stomatal closure occurs with increased VPD to 
prevent excess water loss from leaves through evapotranspira-
tion, with concomitant severe depression of photosynthesis.

Patchy stomatal closure has been detected in some species 
with heterobaric leaves using the in ltration method (e.g., 
Beyschlang and Pfanz 1990, Küppers et al. 1999). However, 
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Figure 4. Images of individual stomatal behavior and frequency distribution of stomatal pore width (a-1) in leaves of S. leprosula immediately 
 following the onset of midday depression (09:15) and (b-1) in the middle of the midday depression (12:00). Pooled frequency distribution data for 
stomatal pore width across times are shown to the right (a-2 and b-2).

Figure 5. Images of individual stomatal behavior and frequency distribution of stomatal pore width (a-1) in leaves of S. macrantha immediately fol-
lowing the onset of midday depression (09:15) and (b-1) in the middle of the midday depression (12:00). Pooled frequency distribution data for 
stomatal pore width across times are shown to the right (a-2 and b-2).
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correlations between distribution of stomatal aperture and gas 
exchange characteristics remained unclear, because direct 
observation of individual stomatal movements under eld con-
ditions was technically dif cult. Kaiser and Kappen (2000) 
observed in situ stomatal movements by video microscopy 
while simultaneously measuring leaf gas exchange in the eld. 
They observed between 5 and 40 stomata in each experiment, 
but this methodology did not permit comparisons of stomatal 
aperture distribution on a single leaf. Our observation of patchy 
bimodal stomatal closure using the SUMP method allowed us 
to discern patterns of patchiness. We observed a bimodal 
 stomatal closure pattern during midday depression of A in top-
canopy leaves of the tropical rainforest species, S. leprosula, 
S. macrantha and D. tempehes (Figures 4–6). Although, 
bimodal distribution of stomatal aperture occurred within 
patches, rather than between patches. Within a bundle sheath 
extension (at least a small one having a few dozen stomata), 
lateral diffusion of CO2 would be suf ciently rapid. Assuming 
uniform Ci within a patch, a bimodal distribution of stomatal 
aperture between patches is required to explain the midday 
depression of A induced by ‘bimodal stomatal closure’. A 
bimodal frequency distribution of stomatal aperture in a small 
area within a patch would not cause serious overestimation of 
Ci (Cheeseman 1991). However, our data suggest that bimodal 
stomatal closure occurred among adjacent stomata within 
patches, rather than among patches within a single leaf, and 
still coupling with the depression of A induced by patchy sto-
matal closure that ts a bimodal frequency pattern. When the 

pattern of stomatal closure is patchy bimodal, homogeneous 
behavior between adjacent stomata within a patch is predicted. 
A possible explanation for this is that the heterogeneity of Ci 
might occur within a patch, although the details remain unclear. 
Kamakura and Furukawa (2008) reported from direct observa-
tions that, in some cases, heterogeneous responses to CO2 
occur between adjacent stomata in leaves of homobaric spe-
cies that lack bundle sheath extensions. Further analyses 
should take into account scale differences in the heterogeneity 
of stomatal behavior between and within patches and within 
single leaves.

We used saplings in this study, and it is possible that the 
behavior of these small trees differs from that of mature trees. 
Further studies of midday depression should be extended to 
mature trees.
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Figure 6. Images of individual stomatal behavior and frequency distribution of stomatal pore width (a-1) in leaves of D. tempehes immediately 
 following the onset of midday depression (10:30) and (b-1) in the middle of midday depression (13:30). Pooled frequency distribution data for 
stomatal pore width across times are shown to the right (a-2 and b-2).
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多様な樹種 おける水利用様式の比較
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(〒6068502 京都1,左京区北白川追分町)

生育地,生 活形態の多様な樹種の樹冠葉における蒸散速度,気 孔コンダクタンス,葉 ・土壌の水ポテンシヤル等

を測定した。また,P― V曲線法を用いて葉の水分特性を評価した。そして,得 られた通水コンダクタンス,葉 の水

分特性および蒸散速度を関連づけて解析することにより,多 様な樹種の高木個体における水利用様式を明らかにし

た.冷 温帯落葉広葉樹種のプナは通水コンダクタンスが高い反面,葉 の初発原形質分離点の水ポテンシャルは高く,

脱水を避ける水利用様式を採つていた 温帯常緑針葉樹種のヒノキでは,乾 燥期に通水コンダクタンスおよび蒸散

速度の低下が見られ,通 水障害に対して気孔閉鎖を起こしていたと思われる.暖 温帯常緑広葉樹種4種では常に気孔

コンダクタンスを低 く抑制していた。また,乾 燥期には浸透調節を行つて葉の耐乾性を高めるなど,乾 燥条件下で

の生存に有利な水利用様式を採っていた。熱帯常緑広葉樹種2種は通水コンダクタンスが低かったが,DjprerO“甲●s

subFame″arus Foxwは他の2種と比較して通水コンダクタンスが高く,通 水距離の増大を克服する給水システムを有

している可能性が示唆された

キーワード:水 利用様式,蒸 散,通 水コンダクタンス,水 ポテンシャル,P― y曲線法

福井 佑介 1)小 杉 緑子 1)

高梨 聡 1)谷
松尾 奈緒子 1)

誠 D

(1)式 中のくィは植物の耐乾強度を決定する大きな

要因の1つである。なぜな島,そ れが蒸散による水分

損失を補填 し,葉 が過剰な脱水状態に陥るのを回避

する能力だからである.水 ス トレスが進行するにつ

れ,植 物 と土壌に生 じる障害によつて上壌―葉間の

通水パイプラインを無傷に保つてお くことが困難に

なる。このパイプラインすなわち道管組織の水輸送

特性が,葉 への水供給速度,ま た気孔の蒸散速度を

物理的に制限する (Tyree and spe町1989).さらに,

このことは気孔制御を通 して植物の光合成速度を制

限することにつながる (Ryan`′αノ,2000).Hubbard ι′

α′ (2001)はくィの低下に伴って,気 孔コンダクタン

ス,光 合成速度,Eが 低下することを幼樹における

実験によって示 した。また,Hubbard α α′ (1999)

は自然条件下に生育する樹木についても,く ィの一時

的な向上が気孔コンダクタンスの向上をもたらすこ

とを実証 している。いっぽう,樹 木はマスバランス

の変化や道管 自体の透水性の向上 (PhinipS`′α′,

2002)や 辺材貯留水の利用 (Goldstdn α α′,1998)

I.は じめ に

植物がどのように蒸散 と給水を行うか,す なわち

植物の水利用様式を矢Πることは,水 環境がどのよう

に植生に制約を与えているのか, また植生がどのよ

うに水循環過程に影響を与えているのかといった,

水環境 と植生との相互作用を明いかにする上で非常

に重要である.

植物の蒸散を介 した土壌か ら大気中への一連の水

輸送系 (Soil‐Plant‐Atmosp h e r e  C o n d n u u m ; S P A C )

にオームの法則 を適用す る と,蒸 散速度 は下記の

(1),(2)式 で表すことがで きる。

E=κ ド.×zl″                  ( 1 )

Z l″=(′
`―″′)                  ( 2 )

E:蒸 散速度 (mm。l m2s・),氏ィ:土 壌 ―葉間の通水

コンダクタンス(mmol m‐2sl MPal),″ ,,/′ :土壌お

よび葉の水ポテンシャル (MPa),4/:土 壌 一葉間の

水ポテンシャル差 (MPa)で ある.
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によって樹高生長による通水性の低下を軽減させる

ことも分かっている。Ryan and Yodcr(1997)|ま樹

木の生長速度が樹齢とともに低下するのは樹高の伸

長に伴うくィの低下が原因であるとする説 (Hydraullc

Limltation Hypothcsis)を提唱した.こ のように,葉
への水供給を司る(ィは植物の生育に重大な影響を及

ぼす.

また一方で,(1)式 においてム′を大きくすれば,

Eも大きくなる。‰と/′では後者のほうが2オーダー

大きく,ま た前者が環境要因によるものであるため,

4″ の種間差あるいは個体差は事実上,″ ′とそれを

もたらす葉の水分特性によつて決定される。したがっ

て,葉 の水分特性および耐乾性も乾燥条件下での生

育の可否を決定する要因である。脱水に耐えて膨圧

を維持する能力の高い葉を有すれば,乾 燥条件下に

おいても安定したEお よび光合成速度維持すること

ができるからである.葉 の水分特性において,″′の

低下がおこつた時に原形質分離を防ぎ膨圧を維持す

るためのメカニズムとして,主 に細胞壁の弾性特性

や浸透調節が挙げられる (Tyree and Jarvis,1982).

乾燥に対する細胞壁の弾性特性の適応には2パター

ンーすなわち,① 弾性特性を低く,つ まり柔軟な細

胞壁にして,水 分を失っても膨圧を維持させる方法

(Kkuta and Richtcr,1986)と,② 弾性特性を高く,
つまり硬い細胞壁にして,わずかな脱水で膨圧を大

きく下げ,吸 水力を向上させる方法 (cheung α α′.,

1975)―があると考えられている.前 者は乾燥に長

期間耐えうる点で,後 者は短期的な乾燥に対して敏

感であるという点で有利である (吉川,2004)。な

お,生 育段階によってもどちらの方法が有利になる

かは異なる (Saito and Terashima,2004)。また,浸

透調節とは液胞中に糖類あるいはK+やCl‐などのイオ

ンを蓄積させて細胞にはたらく浸透圧 (ポテンシャ

ル)を 低くすることにより,膨 圧維持能力を高める

ことである (吉川,2004).こ のことにより,脱 水で

細胞代謝が不安定になるのが抑制され,水 ストレス

からの回復も助長される (Morgan,1984).

以上に述べてきたように,(1)式 は″′およびくィ

の両方が気孔制御を通じてEを制御していることを

示唆する。したがって,植 物の水利用様式を理解し

記述する方法として,4/,4ィ そしてEの相互関係

を総合的に解析する手法が非常に有効である (石

田 ・谷,2003).

Ishida`′α′。(1992)は落葉広葉|・l林の林床に生育

する低木10種と樹冠構成樹種2種について研究し,自

然条件に生育する低木がいくつかの水利用様式をも

つことを明らかにした. さらに,そ れらの4/あ る

いはくィの変化に基づいたEの 順応について解析して

いる.ま た,s“tO`′α′.(2003)は日本の冷温帯林に生

育する8種の主要な落葉広葉樹種について研究を行っ

ている.こ の研究では,観 測地に建設されたタワー

を用いて地上約4mの 高さで観測が行われた。彼らは

供試木を同齢 ・同生育条件に管理して各樹種の最大

蒸散速度の違いについて解析し,そ れらの樹種間で

はくィよりも葉の耐乾性により最大蒸散速度の多様

性が説明できたと報告している。

これらの研究は同生育地の樹木 (おもに中低木)

について水利用様式を調べた研究であり,生 育地,

生活形態の異なるいくつかの植物種を対象に比較を

行った例は,わ ずかに石田 ・谷 (2003)があるのみ

である。異なる生育地,生 活形態の下において,樹

木の水利用様式がどの程度の幅を持つのかを調べる

ことは,そ れぞれの生育地の水環境に樹木がどの程

度まで適応できるのかを知るために重要である。ま

た,樹 冠を構成する高木類は低木や草本,作 物など

他の植生に比べて水輸送の面で様々な制約を受ける

ため,こ れら樹冠構成木における水利用様式が,樹

高や生活形態,さ らには様々な環境下における植生

タイプの決定や陸域の水循環過程にも大きな影響を

与えていると予想される.そ こで,本 研究では生育

地,生 活形態の異なる,樹 冠構成個体の水利用様式

を比較するため,冷 温帯落葉広葉樹種1種,温 帯常緑

針葉樹種1種,暖 温帯常緑広葉樹種4種そして熱帯常

緑広葉樹種3種 (いずれも樹冠構成個体)を 対象に,

E,/s,″ ′およびくィを測定 ・算出した。また同時に

葉の水分特性について測定を行い,そ れらの相互関

係を解析することで,生 育地,生 活形態の多様な樹

木が有する水利用様式の一端を明らかにすることを

目的とした。

Ⅲ。材料と方法

1.調 査地と供試木の概要

生育地 ・生活形態の多様な樹種を対象とするた

め,特 徴的な森林タイプを有する4調査地を設定し

た。各調査地で観測対象とした樹木個体,調 査日お

よび各調査日におけるAPI(先 行降雨指数)を 表―

1に示す。

1)冷温帯落葉広葉樹林 (金糞岳ブナ林)

本調査地は滋賀県東浅井郡浅井町の金糞岳に位置
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表-1 各調査地で観測対象とした樹種,樹 高,観 測日および各観測日におけるAPI,正 午頃の平均二gs,‰ およJP‐

仙ヽ 線のソ″

“

,‰sal
TabL l List of exatnined tree spects in each habltat,tree height,date,API,二gs,‰arOund n∞n of each observ“on day,and/“

rlP,and′,軽of P‐ycurve ofeach species.

Cool‐temperate   Ectt c■′″″

畿 iduous broad‐leaved

forest

(Kanakuso‐dake

N35°32′E136°20′

asl 1050m)

16   16 May,2005 016 ‐1 07 2 59  16 May,2005

Telnperate evergreen

conlFerous forest

(K■●u

N34°58′E136°00′

asl 190‐255m)

Oα ttacン″rls

οb"

19  6 Jul,2004●(127)

22 Jul,21X14。(85)

28 Jul,2004。(52)

24 Aug,2004。 (515)

2 Nov,2004●■(370)

16 Jul,2005。(386)

9 Aug,2005。 (84)

10 Aug,21X15。(63)

13 Sep,2005●。(176)

6   252   008   ‐151

6   265   009   ‐159

6   235   008   ‐139

6   173   016   ‐1 10

6  093  011  ‐121

6   167   005   ‐152

6   1 12   005   -143

6   076   003   -135

6   037   002   -131

1 67    13 Scp,2005

170

169

157

076

110

080

057

028

Wam‐ temperate

evergreen broad‐le″ed

forest

(Akou

N34°44′E134°22′

as1 0・20m)

Cas″
"の

sお

c“ψ′aαra

レ ″ぃgra“
“

獅 ¨

Pみ,77y/●●ο:&s

α″
“
α″ο″

“

″

“
″′力ο″

23 Aug,2000●●(08)

1l Jul,2001●ホ(96)

23 Aug,2000●●(08)

1l Jul,2001●。(96)

23 Aug,201Xl●。(08)

1l J口,211111●
。(96)

23 Aug,2000●中(08)

H JuL 2001■。(96)

040   008

157   019

081    002

221    009

297   006

252   013

107   002

290   014

0 17    25 Jan,2005

417

040

289

132

308

067

246

・239

‐240

Tropical evergreen  滋″Й″ゅl臨

brond‐leaved Forest  s′●
"“

″

(PaSOh     D″ ″r●●arPぉ

N2・58′,E102°18′   s●ら″″′rra“

as1 75‐150m)

P7C力9刀″お

cap"■
"θ

′
“
ά

32  12 Feb,21X15●。(01)  3  120

10 Sep,211114●。(15)  5 249 007

13 Feb,2005●中(01)     3   430   017

25 0ct,2005中0(185) 8 366 0H

H Sep,2004●中(13)  3 214  005

003 ‐121 104 6‐ 13 Feb,211115  3

‐   ‐  6‐ 13 Feb,21X15

o   ・   8 May,2005

‐107  356

‐150   146   6‐ 13 Feb,2005

・188

●the day that E,gs and Ψl wcre observed onctmc around noon●
拿the day that diurtlal change oFtt gs alld Ψl were observcd ":salnpling number

Far α
“

α″ :ブナ、aα″
“
θ92.″SOわ取 :ヒ ノキ、casra″οぃおり あ″ :シ イノキ、シ ″εパ87●

“
cα:ア ラカシ、2arCパ P″′:Ⅲ eo″θS:ウ バメガシ、

α
“
●
"り

壼″
"“

“

滋″ :クスノキ、地
“
¨勁ノ麟 Saplra″

":ヒ
メハギ科、2メ ん

“
ψtt Wb々

"θ
″α

“

:フタバガキ科、a"″ 泌お cc″「
"″

躊
“

:トウダイグサ科

する落葉広葉樹二次林(北緯35°32′,東経136°20′,標

高約1,050m)である。周辺の年平均気温は12‐13℃ ,

年降水量は2,500-3,000 nlm(武田,1991)で ある。

年最大積雪深は平均で80‐100 cm,多い年には4m以

上にもなる多雪地域である。そのため,年 降水量の

約30%が 冬季の降水で占められる (武田,1991).植

生区分は,滋 賀県植物地理区の中で湖北植物区に分

類され (村瀬,1979),北 方系要素の植物や日本海要

素の植物が多いことが特徴である.優 占する高木は

ブナ ・ミズナラであり,中 下層にはヤマボウシやマ

ルバマンサク,カ エデ類などが見られる。

本観測地では,樹 高約16mの Fぃ σ″″α″Blume

(プナ)1個 体を対象とした.

2)温 帯ヒノキ林 (桐生水文試験地)

本調査地は滋賀県南部 (北緯34°58′,東 経136°∞
′

標高190‐255m)に 位置し,田 上山系に属する.本

研究は,試 験地源頭部の小流域であるマツ沢流域に

て行った。この流域の流域面積は0.68 ha,植生は主

に1959年に植栽されたヒノキである。観測を行つた

2004年,2005年の年平均気温および年降水量は,そ
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れぞれ13.9℃,1,797 nlmと13.0℃,1,151 nllnであつ

た.本 調査地では①乱流変動法を用いた樹冠上のフ

ラックス測定 (Takanashl ι
`α
′,2005a),②土壌呼吸量

の時空間変動 (三谷ら,2003),③ 樹体貯熱量の推

定 (和田ら,2002),④ 降雨中および降雨後の森林

における蒸発散過程 (高梨ら,2003)な ど,森 林生

態系によるガス交換の総合的な研究が行われている。

ここでは,マ ツ沢流域に生育する約30年生の

動α
“
α

“

″αtt οbr″sα sicb ct Zucc.(ヒノキ)1イ固体

を対象とした。樹高は約19mで ある.

3)暖 温帯常緑広葉樹林 (赤穂緩衝緑地)

本調査地は,兵 庫県赤穂市 (北緯34°44′,東 経

134°22′,標高0‐20m)に 位置する人工照葉樹林であ

る。赤穂市の年平均気温および年平均降水量 (1995‐

1999)は 15.2℃および1,159 mmで ある (松尾 ・小

杉,2002).ま た,夏 季に高温少雨となるのが特徴

である。本観測地では,1987年 に温帯常緑広葉樹種

12種と温帯落葉広葉樹種4種の3年生の苗木が,1‐2

本 m2程 度の密度で植栽された。2002年1月現在では,

全個体 (劣勢木を含む)の 平均樹高は5.3mで ある

(松尾 ・小杉,2002)。 本研究では2000年および2001

年の観測データを用いる。この間の年平均気温およ

び年降水量は,そ れぞれ16.0℃ ,788 mm(2000)

および, 15.3℃ , 1,078 mm(2001)で あった (松

尾 ・小杉,2002).本 調査地では① 樹冠における炭

素 ・熱フラックスの季節あるいは年変動 (Tanaka。
`

α′.,2002;Kosu」αα′.,2005),② 個葉レベルのガス

交換特性や炭素安定同位体を用いた水利用効率に関

する研究 (松尾 ・小杉,2002;松 尾ら,2002;Kosugi

and Matsuo,2006)などが行われている.

ここでは, cαs″″のsおο″ψ′力″Shottky(シ イノ

キ), 2γθκ
“
s gra″οα Thunb.(ア ラカシ), 2″″℃霞.

′″:り
“
′οjグas И.Gray(ウ バメガシ), α″″α

“
ο
“
″″

εα″力ο″ Sieb.(クスノキ)を 対象とした.樹 高は

約8‐9mで ある.

4)熱 帯常緑広葉樹林 (Pasoh森林保護区)

本調査地は半島マレーシア,首 都クアラ・ルンプー

ルの南東約70 km(北 緯2°58′,東経102°18′,標高

75‐150m)に 位置する (Soepadm。1978).気温の変

化は年間を通 じてほとんど見られず,1970年 から

1974年における年平均気温は248℃ ,年 平均降水量

は2,054 nlmであった (Soepadmo 1978)。また,2003

年の年平均気温および年降水量は,そ れぞれ25.9℃

および1,896 nlmであった.半 島マレーシアでは,南

西モンスーンの影響を受ける4‐5月と,北 東モンスー

ンの影響を受けるlo‐11月が雨季にあたり,降 水量が

多い。しかし,本 保護区は半島内陸部に位置するた

め半島マレーシアの中では比較的少雨の地域となっ

ている。保護区内の中心部約650 haは,動 ο′
`α
属や

D″″
“
αψ″S属を中心とした多くのフタバガキ科樹

種により構成される低地性林である.連 続した樹冠

の高さは約35mで あるが,エ マージェントと呼ば

れ,I・l冠から突出する高木は樹高45mに 達する。本

調査地では乱流変動法を用いた熱帯林のガス交換特

性 (Takanashi α α′.,2005b),加 圧浸潤法による熱帯

樹種の個葉気孔動態 (Takanashi′′α′.,2006),遮 断

降雨量の空間分布 (Kodshi α αム,2∞6)等 の研究力γ子

われている.

