
 1 

Carbon budget of tropical forests in Southeast Asia and the effects of deforestation: an 1 

approach using a process-based model and field measurements 2 

 3 

M. Adachi1, A. Ito1, A. Ishida2, W. R. Kadir 3, P. Ladpala4, Y. Yamagata1 4 

 5 

1 Center for Global Environmental Research, National Institute for Environmental 6 

Studies, 16-2 Onogawa Tsukuba, Ibaraki 305-8506, Japan 7 

2 Center for Ecological Research, Kyoto University 509-3-2 Hirano Otsu, Shiga 8 

520-2113, Japan  9 

3 Forest Research Institute Malaysia, 52109 Kepong, Selangor Darul Ehsan, Malaysia 10 

4 Department of National Park, Wildlife and Plant Conservation, Chatuchak, Bangkok 11 

10900, Thailand 12 

 13 

*Corresponding author: Minaco Adachi 14 

Tel.: +81-29-850-2567, Fax: +81-29-850-2960 15 

E-mail: adachi.minaco@nies.go.jp 16 

17 



 2 

Abstract 17 

More reliable estimates of the carbon (C) stock within forest ecosystems and C emission 18 

induced by deforestation are urgently needed to mitigate the effects of emissions on 19 

climate change. A process-based terrestrial biogeochemical model (VISIT) was applied 20 

to tropical primary forests of two types (a seasonal dry forest in Thailand and a 21 

rainforest in Malaysia) and one agro-forest (an oil palm plantation in Malaysia) to 22 

estimate the C budget of tropical ecosystems in Southeast Asia, including the impacts of 23 

land-use conversion. The observed aboveground biomass in the seasonal dry tropical 24 

forest in Thailand (226.3 t C ha–1) and the rainforest in Malaysia (201.5 t C ha–1) 25 

indicate that tropical forests of Southeast Asia are among the most C-abundant 26 

ecosystems in the world. The model simulation results in rainforest were consistent with 27 

field data, except for the NEP, however, the VISIT model tended to underestimate C 28 

budged and stock in the seasonal dry tropical forest. The gross primary production 29 

(GPP) based on field observations ranged from 32.0 to 39.6 t C ha–1 yr–1 in the two 30 

primary forests, whereas the model slightly underestimated GPP (26.5–34.5 t C ha–1 31 

yr–1). The VISIT model appropriately captured the impacts of disturbances such as 32 

deforestation and land-use conversions on the C budget. Results of sensitivity analysis 33 
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showed that the proportion of remaining residual debris was a key parameter 34 

determining the soil C budget after the deforestation event. According to the model 35 

simulation, the total C stock (total biomass and soil C) of the oil palm plantation was 36 

about 35% of the rainforest’s C stock at 30 yr following initiation of the plantation. 37 

However, there were few field data of C budget and stock, especially in oil palm 38 

plantation. The C budget of each ecosystem must be evaluated over the long term using 39 

both the model simulations and observations to understand the effects of climate and 40 

land-use conversion on C budgets in tropical forest ecosystems. 41 

42 
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1 Introduction 42 

More detailed estimations of the carbon (C) stocks within forest ecosystems and of C 43 

emissions induced by deforestation are important environmental research goals. 44 

According to various estimates, C emission from land-use change accounts for about 45 

12% (van der Werf et al., 2009) or 20% (IPCC, 2007) of the total anthropogenic 46 

emissions worldwide. Numerous studies have evaluated the amount of C emission due 47 

to deforestation around the world using various models (Cramer et al., 2004; Huang et 48 

al., 2008; Kato et al., 2009; McGuire et al., 2001; Ramankutty et al., 2007; Shevliakova 49 

et al., 2009). To evaluate the annual C emission from land-use change, several models 50 

considered the different decay rates of harvested forest products based on the method of 51 

Houghton et al. (1983). Cramer et al. (2004) reported that C emission due to land-use 52 

change had a great uncertainty in Southeast Asia; Houghton (1999) estimated the value 53 

as 1.08 Gt C yr–1, whereas the estimate of Cramer et al. (2004) was 0.30–0.49 Gt C yr–1. 54 

Model simulations suggested that, despite uncertainties in the deforestation area, a large 55 

amount of C would be released through deforestation in the future (Cramer et al., 2004). 56 

Kato et al. (2009) estimated that 44.4 Gt C had been emitted globally over the prior 100 57 

yr, and the global C emission induced by land-use change was estimated as 0.5 Gt C 58 
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yr–1 in the 1980s. At the regional scale, many model simulations of the impacts of 59 

deforestation have specifically examined Amazonian forests (e.g., Malhi et al., 2008), 60 

whereas fewer studies have investigated the impacts of land-use change on the C stocks 61 

of ecosystems in Southeast Asia. 62 

 According to the Global Forest Resource Assessment conducted in 2010 (FAO, 63 

2010), tropical forests (excluding rubber plantations) accounted for 19.3 million ha. 64 

