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Abstract 15 

Rapid expansion of natural rubber plantations in South-East Asia and other 16 

regions has greatly altered ecosystem based carbon (C) stocks with potential 17 

impacts on climate change mitigation and future C trading opportunities. 18 

Therefore, reliable estimations of carbon sequestration and emission at the 19 

landscape level after land cover transition from forest, swidden agriculture 20 

and other land use types are needed. We reviewed studies on C stocks and 21 

dynamics in rubber plantations considering the contribution of aboveground 22 

and belowground biomass, soil organic matter, collected latex and other 23 

minor components. C sequestration occurred after conversion of arable land 24 

to rubber plantations while C losses usually prevailed if forest was converted 25 

to rubber. These general trends strongly depended on local climate 26 

conditions and soil properties as well as on topography. Non-traditional 27 

planting of rubber under subtropical conditions with a dryer climate and at 28 

high elevations (300–1000 m above sea level) decreased the C 29 

sequestration potential of rubber. We show how rotation length, rubber 30 

clone, and management strategies like tapping frequency or planting density 31 

affect C stocks, discuss the uncertainties in C stock estimation and highlight 32 

improved approaches. An important conclusion is that upscaling of C stocks 33 

and dynamics under different climate scenarios and rotation lengths to a 34 

regional level requires the use of time averaged C stocks. Enhanced remote 35 

sensing techniques can greatly improve C stock estimates at the regional 36 

level, allowing for an accounting of the variability caused by terrain and 37 

plantation properties. A partial life cycle assessment of rubber production 38 

revealed greenhouse gas emissions as a minor contribution when compared 39 



to land use change effects on plant and soil C stocks and C accumulation in 40 

latex, wood products and seed oil. The review highlights scantily explored 41 

topics and proposes directions for future studies, which should decrease 42 

uncertainties in C estimates in rubber dominated landscapes. 43 

Keywords 44 

Land use change; Carbon sequestration; Soil carbon stock; Tree plantation; 45 

Agroforestry system. 46 

 47 

1. Introduction 48 

Natural rubber (Hevea brasiliensis), originating from the Amazon watershed 49 

in South America, is an important worldwide commodity. To date, the major 50 

part of global production, i.e. 83% (Food and Agriculture Organization of the 51 

United Nations, 2014), is derived from plantations in South East Asia, which 52 

have experienced a rapid expansion in the last decades. Main rubber 53 

producing countries listed in descending order in respect to annual latex 54 

production (Food and Agriculture Organization of the United Nations, 2014) 55 

are Thailand, Indonesia, Vietnam, India, China, and Malaysia. The first two 56 

countries produce more than 58%, and the next four each produce around 8% 57 

of world rubber production. The Philippines, Laos, Myanmar and Cambodia 58 

are other Asian countries with future perspectives in rubber production. The 59 

area converted from other land use types to rubber from 2000 till 2010 in 60 

South-East Asia exceeds 2 million ha (Li and Fox, 2012). The latest 61 

estimates (Ahrends et al., 2015; Fox et al., 2014) show that newer rubber 62 



plantations are predominantly spreading into potentially sub-optimal 63 

environments in non-traditional cultivation areas. Rubber reached around 1 64 

million ha in Montane Mainland South-East Asia under subtropical climatic 65 

conditions with distinct dry and rainy seasons at higher altitudes and steeper 66 

slopes. As the economic significance of rubber plantations is quickly rising in 67 

this region, the impact of this contemporary land cover in respect to 68 

environmental services such as C sequestration and water provisioning also 69 

is becoming increasingly important. According to a comprehensive review by 70 

Ziegler et al. (2012), rubber plantations in South-East Asia have a total 71 

ecosystem carbon stock density in the range 93–376 Mg ha-1, being the top 72 

forth land use type among 11 ranged by C stocks. Only native and logged 73 

forests and some tree plantations have larger C stocks in this region. It is 74 

worth noting that studies taking into account a full carbon balance in a 75 

rubber plantation are largely absent to our knowledge. Most published 76 

studies deal with the dynamics of tree biomass in rubber plantations while 77 

publications considering all main ecosystem carbon stocks are rare. One of 78 

the most comprehensive studies, that by Wauters et al. (2008), did not 79 

consider the latex collected during the tapping of rubber trees and carbon 80 

losses linked with rubber production. A recent publication on carbon balance 81 

in rubber plantations in Thailand (Petsri et al., 2013) did not take into 82 

account the changes in soil carbon stocks. None of the published studies 83 

combines landscape level estimates of carbon losses due to erosion with 84 

carbon balances at the tree and plot level. Therefore, a review of current 85 

studies on C stock dynamics in rubber plantations with consideration of 86 

driving factors is timely and relevant. Hence, the aim of this study is to 87 



assess the current research on carbon stocks and carbon balances in rubber 88 

plantations, pointing to underrepresented topics and directions for future 89 

research. Furthermore, the assessment of uncertainties in these estimates at 90 

the plot and landscape and at the subsequent production level is of special 91 

interest in our study. Reducing as well as recognizing such uncertainties and 92 

gaps in C balance components is essential to derive more robust and 93 

adequate estimates of ecosystem based C stocks in view of climate change 94 

mitigation and future C trading opportunities. 95 

 96 

2. Components of the carbon budget in rubber plantations  97 

The main carbon stocks in rubber plantation are aboveground biomass 98 

(AGB), including rubber trees and understory plants; belowground living 99 

biomass (BGB), i.e. the roots of rubber trees and the understory, and soil 100 

organic carbon (SOC). Litter layer and dead wood are two additional minor 101 

components also contributing to the total ecosystem C (TEC) stock. 102 

Collected latex and greenhouse gas emissions (in carbon dioxide equivalents) 103 

from soil and ecosystem need to be taken into account as well for calculating 104 