ここでは,x"″ ″″JJZ″S″′″
`““

Bem(ヒ メハ

ギ科),D″ 妙
“

αψぉs″b″″
`Jrarys Foxw。

(フタバガ

キ科),Pク ο力opソxおι″″ル
“̀″

Sα
`(Hk.1)Ridl.(ト

ウダイグサ科)の 各1個体を対象とした.各 樹木の

樹高は,Xs″ 施′″″ と2 σψ″ル″ι″sα
`が

それぞれ

約32m,Ds″ b″″JJar″sが約40mで ある.

2.観 測方法

1)蒸 散速度および気孔コンダクタンス

各調査地に建設されている観測タワーから供試木

の樹冠にアクセスした。そして,上 層の日当たりの

良い当年葉で携帯型の光合成蒸散沢I定装置 (Li‐

1600あるいはL卜6400,Li‐Cor)を 用いて,蒸 散速度

(■
"″″

,nllnol m2 s・)お よび気子Lコンダクタンス (g5'

m。1面2s■)等 を測定した.ブ ナおよびヒノキの観測

にはL卜1600,暖 温帯常緑広葉樹種4種と熱帯常緑広

葉樹種3種の測定にはLi‐6400を用いた.ま た,同 時

にこれらの光合成蒸散測定装置で気温,相 対湿度お

よび葉温 (■
ィ,℃)な どの条件も測定し,&お よび

Eについて再計算を行った (本章3節-2項 で詳述).

2)葉 の水ポテンシャル (″′)

光合成蒸散測定装置による測定の後,サ ンプル葉

あるいはその近傍の葉を切り取り,プ レッシャーチャ

ンバー (MOde1 3005,SoilmoistureあるいはMOdel aXl,

PMS Instrumcnt)を用いて速やかに‰を測定した。

ただし2005年10月25日のD.力らJa″あけ″sにおける測

定では,ハ イグロメーター (HR‐33T,Wescor)を用

いた.

3)土 壊の水ポテンシャル (″s)

供試木周辺の林床土壌において,土 壌深30 cm

(赤穂では40 cm)に テンシオメーター (DIK 3150-

12,大 起理化工業)を 埋設 して%を 連続測定した
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(冷温帯落葉広葉樹林を除く).冷 温帯落葉広葉樹林

では,滋 賀県立大学陸圏生態系研究室によつて2003

年からADRプ ロフアイルプローブ (PR1/4,池田計器

製作所)が 設置され,林床土壌の体積含水率 (m3面3)

が測定されている.本 研究ではこのデータの土壌深

30 cmにおける値と兵庫県六甲山におけるブナ林土

壌の水分特性曲線 (林祐妃,私 信)か ら/sを推定

し,解 析に供した。はじめにで述べた理由から,吟

の推定誤差によるム″への影響はほとんど無い.

4)葉 の水分特性 (P‐ソ曲線)

樹冠において日当たりの良い場所の葉が数枚程度

ついた枝をサンプリングして直後に水切りを行い,黒

いビニール袋をかけてガス交換を抑制したまま一晩以

上吸水させた。そして,プ レッシャーチャンバー

(Mode1 3005,Soilnoisme)あるいはハイグロメーター

(HR‐33T,Wcscor)を用いて樹種ごとにそれぞれ1‐6

サンプルのP‐/曲線を作成 (Scholander α α′。,1965;

丸山 ・森川,1983)し た。なお,実 験中の蒸散を防

ぐため,葉 身はアルミホイルで覆った。そして,

徐々に失水させたときに最初に細胞が膨圧を失って

原形質分離を起こす時点 (初発原形質分離点)の 水

ポテンシャル (″フィレ),充 分吸水した時の浸透ポテ

ンシャル (′∫ゞ″)な どを求めた。

5)観 測日およびサンプリング方法

観測日およびサンプリング方法の概要を表-1に

しめす。

冷温帯落葉広葉樹林のブナでは,2005年 5月16日

に地上高約15mの 3枚の個葉で1)と 2)の 日変化観

測を行った。また同日に樹冠葉3サンプルを採取し

て4)の 実験を行つた.温 帯常緑針葉樹林のヒノキ

では, 2004年7月6日, 7月22日, 7月28日, 8月24日

および2005年7月16日,8月 9日,8月 10日,9月 13日

に地上高約16mの 当年葉 (2004年7月時点)6枚 で1)

と2)の 観測 (正午一回のみ)を 行った.2004年 H

月2日および2005年9月13日には6枚の個葉で1)と 2)

の日変化観測を行った。また,2005年 9月13日に採

取したヒノキの樹冠葉 (枝部を含む)3サ ンプルで4)

の実験を行った。暖温帯常緑広葉樹林の4樹種では,

2000年8月23日および2001年7月H日 に,地 上高約9

mの 葉各3枚で1)と 2)の 日変化観測を行った.ま

た,2005年 1月25日に採取した4樹種の樹冠葉1‐2サ

ンプルで4)の 実験を行った。熱帯常緑広葉樹林で

は,2004年 9月10日 (D sαbあ
“
グ″″s),2004年 9月

11日 (P.ε饗,″―″ιグ″sαa), 2005年 2月 12日 Cr

S′″J′α′
““

),2005年 2月13日および2005年 10月25日

水文・水資源学会誌第20巻第4号(2007)

(両日ともD sαらあ
“̀ Jraル

s)oこ,い ずれも地上高約31

mの葉3‐8枚で1)と2)の 日変化観測を行った.ま た,

2005年2月6,10,13日に採取 したχ S′″′′α′
“
″,D.

sabあ
“̀ Jra加

,2 cψ″「″″郷αιの樹冠葉各2‐3サンプ

ル,さ らに2005年5月8日に採取したD.sablamellatus

の樹冠葉2サンプルで4)の 実験を行った.

3.計 算方法

1)API

個葉観測当日の林床土壌の乾燥を表す指標とし

て,下 記の (3)式 で定義されるAPI(Antecedcnt

Precip■ation lndcx;先行降雨指数)を 算出した.

API=Σ(4/た)          (3)

た:個葉観測日のた日前,為 :その日の日降水量 (mm)

を表す。本研究では,個 葉観測日の30日前までの降

水を対象 (n=30)|こAPIを算定した (表-1)

2)気 孔コンダクタンスおよび蒸散速度

光合成と蒸散が同時に起こる点を考慮するため,光

合成蒸散測定装置による蒸散速度 (EI龍n― Ol面2 Jl)

と下記の (4)式 (von caenlmerer and Farquhar,1981)

を用いてま (mol m‐2s■)を 再計算した.

襦 〔
―Zサ

)=鑑
は 一覧 )④

ここで,名 :葉面上での飽和水蒸気モル分圧,乙 :

大気の水蒸気モル分圧,gゎ_""″:チ ヤンバー内の葉

面境界層コンダクタンス (mol m‐2s‐1)で ある.%

およびち については,光 合成蒸散測定装置によつ

て同時測定された気温,葉 温,大 気の相対湿度から

算出 した。また,gゎ.″″αは,チ ャンバー内の風速が

一定であることから15 mol m‐2s■とした (高梨 ら,

2001).し か し,チ ャンバー外の風速は刻々と変化

する。そのため,島
"“́′

は実際のEよ りも過大評価 さ

れがちである (谷 ・石田,2003)。 そこで,Eを 下

記の (5)式 および (6)式 (Pcarcy′′α′。,1989)|こ

よって算出した.

鵜=ズ洗)    ⑤

島=Q“6[Л5げIttX洗)対♂⑥
4″:塊がこおける飽和水蒸気濃度と周辺大気の水蒸
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気濃度の差 (m。l mor),&:葉 面境界層コンダクタ

ンス (mol m2s■),″ :風速 (ms・),グ :葉長 (m),

P:大 気圧 (kPa)で ある.以 下,本 研究で扱う樹木

葉の平均的な葉長を想定 してグ=0.lmと 仮定 し,ま

たP=101 3 kPaとして解析を行った。 また,"は 風速

計 (AC750,牧 野応用測器研究所あるいはMOdcl

6071,KANONIAX)を 用いて測定 した。″が得 られな

かつた場合はその値をlms・と仮定 して計算 した。

3)通 水 コンダクタンスの算出

単位葉面積あたりのくィは,(1)式 をくィについて

解いた下記の (7)式 から算出した。

帯落葉広葉樹種1種,(b)温 帝常緑針葉樹種 (ヒノ

キ),(c)暖 温帯常緑広葉●・l種4種,(d)熱 帯常緑広

葉樹種3種)で 行ったE,gs,′ ′,亀 ィの日変化測

定 ・算出結果を示す.ま た表-1に ,各 樹種の各測

定日正午頃におけるE,gs,′ ′,4ィ の測定 ・算出結

果を示す。

1)冷 温帯落葉広葉樹種 (ブナ)

冷温帯落葉広葉樹種 (ブナ)で は,Eは 13時頃が

日最大値となる山型の変化を示した (図-1(al))。

gsはH時 頃から0.16 mol m‐2s■程度ではぼ頭打ちとな

り,15時以降緩やかに低下した (図-1(a2))。″1は

12時頃に日最低値の約-1l MPaと なった (図-1

(a3)).また,4ィは日中2-3 mmol m‐2s■MPa・前後

の値をとった (図-1(a4)).

2)温 帯常緑針葉樹種 (ヒノキ)

温帯常緑針葉樹種 (ヒノキ)で は,2004年 H月 2

日においては朝方の/′が-01 MPa以 上と高かつた

(図-1(b3))。 この日を湿潤日と位置づける。Eは

(b)a temperate

coniferous evergreen tree

2 Nov 2004(Wet)13 Sep 2005(Dry)

(bl)

い 。

llll"。

も。
中

∞ O。

・・。0●・

(b7)
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κ口=分

Ⅲ。結果

1,各 樹種の個葉蒸散日変化

図-1に ,4つ の生育地における9樹種 ((a)冷温

(a)a COO卜temperate

deciduous broad‐ leaved tree
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図-1 各調査地に生育する樹木 (a:冷温帯落葉広葉樹種1種,b:温 帯常緑針葉樹種1種)の 蒸散速度 (E),気孔
コンダクタンス に),葉の水ポテンシャル (ィ),土壌―葉間の通水コンダクタンス (47)の日変化 (図中の
エラーバーは標準偏差を表す).

Fig■ Diumal change of transpiration rate(D,leaf water potential(降 ), stomatal conductance(&), soil‐ leaf hydraulic

conductance(く ィ)in various trees grown in several different habitats(a:a c001-tempcrate deciduous broad―leaved tree,b:

a temperate coniferous evergreen tree).Bars within the graph represent standard de宙ation.
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(d)three tropical evergreen broad‐leaved trees(C)fOur warm‐temperate
evergreen broad‐leaved trees

23 Au9 2000(Dry)1l Ju1 2001(Wet)
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日最大値がl nlmol m2 s・程度であった(図-1(bl)).

3は 正午前に日最大値0.Hm。lm~2s■を取り,午 後に

なると徐々に低下した図-1(b2)).‰ は日中に約‐

1.3 MPaまで低下した (図-1(b3)).4ィ は午前中高

かったが,徐 々に低下 して正午頃以降には約0.8

nlmol m‐2s・l MPrlではぼ一定になった (図-1(b4)).

一方,2005年9月13日においては土壌の乾燥をうけ

て給水が阻害され夜明け前の″′が-04 MPa程度ま

でしか回復していなかった (図-1(b7))。この日を

乾燥日と位置づける。Eお よび&は 湿潤日 (2004年

H月 2日)に 比べて低かった (図-1(b5,b6)).し

か し″′の 日中の最低値は約 -1.4 MPaで湿潤 日

(2004年H月 2日)と 同程度であった (図-1(b7)).

日中のく ′は0.3 mmol m‐2s‐l MPa‐1以下であつた

(図-1(b8)).

3)暖 温帯常緑広葉樹種4種

暖温帯常緑広葉樹種4種では,2001年7月H日 にお

いてはAPIは9.6で′′が全樹種において朝方までに充

um

鵬

7
(d3)

(d4)

」  島 」  ltLi=_

1'∞   20Clll

口 2'4υ晦 a′′17S″夕bヮθZ″
“(21X14/9/101

・ ′

"″
“
ο′″困

"″
″́θZ″

"(2005/2′13)

図-1 各調査地に生育する樹木 (c:暖 温帯常緑広葉樹種4種,d:熱 帯常緑広葉樹種3種)の 蒸散速度 (E),気 孔
コンダクタンス (gs),葉の水ポテンシャル (4),土 壌‐葉間の通水コンダクタンス (47)の 日変化 (図中の
エラーバーは標準偏差を表す).

Fig.l Diumal change of transPiration rate(E),leaf water potential(4),stomatal conductance(gs),soil―leaf hydraulic
conductance(4コ)in vanous trees grown h several different habitats(c:fOur warm―temperate evergreen broad‐leaved trees,
d:tЮpical evergreen broad―leaved trees)Bars Within the graph represent standard de宙ation

4:lX1    12:00    20:00

0 Xaaあ り拗 ″s師 饉′υロ
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口 'わ £綱 arpυ,sab7a″072`υ,
(2005′10725)

▲ 34ぬ ,pyxis ο″υιヵθdusaθ
(2004′9711)

分高 くなっていた (図-1(c7)).こ の日を湿潤 日

と位置づける。Eは 日中に約2.5-4 nlmol m‐2s■まで上

昇 した (図-1(c5)).ま た,&は o.1_o.2 mol m‐2s‐1

であつた (図-1(c6)).日 最低 ′′は樹種によつて

差が大きく,最 高値がウバメガシの-1.2 MPa,最低

値がクスノキの-1.9 MPaであった (図-1(c37)).

くィは日中までに2‐3 mmol m‐2s■MPa・まで低下 した

が,夕 方には上昇に転 じた (図-1(c8))。 一方,

2000年8月23日においてはAPIが0.8で強度の土壌乾

燥が見 られ,夜 明け直後の″′が十分回復 していな

かつた (図-1(c3))。 この日を乾燥 日と位置づけ

る。Eは ウバメガシを除 く3樹種で概ね1■lm01 m‐2s■

以下であつたが,ウ バメガシは湿潤 日 (2001年7月

H日 )と 同程度のEを維持 していた (図-1(cl)).

&は ウバメガシを除いた3種で一日を通 してほぼ0.03

m。lm‐2s■未満であった (図-1(c2)).夜 明け直後

の%は ,高 くてもウバメガシの-0.9 MPaまで しか

回復 していなかった.ま た″′の日最低値はシイノ
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キの-2.5 MPaを最低値として4樹種とも 2.2 MPaを

下回り,湿 潤日 (2001年7月H日 )に 較べて大きく

低下していた (図-1(c3))。 4ィはウバメガシを除

く3樹種で湿潤日 (2001年7月H日 )に 較べて極めて

小さかつた (図-1(c4)).

4)熱 帯常緑広葉樹種3種

熱帯常緑広葉樹種3種では,観 測日のAPlはそれぞ

れ, 15(2004年 9月10日), 13(2004年 9月H日 ),0.1

(2005年2月12日),01(2005年 2月13日)お よび185

(2005年10月25日)で あつた。2005年10月25日は雨季

であったので,APIは 他の観測日よりもかなり高かっ

た。 xs′ ″J″
`““

とPε ″″ル″劾 sα
`に

おけるEの 日

最大値は,そ れぞれ1 3 nlmol m~2s■,27 mmol m‐2s■

であった (図-1(d4)).ま た,aw励 グ′滅困におけ

るEの 日最大値は2.7 nlmol m‐2s■ (2004年9月10日),

5.O mmol m‐2s■ (2005年2月13日),37 mmol m‐ 2s・

(2005年10月25日)で あつた (図-1(dl),(d5)).

&は XS″ 滋脇 と2 σψ″ル
“
ιルSα

`で
一日中概ね0.o5

m。lm‐2s■程度であったが,D"b″
“
′JJa加ではやや高

く (01 mol m‐2s■),2005年 2月13日には最大で0.33

m。lm2s■になった (図-1(d2),(d6)).%は 3樹種と

も午前から日中にかけて徐々に低下し,そ の後回復

する日変化を示した (図-1(d3)).日 最低′′はχ

S′″滋 ′″燿 とP・οψ ″ル

“

ιル Sαθで 約 -1.5 MPaで あ っ た

が,D sα b″
“̀ ′

″′″sでは-1.l MPaで あった。また,

APIの 大小 に関らずD sαわた
“̀ JJa′

″sの葉サ ンプルの

切 り口から水が滲み出てくるため,プ レッシャーチャ

ンバーでの/′測定は困難であつた。4ィの日最大値は

X S″ ′″
`″“

で 12, P,α ψ
“
ル″″

"α
θで 2.1, D

sαb滋″′JJa′″sで は 3.6 mmol m‐2s‐l MPび1と
 , D.

sαら′α
“
ι′′α′″sが他の2樹種に比べて高い値 をとった

(図-1(d4)).

2,多 様な樹種の葉の水分特性

P‐V曲 線法から得 られた各樹種の樹冠葉の′ッヵ
と″s_s″を図-2に 示す。暖温帯常緑広葉樹種4種の

″″_のは,ア ラカシ,ウ バメガシ,ク スノキで-2.5

MPa程 度であり,シ イノキでも-180 MPaで あった.

またヒノキや熱帯常緑広葉樹種3種の″ψゅ は-2.0

MPa前 後の値を示 した.い っぽう,冷 温帯落葉広葉

樹種であるブナの′″ゅは-1.l MPaであ り,他 生育

地の樹種に較べてかなり高かつた.‰ ″ゞは最低値で

あるアラカシの-18 MPaか ら,最 高値であるブナ

の-08 MPaに 亘つた.全 体 として,″ s_s″が低いほ

ど″″ィタも低下 していた.こ れらの点から,暖 温帯

撃y
V

貧
餞
『
６

。
．
↓
訥

-30        ‐20        ‐10        00

4‐sat(MPa)
査  A cool‐temperate deciduous broad‐leaved tree

O  A temperate evergreen con」 erous tree

V  Four warnl‐temperate evergreen broad‐leaved trees

■  Three tropical evergreen broad‐leaved trees

図-2 多様な樹種における,葉の飽和浸透ポテンシャル
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林常緑広葉樹林の各樹種が初発原形質分離点の葉水

ポテンシャル′″,レが低 く,低 い葉水ポテンシャル

まで膨圧を維持できること,ま たこのことは浸透調

整 (‰.″を低めること)に よって達成されているこ

とがわかる。

3.多 様な樹種の水利用様式

観測によつて得られた正午頃のEと ム′および(3)

式によって算出されたくィを表-1に ,こ れらの相互

関係 (=水利用様式)を 図-3に 示す。また, sdtO

`′
α′.(2003)に よる冷温帯落葉広葉樹種8種のデー

タ (Eは最大蒸散速度,″ ′は日最低値,ま た4ィは

10点以上の4″ とEデータセットの回帰より算出さ

れた)も 図-3に 参照する.′ ′は着葉位置によって

重力により0.01 MPa m・程度低下するが,本 研究で

は樹高の違いも含めた水利用様式を考慮するため,

この影響を含めている.

4ィは全体的に冷温帯落葉広葉樹種9種で高い (3‐

8 mmol m2s・MPa・)傾 向にあった。暖温帯常緑広

葉樹種がそれに次いで高かったが,乾 燥期にはそれ

らの値は著しく低下した。ヒノキおよび熱帯常緑広

葉樹種3種のうちXs″ 物″″とPι″″ル″″霞α
`で

は

1～2 mmolm‐2s■MPa・程度のくィを有していたが,D.

sαb″
“
ιJJa′″sのくィは3 mmol m‐2s■MPa・前後と同生

育地の他の2種と比べて高い値であった.

4′ は乾燥期の暖温帯常緑広葉樹種4種で大きく,
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A cool・temperate deciduous broad‐leaved trees

Eight cool‐temperate deciduOus broad‐leaved trees
(Saito et al,2003)

O A temperate evergreen conferous trees

▽ Four warm‐ temperate evergreen broad‐leaved trees(23 Aug,2000

▼  Four warm・ temperate evergreen broad‐leaved trees(11」ul,2001)

■  Three trOplcal evergreen broad‐leaved trees

00     20      40     60     80     100

4■(mmOl m2 s'MPa・)

図-3 多様な樹種における通水コンダクタンス(4.),土壌一葉間の水ポテンシャル差 (4/)お よび蒸散速度 (Jの 関係
(正午の観測で得られた成熟葉のデータ)と,saito er al(2C103)の結果 (ただし,Eは 日最大値,4」 ま日平均
値)。また,エラーバーは標準偏差を表す.