Between 1990 and 2007, the area of tropical forests in Malaysia had decreased by 1.2 65 

million ha. Those deforested areas have been converted mostly into farmland or 66 

agro-forests. The area of oil palm plantations in Malaysia increased especially rapidly, 67 

from 2.0 million ha in 1990 to 4.2 million ha in 2007 (FAO, 2010). Consequently, 68 

Malaysia has become one of the major palm oil–producing countries, producing more 69 

than 40% of the world’s supply (Fitzherbert et al., 2008). 70 

 A more detailed understanding of the impacts of deforestation on the net C 71 

budget of ecosystems in Southeast Asia is needed for C management and mitigation of 72 

climate change. In the present study, we adopted a process-based terrestrial 73 

biogeochemical model, Vegetation Integrative SImulator for Trace gases (VISIT), to 74 

estimate the C budget of primary tropical forest ecosystems and the impacts of land-use 75 
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conversion, while considering both instantaneous emissions from rapidly released C 76 

from pools and gradual decomposition of slowly released C from pools, such as coarse 77 

woody debris. The change in vegetation structure (e.g., amount of biomass and canopy 78 

leaves), plant ecophysiological properties (e.g., photosynthetic capacity and respiration), 79 

and soil biogeochemical properties (e.g., soil texture) are important factors to include in 80 

models for a more detailed assessment. Furthermore, in the case of cropland, we must 81 

consider C exports through crop harvests when evaluating the net ecosystem C budget 82 

(e.g., net biome production (NBP): Chapin et al., 2006; Poulter et al., 2010). The 83 

objectives of the present study were to: (1) clarify the similarities and differences 84 

between a wet and dry tropical forest to evaluate the potential applicability of the VISIT 85 

model, (2) compare the model simulations of tropical ecosystems with field data and 86 

modify the VISIT model accordingly, and (3) evaluate the C budget before and after 87 

land-use conversion in Malaysia using the VISIT model. Based on our findings, we 88 

discuss the potential applicability of the VISIT model and some problems related to its 89 

application in Southeast Asia. 90 

 91 

2 Materials and methods 92 
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2.1 Site description 93 

The present study was conducted in two primary forests, a rainforest (RF) in Malaysia 94 

and a dry evergreen forest (DEF) in Thailand, and in an oil palm plantation (OPP) in 95 

Malaysia (Fig. 1). The RF was in the Pasoh Forest Reserve (2°5ʹ′N, 102°18ʹ′E), and OPP 96 

was adjacent to the reserve. The annual mean air temperature in the Pasoh area was 27.1 97 

°C (1992–1994; Bekku et al., 2003), and the monthly mean maximum and minimum air 98 

temperatures were 32.5 °C and 22.5 °C in the Pasoh area, respectively (1991–1997; 99 

Manokaran et al., 2004). The annual precipitation ranged from 1450 to 2341 100 

mm (1995–2000; Malaysian Meteorological Services). The RF is a tropical evergreen 101 

forest dominated by Dipterocarpaceae, with total aboveground biomass of 403 t dry 102 

matter ha–1 in 1998 (Hoshizaki et al., 2004). At OPP, oil palms (Elaeis guineensis) were 103 

planted first around 1976 and clear-cut in October 2001; palm seedlings were replanted 104 

in 2002 for the second rotation. The soil type in RF was classified as Haplic Acrisol 105 

(Yamashita et al., 2003) and the soil texture at 5-cm depth was heavy clay in RF and 106 

sandy clay loam in OPP (Adachi et al., 2005), respectively. Soil C contents at 5-cm 107 

depth in RF and OPP were 2.92% and 1.55%, respectively (Adachi et al., 2006). 108 
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 The DEF was located at the Sakaerat Environmental Research Station (14°30ʹ′N, 109 

101°55ʹ′E). The annual mean temperature was 24.1 °C, and the monthly mean maximum 110 

and minimum air temperatures were 28.1 °C and 21.0 °C, respectively (2001–2003; 111 

from the AsiaFlux Database). The annual precipitation was 1733 mm in 2003 (Ishida et 112 

al., 2006). Dipterocarpaceae, Moraceae, and Meliaceae trees are dominant (Yamashita 113 

et al., 2010). The total aboveground biomass was 452.6 t dry matter ha–1 in 1993 114 

(Kanzaki et al., 2009). The soil type in DEF was classified as Orthic Acrisols (FAO/ 115 

UNESCO: Sakurai et al., 1998), and the soil C content was 2.48% at 5-cm depth 116 