the carbon sequestration potential. Further, we describe the results of 105 

studies on C stocks in rubber plantations, observing how the contribution of 106 

different components and total stock vary depending on ecological conditions 107 

controlled by topographic position and local climate, rubber clone, tree 108 

density and plantation management in relation to ownership and local 109 

traditions. 110 



Data on total ecosystem C stocks in a rubber plantation or its components, 111 

such as AGB+BGB, SOC, latex production and, for some publications, other 112 

smaller components, are summarized in Table 1. Individual estimates of C 113 

stocks in plantations are highly variable and strongly depend on three main 114 

groups of factors: 1) plantation age; 2) plantation management, including 115 

tree density; latex tapping and fertilization and 3) environmental and 116 

edaphic conditions controlled by the local climate and topography. The third 117 

group of factors is a main determinant for the size of SOC stocks – an 118 

essential part of TEC. SOC has the longest lifetime if undisturbed and thus 119 

reflects both the historical land use and local edaphic conditions. The soil 120 

carbon balance after conversion to a rubber plantation depends, therefore, 121 

on initial conditions and could divert from positive to negative values and 122 

vice versa, as described further in the following sections. Thus, initial 123 

conditions are especially important to consider for a correct estimation of the 124 

carbon sequestration potential of rubber plantations but are often not 125 

explicitly taken into account. 126 

 127 

2.1. Carbon in living biomass: the most dynamic part 128 

Many publications dealing with plant biomass estimations in rubber 129 

plantations aimed at the development of allometric equations, linking 130 

diameter at breast height (DBH) and, in some cases, tree height with 131 

biomass and the total carbon content of rubber trees (e.g. Munasinghe et al., 132 

2014; Tang et al., 2009; Yang et al., 2005). Rubber monocultures allow, 133 



theoretically, the possibility to deduce one general allometric equation with 134 

two parameters implying a constant wood density value (ρ, g cm3): 135 

                           (1) 136 

where Bc – carbon in tree biomass (g), D – diameter at breast height (cm), 137 

H – tree height (m), α and β – model parameters and ε – the error term 138 

(Chave et al., 2014). A simplified version of this equation can be applied if 139 

no data on wood density and tree height are available: 140 

                        (2). 141 

However, the values of parameters α1 and β1 in the latter case become site 142 

and tree size dependent and cannot be transferred to regions different from 143 

those where the model was calibrated. We found a large variability in the 144 

published parameter values and allometric equations for rubber plantations. 145 

This uncertainty stems from bioclimatic variability, the effects of clone type 146 

(as detailed further) and latex tapping, which affect rubber stem 147 

development. Studies aiming at the quantification of these uncertainties and 148 

at providing reliable generalizations for rubber specific allometric equations 149 

are still missing.  150 

The established allometric relationship has been used further for the 151 

estimation of plant biomass in plantations of different ages based on DBH 152 

measurements and for building an empirical equation for plant biomass 153 

change in time (see e.g. Petsri et al., 2013; Tang et al., 2009; Wauters et 154 

al., 2008). It is evident that C stocks in rubber tree biomass are increasing 155 

in time owing to the development from tree seedlings to the moment when a 156 

https://www.researchgate.net/publication/276079166_Uncertainty_in_below-ground_carbon_biomass_for_major_land_covers_in_Southeast_Asia?el=1_x_8&enrichId=rgreq-05254db94cc0e8e9e922d8d881597bef-XXX&enrichSource=Y292ZXJQYWdlOzI5MjE1MDUxODtBUzozMzQ3OTQyOTk4NTQ4NDhAMTQ1NjgzMjU4OTE4Nw==


plantation is cut down. The whole rubber plantation life cycle is about 25–35 157 

years, depending on the growth conditions of trees and the tapping scheme 158 

(Cheng et al., 2007; Nizami et al., 2014). We present in Fig. 1 the typical 159 

temporal development of the main carbon pools in a rubber plantation based 160 

on published data (Wauters et al., 2008 and other works listed in Table 1). 161 

The dynamics reveal that the main changing component is aboveground tree 162 

biomass. In order to account for the temporal variation of this C stock in a 163 

rubber plantation, the so-called time averaged C stock (taCs) has to be 164 

estimated (Hairiah et al., 2011; Palm et al., 1999). Such an estimate is 165 

helpful for the characterization of the mean C stock over the whole rotation 166 

time from rubber planting to timber harvesting. It is needed to scale plot-167 

level measurements of plantations with different ages up to the landscape 168 

and regional level for long-term comparisons. The simplest way to calculate 169 

the taCs is dividing the maximal C stock (at time of clearing) by 2, assuming 170 

a linear increase in biomass. If more detailed data are available, i.e. C 171 

stocks in plantations of different ages, a regression equation for biomass 172 

increase in time can be derived. The taCs is equal in this case to the stock 173 

value calculated by the fitted equation at the median time of the rotation 174 

cycle. The values for taCs shown in Table 1 were calculated using two types 175 

of equations, either linear or sigmoid functions, depending on the availability 176 

of data and best-fit results or directly using expressions derived by authors 177 

in their publications, e.g. the logistic function used by Petsri et al. (2013):  178 