Fig 3 1he relationship among hydraulic conductance(」晩_′),SOil to leaf water potential difference(4/)and transpiration rate(D
h VaFiOuS t∝ s ld・め h血 s study were ob面鵬 d■ om measurements widl mature leaves at nom)Witt lc data m the Ffeence

p a p e r ( S江o er江2∞3),E wa s  d a i l y  m a x l m u r n  v t t u c  a n d ` . wおdatly a v e r a g e  v d u c . B a r s  w i血血 graph r e p r e s e n t  s t a n d a r d
deviation

▲

▲

冷温帯落葉広葉樹種9種で小さかつた。また,ヒ ノ

キにおける4′ は,Eお よびくィの多寡に関らずほと

んど変化が無かった.い っぼう暖温帯常緑広葉樹種

4種では,4ィの低下に伴いム′が大幅に増大した.

Eは冷温帯落葉広葉樹種の数種においてやや大き

く,4‐6 mmol m‐
2s■まで上昇した。その他の樹種で

は概ね1_3 nlmol m‐2s‐1でぁった。

Ⅳ。考察

1.冷温帯落葉広葉樹種 (ブナ)

本研究のブナおよびSaitO α α′.(2003)の 冷温帯

落葉広葉樹種8種は図-3に おいて,他 の生育地の樹

種に比べてくィが高く,ム ″が低い領域に位置した。

しかしながらその中では,本 研究で観測を行ったブ

ナにおけるくィがSaitO α α′.(2003)の 冷温帯樹種8

種のそれらに較べて低かった。このことには,幾 つ

かの原因が考えられる.ま ず1つ目に,前 者は後者

に較べて樹高が10m以 上高く,通 水距離の増大によ

る氏ィの低下が生じているかもしれない。また,後

者の供試木では相互被陰を避ける目的で樹冠を剪定

されているため,水 消費器官の相対的な減少によっ

て一時的にKs_′が向上 している可能性がある

(Hubbard ar α′.1999)。

ブナにおける2005年5月16日の樹冠葉の′μ″は他

の樹種に比べて高かったので,比 較的早い脱水段階

で膨圧を失うと考えられる (表-1,図 -2).P_/

曲線法を用いて冷温帯落葉広葉樹種の葉の水分特性

を評価 した先行研究は幾つか見られる (Satto and

Terashima 2004;渥美ら,2000;多賀ら,1993;丸山 ・

森川,1984)。これらの先行研究によると冷温帯落

葉広葉樹種の′レr72は-1.5MPa程度であるが,浸 透調

節によって変動する.以 上のことから,冷 温帯落葉

広葉樹種は脱水によって原形質分離を起こしやすい

ため,高 いくィを有して葉の脱水を回避する水利用

様式を採っていることが示唆される。

2.温 帯常緑針葉樹種 (ヒノキ)

本研究の結果から,測 定日の条件に関らず″′の日

最低値の変動幅が非常に小さいことが,ヒ ノキの大

きな特徴として挙げられる。このことは,給 水の不

足による葉の脱水に対して有効な順応である浸透調

節が行われていないことを示唆する。このため,ヒ

ノキは過剰な脱水状態になるのを回避するために,

気孔を閉鎖 (図-1(b7))し て失水を最小限に抑制

することで環境変化に対応するという水利用様式を

とっていると考えられる.

土壌水分が湿潤な条件下においては,″′は夜明け

前までに根表面の%と ほぼ平衡すると言われてきた。

実際には平衡に達していないとする報告もあるが,

それには葉細胞の基質濃度による浸透ポテンシャル

あるいは吸水 に必要な△″の閾値の存在 など

(Donovan ι′α′.,2001;Sellin,1999)が関与していると

される。本研究の結果では,2005年9月13日には′′

の回復が-04 MPaまでであった (図-1(b6)).サ

ンプル葉の着生位置による重力″ (-0.16 MPa)で
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説明しきれない水ポテンシャルの低下があり, 2004

年H月 2日と比較しても″′の回復が充分でないこと

から,前 日までの脱水状態が解消されていないと考

えられる.先 行研究では,土 壌の乾燥によって最も

通水性が低下するのは土壌―根系間であるとされてい

る (小林ら,1993)。また,樹 体内における通水性の

低下は道管内での気泡 (キャビテーシヨン)の 発生

(Zimmcmann,1983)に 起因する.キ ャビテーショ

ンは葉に水ストレスを起こすため,こ れまで植物に

とつて不利益だと考えられてきたが,近 年の研究で

気孔の調節による蒸散抑制に寄与することが分かつ

てきた (Sperw,2000)。Sper, (2000)は キャビ

テーションの発生によってくィが低下することで,乾

燥に対する気孔反応がより敏感になり,乾 燥条件下

で生存できる期間を延ばすことにつながると結論付

けている.

3.暖 温帯常緑広葉樹種4種

暖温帯常緑広葉樹種でも,乾 燥期には湿潤期と較

べてくィが低下した (図-1(c4),(c8),図 -3).ま

た,夜 明け直後の″′は4樹種全てで低下 してお り

(図-1(c3),(c7)),同 日の&も ウバメガシを除いた

3樹種では非常に低い (図-1(c2),(c6))。このこと

からヒノキと同様に,ウ バメガシを除く暖温帯常緑

広葉樹種3種でも乾燥期には脱水状態が解消されず,

失水を抑制するために気孔閉鎖が生じていたと考え

られる.し かし,乾 燥期の日最低″′は湿潤期のそれ

よりも大幅に低下させることができた (図-1(c3),

(c7))。このことより,こ れらの樹種では給水の不足

に対して浸透調節を行うことで,葉 の耐乾性を強化

していたと考えられる。なお,こ れらの樹種は湿潤

期においても&が 比較的小さく (図-1(c7)),常 に

失水を制御していることが示唆される.こ れらの水

利用様式の特徴は,恒 常的に水ス トレスに曝される

ような地域で生存していく上で有効であると考えら

れる.

4.熱 帯常緑広葉樹種3種

観測を行つた熱帯常緑広葉樹種3種はいずれも樹高

が30m以 上の高木であつたが,こ れらのうち2●・l種

のEは低く,4_′も小さかった (図-1(dl),(d4)).

このことには樹高伸長に伴う通水距離の増大が関与

していると思われる (Ryan and Yoder 1997)。一方

で,エ マージェント (突出木)と なる優占樹種のD

"bra″
ι′′α

“
ぉは同サイトの他の2種と比較して高いくィ

を有 していた,D.動 b″″ιJJa加における馬ィの測定

日が他の2樹種に比較してAPIの高い湿潤日であつた

のでその影響である可能性も考えられる。しかしな

がら,測 定日の条件に関らずサンプリングの際に常

に切り口から水が滲み出てくること,APIの より低い

測定日においても,Eお よび3が 他樹種に比較して

高かった (図-1(dl),(d2),(d5),(d6))こ と,ま

た2シ b″″
`′
′α加についてAPIの違う3回の測定日の結

果を比較した場合にEお よびgsが最も大きい日が必ず

しもAPIの一番大きな湿潤日ではなかった (図-1

(dl),(d2),(d5),(d6))こ とな どか ら,D

助わた〃θ物
`“
sはAPIによらず他の2種と比較して高い

くィを有していることが強く示唆される。このような

樹種は通水距離の問題を克服するため,他 樹種と異

なる給水 システムを有 している可能性がある。

Goldsteln′
`α
′ (1998)は樹液流観測によって熱帯高

木の水利用を調査し,幹 貯留水が通水抵抗の増大を

緩和して,樹 冠部の葉への給水に重要な役割を果た

していることを明らかにした. また,StrattOn`′α′.

(2000)は 幹貯水能力の指標として辺材の飽和含水

比を調査し,高 飽和含水比の辺材を有する熱帯乾燥

林樹種では″′の日変化が小さく,最 大光合成速度は

大 きか った こ とを報告 してい る.本 研 究の

D.Sab″
“̀ ′

′α加でも,樹 幹などの樹冠に近い場所に水

を蓄えておき迅速に給水を行うことで水収支の一時的

なインバランスを緩和している可能性が示唆される。

V。 結論

多様な水環境条件下に生育し,樹 冠を構成してい

る4サイト9樹種の高木個体について,樹 冠葉におけ

る蒸散速度等および水ポテンシャルを測定し,通 水

コンダクタンスを算出した。また,P_/曲 線法を用

いて葉の水分特性を評価した。

冷温帯落葉広葉樹種はくィが大きく一方で′り_r72や

実際の野外での″′が高いことから,水 供給能力に優

れ,か つ葉の脱水を回避する水利用様式を採つてい

ると考えられた。温帯のヒノキは,′ が一定値以下

にならないよう気孔を閉じて&や Eを調整し失水を

最小限に抑制することで環境変化に対応するという

水利用様式をとっていると考えられる。暖温帯常緑

広葉樹種は,乾 燥条件から湿潤条件まで水ポテン

シャル差を幅広く調整していたことから,夏 季の強

い乾燥ストレスに対して脱水に耐えながら,葉 の水

ポテンシャルを下げて吸水を促進すると考えられ
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た。また,湿 潤条件下においても,気 孔を開じ気味

にして失水を抑制していた。熱帯常緑広葉樹種のう

ちXs`″ Jた
`″“

とPc″
“
ル″

`″
sα
`で

は,一 日を通じ

てEが低 く抑制されていた.こ れらの2樹種のくィが

小さいのは,通 水距離の長さが影響しているのでは

ないかと考えられる. V っヽぽう, D.sα械物ι〃α″sは

他の2樹種と比較してくィが大きく,独 特な水供給シ

ステムを有している可能性が示唆された.

本研究の結果から,樹 冠への水供給能力を表す通

水コンダクタンスと個葉の耐乾性に基づく土壌―葉

間の水ポテンシャル差のバランスにより,対 象樹木

の個体としての水利用様式が特徴付けられた.今後,

季節やフェノロジーの変化によつて, どのようにど

の程度各樹木の水利用様式が変動するのかを調査す

れば,各 生育地の樹木の水環境への適応様式がさら

に詳細に明らかになるものと期待される。
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To evaluatc thc watcr usc of variOus trecs in scvcral difFcrcnt habitats,wc mcasured lcaf transPiration ratc,

stomatal conductancc, and lcaF and soil water POtCntial to calculate leaf_sPeciflc hydraulic conductancc and

diffcrcncc bc●vccn soil and icaf water Potentials,Wc alsO madc P‐7 curvc mcasuremcnt to cvaluatc leaF water

relatiOns Of thcsc trecs ExPlicating icaf‐sPcciflC hydraulic cOnductancc,leaf■vater charactcristics and transPiratiOn

ratc togcther,we illustratcd thc manner ofwater usc h s"er」tJl trces that comPOsc thCir fOrcst canOⅣ.Although

F″g″∫ι″″′″ BlumC,a cool‐ tcmPcratC deciduous brOad―lcavcd sPccics,had higher leaf‐sPeciflc hydraulic

cOnductancc,its icaf watcr POtential at turgor ioss POint iS highcr indicating dchydration‐PostPOnc strategy ln

Cら4″′′,ソ, ″́′∫ο多″″∫′Sicb et Zucc, a tcmperatc conifer,dcdincs Of ica「spccirlc hydraulic conductance and

trans,ratbn h dry PcHod suggcst occur“n∝of hydmulにとsbrdcr and stomatal“gdadon.Four warm―tcmpemに

evergr c c n  s P c d c s  m a i n m i n c d  1 0 w  s t O m a t a l∞nducta n c e  c v c n  i n  w e t  p e」od,and  i m p r O v e d  l e a F  d c h y d r aに‐tolcran c e

by Osmo‐reguladon in dry pc五od.Two trOPiCJ evcrgrccn broad―lcaved sPccies have lOw lcaisPccinc hydraulic

cOnductance,whcrcas D夕 た
"c′ψ“ `″

ι″″′ル材 Foxw,onC CmCrgent sPccieS,have highcr leaF_spednc hydraulic

conductancc comparcd to other wO sPCCies,suggcsting that it havc a Fccd‐watcr systcm overcomc distant watcr

transPort.
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Abstract

We estimated the required sample sizes for estimating large-scale soil respiration (for areas from 1 to 2 ha) in four ecosystems

(primary and secondary forests, and oil palm and rubber plantations) in Malaysia. The soil respiration rates were

769 � 329 mg CO2 m
�2 h�1 in the primary forest (2 ha, 50 sample points), 708 � 300 mg CO2 m

�2 h�1 in the secondary forest

(2 ha, 50 points), 815 � 363 mg CO2 m
�2 h�1 in the oil palm plantation (1 ha, 25 points), and 450 � 178 mg CO2 m

�2 h�1

in the rubber plantation (1 ha, 25 points). According to our sample size analysis, the number of measurement points required to

determine the mean soil respiration rate at each site with an error in the mean of no more than 10% ranged from 67 to 85 at the

95% probability level. These results suggest that evaluating the spatial heterogeneity of soil respiration rates in the tropics may

require more measurement points than in temperate forests.

# 2005 Elsevier B.V. All rights reserved.

Keywords: Tropical forest; Oil palm plantation; Rubber plantation; Spatial variability

1. Introduction

Soil respiration, which represents the CO2 efflux

from the soil surface, is one of the most important

processes in the carbon cycle of terrestrial ecosystems.

Soil respiration rate varies spatially and temporally

because the environmental factors that affect this rate

can vary dramatically over large areas. Tropical forests

in Southeast Asia are rapidly being changed into

secondary forests or plantations, and despite the large

number of studies on soil respiration rates, few studies

have compared soil respiration rates in forest and

www.elsevier.com/locate/foreco
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plantation ecosystems using a consistent methodol-

ogy. In addition, we must be able to account for spatial

heterogeneity before we can reliably estimate the

mean value of soil respiration in target ecosystems.

Larger sample sizes generally permit more accurate

estimation, but the number of measurement points in

studies of soil respiration rate is often limited by labor

or time constraints. For these reasons, we must be able

to estimate the sample size required to adequately

estimate soil respiration over large areas, but few

studies have provided sufficient data to estimate the

required sample size (Yim et al., 2003; Davidson et al.,

2002).

The objective of the present study was to estimate

the number of measurement points required to

adequately describe mean soil respiration rates in

four different ecosystems.

2. Methods

We selected the four major types of ecosystem in

the Pasoh area of Negeri Sembilan, Malaysia, as our

study sites: primary and secondary forests in the Pasoh

Forest Reserve (2850N, 1028180W), and oil palm and

rubber plantations adjacent to the Reserve. In 1996,

these ecosystems respectively occupied 27.6, 1.8,

20.6, and 33.7%, of the 3600 km2 Pasoh area (Okuda

et al., 2003a). The monthly mean air temperature

remained nearly constant between 1991 and 1997,

ranging from 26 to 28 8C, and annual precipitation

averaged 1788 mm at our study sites from 1975 to

1998 (Fig. 1; data provided by the Malaysian

Meteorological Services for the 1977–2000 period,

as cited in Manokaran et al., 2004). Members of the

Dipterocarpaceae dominate the forests of the Pasoh

Forest Reserve (Tang et al., 1996; Okuda et al.,

2003b). In the oil palm plantation, Elaeis guineensis

were planted around 1975. In the rubber plantation,

Hevea brasiliensiswere planted around 1989. The soil

taxonomy is a Typic Paleudult in the Pasoh Forest

Reserve (Yamashita et al., 2003), and the soil texture

at a depth of 5 cm based on the Malaysian and FAO

classification systems is a heavy clay at the forest sites

and a sandy clay loam at the plantation sites (Adachi,

unpublished data).

The soil respiration rate was measured at 50 lattice

positions within a 100 m � 200 m plot at 20 m

intervals in the primary and secondary forests, and

at 25 lattice positions within a 100 m � 100 m plot at

20 m intervals in the oil palm and rubber plantations.

The research areas in the oil palm and rubber

plantations were half the size of those in the primary

and secondary forests because topography and

vegetation conditions in the monoculture plantations

were relatively homogeneous compared with those in

the natural forests.

Soil respiration rate was measured using a portable

soil respiration system (LI-6400, LI-COR, Lincoln,

NE, USA).Wemeasured soil respiration rates on 6 and

7 March 2000 in the primary forest, on 8 and 9 March

2000 in the secondary forest, on 14 February 2001 in

the oil palm plantation, and on 28 February 2003 in the

rubber plantation. The measurement duration was 6 h

(from 11:00 to 17:00) on each day at the forest study

sites and 4 h (from 9:00 to 13:00) at the plantation

study sites. Diurnal variation in soil respiration was

not detected at the four study sites in preliminary

observations (Adachi, unpublished data). Soil tem-

peratures at depths of 1 and 5 cm were measured using

a thermometer (TM-150, Custom, Tokyo, Japan) and

average soil water content at a depth of 5 cm was

measured simultaneously using a time-domain-reflec-

tometry sensor (TDR; TRIME-FM, IMKO, Ettlingen,

Germany).

We conducted all statistical analyses using the Stat

View 5.0 software package (SAS Institute, Cary, NC,

USA). The distributions of soil respiration values were

tested for normality using the Kolmogorov–Smirnov

test, and we found that the data for each study site

followed a normal distribution. We used an equation

M. Adachi et al. / Forest Ecology and Management 210 (2005) 455–459456

Fig. 1. Climatic data for the Pasoh Forest Reserve (fromManokaran

et al., 2004). Bars indicate total monthly rainfall (1975–1998); (*)

and (*) represent the maximum and minimum daily air tempera-

tures (1991–1997).
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described in Petersen and Calvin (1986) to estimate

the number of measurement points required to

estimate soil respiration rate within a specified

confidence interval:

n ¼ t2as
2=D2 (1)

where n is the required sample size, ta is the Student’s t

statistic with degrees of freedom at the a confidence

level, s is the standard deviation of soil respiration, and

D is the specified error limit. The specified error limit

denotes the allowable margin of error in the sample

mean. In the present study, we estimated the required

number of measurement points at the 95% confidence

level (a) and with specified error limits equal to 10 and

20% of the sample mean.

3. Results and discussion

Soil respiration rates in the primary and secondary

forests and in the oil palm and rubber plantations

averaged 769 � 329, 708 � 300, 815 � 363, and

450 � 178 (mean � S.D.) mg CO2 m
�2 h�1, respec-

tively (Table 1). The soil respiration rate in the rubber

plantation was significantly lower than at the other

three study sites (Scheffe’s test, P < 0.05). The

coefficient of variation (CV) for the soil respiration

rate ranged from 40 to 45% across the four study sites,

and was not significantly different between the

monoculture plantations and the two forests

(Table 1). Soil water content was significantly lower

in the rubber plantation than at the other three sites.

Soil temperature did not have spatial variation over at

each site, because the CV values at depth of l cm

ranged between 3 and 5% (Table 1). The CV values for

soil water content ranged between 18 and 23% in this

study; these values were higher than the level of 5.4%

reported for a bare tropical soil (La Scala et al., 2000).

Table 2 shows the correlations between soil

respiration and the three environmental factors that

we measured at each site. Soil temperature (at depths

of 1 and 5 cm) was not correlated with soil respiration

rate at any site. However, we detected a significant

negative correlation between soil respiration rate and

soil water content in the primary and secondary forests

and in the rubber plantation, though not in the oil palm

plantation.

The results in Table 3 show the required number of

measurement points in each of the four ecosystems.

The required number of measurement points was more

than 50 for an allowable margin of error of 10% in the

sample mean at the 95% probability level. Yim et al.

(2003) estimated that the required number of

measurement points for estimating soil respiration

rates ranged from 27 to 33 with the same margin of

error and probability level for a larch (Larix

kaempferi) plantation in Japan. Davidson et al.

(2002) reported that the required number of measure-

ment points was 41 for the same error and probability

level in a temperate mixed hardwood forest in central

Massachusetts, USA. These results suggest that more

measurement points are required to evaluate the

spatial heterogeneity of soil respiration rates in Asian

tropical forests than are required in temperate forests

(Yim et al., 2003; Davidson et al., 2002). Certainly, it

is clear that the number of measurement points

required for reliable estimation of CO2 emissions from

a target ecosystem depends on the degree of spatial

heterogeneity in soil respiration rates. Further

investigations are needed for us to describe the annual

and seasonal fluctuations and spatial variations in soil

respiration rates; this information is essential if we are

to reliably estimate annual carbon efflux from a soil.

M. Adachi et al. / Forest Ecology and Management 210 (2005) 455–459 457

Table 1

Descriptive statistics for soil respiration rates and three environmental factors in the four ecosystems in the study

Primary forest

(March 2000)

Secondary forest

(March 2000)

Oil palm plantation

(February 2001)

Rubber plantation

(February 2003)

Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%)

Soil respiration (mg CO2 m
�2 h�1) 769.2 a 42.7 707.9 a 42.3 815.3 a 44.5 449.8 b 39.6

Soil temperature (l cm) (8C) 26.3 a 2.5 25.3 b 3.5 26.0 a 4.5 27.1 c 3.5

Soil temperature (5 cm) (8C) 25.9 ab 2.0 25.1 c 2.9 25.6 a 2.7 26.1 b 2.0

Soil water content (%) 27.3 ab 17.5 26.7 a 19.1 30.6 b 19.2 23.0 c 22.8

Means within a row followed by the same letters are not significantly different (Scheffe’s test, P < 0.05).
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The present study did not provide sufficient data for

this purpose because our research was conducted only

once in each ecosystem type.
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Abstract

We examined the relationship between soil respiration rate and environmental determinants in three types of tropical forest

ecosystem—primary forest, secondary forest, and an oil palm plantation in the Pasoh Forest Reserve on theMalaysian Peninsula. In

August 2000, the soil respiration rate and environmental factors (soil temperature, soil water content, soil C and N contents, biomass

of fine roots, and microbes) were measured at 12–16 points in research quadrats. Soil respiration rates were 831 � 480, 1104 � 995,

838 � 143, 576 � 374, and 966 � 578 (mean � S.D.) mg CO2 m
�2 h�1 in the primary forest canopy and gap site, secondary forest

canopy and gap site, and oil palm plantation, respectively. Although the mean soil respiration rates in the three forest ecosystems did

not differ significantly, differences were evident in the environmental factors affecting the soil respiration. The major causes of

spatial variation in soil respiration were fine root biomass, soil water content, and soil C content in the primary and secondary forests

and oil palm plantation, respectively.