(Yamashita et al., 2010). 117 

 118 

2.2 Model overview 119 

A process-based terrestrial biogeochemical model (VISIT) was developed based on a 120 

simple C cycle model (Sim-CYCLE: Ito and Oikawa, 2002; Kato et al., 2009), in which 121 

the atmosphere–ecosystem exchange and internal dynamics of C are simulated at a daily 122 

time step. The VISIT model was originally developed for a cool-temperate deciduous 123 

broad-leaved forest (Inatomi et al., 2010; Ito, 2010a), and it simulates long-term C 124 

dynamics including the impacts of forest disturbance (temperate forest: Ito et al., 2005). 125 
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The ecosystem budget of CO2, that is, the net ecosystem production (NEP), is obtained 126 

as the difference between photosynthetic uptake (gross primary production, GPP) and 127 

respiratory emissions from plants and microbes. The CO2 efflux from the soil surface, 128 

that is, the soil respiration (SR), is obtained as the sum of plant root respiration and 129 

microbial heterotrophic respiration. These biogeochemical C flows are calculated based 130 

on models of the ecophysiological responses of the vegetation to environmental 131 

parameters. 132 

 Figure 2 shows an overview of the VISIT model, which was developed based on 133 

Sim-CYCLE with three main improvements. First, the ecosystem C stock is divided 134 

into more detailed compartments in the VISIT model. For example, understory plants 135 

(C3 grasses and shrubs) are explicitly separated from canopy trees, and litter and humus 136 

C stocks are subdivided into multiple compartments with different turnover times. As a 137 

result, the ecosystem structure of the C stock is represented by four sectors: canopy 138 

trees, understory plants, litter, and humus (Fig. 2a). Second, the VISIT model was able 139 

to evaluate the impacts of forest disturbance and land-use change (Fig. 2b). To evaluate 140 

the effect of land-use conversion from a primary forest to an oil palm plantation, we 141 

incorporated three processes in the model: (1) removing the existing aboveground forest 142 
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biomass (wood harvest), (2) residual (or leaving) woody and root debris (residual 143 

debris), and (3) planting of oil palm seedlings. The year of disturbance and planting of 144 

oil palm seedlings can be set for anytime, but this event occurred only once in this 145 

model. Because oil palm seedlings were replanted in 2002 for second rotation in OPP, 146 

the disturbance event from forest to oil palm plantation in the VISIT model was set for 147 

2001 in Fig 9c. After planting, oil palm seedlings are managed as they grow in the 148 

VISIT model. Once a tree is 5 yr old, 5% of its leaves are pruned each year and added to 149 

the litter C pool. Moreover, oil palm fruits are harvested from stem at 10 yr of age in the 150 

VISIT model, accounting for a C loss of 3.3 t C ha–1 yr–1 based on a report of palm oil 151 

yields (2.8 t ha–1; Stone, 2007). Third, the VISIT model enables us to evaluate 152 

atmosphere–ecosystem exchange of not only CO2 but also other greenhouse gases (CH4 153 

and N2O; Inatomi et al., 2010); however, this exchange is not discussed in the present 154 

study. 155 

 156 

2.3 Ecophysiological and soil parameters used in the model 157 

Representative ecophysiological parameters of the primary forests (DEF and RF) and 158 

OPP are presented in Table 1. The single-leaf photosynthetic rate was calculated using 159 
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the maximum photosynthetic rate under light-saturation, the light-use efficiency, and 160 

the photosynthetic photon flux density (Ito and Oikawa, 2002). Although the VISIT 161 

model does not simulate the stem density explicitly, the difference between the forest 162 

and oil palm canopies can be captured reasonably well as the differences in 163 

photosynthetic capacities and allocation coefficients. The soil characteristics of DEF, 164 

RF, and OPP were represented by three soil parameters (bulk density, and sand and clay 165 

contents) obtained from previous reports and field measurements (Table 2). These 166 

parameters are important for characterizing hydrological and biogeochemical properties 167 

to evaluate the C stock of the soil and C sequestration following the land-use change. 168 

Soil solid volumes within 100-mL soil core samples were measured using a three-phase 169 

meter (DIK-1121; Daiki Rika Kogyo Co. Ltd., Konosu, Japan). The fresh weight of 170 

each sample was measured and the material was dried at 105 °C for 48 h. The dry 171 

weight was measured to calculate the volumes of the water and gas phases within the 172 

core samples (Hillel, 1998). 173 

 174 

2.4 Input data for the VISIT model 175 
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For each site, we repeatedly conducted a spin-up calculation for 2000 yr to create 176 

appropriate initial states of ecosystem C pools and budgets using the climate data for 177 

1948–2008. Moisture conditions such as soil water content, which determine the effect 178 

of water stress on plant production and soil decomposition, are simulated in a 179 

hydrological subscheme. In the submodel, soil moisture content is calculated from the 180 

water-budget equation using precipitation data (input), and estimated evapotranspiration 181 

and runoff discharge (outputs) are estimated in another submodel (Ito and Oikawa, 182 