                             (3) 179 



where the above-ground biomass carbon stock (AGB_C) is changing with 180 

time (t) depending on parameter values , , and k. Other authors (e.g. 181 

Wauters et al., 2008) applied the Gompertz function, which reaches a 182 

plateau defined by : 183 

                              (4). 184 

A general rule for the selection of a suitable growth equation is the 185 

application of non-linear sigmoid or asymptotic functions instead of a linear 186 

relationship. The latter should be used only if data for dynamic tree 187 

development are absent. A good overview of tree growth equations can be 188 

found in the work of Zeide (1993), and practical examples of growth 189 

equation selection can be found in Chandrasekhar (2012) for young rubber 190 

tree girth increase. The uncertainty of parameter values in the Gompertz or 191 

similar equations needs to be estimated for plantation trees like rubber in 192 

order to better quantify the contribution of this factor to the general 193 

uncertainty in C stock estimations. 194 

The largest fraction of the rubber plant biomass is AGB, approaching 90% in 195 

a mature tree stand. This portion increases with time due to the allocation of 196 

a major portion of C assimilates to the stem and leaves during tree 197 

development (Poorter et al., 2012). The proportion of BGB correspondingly 198 

decreases with time, as can be seen in Fig. 2, which is based on 199 

experimental data from the studies listed in Table 1. A median root fraction 200 

of 0.2 in the biomass of rubber plantations was estimated by Yuen et al. 201 

(2013) based on six study sites in Cambodia, China and Thailand. This value 202 

was obtained by the mentioned authors during an independent review, 203 



which included some of the data listed in Table 1 (Cheng et al., 2007; Tang 204 

et al., 2009), of plantations with ages from 13 till 47 years. We found that 205 

all the reviewed data presented in Fig. 2 can be better described by a power 206 

function: 207 

                         (5) 208 

where BGB – belowground biomass fraction in % of total rubber tree 209 

biomass and t – time in years. The proposed equation can be used for more 210 

precise estimations of BGB in rubber plantations if plantation age is known. 211 

However, there seems to exist a large uncertainty of BGB estimates at early 212 

plantation age. Assuming a mean rotation length of 30 years, a median 213 

value of 18% for taCs calculations was obtained using equation 5. 214 

Our metadata analysis shows that most of the estimates of taCs for 215 

AGB+BGB fall into a range of 40 to 65 t C ha-1 (Table 1). These values 216 

correspond well to the 46.2 Mg C ha-1 time averaged C stock in AGB found 217 

by Palm et al. (1999) for a jungle rubber plantation in Indonesia with a 30 218 

year rotation time and were close to those of a rubber monoculture 219 

plantation (estimated 38.2 Mg C ha-1) in Indonesia (Lusiana et al., 2014). An 220 

estimation of C stocks in rubber plantations from 1990–2004 in Thailand, the 221 

country with the largest rubber production, was done by Petsri et al (2013). 222 

Their averaged maximal C stock in rubber trees (25 year old plantations) 223 

was 128.4 Mg ha-1 for this region. The resulting estimated taCs was equal to 224 

63.7 Mg ha-1, including AGB and BGB. These values were derived from 723 225 

datasets for rubber plantations aged between 1 and 25 years and a mean 226 



tree density of 419 tree per ha. The essential omission in the study of Petsri 227 

et al. (2013) is the SOC balance estimates under rubber plantations. 228 

 229 

2.2. Factors affecting tree biomass and the reliability of its 230 

estimations in rubber plantations 231 

The necessary information for a reliable assessment of carbon stocks in AGB 232 

and BGB of rubber plantations is planting density, which can vary in a range 233 

from 300 to 1000 trees per ha (and in rare occasions even more) depending 234 

on the planting scheme as adapted to the steepness of the slope and 235 

convenience for tapping (Priyadarshan, 2011). Other supporting sources of 236 

information for the estimation of planting density at the landscape level are 237 