# 2006 Elsevier B.V. All rights reserved.

Keywords: Land-use change; Secondary forest; Oil palm plantation; Soil C content; Root biomass; Microbial biomass

1. Introduction

The capacity of forests to absorb atmospheric CO2

has been debated in previous studies (e.g., Dixon et al.,

1994; Bousquet et al., 1999). A recent study has

estimated that the annual net primary production of

tropical regions is 32% of global terrestrial photo-

synthesis (Field et al., 1998). Tropical forests contain

large amounts of C in the vegetation and soil, equivalent

to 37% of global terrestrial C pools (Dixon et al., 1994).

Tropical forests are estimated to represent a C sink of

1–3 Pg C y�1 (1 Pg = 1015 g) (Malhi and Grace, 2000).

However, these studies were based on the microme-

teorological method, which does not yield much insight

into the contribution of each component to the C cycle.

Malhi and Grace (2000) pointed out that net biotic C

sinks can be over- or underestimated, because of

insufficient sample areas for statistical analysis,

especially in Asia and Africa. Tropical forests in Asia

are rapidly being changed into secondary forests or

plantations, and deforestation to create permanent

croplands has accounted for approximately 75% of

the total CO2 emission from tropical Asia in the 1980s

(Houghton and Hackler, 1999). Annual C flux to the

atmosphere from changes in land use in tropical Asia

www.elsevier.com/locate/apsoil
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was 0.88 Pg C y�1 in the 1980s and 1.09 Pg C y�1 in

the 1990s (Houghton, 2003). Schimel et al. (2001)

calculated net carbon flux using an atmospheric inverse

model, and indicated that tropical areas offset emissions

due to tropical deforestation.

Soil respiration, or CO2 efflux from the soil surface,

is one of the most important components of the C cycle

in forest ecosystems. Many studies of soil respiration

have been reported in many ecosystems; temperate

forest (Xu and Qi, 2001), boreal forest (Rayment and

Jarvis, 2000; Søe and Buchmann, 2005), neotropical

rain forest (Schwendenmann et al., 2003), semi-arid

steppe (Maestre and Cortina, 2003), subalpine forest

(Scott-Denton et al., 2003), tropical bare soil (La Scala

et al., 2000), cropland (Rochette et al., 1991; Stoyan

et al., 2000), and plantation (Epron et al., 2004; Fang

et al., 1998). Generally, soil respiration varies with

time and space, and soil temperature and water content

are key factors responsible for the variation in soil

respiration. In tropical forests, the most influential

factor affecting temporal variation of the soil respira-

tion rate is not so much the soil temperature as the soil

water content or rainfall, because the soil temperature

is relatively constant (Kursar, 1989; Davidson et al.,

2000). On the other hand, soil respiration is composed

of respiration from both roots and microbes, and some

studies have reported the relationship between soil

respiration and the underground environment (e.g.,

root biomass (Søe and Buchmann, 2005; Fang et al.,

1998) and soil microbial biomass (Neergaard et al.,

2002)). However, there are few data on soil respiration

and the environment for forests and plantations in

Southeast Asia.

Understanding the factors responsible for soil

respiration is essential for predicting changes in this

variable caused by changes in land use. Although there

have been many studies on soil respiration rates, few

have compared soil respiration in forest and plantation

ecosystems using the same method. The objectives of

the present study were to (1) identify small-scale spatial

variations in soil respiration, and (2) examine the factors

affecting the variation in soil respiration rates in primary

and secondary forests and in an oil palm plantation in

tropical Southeast Asia.

2. Materials and methods

2.1. Site description

Our study was conducted in primary and secondary

forests in the Pasoh Forest Reserve in the state of

Negeri Sembilan, Malaysian Peninsula (2850N,

1028180W), and in an oil palm plantation adjacent to

the Reserve. Here, the primary and secondary forests

are dominated by Dipterocarpaceae (Tang et al., 1996).

The total above-ground biomass was 403 Mg ha�1

(1 Mg = 103 kg) in the primary forest (Hoshizaki et al.,

2004). The secondary forest site is located in an area

where all trees with a DBH (diameter of trunk at breast

height) of �45 cm were selectively logged in 1958,

and then left to regenerate naturally (Okuda et al.,

2003). In the oil palm plantation, Elaeis guineensis

(African oil-palm) seedlings were planted in 1976, and

since then the site has been fertilized and weeded every

year. Mean monthly maximum air temperature is 32.5

� 1.1 8C andminimum air temperature is 22.5 � 0.5 8C
(Manokaran et al., 2004). Mean annual precipitation is

1450–2341 mm y�1 in the Pasoh Forest Reserve

(Malaysian Meteorological Services, 1995–2000).

The pH of the topsoil (0–5 cm) was 3.8 � 0.2 (mean �
S.D., n = 28) in the primary forest, 4.2 � 0.2 (n = 32) in

the secondary forest, and 4.7 � 0.4 (n = 16) in the oil

palm plantation.

2.2. Measurement of soil respiration

We selected the three different ecosystems (primary

and secondary forests, and oil palm plantation) and

established two quadrats (under the canopy and gap) in

the primary and secondary forests to consider the

spatial variability of the forest ecosystems. Canopy

and gap sites in the primary and secondary forests were

established to compare the soil respiration and

environmental factors between the two sites. Soil

respiration rate was measured in a grid pattern at 16

points in a 64-m2 quadrat (under the canopy) and at 12

points in a 48-m2 quadrat (under the gap) in the

primary forest (n = 28), at 16 points in two 64-m2

quadrats (under the canopy and gap) in the secondary

forest (n = 32), and at 16 points in a 64-m2 quadrat in

the oil palm plantation (n = 16); all points were at least

2 m apart. The required sample size for estimating

large-scale soil respiration rates within �20% at the

95% probability level were 19, 18, and 21 in the

primary and secondary forests, and oil palm plantation,

respectively (Adachi et al., 2005). The required sample

size in the oil palm plantation was thus greater than in

the forest sites. However, we selected the canopy and

gap sites in the primary and secondary forests to

consider the difference in the soil environment

between the canopy and gap.

Soil respiration was measured between 09:00 and

14:00 on 26 August 2000 in the primary forest, 28

August in the secondary forest, and 30 August in the oil

M. Adachi et al. / Applied Soil Ecology 34 (2006) 258–265 259
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palm plantation. To minimize the effects of chamber

installation, 24 h before the soil respiration measure-

ments were made a soil collar (5 cm high and 13 cm

in diameter) was set into the soil to a depth of about

1 cm at each sampling point, taking care not to disturb

the soil structure. The soil respiration rate was

measured with a portable soil respiration rate measur-

ing system (LI-6400, LI-COR, Lincoln, NB, USA)

fitted with a soil respiration chamber (6400-09, LI-

COR, NB, USA).

2.3. Measurement of environmental factors

Simultaneously with the soil respiration measure-

ments, soil temperatures at depths of 1 and 5 cm and soil

water content at 5 cm depth were measured at each

point. Soil temperatures were measured using a

thermometer (TM-150, Custom, Tokyo, Japan), and

the soil water content was measured with a time domain

reflectometry sensor (TDR; TRIME-FM, IMKO,

Ettlingen, Germany). At the same sites where soil

respiration had been measured in the three ecosystems,

soil, and plant roots were sampled to a depth of 10 cm in

a circular area 13 cm in diameter during 4–7 September

2000. Fine roots (diameter <1 mm) were collected by

handpicking, rinsed with water, dried at 85 8C for 24 h,

and weighed. The soil samples were sieved with a 2-mm

mesh and mixed well, then part of each soil sample was

stored at �20 8C for later measurement of soil

microbial biomass by an adenosine triphosphate

(ATP) method (Jenkinson and Oades, 1979). The

ATP concentrations in the soil (nmol g�1 soil dry

weight) were measured by an ATP taster (AF-70, TOA

DKK, Tokyo, Japan). The rest of the soil sample was

dried at room temperature (about 25 8C) for a week, and
then soil C and N contents were measured with a N/C

analyzer (C-R6A, Shimadzu, Kyoto, Japan).

2.4. Statistical analyses

All statistical analyses were conducted using the

StatView 5.0 software package (SAS Institute, NC,

USA). The distributions of soil respiration values were

tested for normality using the Kolmogorov–Smirnov

test, and we found that the data for each study site

showed a normal distribution. ANOVA (Scheffé’s test)

was used to determine the differences in average soil

respiration and environmental factors between the

primary and secondary forests, and the oil palm planta-

tion, respectively (Table 1). Pearson Product–Moment

correlations were used to clarify the relationship between

soil respiration and environmental factors (Figs. 1 and 2).

However, this analysis was done using the data for

canopy and gap sites together in the primary and

secondary forests, since these were treated as a single

ecosystem. Step-wise selection analyses were used to

examine the relationships between soil respiration rates

and environmental factors. The soil N content was not

included in this analysis, because the results of multiple

regression analysis were strongly biased due to the strong

correlation between the soil N and C contents at all sites.

3. Results

Soil respiration rates were 831 � 480, 1104 � 995,

838 � 143, 576 � 374, and 966 � 578 (mean � S.D.)

mg CO2 m
�2 h�1 in the primary forest canopy and gap

sites, secondary forest canopy and gap sites and oil

palm plantation, respectively (Table 1). There was no

significant difference in soil respiration among the sites

(Scheffé’s test, p < 0.05). Soil water content at

the secondary forest gap site was significantly lower

than at the other sites. Soil C and N contents at the

primary forest canopy site were significantly greater

than at the other sites.

M. Adachi et al. / Applied Soil Ecology 34 (2006) 258–265260

Table 1

Descriptive statistics (mean � standard deviation) for soil respiration rate and environmental factors in the three ecosystems in this study

Primary forest Secondary forest Oil palm plantation

Canopy (n = 16) Gap (n = 12) Canopy (n = 16) Gap (n = 16) (n = 16)

Soil respiration (mg CO2 m
�2 h�1) 830.6 � 480.0a 1103.7 � 995.4a 837.8 � 142.8a 575.6 � 373.7a 965.7 � 577.7a

Soil temperature (1 cm) (8C) 24.3 � 0.3a 26.7 � 0.6c 25.5 � 0.5b 24.5 � 0.5a 25.4 � 0.5b

Soil water content (%) 17.5 � 7.6a 20.0 � 5.7a 15.2 � 2.7a 29.5 � 5.2b 15.6 � 4.5a

Soil C content (%) 2.92 � 0.9a 2.10 � 0.8b 1.70 � 0.3b 1.36 � 0.4b 1.55 � 0.8b

Soil N content (%) 0.2 � 0.05a 0.15 � 0.04bc 0.11 � 0.02bcd 0.09 � 0.02bd 0.12 � 0.05bcd

Fine root biomass (g) 1.78 � 0.8a 1.60 � 1.0a 2.05 � 0.5a 0.97 � 0.6ab 2.60 � 2.3ac

Microbial biomass

(nmol ATP/g d.w. soil)

0.79 � 0.2a 0.45 � 0.07b 0.58 � 0.15ab 0.65 � 0.13abc 0.8 � 0.3ac

Means followed by the different letters (a–d) within a factor are significantly different (Scheffé’s test, p < 0.05).
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Soil temperature did not correlate with the spatial

variation in soil respiration rate, because soil tempera-

tures (1 and 5 cm depths) were nearly the same in all the

ecosystems (Fig. 1). In the primary forest, soil respi-

ration had a significantly negative correlation with soil

water content and a positive correlation with fine root

biomass (Fig. 2). In the secondary forest, soil

respiration had a negative correlation with soil water

content and a positive correlation with soil C and N

contents. In the oil palm plantation, soil respiration

had a strong positive correlation with soil C and N

contents, and a weaker positive correlation with

biomass of fine roots and microbes. In the primary

and secondary forests, soil water content had a strong

negative correlation with fine root biomass (Fig. 3).

Table 2 shows the best single- and multiple-factor

models using stepwise independent variable selection

in the three different ecosystems. The major causes of

soil respiration were fine root biomass, soil water

content, and soil C content in the primary and seco-

ndary forests and oil palm plantation, respectively.

4. Discussion

Table 3 shows a comparison of soil respiration

among tropical regions. Soil respiration rates observed

in the present study were greater than in the previous

studies. Although we did not obtain any data that might

explain the higher rates observed in our study,

Yamashita and Takeda (1998) reported that the litter

decomposition rate (k = 2.15) in the primary forest

study site we investigated was greater than those

reported for other tropical forest ecosystems. Therefore,

the high soil respiration observed in the present study

may have been due to high microbial activity.

Soil respiration rates were negatively correlated

with soil water content in the primary and secondary

forests. The point to be considered is the influence of

soil water content on soil gas diffusiveness and

underground biotic activity. A higher soil water content

decreases soil gas diffusiveness. Linn andDoran (1984)

have suggested that aerobic microbial activity may be

inhibited by low O2 concentration when the soil water

M. Adachi et al. / Applied Soil Ecology 34 (2006) 258–265 261

Fig. 1. The relationships between soil respiration and environmental factors (soil temperature, soil water content, soil C content and soil N content)

in the three different ecosystems. P, S, and O indicate primary forest, secondary forest, and oil palm plantation, respectively. In the primary and

secondary forests, canopy and gap sites are indicated by solid and clear circles, respectively. The correlation coefficient and p-value indicate

significant relationships in the figure. In the primary and secondary forests, the correlation coefficient and p-value were evaluated using data for

canopy and gap sites together.
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M. Adachi et al. / Applied Soil Ecology 34 (2006) 258–265262

Fig. 2. The relationships between soil respiration and root biomass and microbial biomass in the three different ecosystems. P, S, and O indicate

primary forest, secondary forest, and oil palm plantation, respectively. In the primary and secondary forests, canopy and gap sites are indicated by

solid and clear circles, respectively. The correlation coefficient and p-value indicate significant relationships in the figure.

Fig. 3. The relationships between soil water content and fine root biomass in primary forest (P) and secondary forest (S). Canopy and gap sites are

indicated by solid and clear circles, respectively.
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content is high. In the present study, soil water content

was not significantly correlated with soil microbial

biomass in any of the three sites, although it had a

significant negative correlation with fine root biomass

(diameter <1 mm) in the primary and secondary

forests. Although in our study it is not clear why fine

root biomass was low in soils with a higher water

content, it is probable that a greater soil water content

causes a lack of soil aeration, which inhibits the

respiratory activity of plant roots. Gaertig et al. (2002)

have reported that in German oak forests the density of

fine roots showed a positive correlation with gas

diffusion coefficient at the soil surface. This suggests

that a high soil water content may directly or indirectly

depress the soil respiration rate by affecting root bio-

mass and soil gas diffusion.

The soil respiration rate showed a significant positive

correlation with fine root biomass in the primary forest

and the oil palm plantation. However, the magnitude

and mode of contribution of fine root biomass to the

soil respiration rate might differ between the two sites.

In the analysis of soil respiration versus fine root

biomass between the natural forest (primary forest)

and plantation (oil palm plantation), the regression

equations for the primary forest (1), secondary forest

(2), and oil palm plantation (3) were as follows:

y ¼ 650:05x� 150:27 ðr2 ¼ 0:576; p< 0:01Þ
(1)

y ¼ 155:42xþ 472:41 ðr2 ¼ 0:146; p ¼ 0:0309Þ
(2)

y ¼ 140:60xþ 603:29 ðr2 ¼ 0:311; p ¼ 0:0247Þ
(3)

As the regression equations for the primary forest

and oil palm plantationwere very different, we compared

them. The y intercept of the regression equation for

the primary forest was close to 0 mg CO2 m
�2 h�1,

indicating that the soil respiration rate falls to almost 0

when fine root biomass is removed. However, in the oil

palm plantation, the y intercept was about 600 mg

CO2 m
�2 h�1, indicating that soil respiration in the

absence of fine roots may be close to this value. In

addition, the slopes of the regression lines show that the

soil respiration rate per unit of fine root biomass was

M. Adachi et al. / Applied Soil Ecology 34 (2006) 258–265 263

Table 2

Best single and multiple-factors models were generated using stepwise independent variable selection

Site Independent

variables

Regression

coefficient

Standardized partial

regression coefficient

R2 Adj-R2 Regression ANOVA

F p

Primary forest (n = 28) Intercepts 282.74 282.738 0.638 0.609 22.070 <0.001

Fine root biomass 706.02 0.824

Microbial biomass �818.36 �0.258

Secondary forest (n = 32) Intercepts 1189.82 1189.818 0.340 0.318 15.481 <0.001

Soil water content �21.58 �0.583

Oil palm plantation (n = 16) Intercepts 650.02 650.021 0.788 0.755 24.156 <0.001

Soil water content �34.60 �0.272

Soil C content 551.97 0.778

Table 3

Soil respiration rate in different vegetation types in the tropical regions

Soil respiration rate (mg CO2 m
�2 h�1) Vegetation/location References

948 Tropical forest (primary forest)/Malaysia This study

707 Tropical forest (secondary forest)/Malaysia This study

966 Oil palm plantation/Malaysia This study

625 Tropical semi deciduous forest/Thailand Tulaphitak et al. (1983)

338–503 Three types tropical forest/Australia Kiese and Butterbach-Bahl (2002)

469–914 Tropical forest/Panama Kursar (1989)

231–444 Tropical bare soil/Brazil La Scala et al. (2000)

216–510 Tropical forest/Brazil Fernandes et al. (2002)

183–1162 Pasture/Brazil Fernandes et al. (2002)

430–675 Tropical forest/Costa Rica Schwendenmann et al. (2003)

The values of soil respiration in primary and secondary forest in this study are average of canopy and gap sites.
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greater in the primary forest than in the oil palm

plantation. The difference in the regression intercepts and

slopes was significant ( p < 0.01). These results suggest

that the respiration rate per unit of fine root biomass and/

or microbial respiration associated with roots (e.g.,

mycorhizae) are greater in the primary forest. In the oil

palm plantation, we can consider that respiration by soil

microbes that decompose soil organic matter is a more

important factor affecting the soil respiration rate. This

hypothesis is supported by the fact that soil respiration in

the oil palm plantation was significantly correlated with

soil microbial biomass and soil C content. Soil organic C

is used by degradablemicrobes as the primary resource in

litter decomposition (Singh and Gupta, 1977). Soil

respiration in the oil palm plantation would be affected

relatively strongly by the distribution of saprophagous

microbes and soil organicmatter. Therefore, even though

the soil respiration rate in both the primary forest and the

oil palm plantation showed a positive relationship with

fine root biomass, the magnitude and mode of the

contribution of fine root biomass and associated soil

microbes to soil respiration might differ, reflecting the

different forms of land use. This supposition is supported

by the results of multiple regression analysis of the data

from the two sites; in the oil palm plantation, soil C

content (the major energy source for soil microbes) was

the major contributor to soil respiration rate.

In the present study, the mean soil respiration rate

in the three ecosystems did not differ significantly;

however, the environmental factors affecting soil respi-

ration could be different. Differences in land use almost

always lead to differences in the vegetation, density of

above- and below-ground biomass, the amount of

resources available for soil microbes, the physical and

chemical characteristics of the soil, and so on. Themean

soil respiration rate in each ecosystem is therefore of

primary importance when considering the C cycle.

However, alterations in the relationships between soil

respiration and environmental factors caused by land-

use changes are important when estimating variations

in the C cycle and its response to environmental change.
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Abstract

The influence of soil temperature and water content on soil respiration rate, and its spatio-temporal variation, were evaluated for

a lowland dipterocarp forest in Peninsular, Malaysia. Soil respiration rate, temperature and water content were measured in a 50-

m � 50-m plot with a nested sampling design of varying grid size. The variation in soil respiration rate increased with plot size.

Geostatistical analysis indicated that the range of spatial autocorrelation for soil respiration rate and water content fell between 4.4

and 24.7 m. Spatially, the soil respiration rate was lowwhere soil water content was high. In contrast, temporally, the soil respiration

rate was low when the soil was dry. During dry periods, the soil respiration rate was still lower in wetter areas. These results suggest

that a physical factor such as the restriction of gas diffusivity in water-saturated soil is not the primary cause of the low soil

respiration rates in wetter places, and that several physical, biological and chemical properties co-varying with soil water drive the

bipolar spatial and temporal variation of soil respiration rate.