2002). The VISIT model incorporates the increase of background atmospheric CO2 183 

concentration from 310 ppmv in 1948 to 392 ppmv in 2008, leading to a CO2 184 

fertilization effect on the photosynthesis rate. 185 

 The model simulations were conducted at a daily time step, using daily average 186 

meteorological forcing data (Table 3). Ito and Oikawa (2002), and Ito et al. (2006) 187 

indicated the details of calculation methods for radiation and water budget of the 188 

Sim-CYCLE model, and these methods were used in the VISIT model. For this study, 189 

daily data were derived from a reanalysis global climate dataset produced by the U.S. 190 

National Centers for Environmental Prediction and the U.S. National Center for 191 

Atmospheric Research (NCEP/NCAR; Kistler et al., 2001) for the period from 1 192 
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January 1948 to 31 December 2008. Although these data have a coarse spatial 193 

resolution, they provide a representative long-term time series of meteorological 194 

conditions. Because the NCEP/NCAR data represent large-scale average meteorological 195 

conditions, there remain several biases in comparison with observational data at specific 196 

sites. Figure 3 shows a comparison between monthly precipitation according to 197 

NCEP/NCAR data and field observation at RF and DEF. Based on the discrepancies, 198 

NCEP/NCAR precipitation data were corrected using the differences of monthly mean 199 

precipitation from 2001 to 2003 in DEF and 1991 to 1997 in RF (Fig. 3). Moreover, the 200 

NCEP/NCAR precipitation data from 1948 to 1954 contain a clear low-precipitation 201 

bias due to insufficient observational data. Therefore, the data during that period were 202 

replaced by the daily averages for 1955–2008 in DEF and 1955–1978 in RF. Figure 4 203 

shows the annual mean air temperature and corrected precipitation pattern in DEF and 204 

RF from 1948 to 2008. On the other hand, annual mean air temperature by 205 

NCEP/NCAR data was not greatly different with the in-situ data. 206 

 207 

2.5 Sensitivity analysis of C flux induced by land-use change 208 
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When a clear-cut occurs at a certain stand age in the VISIT model, it is assumed that all 209 

canopy trees are cut and exported, except for a part of the stems, leaves, and roots that 210 

are left behind as residual woody debris. The VISIT model is able to define the 211 

individual ratios of remaining stems, leaves, and roots as residual debris. Houghton et al. 212 

(1983) reported various conversion ratios for the amount of C stored in products 213 

obtained from tropical ecosystems, that is released into the atmosphere: 33% of total 214 

biomass C remained in the soil as residual woody debris, and the other 67% was 215 

removed as wood harvest. We assumed that 60% of harvested wood C is consumed and 216 

returned to the atmosphere within 1 yr and that the remaining 40% is decomposed over 217 

the course of the next 9 yr (i.e., all is decomposed after 10 yr). Residual debris was 218 

added to soil C, and its decomposition rate was assumed to be the same as the litter 219 

decomposition rate. Therefore, the soil respiration rate in OPP included the respiration 220 

of oil palm roots and microbes, which consumed the residual debris and oil palm litter. 221 

In the present study, the proportions of the stem, leaf, and root C pools were changed 222 

individually from 0% to 100%. 223 

 224 

2.6 Validation data for the VISIT model 225 
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The diurnal patterns of GPP from 2003 to 2005 were compared with GPP data gathered 226 

by two satellites. Data subsets for RF and DEF were obtained from the Moderate 227 

Resolution Imaging Spectrometer (MODIS), Collection 5, onboard the Terra and Aqua 228 

satellites, target area were 3 km2 at a 1-km resolution. The data were provided by the 229 

U.S. Oak Ridge National Laboratory (http://daac.ornl.gov/MODIS/). Terra and Aqua 230 

pass the equator each day at 1030 and 1330 h local time, respectively. Data that passed 231 

the quality assurance testing by the U.S. Oak Ridge National Laboratory were used for 232 

the comparison. 233 

 234 

3 Results 235 

3.1 C budget in the primary forests 236 

The seasonal variations in original NCEP/NCAR data of precipitation were lower than 237 

the field measurement, especially in RF (Fig. 3b). The corrected mean annual 238 

precipitations were 1967 mm in DEF and 2339 mm in RF in 1995 –2008 (Fig.4b), these 239 

rates were lower than the original NCEP/NCAR data: 2659 mm in DEF and 3299 mm 240 

in RF. The C stock and C fluxes in two primary tropical forests (DEF and RF) were 241 

simulated using the VISIT model (Fig. 5). The gradual increase of C stock at both sites 242 
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from 1948 to 2008 (Figs. 5a, b) would be induced by the increase of atmospheric CO2 243 

concentration, that is, by the CO2 fertilization effect. Because the ecophysiological 244 

parameters used in the model simulations were set at the same values at the two forests 245 