the status of land tenure as well as the possible variation in time of tree 238 

density. For example, state farms in Xishuangbanna, China have officially 239 

regulated the planting density to be about 450 trees per ha (Yang et al., 240 

2005) while private owners usually use higher planting densities on their 241 

farms (600–700 trees per ha). Munasinghe et al. (2014) showed that tree 242 

density decreases with time due to natural factors (windfall, death due to 243 

pests and diseases) and the thinning of weak trees by farmers in Sri Lanka. 244 

At the end of a 30-year rotation cycle, 285 trees per ha remained while 500 245 

trees per ha were planted originally. Therefore, the increase of C stock 246 

based on tree development should be corrected for the decrease in tree 247 

density over time when calculated per area. Corresponding calculations 248 

suggest that adjusted taCs decreased from 61.6 to 35.1 Mg ha-1 if applied to 249 

the Sri Lanka regional data sets taken from the study of Munasinghe et al. 250 



(2014). In their work, a rectangular hyperbolic function is proposed, 251 

describing the change of tree number per hectare (TPH) in time: 252 

                                 (6) 253 

so corrected figures have been used for the calculation of taCs shown in 254 

Table 1 for the Sri Lanka data. Such correction, however, is site specific and 255 

best used only together with an estimation of C stock accumulation per tree 256 

in the same stand so that alterations in tree development are considered. 257 

Otherwise, bias can occur due to the increased availability of space and, 258 

hence, the potential increased resource (light interception) per remaining 259 

tree if the tree canopy can further expand or capture more light that is 260 

lateral. 261 

The plant biomass C stock will normally increase with increasing rotation 262 

length as was shown recently by Nizami et al. (2015) using model 263 

calculations. The estimation of taCs strongly depends on the assumed 264 

economic lifetime of rubber plantations, but a knowledge of rotation length 265 

is necessary in this case. One of the main factors affecting rotation length at 266 

a particular site is tapping frequency. Tapping frequency, together with the 267 

tapping length and width of the bark removed at each tapping (1–2 mm), 268 

determines the time until which the available tapping panel is used up. Usual 269 

tapping frequencies vary between one and three days per week depending 270 

on tree vigor, weather, labor availability and rubber price. Thus, an available 271 

tapping panel is used up within nine to 15 years after first tapping 272 

depending on the tapping system (Chantuma et al., 2011). Although, the 273 

bark renews and can be tapped again given sufficient time for regeneration 274 



(thus, rotation time can increase to 30–35 years), the renewal is often done 275 

earlier in order to obtain the benefits of new high-yielding cultivars (Rehm 276 

and Espig, 1991). The uncertainty of taCs due to the variation in tapping 277 

frequency and thus in rotation length can be quantified and summed up in 278 

general error estimates as shown in Table 3. Tapping affects not only 279 

rotation length due to the limited size of the tapping panel but also strongly 280 

influences the growth of a rubber tree because of the strong competition for 281 

carbon between two sinks: latex production and tree biomass building. The 282 

cumulative growth of intensively tapped rubber trees measured as a radial 283 

stem increment was about half that of untapped trees (Silpi et al., 2006). 284 

Therefore, parameters of logistic or Gompertz functions (Eqs. 3, 4) will vary 285 

in response to the tapping scheme, even for the same plantation, making 286 

biomass estimations with one standard allometric equation more uncertain. 287 

While rubber has traditionally been planted in tropical lowlands, with 288 

increasing demand and attractive prices, rubber has moved into non-289 

traditional environments, such as China and some regions of Thailand, 290 

Vietnam and India (Priyadarshan, 2011), supported by the development of 291 

more cold resistant clones. 292 

According to Li et al. (2008), the essential decrease in mean carbon biomass 293 

density from 61.5 to 30–35 Mg ha-1 occurs when rubber is planted at an 294 

elevation range higher than 800 m a.s.l. in subtropical conditions of 295 

Xishuangbanna, China. Even lower values (15.3 Mg ha-1) were reported for 296 

rubber plantations at an elevation >1000 m. However, no information about 297 

the method for mean C density estimation in rubber is given in their work, 298 



so the lower values could be due to the younger age of the plantations 299 

situated at higher elevations. A correct comparison of carbon biomass 300 

density can be done based on taCs; in this case, the different ages of 301 

plantations and different development rates of trees do not matter as the 302 

whole rotation cycle is taken into consideration. The time span of an 303 

economic rubber tree life cycle (25–30 years) depends on the tree diameter 304 

recommended for tapping (usually > 16 cm), not on actual biomass 305 

accumulation. Therefore, C stocks (and taCs) at higher elevations are lower 306 

due to a lower carbon accumulation rate (Fig. 3). If tapping is started later 307 

(e.g. 10 vs. 7 years at higher elevation) and tapping intensity decreases 308 

along with a lower tree growth rate and hence lower latex production, the 309 

rotation time will increase (e.g. from 25 to 35 years) as well, with a 310 

corresponding increase of taCs (from 19 to 37 Mg C ha-1, Fig. 3). Therefore, 311 

rubber planting at higher elevations would not necessarily have a 312 

detrimental effect on taCs. Both the actual AGB C stock accumulation in 313 

rubber plantations and the management of rubber plantations at higher 314 

elevations still need to be better understood by means of corresponding 315 

research. 316 

The influence of rubber tree clones on the relationship between DBH and 317 

stem volume used for biomass and C stock estimations was demonstrated in 318 

the work of Khun et al. (2008). The application of a one-parameter equation 319 

linking DBH with stem volume led to a doubling of stem volume for clone 320 

PRIM600 if the equation was developed for another clone (PR107). The 321 

authors conclude that more advanced relationships, e.g. the Schumacher-322 

Hall function (Akindele and LeMay, 2006), need to be used with necessary 323 



options to apply coefficients for specific tree groups (e.g. rubber clones). 324 

Shorrocks (1965, cited by Sone et al., 2014) expressed an alternative 325 

opinion concluding that rubber clones do not greatly affect biomass 326 

estimations by allometric equations based on DBH. An evident lack of 327 

research in this direction calls for future comparative studies on new and 328 

perspective rubber clones and their impact on potential C sequestration. This 329 