# 2007 Elsevier B.V. All rights reserved.

Keywords: Soil respiration rate; Spatial variation; Geostatistics; Temporal variation; Soil water content; Soil temperature; Southeast Asian

tropical rainforest

1. Introduction

Global warming caused by increased concentrations

of greenhouse gases (including CO2) is currently one of

the most important issues to be addressed at a global

scale. Because tropical forests are the greatest global

source of net primary production (NPP), they are

important contributors to global carbon cycling (Inter-

national Panel on Climate Change IPCC, 2001). It is

important to evaluate the efficiency of forest ecosystems

in tropical regions as carbon sinks to contribute to our

understanding of both global carbon cycling and the

prevention of deforestation in these regions. The

efficacy of forest ecosystems to function as carbon

sinks is evaluated as the difference between total carbon
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assimilation from photosynthesis and carbon lost from

ecosystem respiration, disturbance, and herbivory. In

forest ecosystems, the largest component of the net flux

of CO2 is the efflux from the soil surface, i.e., soil

respiration, followed by uptake for photosynthesis

(Raich and Schlesinger, 1992). Soil respiration accounts

for 40–70% of total respiration (Goulden et al., 1996;

Chambers et al., 2004; Ohkubo et al., 2007); therefore,

it is important to evaluate this component.

The eddy covariance method is a widely used

technique for measuring the net exchange of energy and

trace gases such as CO2 between an ecosystem and the

atmosphere (Kimball et al., 1997; Kramer et al., 2002;

Baldocchi, 2003). This method allows for spatially

integrated measurements of the total night-time

respiration of the ecosystem. However, nocturnal

measurements of net ecosystem CO2 exchange are

sometimes unreliable, especially when the atmosphere

is stable (Goulden et al., 1996; Lavigne et al., 1997; Law

et al., 1999; Baldocchi, 2003). An alternative way to

measure nocturnal CO2 flux is the chamber method,

along with techniques to extrapolate these measure-

ments to entire ecosystems (Anthoni et al., 1999).

However, a sufficient number of measurements taking

spatiotemporal variation into consideration is needed to

permit a comparison with the spatially integrated eddy

covariance technique (Drewitt et al., 2002), because soil

respiration, which accounts for a high proportion of

total respiration, exhibits high spatiotemporal variation

(Hanson et al., 1993; Davidson et al., 1998; Buchmann,

2000; Rayment and Jarvis, 2000; Stoyan et al., 2000;

Law et al., 2001; Xu and Qi, 2001). To quantify spatially

averaged soil respiration, the extent of spatial variation

in soil respiration should be evaluated, and this is

especially important for quantifying soil respiration

using the chamber method, because the area covered by

one chamber is very small, whereas the spatial variation

in soil respiration is quite large.

To estimate the annual amount of soil respiration and

its temporal variability, it is essential to evaluate the

relationship between soil respiration and environmental

variables that can be continuously monitored, such as

temperature and soil moisture content. Differences in

soil temperature and water content may explain most of

the temporal variation in soil respiration (Davidson

et al., 1998; Qi and Xu, 2001; Reichstein et al., 2002;

Rey et al., 2002). In tropical regions, Davidson et al.

(2000) reported that soil respiration rate was high

during the rainy period and low during the dry period in

an Amazonian tropical rainforest. Hashimoto et al.

(2004) reported that soil respiration rate increased with

increasing soil moisture in a tropical monsoon forest in

Thailand. In boreal regions, seasonal variation in soil

respiration rate was determined to a large degree by that

of soil temperature; differences in soil water content had

almost no effect on variation in soil respiration rate

(Goulden et al., 1998; Morén and Lindroth, 2000;

Rayment and Jarvis, 2000). In temperate regions, the

soil respiration rate exponentially increased with soil

temperature, and soil water content suppressed soil

respiration rate under dry conditions (e.g., Dong et al.,

1998; Londo et al., 1999; Kosugi et al., 2005; Mitani

et al., 2007), or under both dry and wet conditions (e.g.,

Martin and Bolstad, 2005), or did not have a significant

effect on soil respiration (e.g., Fang et al., 1998; Ohashi

et al., 1999). Therefore, soil temperature plays a greater

role than water content in governing soil respiration rate

in temperate regions where the range of temperatures is

wider. However, in tropical regions where seasonal

variation in soil temperature is small, soil water content

should be tested as the most effective index to estimate

the seasonal variation of soil respiration rate.

Although, previously reported effects of soil water

content on soil respiration rate varied with site and study

design. This is because both temporal and spatial

variability of soil respiration is driven by many

biological, chemical and physical properties that may

co-vary with soil water, such as root biomass (Hanson

et al., 1993; Adachi et al., 2006), microbial biomass

(Scott-Denton et al., 2003), N availability (Prasolova

et al., 2000), gas diffusivity of soil, and so on. For the

better understanding and estimation of temporal

variability in and the annual amount of soil respiration,

the spatial and temporal effects of soil water content on

respiration rate should be investigated separately, in

comparison with previous results (e.g., Davidson et al.,

1998; Schwendenmann et al., 2003; Sotta et al., 2004,

2006; Ohashi and Gyokusen, 2007).

The objectives of this study were to evaluate: (1)

spatial variation in soil respiration to assess the

observational design in terms of sampling size and

distance between sampling points and (2) the effects of

soil water content on spatial and temporal variation in

soil respiration separately, in an old-growth lowland

dipterocarp forest at Pasoh in Peninsula Malaysia (a

Southeast Asian tropical rainforest).

2. Methods

2.1. Site

The study area was located in the Pasoh Forest

Reserve (28590N, 1028180E) of the Forest Research

Institute Malaysia (FRIM) in Peninsula Malaysia. An

Y. Kosugi et al. / Agricultural and Forest Meteorology 147 (2007) 35–4736
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intensive research project by the International Biolo-

gical Programme (IBP) was conducted in this forest

reserve from 1970 to 1974 (e.g., Soepadmo, 1978). The

core area (600 ha) of the reserve is primary lowland

mixed dipterocarp forest, consisting of various species

of Shorea and Dipterocarpus (Soepadmo, 1978). Soil

characteristics of the area were described in detail by

Yamashita et al. (2003). The FAO soil type around a 52-

m-tall tower near IBP Plot 1 is Haplic Acrisol, and the A

horizon is thin (0–5 cm). Lateritic gravels are abundant

below a depth of 30 cm (Soepadmo, 1978; Yamashita

et al., 2003). In the core area, micrometeorological and

CO2 flux data were collected at the top of the tower near

IBP Plot 1 (Tani et al., 2003; Yasuda et al., 2003).

Details of the vegetation, micrometeorology, and eddy

flux measurements were described by Takanashi et al.

(2005).

2.2. Observations

A 50-m � 50-m plot (50-m plot) was established

north of the tower within the 6-ha long-term ecological

research plot established by Niiyama et al. (2003; Fig.

1a). The entire area in the 50-m plot has rather flat

topography (Fig. 1a). In this plot, measurements were

made at 36 points on a 10-m grid in September 2002,

March 2003, August 2003, December 2003, September

2004, November 2004, February 2005, July 2005 and

October 2005 (Fig. 1b). Subplots were established

within the 50-m plot to investigate smaller-scale spatial

variation in soil respiration rates (Fig. 1b). In September

2002, a 10-m � 10-m plot (10-m plot) with a 2-m grid

and a 5-m � 5-m plot (5-m plot) with a 1-m grid were

prepared; in August 2003, a 10-m plot and a 3-m � 3-m

plot (3-m plot) with a 0.5-m grid were prepared; in

December 2003, a 10-m plot was prepared, and in

September 2004, a 10-m plot and a 5-m plot were

prepared. A 10-m plot was established in the 50-m plot,

a 5-m plot in the 10-m plot, and a 3-m plot in the 5-m-

plot to avoid bias in the spatial autocorrelation of the

limited sample.

Measurements were conducted on 16–19 September

2002, 8 March 2003, 23–25 August 2003, 15–17

December 2003, 7–11 September 2004, 22 November

2004, 12 February 2005, 3 July 2005 and 18 October

2005. With respect to antecedent precipitation index

(APIn) and transience of seasons, we defined these nine

measurements as measurements of the rainy, dry and

transient periods. APIn was used here as a widely used

index to represent both short-term and seasonal trends

of rainfall pattern and also soil moisture condition. It

was defined as
Pn

i¼1 Pi=i, where Pi is daily precipita-

tion (mm) and i is days beforehand. We tested 10, 30,

45, 60 and 75 days as the nvalue in the relationshipwith

soil water content at depths of 10, 20 and 30 cm (the

average of nine sensors; see below). Here, 60 days was

used as the value of n, because the correlation with

soil water content was highest with n = 60. The

measurements of December 2003 (API60 = 30.6 mm),

November 2004 (API60 = 28.4 mm) and October 2005

Y. Kosugi et al. / Agricultural and Forest Meteorology 147 (2007) 35–47 37

Fig. 1. (a) Locations of plots used in this study (dark-shaded). The 50-m � 50-m plot (50-m plot) was established north of the flux-measurement

tower within the 6-ha plot established by Niiyama et al. (2003). The triangle is a tower-bridge system including a flux-measurement tower (*) and

two other towers (*). The lightly shaded area indicates IBP Plot 1. The contour interval is 1 m. (b) Plan of the nested plot. The circles indicate two of

the towers in the tower-bridge system.
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(API60 = 37.2 mm) were defined as those of the rainy

period, the measurement of September 2002

(API60 = 41.6 mm) as that of the transient period,

and the measurements of March 2003 (API = 9.3 mm),

August 2003 (API60 = 9.5 mm), September 2004

(API60 = 4.3 mm), February 2005 (API60 = 2.1 mm)

and July 2005 (API60 = 7.8 mm) as those of the dry

period (Fig. 2d). September 2002 was defined as the

transient period despite having the largest API60
because it was just after a sudden interruption of a

dry period with heavy rains on the previous 3 days. In

each plot, soil respiration rate, temperature and water

content were measured at all points between about

09:00 and 16:00. No rainfall occurred during the point

observations in each plot. We also avoid early morning

and just after rain to prevent the influence of rapid

transition of the soil respiration rate during the

observation. The observation of diurnal variation of

soil respiration rate at four points of the 50-m plot in

August 2003 (a dry period) and September 2004 (a wet

period) revealed that little diurnal variation in soil

respiration rate occurred during these observations.

Soil respiration rate was measured using an infrared

gas analyser (IRGA, LI-6262 or LI-820, LI-COR,

Lincoln, NE, USA) equipped with a closed dynamic

chamber system made of PVC. The collars of the

chambers, which had an internal diameter of 13 cm and

a height of 16 cm, were inserted previously 3–5 cm into

the soil. Disturbance of soil when the collar was inserted

was minimized. At the time of measurement, the lid of

the chamber was closed and air was circulated in a loop

between the chamber headspace and an IRGA. The air

was circulated within the system at a flow rate of

1.0 L min�1 using a pump (MP-15CF, Shibata, Tokyo,

Japan). After the chamber was closed and the increased

CO2 concentration in the chamber had stabilised

(approximately 30 s after the chamber top had been

placed on the soil collar), the concentration was

recorded for about 90 s; soil respiration rate was

calculated from the increase in CO2 concentration using

a linear regression of the linear section of the record. We

used brief measurement periods (90 s) and linearity was

checked for each measurement to avoid the noise due to

pressure artifacts or disturbance of diffusion gradients

(Davidson et al., 2002). The zero and span of the IRGA

were calibrated in the laboratory before and after each

observation campaign.

Soil temperature was measured at the same time as

soil respiration rates with a thermistor (Thermo

Recorder RT-10, Espec Mic Corp., Aichi, Japan) at a

Y. Kosugi et al. / Agricultural and Forest Meteorology 147 (2007) 35–4738

Fig. 2. Seasonal variation in soil respiration rate, temperature, water content and daily precipitation. (a) Observed (50-m plot) soil respiration rate.

(b) Soil temperature at a depth of 2 cm. (c) Soil water content based on continuous observations at three points near the flux tower (average values for

10, 20 and 30 cm, n = 9; lines) and based on the 50-m plot manual observations at a depth of 0–12 cm (circles). (d) Daily amount of precipitation

(black bars) and antecedent precipitation index (API; grey line). Bars represent standard deviations.
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depth of 2 cm adjacent to each chamber. Soil water

content was measured with a HydroSense Soil Water

Content Measurement System (CS-620, Campbell

Scientific, Inc., Logan, UT, USA) at a depth of 0–

12 cm and at three points very close to each chamber,

but not in the chamber, to prevent disturbance.

In addition to these manual measurements, soil

temperature and water content were continuously

measured at three points near the flux observation

tower at 10-min intervals. Soil temperature was

measured at a depth of 2 cm with three thermistors

(model 107, Campbell Scientific, Inc.). Soil water

content was measured at depths of 10, 20 and 30 cm

with nine water content reflectometers (CS-615 or CS-

616, Campbell Scientific, Inc.). These data were

recorded using a data logger (CR-10X, Campbell

Scientific, Inc.).

Soil mineral samples were collected at depths of 0–

5 cm in each grid (36 points) of the 50-m plot in August

2006. Soils were sieved through a 2-mm mesh sieve to

remove coarse fragments and then homogenised. Total

N and C concentrations in the soil samples were

measured using the combustion method (Bremner,

1996) in an NC-analyser (Sumigraph NC-900, Sumi-

graph Co. Japan).

Maps of the spatial distributions of soil respiration,

soil water content, total C and N content and C/N ratio

were generated with the 50-m plot data. SigmaPlot

ver.9.01 software (Systet Software Inc., Richmond,

USA) was used for graphical analysis of the data. The

intervals of (x,y) data was 10 m. For the z-coordinate,

eight major contours were used for soil respiration, six

for soil water content, five for the total N and C content

and C/N ratio.

2.3. Geostatistics

We used geostatistics to evaluate spatial variation, as

it allows for the determination of the magnitude of

spatial dependence and the scale of spatial autocorrela-

tion among measurement points (Robertson, 1987). The

measurement points estimated within this scale should

be spatially dependent. Therefore, the essential spatial

variation can only be efficiently detected when

measurements for a given factor are made at a spatial

interval beyond this scale.

The patterns of spatial variation in soil respiration

rate and soil water content were analysed geostatisti-

cally (Robertson et al., 1988; Stenger et al., 2002;

Franklin and Mills, 2003). The calculation of semivar-

iances from field data and fitting the models to

semivariograms was performed using the geostatistics

software GS+ (Robertson, 1998). The semivariance,

g(h), was calculated for each specific lag distance h:

gðhÞ ¼ 1

2NðhÞ
XNðhÞ
i¼1

½zðxiÞ � zðxi þ hÞ	2

where N(h) is the number of pairs of points separated by

distance h, z(xi) the measured value at point xi and

z(xi + h) is the measured value at point xi + h. A log-

normal transformation was applied to normalise skewed

frequency distributions.

Only isotropic semivariograms were considered and

the semivariance data were fit to a spherical function. In

this analysis, the default active lag distance was set as

80% of the maximum lag distance, and each specific lag

distance was set as one-tenth of the maximum active lag

distance. A typical semivariogram has a nugget variance

(C0). With increasing lag distance, the variance will

increase up to the sill variance (C0 + C). The nugget

represents either random error or spatial dependence at

scales smaller than the minimum distance examined

(Robertson, 1987). The sill represents spatially indepen-

dent variance. The distance at which the sill is reached is

called the range. The measurement points estimated

within this range are spatially autocorrelated, whereas

points outside this range are considered independent

(Robertson, 1998). The values of the semivariance, and

thus C0 and C0 + C, were scaled to sample variance. The

proportion of the structural variance (C) to sill (C0 + C) is

calculated to evaluate the magnitude of the spatial

dependence (Robertson and Freckman, 1995; Morris,

1999; Hirobe et al., 2001; Mori and Takeda, 2003).

3. Results

3.1. Spatial distribution

The coefficient of variation (CV) for soil respiration

rate was between 26 and 62%, and increased with grid

size, being largest in the 50-m plot (Table 1). Spatial

variation in soil temperature, with a CV of 0.8–2.7%,

was much less than that of soil respiration rate,

suggesting that the effect of soil temperature on spatial

variation in soil respiration rate was minimal. Con-

versely, spatial variation in soil water content was much

greater. The CV for soil water content was between 12

and 31%, and increased with plot size except in

September 2004 (Table 1).

The spatial distribution maps of soil respiration rate

show this variation (Fig. 3). In these maps, large-scale

distribution of low and high soil respiration rate can be

seen. This scale of soil respiration rate was evaluated

Y. Kosugi et al. / Agricultural and Forest Meteorology 147 (2007) 35–47 39
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using a geostatistical analysis. A summary of the

semivariogram model parameters is shown in Table 2.

The spatial autocorrelation for soil respiration rate ranged

between 4.4 m in the rainy period and 24.7 m in the

transient periods (Table 2). The spatial distribution of soil

respiration rate in the 50-m plot was significantly

negatively correlated with soil water content in

September 2002, August 2003, November 2004

(Fig. 4) and the average of the nine observations

(Fig. 6), although this negative correlation was not

significant in the other periods. Soil water content was

relatively high in the centre and the lower right of the plot

in all periods, and soil respiration ratewas also low at this

point (Fig. 3). The ranges of spatial autocorrelation for

soil water content ranged between about 5.3 m in the dry

period and 28.1 m in the transient period, a scale similar

to that for soil respiration rate (Table 2); in the transient

period when soil water content was highly correlated

with soil respiration rate, the range of soil water content

was in accord with that of soil respiration rate.

The C/N ratio ranged narrowly, with a mean and

standard deviation of 15.5 � 1.6. Neither of the C/N ratio

nor total C content had a significant correlation with the

spatial distribution of soil respiration rate of either the

individual observation periods or the average of the nine

observations (Fig. 5). Total N content had a weak

significant correlation with soil respiration rate at

September 2002 (P < 0.05), July 2005 (P < 0.05), and

the average of the nine observations (P < 0.05. Fig. 5).

With the spatial distribution of soil water content, C/N

ratio had a week significant correlation only at October

2005 (P < 0.05), while total C content had a significant

correlation at December 2003 (P < 0.05), November

2004 (P < 0.05), July 2005 (P < 0.05), October 2005

(P < 0.005), and the average of the nine observations

(P < 0.005, Fig. 5), and total N content also had a

significant correlation at November 2004 (P < 0.005),

February 2005 (P < 0.05), July 2005 (P < 0.005),

October 2005 (P < 0.005), and the average of the nine

observations (P < 0.001, Fig. 5). Total N and C content

were relatively high in the left part of the map. At these

points, soilwater contentwas low,andsoil respiration rate

was high (Fig. 3).

3.2. Seasonal variation

Seasonal variation in soil respiration rate, temperature

and water content was investigated using the spatially

averaged values from 36 points in the 50-m plot, because

measurements in this plot were considered to capture the

spatial variation in soil respiration rate most efficiently

among the study plots. The spatially averaged value of

soil respiration rate showed clear seasonal variation; the

maximum was 6.5 mmol CO2 m
�2 s�1 in a rainy period

(December 2003) and the minimum was 2.5 mmol

CO2 m
�2 s�1 in a dry period (September 2004; Fig. 2a).

Seasonal variation in daily average soil temperature was

low, with an average and standard deviation of

24.9 � 0.5 8C, a maximum of 26.3 8C and a minimum

of 23.7 8C (Fig. 2b). In contrast, seasonal variation in

spatially averaged soil water content (presented as the

average value of nine sensors at 10, 20 and 30 cm at three

locations) was high, with an average and standard

deviation of 27.4 � 3.9%, a maximum of 43.8% and a

minimum of 20.4% (Fig. 2c). The seasonal variation in

soil respiration rate spatially averaged over 36 points in

Y. Kosugi et al. / Agricultural and Forest Meteorology 147 (2007) 35–4740

Table 1

Summary of mean, standard deviation (S.D.) and coefficient of variation (CV) of soil respiration, temperature and water content for four intensive

observation periods

Date Plota Soil respiration rate Soil temperature Soil water content

Mean S.D. CV Mean S.D. CV Mean S.D. CV

September 2002 5 m 3.3 1.0 30 24.9 0.54 2.2 15 2.7 18

10 m 3.1 0.9 29 24.6 0.49 2.0 17 3.5 21

50 m 3.5 1.4 39 24.9 0.50 2.0 20 6.2 31

August 2003 3 m 4.2 1.1 26 25.7 0.44 1.7 11 1.4 12

10 m 3.1 1.2 38 25.6 0.35 1.4 12 2.4 21

50 m 3.8 2.3 62 25.5 0.48 1.9 14 3.3 24

December 2003 10 m 6.8 2.3 33 24.3 0.25 1.0 27 4.8 17

50 m 6.5 2.8 43 25.0 0.19 0.8 26 4.9 19

September 2004 5 m 3.4 1.2 35 25.2 0.49 1.9 14 2.2 16

10 m 2.8 1.0 39 25.7 0.64 2.5 14 2.1 15

50 m 2.5 1.4 55 24.9 0.68 2.7 15 2.4 15

The units formean and S.D. of soil respiration rate, temperature andwater content aremmol CO2 m
�2 s�1, 8Cand%, respectively. The unit for CVis%.

a Sample sizes were 36 in the 5, 10 and 50-m plots, and 49 in the 3-m plot.
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the 50-m plot indicated a significant positive correlation

(r = 0.71, P < 0.001) with the spatially averaged soil

water content (Fig. 6b). In contrast, the spatial variation

in soil respiration rate seasonally averaged across nine

observations showed a significant negative correlation

(r = �0.46, P < 0.005) with temporary averaged soil

water content at each location (Fig. 6a).