(Table 1), the difference in their C budgets were mainly attributable to the differences in 246 

air temperatures, precipitation, and site-specific soil parameters. The more humid RF 247 

had a larger total C stock (canopy trees, understory plants, litter, and humus, 299.7 t C 248 

ha–1) than the drier DEF (287.6 t C ha–1) in 2008. The seasonal variation in NEP was 249 

clearer in DEF than in RF (Figs. 5c, d). The standard deviation (SD) of NEP in 250 

2002–2006 was 1.48 g C m–2 day–1 in DEF and 1.26 g C m–2 day–1 in RF. The SDs of 251 

SR were 0.81 and 1.19 g C m–2 day–1 in DEF and RF, respectively (Figs. 5e, f). Neither 252 

daily NEP nor SR had a significant relationship with daily precipitation in DEF and RF. 253 

 Table 4 presents the forest C budgets for DEF and RF based on field 254 

measurements versus model estimates. As compared to tropical ecosystems in general, 255 

relatively high photosynthetic uptakes (GPP) of 32.0–39.6 t C ha–1 yr–1 were observed at 256 

both sites. The model slightly underestimated GPP as 26.5–34.5 t C ha–1 yr–1. The 257 

simulated aboveground biomass and GPP in 2005 were consistent with field data (Table 258 

4). The relationship between the annual precipitation and GPP rate in RF was expressed 259 
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as a quadratic equation (Fig.6). The low simulated GPP rate in RF would have been 260 

affected by the lower precipitation from 2002 to 2004 (Figs. 4b, 6), because single-leaf 261 

photosynthetic capacity was assumed to be limited by low soil water content induced by 262 

low precipitation in the VISIT model. In DEF, aboveground biomass was 263 

underestimated by the model, although the estimated GPP was consistent with field 264 

observations. Because the net C budgets of the tropical forest sites were close to 265 

equilibrium, it was difficult for the model to capture the small interannual variability in 266 

NEP (Table 4). 267 

 268 

3.2 Effect of plantation formation on C stock 269 

The VISIT model considered the impacts of land-use conversion, especially the effect 270 

of residual woody debris added to the soil C pool. Table 5 shows the results of a 271 

sensitivity analysis of the VISIT model for RF in terms of changes in the ratios of 272 

remaining residual debris as stem, leaf, and root when a plantation is formed. 273 

Cumulative C flux induced by land-use change represents the sum of C flux from soil 274 

during a 2-yr period (1977–1978) and 10-yr period (1977–1986) plus harvested C 275 

within the 1st and 10th yr, respectively. The analysis suggested that SR during the 10 yr 276 
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was lower than the no disturbance (forest) ecosystems at the some case of ratios of 277 

remaining residual debris. Usually, the C loss from harvest was not considered in the 278 

NBP, however, all cases of ratios of remaining residual debris served as a C source in 279 

the two periods when the C loss from harvest was added to the SR.  280 

 Figure 7 shows the temporal variations in the C stock and C flux before and after 281 

land-use conversion from a primary forest (RF) to an oil palm plantation (OPP) in 1976, 282 

as simulated by the VISIT model. Note, however, that there were few field data from 283 

OPP (Table 4). The aboveground biomass C in OPP was similar for field measurements 284 

and model estimates of 27.5-yr-old oil palms in 2003 and half year. However, the 285 

estimated NEP in OPP was higher than that in forest ecosystem since 10 yr-old after 286 

planting of the seedlings (Fig.7b), our findings indicate that the total C stock (canopy 287 

trees, litter, and humus) in OPP (104.3 t C ha–1) at 30 yr following initiation of the 288 

plantation was about 35% that of RF (299.8 t C ha–1) in 2006(Fig.7a).  289 

 290 

3.3 Validation of the temporal variation on SR, soil water content and GPP 291 

 Figure 8a shows the seasonal variation in SR estimated using the VISIT model 292 

and field data from RF and OPP. According to the field data, the spatial variation in SR 293 
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was greater than the seasonal variation. Adachi et al. (2005) reported that the spatial 294 

variation in SR in RF and OPP was larger than the temperate ecosystems, and the 295 

coefficient of variation for SR was 43% in RF and 46% in OPP. Moreover, the 296 

estimated seasonal variation of SR was less than that observed in the field. The 297 

estimated annual SR was similar to that of field observations (Table 4), but the spatial 298 

variation in SR was not considered in the VISIT model. The second disturbance of 299 

replanting oil palms might have caused the decrease in observed SR from 2001 to 2002 300 

in OPP (Fig. 8a); however, the VISIT model cannot consider the process of the second 301 

disturbance. The SR and soil water content in RF estimated by the VISIT model was 302 

lower than that measured in the field from 2003 to 2005 (Fig. 8), mainly because 303 

precipitation based on NCEP/NCAR data tended to be low during this period (Fig. 4). 304 