will be particularly relevant if estimates are extrapolated from a well-defined 330 

single clone at the plot level to the landscape scale where a variety of clones 331 

may be used. 332 

 333 

2.3. Soil carbon stocks and dynamics under rubber 334 

The largest fraction of the total ecosystem C stock in young forests and 335 

plantations is stored in soil (Jobbagy and Johnson, 2000; Kauffman et al., 336 

2009). However, soil C stocks can strongly vary in time, either increasing or 337 

decreasing, depending on C inputs through plant litter or CO2 emissions 338 

during organic matter mineralization. Another essential but often neglected 339 

C flux under conditions of a humid tropical climate is soil C loss and C 340 

redistribution due to water erosion (Don et al., 2011; Lal, 2001). This is 341 

considered further in section 3. 342 

In several studies, soil carbon stocks were determined together with carbon 343 

stocks in the plant biomass of rubber plantations (Cheng et al., 2007; 344 

Wauters et al., 2008; Yang et al., 2005). So, the relative contributions of 345 

these pools can be estimated. We compared taCs for rubber tree biomass 346 

(excluding litter, necromass and understory plants) and soil C stock at the 347 



median time as presented in the upper and lower parts of Table 1. 348 

Depending on the depth of soil layers taken into consideration, the 349 

contribution of soil C to total plant and soil stock varies from 41 to 72%, as 350 

exemplified in Fig. 1. A large subsoil volume increases this contribution, the 351 

soil being an important reservoir for carbon (Veldkamp et al., 2003), even if 352 

relative subsoil C concentrations are relatively low and decrease with depth. 353 

In the case of an absence of data for deep soil layers, IPCC 354 

recommendations (IPCC report, 2003) are often applied for a comparison of 355 

SOC stocks to a depth of 30 cm, and the assumption is that SOC stock in the 356 

upper 30 cm of profile comprises 50% of the total SOC stock. However, 357 

good practice in land use change effect studies presumes a comparison of 358 

SOC stocks at the same depth in space and time. 359 

Guo and Gifford (2002) demonstrated that soil carbon content was 360 

decreasing by 13% during conversion to a monoculture plantation from 361 

forest. A recent study by De Blecourt et al. (2013) for Xishuangbanna, China 362 

estimated a 19% soil C stock decrease down to a 120 cm depth 46 years 363 

after conversion of secondary forests to rubber plantations. Measured C 364 

losses from the topsoil (30 cm) were even more significant (23%). The 365 

surface soil total organic C, labile organic C and microbial biomass C 366 

concentrations in a rubber plantation were 30%–40% less than accounted 367 

those of a seasonal rain forest in Xishuangbanna, China (Zhang and Zhou, 368 

2009). Guillaume et al. (2015) found an 18% decrease of soil C stock in the 369 

upper 30 cm after 15 years of monoculture rubber, compared to the case of 370 

forest in Indonesia. This trend was not confirmed, however, for the second 371 

location analyzed in their work where ten years of intensive rubber 372 



cultivation had no significant effect on the C stock in topsoil as compared to 373 

the case with forest. On the contrary, the mean value for soil C stock under 374 

forest tended to be lower. The authors explained the lower organic C losses 375 

for this location as due to the higher clay content in the soil, which favors 376 

organic matter stabilization and reduces C losses after forest conversion 377 

(Häring et al., 2013). Primary forest conversion to rubber plantations in 378 

Ghana (Chiti et al., 2013) also led to essential (20 to 43%) losses of soil C, 379 

depending on parent rocks (geology) and time since conversion (10, 14 and 380 

49 years). The most detrimental effect was observed in sandy soils where 381 

both relative and absolute losses were highest over the 100 cm soil profile 382 

as compared to the upper 30 cm (43 vs. 30%) after 49 years of rubber 383 

planting. This is an interesting example showing the importance of SOC 384 

estimations over the full profile depth, or at least till the upper 100 cm. A 385 

minimum data survey for the upper 30 cm (according to the IPCC guidance) 386 

may not be sufficient and may lead to an increasing uncertainty in C stock 387 

estimations (as shown in Table 3). In sum, soil C stock will typically 388 

decrease in forest-to-rubber conversion, especially in the first decade of 389 

plantation installment as shown in Fig. 1. 390 

A survey of Hainan soils in China revealed a 48% decrease in SOM stocks 391 

(top 40 cm) after 41 years of forest to rubber conversion (Cheng et al., 392 

2007). However, if soil C under a rubber plantation is compared with 393 

adjacent arable land, as was done by Yang et al. (2005) for Chinese soils in 394 

Xishuangbanna, a relative C accumulation rate of 0.72 Mg ha-1 y-1 in the top 395 

100 cm was observed. It should be noted that this rate was about seven 396 

times less than the C accumulation rate in plant biomass, and, more 397 



importantly, absolute values of C stocks in soil showed a negative trend in 398 

time, so that about 20% of soil C was lost during the rotation time (38 399 

years). The last value corresponds well to estimates made by others (De 400 

Blecourt et al., 2013; Guillaume et al., 2015). A net C stock increase in soil 401 