4. Discussion

4.1. Spatial distribution of soil respiration

La Scale et al. (2000) reported that the CV for soil

respiration rate was between 30 and 43% in tropical

bare soil for 65 points in a 100-m � 200-m plot. At our

Y. Kosugi et al. / Agricultural and Forest Meteorology 147 (2007) 35–47 41

Fig. 3. Maps of the spatial distribution of soil respiration rate (upper figures, mmol CO2 m
�2 s�1) and water content (lower figures, %) during (a) a

rainy period (December 2003), (b) a transient period (September 2002) and (c) a dry period (August 2003), and spatial distribution of (d) total N

content (%), (e) total C content (%), (f) C/N ratio.
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site, Adachi et al. (2005) reported that the CV for soil

respiration rate was 42.7% for 50 lattice positions

within a 100-m � 200-m plot. Our study showed that

the CV for soil respiration rate was between 26 and 62%

(Table 1). High spatial variation in soil respiration rate

has also been reported at various scales, ranging from

the microscale to the catchment area or landscape level

(Hanson et al., 1993; Davidson et al., 1998; Stoyan

et al., 2000; Xu and Qi, 2001). Soil respiration rate may

vary spatially by up to 100% at locations only 1 m apart

(Nakayama, 1990). Rayment and Jarvis (2000) reported

that spatial heterogeneity in soil respiration rate

increased with distances greater than 1 m, but did not

increase substantially with further increases in distance.

In our study, soil respiration rate also varied by up to

about 100% at locations 0.5 m apart in the 3-m plot.

Y. Kosugi et al. / Agricultural and Forest Meteorology 147 (2007) 35–4742

Table 2

Summary of semivariogram model parameters for soil respiration rate and soil water content

Date Soil respiration rate Soil water content

Model r2 Nugget Sill Range

(m)

Proportion Model r2 Nugget Sill Range

(m)

Proportion

C0 C0 + C C/(C0 + C) C0 C0 + C C/(C0 + C)

Rainy period

December 2003 Spherical 0.013 0.209 0.997 4.4 0.790 Spherical 0.581 0.308 1.105 16.6 0.721

Transient period

September 2002 Spherical 0.556 0.481 1.255 24.7 0.616 Spherical 0.832 0.119 1.489 28.1 0.920

Dry period

August 2003 Spherical 0.293 0.073 1.058 7.9 0.931 Spherical 0.502 0.167 1.014 11.5 0.835

September 2004 Spherical 0.543 0.135 1.255 14.1 0.892 Spherical 0.090 0.069 1.055 5.3 0.935

Fig. 4. Relationship between the spatial distribution of soil respiration rate and water content for nine sets of observations. Soil water content was

measured manually with CS-620 at depths from 0 to 12 cm.
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However, the CVs of soil respiration rate increased

with plot size, and spatial variation in soil respiration

rate was considered to increase with distance

(Table 1). The spatial autocorrelation for soil

respiration rate ranged between 4.4 and 24.7 m,

corresponded to the range reported by Savin et al.

(2001), which was 18 m in a 20-m � 40-m plot

subdivided into 4-m � 4-m plots in old field soil, and

that by Ishizuka et al. (2005), which was 10 m in a 27-

m � 21-m plot with a 3 m grid in a tropical rainforest

in Indonesia. These results indicate the importance of

evaluating soil respiration rate at larger scales. Soil

respiration rate at this scale was also considered

comparable to values determined using the eddy

covariance technique, which mainly represents scales

of approximately 101–103 m in the upwind direction
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Fig. 5. Relationship between total N or C content, or C/N ratio in August 2006 and soil respiration rate or soil water content as the average of nine

observations. Soil water content was measured manually with CS-620 at depths from 0 to 12 cm. Bars represent standard deviations.

Fig. 6. (a) Relationship between spatial variation in temporally averaged soil respiration rate and water content (r = �0.46, P < 0.005). The average

of nine observations was used for the values at each location. Soil water content was measured manually with CS-620 at depths from 0 to 12 cm.

Bars: standard variation. (b) Relationship between temporal variation in spatially averaged soil respiration rate and water content (r = 0.71,

P < 0.001). Soil respiration rate on each observation day shown in this figure was the spatially averaged value of 36 points in the 50-m plot. The

average value of nine CS-615/CS-616 sensors at 10, 20 and 30 cm for soil water content at three locations continuously measured near the flux

observation tower were used as the reference values indicating the temporal characteristics of each observation period. Bars: standard deviation.
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and is thus considered to be on the ecosystem scale

(Schmid, 1997; Schmid and Lloyd, 1999).

Our results suggest that soil water content was one of

the major factors determining the spatial variation in

soil respiration rate at this site. Regarding spatial

variability, similar results were reported for other sites,

and the restriction of gas diffusivity and few fine roots

and low microbial biomass were suggested as possible

causes (Hanson et al., 1993; Davidson et al., 1998). It

should be noticed that at wet place such as D5, E5 and

other places in the middle part of the map in Fig. 3, soil

respiration rate was lower than at other places in the wet

period, and it did not increase in dry periods when soil

water content became low everywhere. If the decline in

soil respiration in wetter places was due to the

restriction of gas diffusivity in the wet period, then it

should increase during the dry period. These results

suggest that a physical factor such as the restriction of

gas diffusivity in water-saturated soil is not the primary

cause of the low soil respiration rates in wetter places.

Our results show that total N content correlates with

soil water content and soil respiration rate. Because soil

C and N cycling processes are closely coupled and soil

C and N dynamics are tightly linked (Prasolova et al.,

2000), soil N availability can influence soil respiration

and C dynamics in forest ecosystems. The availability

of N can also influence fine root biomass. Rasse (2002)

reviewed numerous studies reporting local proliferation

of fine roots when exposed to higher levels of available

N, whereas increased availability of inorganic N in the

soil profile can drastically reduce the root-to shoot ratio

of temperate woody species. Thus, the influence of C/N

ratio and total C and N contents on soil respiration is

complicated and sometimes obscures a clear relation-

ship. A previous study at this site also reported that the

spatial distribution of soil respiration rate had a

significant negative correlation with soil water content,

a positive correlation with fine root biomass, and was

not significantly correlated with soil temperature, soil C

content or microbial biomass (Adachi et al., 2006).

These results suggest that several chemical and

biological factors such as fine root biomass, N and C

dynamics co-varying with soil water content control the

spatial distribution of soil respiration rate in this site,

though we need more data to confirm this.

4.2. Seasonal variation in soil respiration and the

effect of soil water content

Soil respiration rate was positively related to soil

water content when considering the seasonal variation

in spatially averaged data of soil respiration rate and

water content (Fig. 6b). Regarding spatial distribution,

soil respiration rate was negatively correlated with soil

water content (Fig. 6a). Moreover, in the dry period

when soil water content was low across all plots, soil

respiration rate was still lower in the wet areas than

elsewhere (Fig. 3). If the spatial and temporal

relationship between soil water content and soil

respiration rate can be explained with one parabolic

function, the soil respiration rate at a wet place should

become higher than in other places in dry periods,

because soil water content becomes optimal at these

places in dry periods. So these results alert us that we

should not mix up the influences of soil water content on

seasonal and spatial variation of soil respiration rate.

In tropical regions, Schwendenmann et al. (2003)

reported the parabolic relationship between soil water

content and seasonal variation of soil respiration rate.

Sotta et al. (2004, 2006) also reported the parabolic

relationship, although they combined the seasonal and

spatial variation of soil respiration rate in one dataset.

On the other hand, Davidson et al. (2000) reported the

temporal positive relationship between soil water

content and respiration rate at a primary forest in

eastern Amazonia. Our result in a Southeast Asian

primary rainforest also showed a positive linear

relationship. This disaccord might be because of the

limited range of soil moisture in our measurement.

Although, soil water content of 33% as the average

value of nine sensors at 10, 20 and 30 cm at three

locations, which was observed in December 2003 and

November 2004, was in the range of upper 10% of every

30-min interval data at our site, for 3 years during 2003–

2005 (Fig. 2c). From this, it can at least be said that the

seasonal trend of soil respiration at our site related

positively with soil water content is similar to the result

by Davidson et al. (2000), and different from the results

for an old-growth eastern Amazonian rainforest (Sotta

et al., 2006) and in an old-growth neotropical rainforest

in Costa Rica (Schwendenmann et al., 2003) which

showed obvious decline of soil respiration rate at the

time of high soil water content. Several factors such as

rainfall pattern, annual amount of rainfall, and soil

texture should be considered to be possible causes of

this difference. Our site has relatively smaller annual

rainfall (1733 mm, 2003–2005) among tropical rain-

forests. It was suggested that the restriction of gas

diffusivity in water-saturated soil did not occur at this

site in thewet period, at least within the 50-m plot and at

the time of nine observations, and that the other factors

such as the decline in fine root and microbe activity

under dry conditions might determine the low soil

respiration rate in the dry period.
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5. Conclusions

The CV of soil respiration rate increased with plot

size, and geostatistical analysis indicated that soil

respiration rate at this site had a strong spatial

dependence. The range of spatial autocorrelation for

soil respiration rates was between 4.4 and 24.7 m. These

results indicate the importance of evaluating soil

respiration rate at a large scale, especially when the

soil respiration rate is being compared to that

determined using the eddy covariance technique, which

represents the ecosystem scale.

Soil respiration rate was high in the rainy period and

low in the dry period. The rainy and dry period cycle is

considered to determine seasonal variation in soil

respiration rates in tropical regions where seasonal

variation in soil temperature is low. On the other hand,

spatially, soil respiration rate was low where soil water

content was high. In the dry period when soil water

content was low in all plots, soil respiration rate was still

lower in wetter areas than elsewhere, suggesting that the

restriction of gas diffusivity in water-saturated soil is

not the primary cause of the low soil respiration rates in

wetter places, and that continuous wetness co-varied

with several physical, biological and chemical proper-

ties and thus reduced soil respiration rate. This paradox

of soil respiration rate in relation to soil water content

should be considered when assessing the spatio-

temporal variability of soil respiration rate to estimate

the seasonal variation and annual amount of ecosystem-

scale soil respiration.
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1. Introduction

Quantifying soil carbon dioxide (CO2) flux is critical to

understand the overall response of global carbon cycle to

human perturbation. It is also essential to understand the

effects of land-use change on the rate of increase in radiative

forcing of the climate system (i.e., the greenhouse gas effect),

particularly because CO2 accounts for most of the anthro-

pogenically driven increase in radiative forcing. Schimel et al.

(1996) reported that estimated anthropogenic contributions to

the global carbon cycle commonly include a major net flux to

the atmosphere resulting from land-use change in the tropics

(ca. 1.6 Gt C year�1) as well as fossil fuel combustion and

cement production (ca. 5.5 Gt C year�1). Moreover, methane

(CH4) and nitrous oxide (N2O) are also important greenhouse

gaseswhose concentrations in the atmosphere have increased

due to human activities. Although the atmospheric CH4

concentration (1.8 ppmv) is much less than that of CO2

(370 ppmv), CH4 is 23 times more effective per molecule as a

greenhouse gas than is CO2 in a period of 100 years

(Ramaswamy et al., 2001). The CH4 increase accounts for

20% of the increased greenhouse warming potential of the

atmosphere. Likewise, N2O is a long half-life gas in atmo-

sphere that is 296 times as effective as CO2 in a period of 100

years as a greenhouse gas and accounts for about 6% of the

greenhouse effect (Ramaswamy et al., 2001).

Recent studies of greenhouse gas emissions concluded that

land-use changes and logging can affect the global budget of

greenhouse gases. For instance, deforestation and land-use

change caused by humans add large amounts of CO2 to the

a g r i c u l t u r a l a n d f o r e s t m e t e o r o l o g y 1 4 8 ( 2 0 0 8 ) 7 9 9 – 8 0 6

a r t i c l e i n f o
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a b s t r a c t

To evaluate the effects of logging on soil greenhouse gas flux in a tropical rain forest, we

measured CO2, CH4, and N2O fluxes at logged and unlogged sites in Peninsular Malaysia

(N = 7–27 at each site). Although soil temperature at the logged sites was higher than at

unlogged sites, soil CO2 flux did not differ between sites. The CH4 consumption at the logged

sites tended to be less than that at unlogged sites, and some soils at the logged sites emitted

CH4. These results suggest that logging can decrease CH4 consumption or even convert CH4

sinks into sources. The increase in soil bulk density after loggingmight lowered the effective

diffusivity of CH4 and O2 availability in soils, which might limit the CH4 consumption at the

logged sites. N2O fluxes were increased significantly for at least 1 year after logging because

of an increase in soil nitrogen availability. Logging decreased the CH4 absorption rate and

increased the N2O emission rate of the soil. Based on these findings, we conclude that

logging in tropical rain forests increases the emission of CH4 and N2O for at least 1 year after

logging, thus potentially contributing to global warming.
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atmosphere, whereas recovery of the forest following dis-

turbancewithdraws carbon from the atmosphere as the forest

matures (Houghton andHacker, 1999). Tropical forest soils can

change from sinks to sources of CH4 depending on land use

(Keller and Reiners, 1994; Steudler et al., 1996). In the case of

N2O, Keller et al. (1993) reported that N2O fluxes from pasture

peak during the first 10 years after conversion from forest, but

thereafter decline to values that are even lower than the

original forest fluxes. In addition, Matson and Vitousek (1990)

estimated that the conversion of tropical forest to pasture

would lead to a global N2O source of approximately

0.7 Tg N year�1. Thus, land-use change and management

can strongly affect the global budget of greenhouse gases.

Soils are important sources and sinks of the greenhouse

gases CO2, CH4, and N2O. In particular, soils of the humid

tropical zone are recognized as major natural sources of

carbon and nitrogen trace gas emission into the atmosphere

(e.g., Keller et al., 1986). Therefore, many field studies have

focused on greenhouse gas flux between soil and the atmo-

sphere in tropical areas. During the last few decades, large

areas of tropical forest have been logged (Myers, 1991).

Generally, logging practices, including selective logging, affect,

e.g. the forest canopy, soil physical condition, and nutrient

cycling and so on (Pereira et al., 2002; Jakobsen, 1983; Wetson

and Attiwill, 1996), which can have a strong impact on

greenhouse gas fluxes between soil and atmosphere. It is

important to evaluate the effect of logging practice on soil

greenhouse gas fluxes in tropical area.

Most studies on greenhouse gas budgets in tropical zones

were distributed in the Amazon Basin and Costa Rica, and

there is a lack of qualitative and quantitative information on

the flux of greenhouse gases in other tropical areas. In

particular, little work on trace gas fluxes has been performed

in Southeast Asia, which is one of the largest tropical regions

in the world and an area of significant logging during the last

three decades. To estimate the trace gas budget in tropical

areas, it is important to measure and analyze trace gas fluxes

in both logged and unlogged forests in Southeast Asia. The

objective of this study was thus to quantify the effects of

logging on soil greenhouse gas (CO2, CH4, N2O) fluxes in

tropical rain forests in Southeast Asia.

2. Materials and methods

2.1. Site description

Our study sites were located in the Pasoh forest (2858–590N,

102816–200E), about 70 km southeast of Kuala Lumpur in

Peninsular Malaysia. This forest is a lowland tropical rain

forest with an area of 2450 ha. The climate is characteristic of

tropical rain forests, with average annual minimum and

maximum temperatures of 22.7 and 33.2 8C, respectively, and

annual rainfall of about 1800 mm (Manokaran et al., 2004). The

forest is dominated by Shorea spp. and Dipterocarpus spp., the

native vegetation of this region. The Pasoh forest had

403.2 Mg ha�1 aboveground biomass in 1998 (Hoshizaki et al.,

2004). In mid-January 2005, the part of the Pasoh forest, which

hadbeenprimary forest,wasselectively logged.The loggedarea

coversabout 37 ha, and1004 treeswerecollected fromthisarea.

In February 2005, we set up one quadrat at a logged site and

one at an unlogged site and conducted a preliminary study. In

May 2005, we selected six study sites, consisting of three

replicates of logged and unlogged sites, in the Pasoh forest.

The logged sites were strongly disturbed by heavy machinery

during the logging operation; the aboveground parts of trees

were removed, although stumps and tree materials that could

not be used for timber were left in situ (look like clear cutting).

To avoid the confounding influences of topography, all the

study sites had gentle slopes (0–38), were at the same elevation

(about 140 m a.s.l.), and were situated within 0.25 km2. All the

sites had Ultisol soils (USDA soil taxonomy). The soil pH (H2O)

at 0–5 cm depth was 4.3 � 0.2 for logged sites and 4.1 � 0.3 for

unlogged sites (mean � S.D., n = 15) in March 2006.

2.2. Field sampling of soil gas fluxes and
environmental factors

The closed-chamber method (Bekku et al., 1995) was used to

directly determine greenhouse gas flux in situ. A PVC cylinders

(15-cmheight, 21-cm internal diameter) was placed upright on

the soil (around 5-cm depth) the day before the flux

measurement. On the measurement day, a PVC lid was fitted

to the cylinder top (the cylinder was insulated by the lid) and a

rubber-cappedneedlewas fitted onto an air sample port on the

top of the lid. At each sampling, air in the chamber was

aspirated through the needle into an evacuated 5-ml vial (at

0.5, 3, 6, 9 min for CO2 and CH4; 0.5, 10, 20, 30 min for N2O). The

concentrations of greenhouse gases in the air samples were

quantified by gas chromatography (GC-7A, Shimadzu, Kyoto,

Japan, for CO2 and CH4; GC-14B, Shimadzu, Kyoto, Japan, for

N2O), and the concentrations were plotted against time.

Because the gas concentrations in the closed-chamber

increased or decreased linearly with time. We excluded

outliers from the dataset that did not fit the linear change

in gas concentrations (R2 < 0.7). The frequency of outliers was

1.4% for CO2, 9.4% for CH4 and 6.6% for N2O, respectively. We

note that currently most studies use infrared gas analyzers to

measure CO2 fluxes, which is a better one than the air

sampling method associated with gas chromatography used

in the present study, given the availability of the instrument.

We emphasize the comparison of CO2 flux in between the

logged sites and the unlogged sites rather than that of the

present study with the other studies.

Volumetric soil moisture content wasmeasured using TDR

probes and converted to water-filled pore space (WFPS,

m3 m�3) using soil porosity data. All soil water content data

are expressed as WFPS in the present paper.

Nine chamber baseswereplaced ina gridpattern (about 5-m

interval) at each of the six sites, and soil greenhouse gas fluxes

were measured in February, May–July 2005 and March and

August 2006 (n = 9 in February 2005 and n = 27 in the other

monthsfor the loggedandunloggedsites).At thesametime,soil

temperature (1-cm depth) and water content (0–5-cm depth)

were measured adjacent to each chamber. In addition, soil

samples were taken inner or near the chamber after the flux

measurement to assess soil physical and chemical properties

(as described later). Each logged–unlogged site pair (n = 3) was

sampled on the same day each month, and all measurements

were performed from 9:00 to 15:00 h (local time).
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2.3. Soil properties

Soil samples were taken inner or near the chambers after the

gas flux measurements. Soil cores were collected at 0–5-cm

depth using a 100-ml stainless steel ring at each site. One

sample from each chamber (five samples at each site only in

February 2005) was oven-dried at 105 8C for more than 24 h to

measure the soil bulk density. The other five soil samples at

each site were air-dried and sieved (2-mm mesh) to measure

total carbon, total nitrogen, andmineral nitrogen (NH4
+, NO3

�)
concentrations. Total carbon and total nitrogen in the air-

dried soil samples were measured using an NC analyzer

(Sumigraph NC-800, Sumika Chemical Analysis Service Ltd.,

Osaka, Japan). The mineral nitrogen concentrations were

measuredusing the indophenol bluemethod forNH4
+ (Hidaka,

1997) and Cataldo’s method for NO3
� (Cataldo et al., 1975).

2.4. Statistical analysis

All statistical analyses were performed using the StatView 5.0

software (SAS Institute, Cary, NC, USA). Mann–Whitney U-

tests were used to analyze the significance of differences in

median greenhouse gas fluxes, mineral nitrogen concentra-

tion values between unlogged and logged sites. Values of

P < 0.05 were considered to be significant.

3. Results

3.1. Soil conditions and general properties

Because allmeasurementsweremade during the daytime, the

soil temperature (1-cm depth) at the logged sites was always

higher than at the unlogged sites (Table 1). The soil

temperature measured at the logged site in February 2005

was lower than at the other dates because this sitewas shaded

and the measurement time was relatively early in the day.

Until July 2005, theWFPS valueswere higher at the logged sites

than at the unlogged sites, although these values were nearly

the sameat the logged andunlogged sites inMarch andAugust

2006.