 A comparison of the VISIT model estimates with MODIS data showed that the 305 

seasonal variation range of GPP in DEF was more similar to the data gathered by the 306 

Terra satellite than that from the Aqua satellite (Fig. 9a). The Aqua satellite data of GPP 307 

was lower than that from Terra satellite in RF (Fig. 9b). The Terra and Aqua GPP data 308 

at OPP varied widely, but the estimated GPP by the VISIT model was consistently 309 

lower than the MODIS observation (Fig. 9c).  310 



 20 

 311 

4 Discussion 312 

4.1 Comparison of the two primary forests 313 

The observed aboveground biomass in DEF (226.3 t C ha–1) and RF (201.5 t C ha–1) 314 

indicate that tropical forests of Southeast Asia are among the most C-abundant 315 

ecosystems in the world, surpassing Amazonian rainforest (161.4 t C ha–1; Malhi et al., 316 

2006). The model simulation results were consistent with field data in RF, except for 317 

the NEP (Table 4). However, the aboveground biomass estimated by the VISIT model 318 

was about 71% of the field measurement in DEF. The underestimation of aboveground 319 

biomass in DEF would be due to the relationship between annual GPP and precipitation 320 

in the VISIT model (Fig. 6). Based on soil C content and bulk density measured in the 321 

field (Adachi et al., 2006; Yamashita et al., 2010; Table 2), soil organic C at 5-cm depth 322 

was estimated as 13.0 t C ha–1 in DEF, which was higher than the estimate of 10.8 t C 323 

ha–1 in RF. But the results of the VISIT model showed the opposite trend: in 2008 the 324 

soil C stocks (litter and humus) were 75.6 t C ha–1 in RF and 74.7 t C ha–1 in DEF. Thus, 325 

field measurements indicate that the C budget and stock in DEF were larger than those 326 

in RF, but the VISIT model tended to underestimate those in DEF. 327 
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 The seasonal mean light-saturated photosynthetic rates were formulated by 328 

functions of temperature, CO2 level, air humidity and soil water (Ito and Oikawa, 2002), 329 

and these rates used in the VISIT model were 13.1 and 12.8 µmol m–2 s–1 in DEF and 330 

RF, respectively, and these rates are an important factor in estimating the GPP. Ishida et 331 

al. (2006) reported that the maximum photosynthetic rate in dry evergreen forest differs 332 

according to tree species, leaf maturity, and the wet and dry seasons, ranging from 4.6 333 

to 10.7 µmol m–2 s–1 in the dry season and from 8.6 to 12.9 µmol m–2 s–1 in the wet 334 

season. Kosugi et al. (2009) reported that the maximum photosynthetic rate in RF was 335 

less than 10 µmol m–2 s–1. Although the model parameter of maximum photosynthetic 336 

rate was higher than these observed values, the simulated aboveground biomass values 337 

were smaller than the field measurements at both sites. Therefore, the underestimation 338 

of aboveground biomass could be due to higher respiration rates or turnover rates used 339 

in the model. 340 

 Estimated NEP was not consistent with field data in both DEF and RF. Ohtsuka 341 

et al. (2009) reported that the difference in NEP between the biometric method and 342 

eddy-covariance method was ±2 t C ha–1 yr–1 in a cool-temperate deciduous 343 

broad-leaved forest. Saleska et al. (2003) reported that in Amazonian rainforest the 344 
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observed seasonal pattern of NEE was opposite the simulated pattern, despite the proper 345 

precipitation pattern being used in the models. Therefore, in the present study the 346 

difference in NEP between the model simulation and field observation was within the 347 

acceptable range. On the other hand, the annual precipitation influenced annual GPP in 348 

RF (Fig. 6), this result suggested that meteorological data was also important to 349 

accuracy evaluation.  350 

 Based on the comparison of the VISIT model estimates with MODIS data, the 351 

maximum GPP rate in DEF was higher than that in RF (Fig. 9a, 9b). In RF, the GPP 352 

rate showed a large difference between the results based on Terra versus Aqua data due 353 

to the formation of cumulus clouds before the Aqua overpass (Miettinen and Liew, 354 

2008). In a temperate forest, Ito (2010b) compared VISIT model estimates with MODIS 355 

data of leaf area index, however, the MODIS-estimated LAI had a large variation during 356 

the monsoon rainy season. The MODIS-estimated LAI in the present study sites also 357 

had a large variation (data not shown), and this result could be one reason why there 358 

were large differences between the results of VISIT model and MODIS estimations. 359 