after conversion from grassland to rubber was observed by Maggiotto et al. 402 

(2014). They found an increase from 63.4 to 79.3 Mg C ha-1 in the top 60 403 

cm of soil under a 15-year-old rubber plantation in Brazil. However, the 404 

conclusion made was based on the questionable assumption that the 405 

grassland site sampled simultaneously with the rubber plantation had the 406 

same soil C content as the adjacent rubber plot before rubber planting. The 407 

formation of rubber derived new soil C under rubber was shown by 13C 408 

analysis on a previously dominated C4 soil, but more reliable proof of a 409 

higher C accumulation rate under rubber as compared to grassland is absent. 410 

Though information concerning the change of soil carbon stocks of different 411 

land use types after conversion to rubber is scarce, we conclude that C 412 

sequestration occurs after conversion of arable land to plantations, and that 413 

C losses usually prevail if forest is converted to rubber. The gains in C stock 414 

after arable land to rubber conversion seem relatively lower compared to the 415 

losses after conversion of forest (Fig. 4). Definitely, these general trends 416 

strongly depend on local climate conditions and soil properties as well as on 417 

the position of the trial site in the landscape. Therefore, the final effect of 418 

rubber expansion on ecosystem carbon balance needs to be estimated 419 

considering the land use change in time at the landscape level, as outlined 420 

also in section 3. 421 



 422 

2.4. Soil CO2 emissions in rubber plantations and C balances 423 

Emissions of CO2 from soil under rubber plantations were measured only in a 424 

few studies (Fang and Sha, 2006; Satakhun et al., 2013; Werner et al., 425 

2006; Zhou et al., 2008), and published estimates range from 3.1 to 20.2 426 

Mg C ha-1 year-1 (Table 2). Temperature and moisture expectedly were the 427 

main driving factors for soil respiration for this process (Satakhun et al., 428 

2013). The seasonal variation of emission rates was rather distinct in 429 

subtropical regions with dry and cold winters. Therefore, Werner et al. 430 

(2006), who did measurements in March-April during the dry season, 431 

observed relatively low emission rates in Xishuangbanna, China, as 432 

compared with data gathered during the whole year in the same region 433 

(Zhou et al., 2008) or over two years in Thailand (Satakhun et al., 2013). 434 

Tree density and soil properties were other determinants of CO2 emission 435 

from soil according to published studies. An example of carbon balance 436 

estimations for soil under rubber plantations (Satakhun et al., 2013) showed 437 

that belowground processes, such as root and rhizo-microbial respiration 438 

and decomposition of root litter, have a larger contribution to the total CO2 439 

efflux from soil (72%), as compared to the decomposition of aboveground 440 

litter. Autotrophic (root) respiration comprised 63% of total soil CO2 efflux 441 

according to the trenching method applied in the above-mentioned work. 442 

Therefore, annual root respiration derived C losses in the studied case were 443 

comparable with C stocks in fine, medium and coarse root stocks (excluding 444 

main roots). In comparison, if annual total rubber tree biomass increases are 445 



averaged for the studies presented in Table 1, they will be five-fold less than 446 

the annual sum of soil and root respiration (3.6 and 18.8 Mg C ha-1 447 

correspondingly). Therefore, careful consideration of soil C turnover and 448 

associated root dynamics as well as appropriate management measures are 449 

prerequisites for the control and increase of C sequestration in rubber 450 

plantations. Further in depth studies of below-ground C losses and transport 451 

and stabilization processes are urgently needed for a better understanding 452 

and prediction of trends in ecosystem carbon balances and for quantification 453 

of the environmental factors controlling carbon fluxes after land use 454 

conversion to rubber plantations. 455 

 456 

3. Upscaling of C balances to the landscape level 457 

3.1. Remote sensing-based estimations of plant biomass carbon in 458 

rubber plantations 459 

Remote sensing techniques allow for efficient mapping and monitoring of 460 

carbon stocks at the landscape and regional scale (Goetz et al., 2009). There 461 

are a number of approaches for estimating AGB at these scales; we refer 462 

readers to recent reviews on the topic (Lu et al., 2014; Petrokofsky et al., 463 

2012) that also classified and compared the possible sources of uncertainties 464 

for this kind of carbon stock estimation. Mapping of rubber plantations in a 465 

complex terrain, like the mountainous region of South-East China, has been 466 

done using similar approaches proposed for forest biomass estimations (Li 467 

and Fox, 2012; Liu et al., 2013; Zomer et al., 2014). The approaches 468 

include pixel-based Maximum Likelihood Classification, object-oriented 469 



classification and approaches discriminating different age classes of rubber 470 

based on the spectral differences in satellite images (Liu et al., 2013). 471 

Several recent studies applied combined object-phenology-based approaches 472 

for a more precise mapping of rubber plantations in South-East Asia (Zhai et 473 

al., 2015). Multi-temporal Landsat images in an optical range integrated with 474 