Soil bulk density at the logged sites was about 1.2 times

greater than at the unlogged sites (Fig. 1A), and the high

soil bulk density at the logged sites remained stable

throughout the experimental period. Total carbon and

nitrogen stocks in the 0–5-cm layer were consistently higher

at the unlogged sites than at the logged sites except for

February 2005 (Fig. 1B and C). The total carbon and nitrogen

stocks at the logged sites decreased slightly with time,

whereas those at the unlogged sites were stable. The mean

C:N ratios of the logged and unlogged sites were similar and

ranged from 13 to 17 (data not shown).

Inorganic nitrogen pools were dominated by NH4
+ at both

the logged and unlogged sites, compared with NO3
� (Fig. 2A

and B). The NH4
+ pools varied from 16.0 to 33:9mgNg�1

soil at the

logged sites and 13.9 to 31:0mgNg�1
soil at the unlogged sites.

Until July 2005, the NH4
+ pools at the logged sites were higher

Table 1 – The soil temperature and moisture content at the unlogged and logged sites

February 2005 May June July March 2006 August

Soil temperature (8C, 1-cm depth)

Unlogged 24.4 � 0.4 (7) 25.6 � 0.3 (27) 25.1 � 0.4 (27) 24.7 � 0.3 (27) 24.4 � 0.5 (27) 24.9 � 0.3 (27)

Logged 25.0 � 0.4 (8) 31.1 � 1.2 (27) 30.6 � 2.0 (27) 30.4 � 1.5 (26) 31.0 � 2.1 (27) 31.7 � 2.0 (27)

WFPS (m3 m�3, 0–5-cm depth)

Unlogged 0.43 � 0.04 (7) 0.34 � 0.07 (27) 0.36 � 0.07 (27) 0.32 � 0.06 (27) 0.23 � 0.05 (27) 0.28 � 0.05 (18)

Logged 0.48 � 0.09 (8) 0.42 � 0.08 (27) 0.42 � 0.11 (27) 0.42 � 0.10 (25) 0.23 � 0.04 (27) 0.28 � 0.04 (18)

Values are mean � standard deviation. The numbers of observations are given in parentheses.

Fig. 1 – Soil bulk density (A), total carbon content (B), and

total nitrogen content (C) at the logged sites (gray squares)

and the unlogged sites (open squares). Error bars indicate

standard deviation; n = 5 in February 2005 and n = 27 in

the other months for bulk density. n = 5 in February 2005

and n = 15 in the othermonths for soil carbon and nitrogen

content.
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than those at the unlogged sites, whereas the values

were equal to or lower than those at the unlogged sites

in March and August 2006. The NH4
+ pools differed

unclearly between the logged sites and the unlogged sites.

Soil NO3
� content at the logged sites was highest in May

2005 (18:1mgNg�1
soil) and the lowest in August 2006

(9:2mgNg�1
soil). The NO3

� pools at the unlogged sites ranged

from 3.3 to 9:0mgNg�1
soil and were relatively stable over time.

The NO3
� pools at the logged sites were consistently higher

than those at the unlogged sites throughout the experimental

period.

3.2. Greenhouse gas fluxes

The mean CO2 emission rates ranged from 111.9 to

168.0 mg C m�2 h�1 at the logged sites (Fig. 3A and Table 2).

The CO2 emission rates at the logged sites tended to be

relatively low during the initial period after logging and

increased gradually with time. The soil CO2 emission rates at

the unlogged sites were relatively stable throughout the

experimental period. The CO2 flux values at the logged sites

were lower than those at the unlogged sites until June 2006 and

were higher thereafter.

The soils at theunlogged sites absorbedCH4 throughout the

experimental period except for February 2005, whereas those

at the logged sites both absorbed and emitted CH4 (Fig. 3B and

Table 2). The mean CH4 absorption rates at the logged sites

tended to be less than those at the unlogged sites, except in

February 2005. At both the logged and the unlogged sites, we

found CH4 hot spots, where CH4 emission rates were higher

than other points at the site.

The mean N2O emission rates varied temporally from 17.7

to 92.0 mg Nm�2 h�1 at the logged sties and from 1.6 to

17.0 mg Nm�2 h�1 at the unlogged sties (Fig. 3C and Table 2).

The mean N2O emission rates at the logged sites were highest

in July 2005 and lowest in August 2006. The N2O emission rate

at the unlogged sites was relatively stable. The soil N2O

emission rates at the logged sites were between 3 and 100

times those at the unlogged sites throughout the experimental

period (P < 0.05). Somenegative fluxes of N2Owere observed at

individual chambers in each ecosystem and during each

period. Negative N2O flux was commonly observed at the

unlogged sites, and made up 3–30% of the individual chamber

observations. At the logged sites, however, a negative N2O flux

was observed in only one chamber in February 2005.

Fig. 2 – Soil NH4
+ (A) and NO3

S (B) concentrations at the

logged sites (gray) and the unlogged sites (white). Error

bars indicate standard deviation; n = 5 in February 2005

and n = 15 in the other months. Different letters indicate

median values that are significantly different between the

logged and unlogged sites (Mann–Whitney U-test,

P < 0.05).

Fig. 3 – Soil CO2 (A), CH4 (B), and N2O (C) flux at the logged

sites (gray) and the unlogged sites (white). Error bars

indicate standard deviation; n = 9 in February 2005 and

n = 27 in the other months. Different letters indicate

median flux values that are significantly different between

the logged and unlogged sites (Mann–Whitney U-test,

P < 0.05).
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4. Discussion

4.1. Soil conditions and general properties

Several studies have documented significant increases in soil

compaction following logging operations (e.g., Jakobsen, 1983;

Jakobsen andGreacen, 1985). In the present study, the increase

in the soil bulk density immediately after the logging was

probably due to the compaction caused by the heavy

machinery (e.g., earthmover). Soil compaction by heavy

machinery decreases the air-filled space in soils, resulting

in the higher WFPS of the logged sites compared to the

unlogged sites.

The total soil carbon and nitrogen contents at the logged

sites were lower than unlogged sites. The logging practice

tilled the soil at the logged sites and decrease C and N content.

The deeper soil has lower C and N content comparing with

surface soils in primary forest stand (Yamashita et al., 2003).

The surface soils were stirred with deeper soils by logging

practice, resulting in decreasing soil C and N content at the

logged sites. The total soil carbon and nitrogen contents at the

logged sites decreased slightly with time after the logging

operation, whereas those at the unlogged sites were stable

throughout the experimental period. Due to the removal of

aboveground biomass, logging restricts the continual supply

of litter to soils. Nakane et al. (1986) reported that the

accumulation of the A0 layer (rich organic matter layer)

decreased after felling because of the lack of litter being

supplied to the stand floor. In addition, logging stimulates

decomposition in soils due to the increase in soil temperature.

These factors likely contributed to the slight reduction in soil

carbon and nitrogen contents at the logged sites. Increased

NH4
+ and NO3

� concentrations or production rates after

logging were observed in several studies (Vitousek and

Matson, 1985; Wetson and Attiwill, 1996) as well as in the

present study (Fig. 2). These findings indicate that logging can

increase mineral nitrogen (NH4
+ and NO3

�) in soil and

stimulate N2O production.Wetson and Attiwill (1996) reported

that the increased total inorganic nitrogen in soil in a

clearfelled, unburnt forest returned rapidly (6–9 months) to

a concentration equal to that in undisturbed forest. This also

suggests that logging practices increase mineral nitrogen

concentration in soil for a short period of time.

4.2. CO2 flux

Mean soil CO2 emission rates ranged from 121.3 to

149.7 mg Cm�2 h�1 at the unlogged sites. These values are

in the range of those reported for tropical rain forests (58.9–

184.2 mg Cm�2 h�1; Fernandes et al., 2002; Kiese and Butter-

bach-Bahl, 2002; Schwendenmann et al., 2003). Adachi et al.

(2006) reported that the mean CO2 fluxes from primary forest

soil in Pasoh were 226.6 mg Cm�2 h�1, a value much higher

than those measured in the present study. The reason for this

discrepancy may be caused by the errors associated with

closed-chamber methods in this study. This increase in

concentration inside the chamber could decrease the con-

centration gradient between inside the soil and the surface,

resulting in underestimation of fluxes. The errors were

applicable for CH4 and N2O flux. However, these errors were

greater with CO2 than other gases because of themagnitude of

the concentration changes.

Generally, soil respiration correlates positively with soil

temperature. Although soil temperature at the logged sites

was clearly higher than that at the unlogged sites, soil

respiration was not significantly different between the sites,

except in June 2005 and March 2006. Most root respirations

may have stopped at the logged sites because tree roots were

likely killed during the logging operation. Some reports

suggest that soil respiration was lower in a felling forest than

Table 2 – The flux of greenhouse gases at the unlogged and logged sites

CO2 fluxes (mg Cm�2 h�1) CH4 fluxes (mg Cm�2 h�1) N2O fluxes (mg Nm�2 h�1)

Mean (S.D.) Median (range) n Mean (S.D.) Median (range) n Mean (S.D.) Median (range) n

February 2005

Unlogged 137.3 (81.7) 104.2 (61.4–333.0) a 9 7.7 (116.5) �50.1 (�76.2–245.8) a 9 4.8 (13.6) 2.1 (�4.7–34.6) a 7

Logged 124.6 (34.3) 115.5 (85.9–186.1) a 8 �63.3 (39.8) �47.8 (�133.2 to �26.1) a 8 28.3 (20.5) 25.0 (�5.7–53.3) b 8

May 2005

Unlogged 138.7 (75.7) 127.1 (63.3–448.3) a 27 �55.4 (40.7) �54.6 (�165.1–32.8) a 25 7.7 (12.2) 3.4 (�12.9–48.5) a 25

Logged 114.2 (67.5) 93.1 (44.4–325.7) a 26 �5.5 (52.5) �11.4 (�96.6–104.3) b 22 59.0 (51.0) 47.7 (7.2–162.9) b 25

June 2005

Unlogged 141.7(48.5) 129.2 (89.8–311.3) a 27 �39.8 (58.5) �54.6 (�126.9–93.0) a 24 9.5 (11.6) 8.5 (�6.3–44.6) a 21

Logged 111.9 (53.0) 106.9 (32.8–252.3) b 27 9.9 (60.2) �6.2 (�65.8–157.9) b 24 84.9(67.8) 60.9 (10.4–279.0) b 26

July 2005

Unlogged 130.6 (49.1) 118.1 (62.3–281.9) a 26 �27.4 (63.4) �50.6 (�109.4–122.6) a 25 1.6 (12.7) 4.5 (�36.5–21.4) a 24

Logged 147.6(176.9) 92.2 (32.7–935.1) a 27 �17.0 (44.0) �22.6 (�91.9–73.6) a 24 92.0(189.5) 42.0 (11.1–203.8) b 26

March 2006

Unlogged 149.7(50.8) 153.8 (84.5–321.0) a 27 �34.7 (86.9) �55.7 (�119.7–349.4) a 25 17.0 (25.4) 9.1 (�0.1–101.9) a 27

Logged 168.0 (169.2) 120.9 (65.7–934.9) a 27 22.7 (171.3) �19.5 (�203.7–718.3) b 22 53.2 (38.8) 41.8 (3.0–193.6) b 27

August 2006

Unlogged 121.3 (38.5) 116.7 (64.3–208.5) a 27 �52.2 (44.7) �55.3 (�114.1–50.5) a 26 7.8 (6.7) 5.8 (1.2–31.3) a 26

Logged 163.9(112.4) 134.2 (77.6–669.6) b 26 �38.7 (71.3) �54.1 (�197.8–90.6) a 26 17.7 (18.8) 12.5 (1.5–96.9) b 27

Different letters indicate median values that are significantly different between the logged and unlogged sites (Mann–Whitney U-test, P < 0.05).
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an intact forest due to the death of tree roots (Nakane et al.,

1986; Strigel andWickland, 1998). Bowden et al. (1993) reported

the contribution of root respiration to be 33% of the total soil

respiration in mixed hardwood forest soil, and Lee et al. (2005)

reported a value of 45% in cool-temperate deciduous forest.

According to Kuzyakov (2002),microbial decomposition of root

exudates and other rhizodeposits makes a large contribution

to the total root-derived CO2 efflux from soil, indicating that

roots and organisms in the rhizosphere play an important role

in soil respiration. The death of tree roots during logging

operations would inhibit the microbial decomposition of root

exudates, which may have offset the effect of increased soil

temperature on soil respiration at the logged sites. In addition,

soil CO2 emissions are promoted by well-aerated, moist

conditions (Linn and Doran, 1984). In the present study, soil

compaction at the logged sites limited soil aeration,which also

may have offset the effect of higher soil temperature on soil

respiration at the logged sites.

Soil CO2 emission rates at the logged sites were lower than

those at the unlogged sites until June 2005, when rates became

higher at the logged sites, especially inMarch andAugust 2006.

The soil moisture (WFPS) at the logged sites was higher prior

than after July 2005. This result suggests that well-aerated soil

emitted the greater amount of CO2 at the logged sites.

4.3. CH4 flux

Generally, well-drained forests, including tropical forest, act

as sinks for CH4 (Singh et al., 1997; Le Mer and Roger, 2001). In

the present study, the unlogged sites were in a well-drained

condition and generally consumedCH4. The CH4 consumption

at the logged sites tended to be less than that at the unlogged

sites, and some chambers at the logged sites emitted CH4.

Thus, our findings indicate that logging can decrease CH4

consumption or convert CH4 sinks to sources for at least 1 year

afterward.

Methanotrophs are soil organisms that useCH4 as their sole

carbon and energy source (Le Mer and Roger, 2001). The rate of

CH4 consumption by methanotrophs is limited mainly by the

effective diffusivity of CH4 and O2 availability in the soil (Dörr

et al., 1993; Le Mer and Roger, 2001). In the present study, the

increase of soil bulk density after the logging operation likely

lowered both the effective diffusivity of CH4 andO2 availability

in soils, which would have limited CH4 consumption at the

logged sites. According to Le Mer and Roger (2001), upland

forests are usually efficient CH4 sinks, as we found for the

unlogged sites in this study. Logging practices appears to

accelerate globalwarming because these decreaseCH4 uptake.

It is noteworthy, however, that we found often CH4

emission hot spots at both the logged and the unlogged sites.

At the logged sites, ruts produced by heavy machinery were

submerged temporarily, and after these areas drained, an

impermeable layer persisted under the ruts. In waterlogged

upland soils, methanogenesis is initiated and methanogenic

populations increase (Mayer and Conrad, 1990) because

methanogenesis requires strictly anaerobic conditions (Le

Mer and Roger, 2001). The ruts probably caused soil to become

waterlogged (i.e., anaerobic conditions) and increased the

emission of CH4 at the logged sites. At the unlogged sites,

however, we found no submerged soils. At these sites, the CH4

hot spots may indicate the presence of termite nests in the

soil, and several termite mounds were found at the unlogged

sites. Tropical termites emit CH4 and can contribute sub-

stantially to atmospheric CH4 (Hackstein and Stumm, 1994).

Laboratory measurements and field studies have demon-

strated that nitrogen fertilization reduces the ability of soil to

absorb and oxidize CH4 (e.g., Adamsen and King, 1993; Castro

et al., 1994). An increase in the NH4
+ content of soil has an

inhibitory effect on CH4 oxidation through the fertilization

because this shifted the relative activities of the CH4 oxidizing

by methanotrophs to that by nitrifying bacteria (Castro et al.,

1994). In thepresent study, the soils at the loggedsiteshadmore

NH4
+ than those at the unlogged sites at the initial period after

the logging. Thus, the relatively high NH4
+ concentration likely

had an inhibitory effect on CH4 oxidation at the logged sites.

4.4. N2O flux

Our estimate of mean N2O emission rates during the

experimental period ranged from 1.6 to 17.0 mg Nm�2 h�1 at

the unlogged sites. These values fall within the lower range of

N2O emission rates reported for humid tropical forest (�4.2 to

207.0 mg Nm�2 h�1; Breuer et al., 2000; Ishizuka et al., 2002,

2005; Kiese and Butterbach-Bahl, 2002). Ishizuka et al. (2002,

2005) reported that the N2O fluxes in tropical rain forests in

Sumatra, Indonesia, were relatively low, ranging from 1.5 to

9.3 mg Nm�2 h�1, and this range was similar to that of the

unlogged sites in the present study. According to Yashiro et al.

(2008), themeanN2Oflux in the Pasoh forest ranged from8.7 to

153.1 mg Nm�2 h�1, and wet soils (WFPS > 0.52 m3 m�3, from

100.3 to 153.1 mg Nm�2 h�1) in the forest emitted amuch larger

amount of N2O than dry soils (WFPS < 0.40 m3 m�3, from 8.7 to

9.8 mg Nm�2 h�1). The N2O emission rates at the unlogged

sites were similar to those recorded for the dry soils of the

Pasoh forest, because these siteswere located along a ridgeline

and their soils were dry throughout the experimental period

(WFPS ranged from 0.23 to 0.43 m3 m�3).

Our results showed that logging increased N2O fluxes for at

least 1 year. The mean N2O emission rates at the logged sites

ranged from 17.7 to 92.0 mg Nm�2 h�1, and these values were

significantly larger than those at the unlogged sites (P < 0.05)

at all the sampling dates. Keller et al. (2005) reported that

selective logging increased emissions of N2O by 30–350%,

depending on conditions, in the BrazilianAmazon region. Both

Fig. 4 – Relationship between mean N2O flux and

NO3
S concentration at the logged (gray) and unlogged

(open) sites.
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these and our results suggest that logging markedly increases

N2O emission in tropical forest, at least for a short period.

N2O production in soils is mainly dominated by microbial

nitrification and denitrification. N2O production correlates

with nitrogen availability in soil, because nitrification and

denitrification rely onNH4
+ andNO3

�, respectively (Bouwman,

1990). We found a positive correlation between the N2O

emission rate and NO3
� pools at the logged sites (Fig. 4,

R2 = 0.71). Soil NO3
� concentration represents an index of

nitrogen availability because nitrification supplies and deni-

trification uses NO3
� in the soil. Thus, our results suggest that

logging increases soil nitrogen availability and favors N2O

production, at least for a short time.

Keller et al. (2005) noted that the areas of strong soil

compaction in selectively logged forest – the skid trails and

logging decks – were prone to greater emission of N2O. Sitaula

et al. (2000) also reported that N2O emission was higher in soil

compacted by tractors than in uncompacted soil in Norwegian

cropland. At the logged sites, soils were compacted during the

logging operation (by the heavy machinery). These studies

agree with our results and suggest that the soil compaction

enhanced N2O emission.

Soil compaction decreases the air-filled space in soils, and

this resulted in higher WFPS at the logged sites compared to

the unlogged sites. Or, the decrease in transpiration tares due

to tree removal might contribute to high WFPS at the logged

sites. Many studies have reported that N2O production and

emission increase exponentially with WFPS (e.g., Keller and

Reiners, 1994; Verchot et al., 1999). According to Linn and

Doran (1984), the optimum WFPS for nitrification is about

0.60 m3 m�3, because of water supply for microorganisms in

soil. At values above 0.60 m3 m�3, O2 infiltration into the soil is

reduced and denitrification activity approaches themaximum

level obtained in saturated soil. In the present study, WFPS at

0–5-cm depth at the logged sites ranged from 0.23 to

0.48 m3 m�3, which are relatively low values. Thus, O2

infiltration was not limited strongly and the WFPS would

favor nitrification within this soil layer. Our findings suggest

that soil compaction increased WFPS and caused a shift to an

environment favorable for nitrification and N2O production.

5. Conclusions

Logging practices decreased the soil CH4 absorption and

increased the soil N2O emission but did not strongly affect CO2

flux. Our study also demonstrated that selectively logged

forest may be converted into a weaker sink of CH4 and greater

source of N2O than tropical rain forest, at least for a short

period, because of the increased soil nitrogen availability and

soil compaction due to disturbance by heavy machinery. The

weaker CH4 uptake and greater N2O emission due to logging in

tropical rain forest can accelerate globalwarming, for at least 1

year after the logging operation.
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Abstract

The spatial distribution of throughfall in a tropical rainforest in Peninsular Malaysia was evaluated using 100 bucket raingauges placed along a

line as well as two large raingauges (collection areas of 9.58 and 7.08 m2). Throughfall was clearly large in a treefall gap although it was not

significantly different between a typical old-growth area with big trees and another area without big trees. A cyclic variation, the scale of which was

10–15 m, was detected in the entire forest through Fourier analysis, and this scale roughly corresponded to the index of canopy cover openness. The

observations gave the spatial mean value of throughfall with enough accuracy considering that the distribution of throughfall in the forest was

controlled by different scale effects consisting of the size of disturbance areas such as gaps as well as the size of individual canopies.