The direct distance from OPP and the edge of RF was about 4-km, and this could cause 360 

the inconsistency of GPP data between Terra and Aqua at OPP (Fig.9c). 361 
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 More data gathered in tropical regions using various methods are needed to	
 362 

validate and improve the VISIT model simulations. Data obtained by the biometric 363 

method, eddy-covariance method, and remote sensing have different spatiotemporal 364 

scales. For instance, field measurements of SR rates are expected not only to vary 365 

temporally due to meteorological conditions, but also to show spatial variation among a 366 

limited number of SR chambers. 367 

 368 

4.2 Effect of land-use change to an oil palm plantation on the ecosystem C budget 369 

Our findings indicate that the total C stock and SR in OPP at 30 yr became smaller than 370 

that in forest ecosystems (Fig. 7). Although oil palm plantations are structurally simpler 371 

than primary forest ecosystems, the agricultural tasks performed by people are expected 372 

to engender complexity and make model simulations of this system more difficult. We 373 

added the event of leaf harvest and removal to the model in order to more accurately 374 

compare the simulated and observed SR rates. The maximum photosynthetic rate was 375 

20 µmol m–2 s–1, it decreased with leaf ages in oil palms (Dufrene and Saugier, 1993). 376 

The estimated seasonal mean light-saturated photosynthesis rates by the VISIT model 377 

were 11.8 µmol m–2 s–1 in OPP, but the reduction of photosynthesis rates induced by 378 
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leaf senescence was not considered in this model. Oil palm trees are clear-cut and 379 

seedlings are replanted at 25- to 30-yr rotations in Southeast Asia (Corley and Tinker, 380 

2003). These events occurred again for the second rotation in OPP in 2001, however, 381 

the VISIT model can simulate the event of disturbance and planting of oil palm 382 

seedlings only once. The VISIT model needs to improve for evaluation of the C budget 383 

in maintained agricultural management, because the second disturbance was different 384 

from first disturbance (e.g. amount of residual debris and its decomposition rate). 385 

 The estimated values of soil C emission after disturbance are expected to be 386 

underestimated, however, because the calculation does not account for the acceleration 387 

of decomposition at the soil surface due to the change in the radiation budget. In general, 388 

the soil surface becomes warmer and dryer after a clear-cut because it receives more 389 

direct solar radiation (Ritter et al., 2005). Several studies have shown that soil organic 390 

matter is sensitive to land-use change in tropical ecosystems (Chaplot et al., 2005; Fujii 391 

et al., 2009; Marin-Spoitta et al., 2009). Sheng et al. (2010) reported that the 392 

temperature sensitivity of SR rates (i.e., the Q10 value) was higher in sloping tilled land 393 

than in a natural subtropical forest in China. Solomon et al. (2007) found that soil 394 

organic C loss occurred during the first 4 yr after land-use change in a tropical region, 395 
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and the forest soil was more sensitive to environmental conditions than that of native 396 

grasslands. However, Tanaka et al. (2009) reported finding no significant difference in 397 

total C contents among secondary forests and some types of plantations, including trees 398 

of different ages in Malaysia. Our field measurements indicated that soil physical 399 

parameters change when primary forest is converted to an oil palm plantation (Table 2). 400 

Clay content in OPP was lower than that in RF, whereas sand content showed the 401 

opposite pattern. Islam and Weil (2000) also reported that land-use change from tropical 402 

forest to cropland caused a decrease in silt and clay content. The relationship between 403 

clay content and soil organic content was not clear in the worldwide, but clay minerals 404 

help to stabilize soil organic matter (McLauchlan, 2006). These results suggest that soil 405 

properties would be affected by land-use change, and the VISIT model would develop 406 

to consider the relationship between soil characteristics and the productively of 407 

ecosystems in the future. 408 

 Using the VISIT model and the deforestation rate reported by FAO (2010), the 409 

total C emissions induced by land-use change in Malaysia between 1995 and 2004 was 410 

estimated as 16.8 Mt C. This value was calculated by multiplying the deforestation area 411 

and the estimated NEP by VISIT model at every year. This is useful information for 412 
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managing activities related the Reduce Emissions from Deforestation and Forest 413 

Degradation (REDD) initiative. Detecting the effects of land-use change on soil 414 

biochemical and physical characteristics requires long-term measurements, however, 415 

because it is necessary to examine when and how these soil characteristics change. 416 

Unfortunately, we lack sufficient information about how fast soil physical properties are 417 

expected to change after disturbances in tropical forests. More detailed estimations are 418 

needed to evaluate the amount of C emission induced by comprehensive deforestation 419 

or land-use change of the entire Southeast Asian region. 420 
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FIGURE LEGENDS 625 

Figure 1. Locations of the dry evergreen forest (DEF) in Thailand and the rainforest 626 

(RF) and the oil palm plantation (OPP) in Peninsular Malaysia. Climate data for (a) 627 

DEF (2001–2003, from the AsiaFlux Database) and (b) RF and OPP (1991–1997, from 628 