50 m resolution mosaic PALSAR (microwave range) images were combined 475 

for clearly distinguishing between forest and rubber stands and for 476 

estimation of stand age class (Dong et al., 2013, Kou et al., 2015). Other 477 

approaches are based on the usage of a combination of MODIS and short-478 

wave infrared images (Senf et al., 2013) or LANDSAT images obtained with 479 

different sensors (Li et al., 2015). In the latter study, the authors claim an 480 

improved accuracy of classification maps for rubber plantations and forests. 481 

Overall, 89.8% of classified pixels coincided with ground truth points, which 482 

is better than the commonly achieved 80–85% accuracy estimated for other 483 

mentioned approaches. The major problem was the identification of young 484 

rubber plantations, which cannot be recognized with such images. 485 

Carbon stocks in plant biomass and dynamics at the regional level were 486 

estimated by Li et al. (2008) for Xishuangbanna in China, the second largest 487 

region in China producing rubber. According to the authors’ opinion, one of 488 

the key issues reducing uncertainty in the estimation of aboveground C 489 

stocks in, for example, forests is the combination of GIS-based land-use 490 

studies with on-the-ground forest inventory data. However, they do not 491 

provide values for the variability in forest stand biomass or for differences in 492 

approaches in terms of how converting DBH and height measurements 493 

affected the final accuracy of carbon stock estimates at the regional level. So, 494 



the scenario modeling results and final projections (e.g. Li et al., 2008; Yi et 495 

al., 2014) also remain uncertain, and we do not know the level of 496 

uncertainty involved.  497 

Error propagation in aboveground biomass and C stock estimations during 498 

upscaling of tree and plot level measurements to the landscape/regional 499 

level has to be quantified in order to obtain an overall prediction error (Chen 500 

et al., 2015). A framework for forest biomass estimation and respective 501 

uncertainty analysis at different steps of data generation and upscaling was 502 

presented in a recent review by Lu et al. (2014). According to this review, 503 

uncertainties can be associated with 1) tree level estimates (DBH, tree 504 

height); 2) allometric model selection and parameterization errors and 505 

incorrect relationships between plant biomass and spectral characteristics; 3) 506 

inexact or biased spectral data and errors in spatial interpolation methods 507 

for geometrical and radiometric corrections; 4) sample plot location errors, 508 

including global positioning system (GPS) coordinate errors; 5) 509 

disagreement between remotely sensed data and plot observations and 6) 510 

temporal differences between remotely sensed data and plot observations. 511 

Some years earlier, Pontius Jr. and Neeti (2010) grouped uncertainties into 512 

three more broad categories: errors linked with data and errors linked with 513 

model and future land use change processes.  514 

Several approaches proposed and tested for the quantification of uncertainty 515 

in forest biomass/carbon estimations (Chen et al., 2015; Lu et al., 2012; 516 

Wang et al., 2009) can be applied (with some modifications and 517 

amendments) for the estimation of C stocks in rubber plantations. A good 518 



example for uncertainty estimations of carbon stocks at the landscape level 519 

(including rubber plantations) was given by Lusiana (2014), describing 520 

methodological approaches of differing complexity depending on the 521 

availability of data (both land use maps and on-site C measurements and 522 

observations). A relative comparison of sources of uncertainty for changes in 523 

C stocks in Tanjabar province in Indonesia (Lusiana, 2014) showed that the 524 

main source of uncertainty was land use classification errors, which overlap 525 

with smaller errors in plot-level carbon estimates. 526 

There are several options for the improvement of C stock evaluations at the 527 

landscape level for rubber plantations. Analysis of Landsat or MODIS images 528 

allows for discrimination of plantation age classes, for example, <10, 10–30 529 

and >30 years (Ekadinata et al., 2004), 4 and <4 years (Li and Fox, 2012), 530 

or 10 and <10 years (Liu et al., 2012). The carbon stocks for the 531 

mentioned age groups can be directly calculated, thus improving snap-shot 532 

estimates for the target territory. The calibration of Landsat thematic 533 

mapper data with measured rubber stand parameters allowed for wood 534 

volume and stand age prediction for plantations in Malaysia (Suratman et al., 535 

2004), but not necessarily for taCs. The second option is linking C stock 536 

estimates with the topographical position of plantations, the proportion of 537 

rubber planted at different elevations. Categories (e.g. below 800 m a.s.l., 538 

800–1000 m and >1000 m) can be calculated (Liu et al., 2013), and C 539 

stocks for these classes can be estimated separately. Tree density for a 540 

rubber plantation can be estimated directly from high resolution satellite 541 

images taken of rubber plantations at the period of leaf shedding or using 542 

cutting edge laser technologies and air-borne sensors, e.g. LIDAR (Hudak et 543 



al., 2012), although the later are usually not available in remote locations in 544 