# 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Tropical rainforests are considered the most complex

terrestrial ecosystems and their environmental conditions

exhibit high spatial variability. Such conditions pose difficulties

for estimating water budgets due to highly heterogeneous

processes of rainfall distribution through the canopy (e.g.,

Calder et al., 1986; Jetten, 1996). Lloyd and Marques (1988)

showed that the spatial variability of throughfall estimated from

many raingauges placed on the forest floor in an Amazonian

rainforest was much larger than that in a temperate coniferous

forest in United Kingdom. In this study, a probability

distribution of throughfall was estimated by randomly locating

the positions of the bottle gauges every week. This method is

effective for estimating the spatial average of throughfall under

heterogeneous canopies in tropical rainforests. However, this

study did not consider the characteristics of spatial distribution

or the causes that control throughfall at each position. The

spatial distribution of throughfall is quite heterogeneous in such

a tropical rainforest, but it is believed that the distribution is not

perfectly random. It is quite natural to consider that the scale of

fluctuations is probably derived from canopy structure. This

information is important not only to estimate the spatial average

of throughfall necessary for the interception-loss evaluation,

but also to understand the basic physical environment in the

forest understory controlling ecology of tree seedling

regeneration (Bell and Lechowicz, 1994).

Recent studies of the spatial distribution of throughfall in

tropical rainforests using so-called semi-variograms deter-

mined values for ‘range distance’, i.e. the distance between

gauges beyond which their respective estimates could be

considered spatially independent. Brouwer (1996) estimated a

range distance of 7 m in Guyana and Loescher et al. (2002)

obtained a much larger value (43 m) in a Costa Rican forest.

Although the reason for these different distances was not clear,

these studies demonstrated that clusters of similar throughfall

values existed at scales ranging from several meters to several

tens meters in tropical rainforests. Therefore, a net rainfall

gauge comprised of a large (20 m2) plastic sheet (used in

Indonesia by Calder et al., 1986) may not be large enough for

estimating mean throughfall in a tropical rainforest; such a

www.elsevier.com/locate/foreco
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‘large’ gauge could unexpectedly be installed within a cluster

with larger or smaller throughfall compared to the spatial mean

(Roberts et al., 2004).

The present study provides information on the spatial

distribution of throughfall in a tropical rainforest using 100

bucket raingauges placed along a line as well as two large

raingauges installed on the forest floor. The effect of canopy

scale processes on throughfall variability is a particular focus in

this analysis.

This study was conducted in Pasoh Forest Reserve of Forest

Research Institute Malaysia (FRIM), Peninsular Malaysia, as

one of the hydro-meteorological themes under a collaborative

research project on tropical rainforest ecosystem and biodi-

versity between Malaysian research institutions, such as FRIM

and Universiti Putra Malaysia, and Japanese Research

Institutions, such as the National Institute for Environmental

Studies (NIES), Forestry and Forest Products Research Institute

(FFPRI) and Universities (Okuda et al., 2003a). A long-term

estimation of forest evapotranspiration has been already

reported as part of this project (Tani et al., 2003a, 2003b)

using meteorological data obtained at a 52-m observation tower

(Tani et al., 2003c). However, an important unresolved topic

related to this evapotranspiration estimation is reducing errors

inherent in the estimated values of interception losses. The

present study on spatial variability of throughfall is one strategy

to achieve an accurate estimation of interception loss.

2. Site description

This study was conducted in the Pasoh Forest Reserve,

located near Simpang Pertang in Negeri Sembilan, about

140 km southeast of Kuala Lumpur in Peninsular Malaysia

(28580N, 1028180E). This forest reserve has been a leading

center for international field researches in the Asian tropical

rainforest since 1970s, when the International Biological

Programme (IBP) was carried out (Soepadmo, 1978; Okuda

et al., 2003a). The core area (650 ha) of the reserve (2450 ha) is

covered with a primary lowland mixed dipterocarp forest,

which consists of various species of Shorea and Dipterocarpus.

The continuous canopy height is about 35 m, although some

emergent trees exceed 45 m. Based on the empirical equations

obtained for the Pasoh forest by Kato et al. (1978), leaf area

index (LAI) estimated from tree diameter observations

(Niiyama, unpublished) is 6.52. The altitude of the core area

ranges from 75 to 150 m above sea level.

A major rainy season in Pasoh is produced by the northeast

monsoon from October to December while the generally weak

southwest monsoon yields only a small peak of rainfall from

March to May. The maximum and minimum monthly rainfall

values in normal years are recorded in November and in

January, respectively, and the annual rainfall is only 1804 mm,

lower than that in other regions of Peninsular Malaysia (Tani

et al., 2003a). Rainfall is characterized by its short duration

(mean: 3.8 h) and relatively high intensity (mean storm

intensity: 7.8 mm h�1), and there is a distinct diurnal cycle

in rainfall, 52% of which occurs between 13:00 and 19:00

(Noguchi et al., 2003).

3. Methods

Our throughfall measurement plot was set near the 52-m

tower and in a 6-ha long-term ecological research plot

(Niiyama et al., 2003) in the core area of Pasoh Forest Reserve

(Fig. 1). One hundred small plastic bucket raingauges were

placed at 1-m intervals along a line starting from the near

tower point and extending northwards (Fig. 2), i.e., the ‘line

plot’. The tower is located at the top of a gentle hill and

surrounded by a typical old-growth lowland rainforest with

both large and emergent trees. The observation line was on a

gentle slope (3%) down to the north. Although the typical

vegetation cover continued until 64 m from the near-tower

point (0 m position), there was a gap caused by a fallen tree

between 64 and 71 m; a markedly different vegetation cover

appeared from 71 m to the north end of the transect (100 m

position). Thus, the line plot was divided into subplots A, B,

and C for 0–64 m, 64–71 m, and 71–100 m, respectively. The

bucket raingauges were 22.75 cm in diameter and 28.0 cm

S. Konishi et al. / Forest Ecology and Management 224 (2006) 19–2520

Fig. 1. Layout of throughfall observation plots in the Pasoh Forest Reserve,

Peninsular Malaysia.

Fig. 2. A view of the line plot with bucket raingauges.
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deep. A plate with small holes was suspended about 10 cm

below the upper edge of the raingauge to protect against

evaporation loss from stored water. The interval of rainwater

volume measurement was about 10 days.

In addition, we installed two large rectangular raingauges

near the line plot (Fig. 1): No.1 and No. 2, 9.58 m2

(3.55 m � 2.70 m) and 7.08 m2 (3.59 m � 1.97 m), respec-

tively. These large gauges were located in an 11 m � 11 m plot;

the layout is illustrated with canopy projection areas of the 13

individual trees in Fig. 3. A photograph of one large raingauge

is shown in Fig. 4. The raingauge was composed of a water-

sealed plywood plate and a PVC trough (the width of 14 cm),

which was attached to the edge of the plate and supported about

0.5 m above the ground surface by timbers. The space under the

plate was surrounded by wire netting to reduce risks by

poisonous snakes (Roberts et al., 2004). Throughfall with

stemflow from small trees within the plate was collected by the

PVC trough and routed to a tipping bucket flow meter (bucket

volume = 1 L; Ikeda TQX-1000, Japan) fixed under the trough.

The tipping-bucket pulse was recorded by a data logger

(Campbell CR10X, USA).

Gross rainfall was measured at the top of the 52-m tower by

a tipping bucket raingauge (Ota Keiki 34-T, Japan) and

recorded by a similar data logger. The rainfall data was

comparedwith both data measured by storage-type and tipping

bucket raingauges in an observatory located 430 m away from

the tower. The rainfall measured on the tower may be

influenced by strong wind, whereas, the rainfall in the

observatory was often different from the tower site due to a

large spatial variability of rainfall in tropics. Although these

issues are generally involved for the estimation of gross

rainfall, we have concluded from the careful comparison that

the rainfall data measured on the tower can represent the gross

rainfall at our throughfall study site.

Because all trees>5 cm in DBH were tagged, measured and

identified in 20 m � 20 m sub-grids of the 6-ha long-term

ecological research plot (Niiyama et al., 2003) (Fig. 1), we can

show DBH distributions for the near-tower area (Subplot A)

and the north-end area (Subplot C) in the line plot, as well as the

distribution for the area including the two large raingauges

(Fig. 5). Some big trees are distributed in Subplot A and the

large raingauge site, whereas, only small trees with DBH

<20 cm were included in Subplot C. Thus, vegetation cover in

Subplot C contains no big trees compared to the typical old-

growth forest cover near the tower. Subplot B was characterized

by a gap composed of fallen trees and bush.

There is a possibility to detect variability in throughfall at

the scale of individual tree canopies via our line plot system, but

this system may fail to estimate the representative value of

throughfall at smaller scales because large leaves often either

shelter the gauges or concentrate throughfall into the gauges via

so-called drip points (Roberts et al., 2004). On the other hand,

the size of large raingauges is sufficient to negate the influence

S. Konishi et al. / Forest Ecology and Management 224 (2006) 19–25 21

Fig. 3. Layout of the rectangular plot of large raingauges (No.1 and No.2) on a

map of the canopy projection areas; (+) indicates the stem location of the tree

(the number indicates tree identification number).

Fig. 4. A view of large raingauge No. 1.

Fig. 5. DBH distributions in 20 m � 20 m sub-grids including throughfall plots

within the 6-ha long-term ecological plot.
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of micro-scale variability on throughfall. Nevertheless, we must

recognize that our large raingauge may not cover all of the

large-scale variability in throughfall over individual canopies

(Roberts et al., 2004). Therefore, crosschecking data obtained

from both systems (i.e., line plot and the two large raingauges)

should give better insights into throughfall variability in

tropical rainforests.

Because our research aims to detect effects of tree canopies

on throughfall variability, additional measurements of canopy

cover openness were made above each bucket raingauge using a

digital camera with a fisheye lens. A Gap Light Analyzer

developed by the Institute of Ecosystem Studies, Simon Fraser

University was used for calculating canopy cover openness (see

http://www.rem.sfu.ca/forestry/downloads/Files/GLAV2Users-

Manual.pdf.). Because the tree height was generally very high,

the vertex angle of the circular cone should be concentrated in a

small area to investigate the relationship of the openness to

throughfall distribution. We chose an angle of 9.478, which
yields a diameter of 5 m at the average canopy height of 30 m.

The ratio of this canopy cover openness to the average openness

of all the 100 raingauges is termed ‘openness index’ to

represent its relative value.

Because a cyclic variation was found in the spatial

distributions of throughfall and openness index (see Fig. 6),

Fourier analysis was applied to detect the dominant spatial

patterns. From the discrete data (xn) of throughfall or openness

index with the total number of N, the spectrum (Pk) for each

wavelength (lk) can be calculated as:

Pk ¼
��

2

N

XN�1

n¼0

xn cos
2pkn

N

�2

þ
�

2

N

XN�1

n¼0

xn sin
2pkn

N

�2�0:5

lk ¼ kL

N
; k ¼ 1; 2; 3; . . .

N

2

This analysis will specify dominant scales for the spatial

distributions.

4. Results

The data from 26 August to 20 November 2003 were used

for our analysis. The gross rainfall measured on the tower and

the average throughfall of all 100 bucket gauges were 661.4 and

534.6 mm, respectively. This average throughfall, a ratio of

0.808 to the gross rainfall, is used for the standard value for our

comparisons of throughfall values measured by bucket- and

large raingauges. The ratio of throughfall at each bucket

raingauge to the average throughfall is shown in Fig. 6. The

average ratios and their standard deviations are listed with the

ratios for large raingauges in Table 1. Considering the

estimation accuracy, the average ratios for Subplots A, B,

and C are also written with their standard errors as

0.981 � 0.022, 1.174 � 0.029, and 1.006 � 0.027, respec-

tively. The ratios of large gauges No. 1 and No. 2 are 1.031

and 1.036, respectively.

Throughfall in Subplot B is much larger than that in the other

areas because Subplot B is located within a gap. The gap also

influences on the small fluctuation for Subplot B (Fig. 6) as

shown in the small standard deviation in Table 1. The openness

index at each bucket raingauge position is also plotted in Fig. 6.

The ratio of throughfall to the average (Tr) was weakly

S. Konishi et al. / Forest Ecology and Management 224 (2006) 19–2522

Fig. 6. Distribution of the ratio of measured throughfall (100 bucket gauges) to average throughfall (rectangular symbols) and openness index (bar graph). The

horizontal solid line indicates unity (throughfall ratio is equal to that averaged over the entire line plot). The dotted lines show the average throughfall ratios for the

modified sections of each subplot. The symbols (+) and (�) indicate the throughfall ratios measured at large raingauges No.1 (L1) and No.2 (L2), respectively. The

large open circles highlight the very small throughfall ratios in Subplot A.

Table 1

Ratio of throughfall to the average

Original section Modified

section

Section

(m)

Average S.D. Section

(m)

Average S.D.

Subplot A 0–64 0.981 0.175 0–43 1.002 0.152

Subplot B 64–70 1.174 0.071 61–74 1.181 0.073

Subplot C 70–100 1.006 0.147 80–100 1.037 0.113

Entire line plot 0–100 1.000 0.168 0–100 1.000 0.168

Large raingauge No. 1 – 1.031 – – 1.031 –

Large raingauge No. 2 – 1.036 – – 1.036 –
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correlated with openness index (Op): (Tr = 0.026Op + 0.973,

r2 = 0.245) (Fig. 7). The fact that very large Op values coincide

with large Tr values is quite natural because such positions were

located under poorly developed canopy cover. However, widely

scattered values of Tr were observed for relatively small Op

values, suggesting that the openness index was not always the

controlling factor of throughfall distribution.

A clear cyclic variation is detected in the spatial distributions

of both throughfall and openness index in Fig. 6. Fig. 8 shows

their spectra obtained through the Fourier analysis for all the

data (N = 100). The spectra for scales of shorter than 10 m are

relatively small both for the throughfall and openness index,

while their first peaks are generated at 11 m and around 15 m,

respectively. Although the relationship of throughfall to the

openness index is not clear from Fig. 7, cyclic patterns at 10–

15 m were common to both distributions. Tree canopies may

roughly control the spatial variation of throughfall. At the range

of longer scales, however, we can also find several dominant

scales for the both in Fig. 8, suggesting that the mixing of

various kinds of larger heterogeneities in our natural forest may

influence on their spatial distributions.

5. Discussion

At some places along the transect of Subplot A, throughfall

has very small values (marked with circles in Fig. 6) and seems

to be spatially punctuated. In these zones, the openness index is

also small (<0.1) and most of the rainwater may be trapped by

the dense canopy and diverted to surrounding areas. Except for

these local small zones, throughfall is relatively even and larger

than the mean value. Large openness indices are dominant in

these major clusters. Our onsite observation showed that zones

with large openness indices were located in the zone between

two tree canopies. It may be plausible that throughfall is large in

a canopy break, but the areas with large throughfall values are

not limited to these narrow canopy zones. Instead, there are

local areas with very small throughfall (marked with circles in

Fig. 6) under individual canopies. This rough accordance

between throughfall and openness index can explain the

dominant cycle of 10–15 m that was observed in both indices

(Fig. 8), although they were only weakly correlated (Fig. 7). In

addition to this, the complex canopy structure would not bewell

represented by a canopy index based on light penetration; the

physical analogues for canopy index and throughfall are quite

different (Loescher et al., 2002). The inter-relationship between

canopy scale and throughfall distribution will be discussed

from other aspects.

Information on the canopy scale in our forest can be

separately derived from the following two sources: (1) the

canopy projection map covering the 11 m � 11 m that includes

both large raingauges (Fig. 3), and (2) aerial photographs for

the 6 ha area near our site (Okuda et al., 2003b). The canopy

widths of trees reaching the top canopy layer (tree numbers 82,

83, 84, and 88) ranged from 10 to 20 m. The mean projected

area of tree canopies visible from the air was 94.5 m2, i.e., a

diameter of 11 m. Of course, canopy areas are not equal, but

this mean diameter is close to the range of values for the

dominant cycle (10–15 m) for throughfall and thus suggests

that this scale may generally control throughfall throughout this

forest.

Focusing on differences in throughfall distribution at a larger

scale, it is clear that near Subplot B the zone with large

throughfall values extends to the neighboring areas in the gaps

(Fig. 6). Although the canopy gap occupies only 7 m along our

line plot, large throughfall values continued for about 3–4 m on

both sides, and rather small values are found in the subsequent

5 m on each side. In contrast, the very large values of openness

index are limited to the gap itself, and these values become

small at distances of 10 m from the edges. The small values of

openness index in the surrounding area of the gap may be

caused by an edge effect. Actually, dense growth of small plants

along a forest edge may cause low light exposure (Davies-

Colley et al., 2000). Along this ‘fence line’, the lack of a high

canopy may cause large amounts of throughfall even in the

surrounding area regardless of the ‘dark conditions’ created by

abundant small plants. Within Subplot C, throughfall values

S. Konishi et al. / Forest Ecology and Management 224 (2006) 19–25 23

Fig. 7. Relationship between the openness index and the ratio of throughfall to

the average of all 100 bucket raingauges. The solid line is the regression line and

the area within the broken line polygon indicates the distribution range of the

plots.

Fig. 8. Spectra for throughfall and the openness index obtained from the 100

bucket raingauges.
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seem to be rather small in areas with large openness indices

(Fig. 6). Although the reason is not clear, the lack of large trees

(Fig. 5) may make the relationship between the openness index

and throughfall weak.

Thus, the heterogeneity including different regeneration

processes may cause complex relationships between through-

fall and canopy openness different from those in typical old-

growth areas (e.g., Subplot A). However, such a larger scale due

to forest regeneration processes is also important for the spatial

distribution of throughfall. As mentioned earlier, Loescher et al.

(2002) found the range – i.e., the distance beyond which

throughfall was statistically independent – to be 43 m for a

tropical rainforest in Costa Rica using semi-variograms.

Because this value was obtained from throughfall data with

a span of 5 m, we can assume that it was difficult to detect a

cyclic pattern at the canopy scale if it existed. This range

(Loescher et al., 2002) more indicates the scale of clustering of

large gaps in their study area. On the other hand, Brouwer

(1996) estimated the range as a much smaller value (7 m) in

Guyana, suggesting this value was derived from individual

canopy effects. Of course, each of the study sites has different

characteristics of canopy structure, but we can conclude that

various scales control the spatial distribution of throughfall in

such natural forests.

Finally, the spatial mean values of throughfall in each of our

Subplots are assessed against the previous findings. Because

zones in which gaps influenced throughfall extended beyond

the gap margins, we can extend Subplot B to from 61 to 74 m

(i.e., Subplot B0). Outside of Subplot B0, areas exist with small

throughfall. It is natural that throughfall is large in Subplot B0

with a gap; this reflects small evaporation during and after rain

events there. Such a local reduction in evaporation may cause

an increase in evaporation from the surrounding zones due to

small-scale advection smoothing the atmospheric heterogene-

ity, although the effect of advection has been discussed only for

a forest edge (Giambelluca et al., 2003). This compensation of

evaporation may account for the spatial distribution of

throughfall around a gap.

When the boundary zones surrounding the gap are removed

from the Subplots A and C, their respective areas can be

narrowed: 0–43 m for Subplot A0 and 80–100 m for Subplot C0.
These areas are considered to have typical forest conditions for

throughfall, which are separated from gap influences. The ratios

of averaged throughfall of the modified Subplots A0, B0, and C0

to the averaged throughfall of all the 100 bucket raingauges are

1.002 � 0.023, 1.181 � 0.020, and 1.037 � 0.025, respectively

(Table 1). Throughfall in Subplot B0 was significantly higher at
the 1% level from values for both Subplots A0 and C0; however,
no significant differences in throughfall were found (5% level)

between Subplots A0 (with big trees) and C0 (without big trees).
Thus, it is clear that this forest includes gaps with larger

throughfall than the mean and surrounding areas with smaller

throughfall. Although variations in throughfall are evident at

both larger scales due to gap disturbances as well as at smaller

scales caused by individual canopy influences, we can conclude

that the spatially averaged throughfall in the Pasoh Forest

Reserve may be similar to that in a typical old-growth forest

with big trees. It is expected that the spatial heterogeneities of

throughfall at local scales can be cancelled at larger scales.

The ratio of 1.031 and 1.036 for the large raingauges No.1

and No.2 are greater than that for the mean of bucket gauges

from 0 to 43 m in Subplot A0 in this forest (Table 1). There is a
possibility that the spatially averaged throughfall derived from

100 bucket raingauges may under- or overestimate the true

value because large leaves shelter the gauges or concentrate

throughfall into bucket gauges (Roberts et al., 2004). Indeed,

we cannot exclude this possibility, but within Subplot A0,
throughfall was relatively even or larger than the mean value

except for the limited local zones with very small throughfall

values (Fig. 6). Therefore, it is more plausible that both of the

large raingauges were probably installed in the areas outside of

the local zones, resulting in larger throughfall values than the

true spatial mean value. Thus, we can conclude that the

averaged throughfall of the 100 bucket raingauges was

sufficiently accurate.

6. Conclusion

Based on throughfall samples collected in 100 bucket

raingauges and two large raingauges, we have not only

estimated the spatial mean value with sufficient accuracy, but

also elucidated that the spatial distribution of throughfall was

controlled by processes functioning at different scales

consisting of the size of disturbance areas (e.g., treefall gaps)

to the size of individual canopies. Considering estimation

difficulties in the heterogeneous environment of a natural

tropical forest, we can propose that our line plot system using

bucket raingauges is a valid method for detecting the

distribution scales of throughfall.
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