Manokaran et al., 2004). Solid and broken lines show the monthly means of daily 629 

maximum and minimum air temperatures, respectively; vertical bars show the monthly 630 

precipitation. 631 

 632 

Figure 2. An overview of the VISIT model for (a) primary forest and (b) land-use 633 

change (LUC) from forest to oil palm plantation. The C flux among the compartments 634 

and the atmosphere represent net ecosystem production (NEP), net primary production 635 

(NPP), and gross primary production (GPP); net biome production (NBP) consists of 636 

NEP and carbon flux from LUC. 637 

 638 

Figure 3. Comparison of observed monthly precipitation data and that from the U.S. 639 

National Centers for Environmental Prediction and the U.S. National Center for 640 

Atmospheric Research (NCEP/NCAR) in (a) dry evergreen forest (DEF) from 2001 to 641 
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2003 and (b) rainforest (RF) from 1991 to 1997. 642 

 643 

Figure 4. Annual mean (a) air temperatures and (b) precipitation in dry evergreen forest 644 

(DEF) in Thailand and rainforest (RF) in Malaysia based on NCEP/NCAR data from 645 

1948 to 2008. Precipitation data were corrected using the observed monthly mean 646 

precipitation (Fig. 3). 647 

 648 

Figure 5. Temporal variations in (a, b) carbon stock, (c, d) net ecosystem production 649 

(NEP: black line) and daily precipitation (gray line), and (e, f) soil respiration (SR) in 650 

dry evergreen forest (DEF) in Thailand (top) and the rainforest (RF) in Malaysia 651 

(bottom) simulated by the VISIT model. The subclasses of C stock are aboveground 652 

biomass of canopy tree (gray), belowground biomass (vertical), understory plant 653 

biomass (black), dead biomass and detritus (litter; white), and humus (diagonal line) 654 

from top to bottom. 655 

 656 

Figure 6. The relationship between annual precipitation and gross primary production 657 

estimated by the VISIT model. 658 
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 659 

Figure 7. Temporal variation in C stock (a) and C flux (b) within the rainforest (RF) 660 

during 1948–2008, including land-use conversion from a primary forest to oil palm 661 

plantation in 1976. The subclasses of C stock are aboveground biomass of canopy tree 662 

(gray), belowground biomass (vertical), understory plant biomass (black), dead biomass 663 

and detritus (litter; white), humus (diagonal line), and residual debris (dotted) from top 664 

to bottom. The subclasses of C flux are gross primary production (GPP; solid line), soil 665 

respiration (SR; broken line), and net primary production (NEP; bold line). 666 

 667 

Figure 8. Comparisons of the VISIT model simulation and field measurements of (a) 668 

soil respiration rates (SR) in the rainforest (RF) and oil palm plantation (OPP) from 669 

2000 to 2004 and (b) daily mean soil water content at 0- to 30-cm depth in RF from 670 

2003 to 2008. In (a), model simulation for RF (bold line), model simulation for OPP 671 

(gray line), observed mean SR in RF (filled circles), observed mean SR in OPP (open 672 

circles); error bars show the standard deviation (n=16). See Adachi and Koizumi (2009) 673 

for field measurements. In (b), field observation from Kosugi et al. (2009) (bold line) 674 

and VISIT model estimates in RF (gray line). 675 
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 676 

Figure 9. Seasonal variations in gross primary production (GPP) based on satellite 677 

observations (Aqua and Terra MODIS values) and the VISIT model simulation in (a) 678 

the dry evergreen forest (DEF) in Thailand, and (b) the rainforest (RF) in Malaysia, and 679 

(c) the oil palm plantation (OPP) in Malaysia. Because oil palm seedlings were 680 

replanted in 2002 for second rotation in OPP, the disturbance event from forest to oil 681 

palm plantation in the VISIT model was set for 2001. 682 

683 



 44 

TABLE LEGENDS 683 

Table 1. VISIT model parameters for the primary forest (dry evergreen forest and 684 

rainforest) and oil palm plantation. 685 

 686 

Table 2. Soil parameters measured at the dry evergreen forest (DEF) in Thailand and the 687 

rainforest (RF) and oil palm plantation (OPP) in Malaysia. 688 

 689 

Table 3. Climate parameters from NCEP/NCAR used in the VISIT model 690 

 691 

Table 4. Comparisons of gross primary production (GPP), net ecosystem production 692 

(NEP), soil respiration rate (SR), and aboveground biomass carbon (AGB) between the 693 

VISIT model simulations and field measurements. AGB carbon values were estimated 694 

as half of the aboveground biomass. 695 

 696 

Table 5. Results of sensitivity analysis of the carbon flux for 2 yr (1977–1978) and total 697 

carbon flux during 10 yr (1977–1986) after deforestation in the VISIT model. 698 

Deforestation occurred in 1976 in this simulation. Harvest rate changes and changes in 699 
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the proportions of remaining leaves, stems, and roots are shown. 700 