(sub)tropical regions. In addition, the influence of slope exposure and 545 

steepness can be easily estimated from digital elevation models, and land 546 

cover can be classified according these parameters. However, to our 547 

knowledge, accounting for these factors in terms of C stock variability in 548 

rubber plantations has not yet been completed. Nguyen (2013) estimated 549 

how rubber yield varies with elevation and found a significant decrease in 550 

individual yield per tree and the number of tapped trees per ha with 551 

elevation for studied territories located at 15–738 m a.s.l. in central Vietnam. 552 

Latex productivity decreased with every 100 m of elevation by 109–127 kg 553 

ha-1 y-1 depending on tree age and clone. Thus, even if we know the 554 

potential impacts of clones and management (rotation time, etc.) in relation 555 

to landscape positions, in most cases, sufficient knowledge about the 556 

distribution of these elements in the landscape is lacking at larger scales.  557 

 558 

3.2. Spatial factors affecting soil C stocks and redistribution with 559 

erosion 560 

The spatial distribution of soil C stocks within the landscape is an additional 561 

important source of uncertainty affecting the watershed estimates of total 562 

ecosystem C stocks at the regional level. If the establishment of rubber 563 

plantations occurs on soils with different initial soil stocks compared to forest 564 

or croplands, this will induce a bias and, hence, complicate a direct 565 

comparison of the effect of different land uses on ecosystem C stocks. Soil 566 

carbon stocks can be mapped based on land cover maps and topographical 567 



information, namely the digital elevation model and its derivatives, such as 568 

the slope, aspect and wetness index (Doetterl et al., 2012; Minasny et al., 569 

2006). Terrain properties determine not only current C stocks but also 570 

carbon fluxes in space and time, e.g. caused by water erosion. A 571 

comparative analysis of 13C depth distribution in soils under a rubber 572 

plantation and adjacent forest in Indonesia made it possible to distinguish 573 

decomposition and erosion losses at the plot scale (Guillaume et al., 2015). 574 

Estimated erosion losses strongly varied depending on soil properties and 575 

plantation type with maximum losses reaching 54 Mg C ha-1 in 15 years 576 

under intensive rubber cultivation on slopes between 3–12%. This value is 577 

comparable with taCs in plant biomass of rubber; therefore, the 578 

redistribution of C with erosion has to be included in C balance estimations 579 

for rubber-dominated landscapes. It is evident that the largest C losses due 580 

to erosion occur during deforestation and land preparation for rubber 581 

plantations, particularly on steep slopes. However, corresponding data 582 

confirming this statement are scarce (e.g. Gharibreza et al., 2013). The 583 

processes alleviating soil loss after forest to rubber conversion need to be 584 

considered as well. Soil redistribution by terrace construction is typical for 585 

many mountainous regions where rubber plantations are often located. 586 

Terracing protects some organic C from losses during rubber development, 587 

as shown by De Blecourt et al. (2014) who found that about 20 Mg C ha-1 588 

more accumulated on terraced slopes over 29–44 years, as compared to 589 

rubber planting without terracing. The deposition of soil removed from upper 590 

and steeper slope positions in terrain depressions has to be considered as 591 

well. This is especially true for the accounting of C balances at the whole 592 



landscape level, thus unifying territories with eroded and deposited soil as 593 

well as areas associated with landscape C losses in streams. It was shown 594 

that, in eroded landscapes, up to 10% more carbon is stored due to soil 595 

redistribution and the conservation of C in buried horizons, thus affecting the 596 

global C balance (Doetterl et al., 2012; van Oost et al., 2007). 597 

Thus, reliable and accurate estimates of C stocks at landscape and regional 598 

levels must include improved RS/GIS-based rubber and other land use type 599 

mapping and must be based on models considering the spatial and temporal 600 

variability of driving factors, lateral C transport due to erosion and the 601 

effects of C transfer in geomorphic cascades on total C losses. At the same 602 

time, increased efforts are needed to obtain additional spatial information on 603 

clone distributions, yield variations and management changes within the 604 

landscape. A summary review on sources of uncertainty in C stock 605 

estimations as presented in Table 3 also confirms that special care should be 606 

paid during upscaling and when making regional estimations as many 607 

sources of uncertainties are linked with this level of generalization. 608 

 609 

4. A broader view on carbon balances: a partial life cycle assessment 610 

of rubber production  611 

In order to estimate the overall effect of rubber tree planting and latex 612 

production on the ecosystem carbon balance, several contributing processes 613 

grouped in three stages need to be considered (Fig. 4).  614 



1) Rubber production starts from planting rubber trees after land cover 615 

conversion. The original land cover might be forest, arable land, a slash and 616 

burn agricultural area, orchards, grassland or even a rubber (replanting at 617 

end of previous rotation) or other plantation. The difference between taCs of 618 

former land uses and taCs of new land uses reflects the ecosystem carbon 619 

balance. The former land use strongly affects the outcome – being mostly 620 

negative after forest conversion but becoming positive after conversion from 621 

agricultural land uses such as intensively managed croplands (Fig. 4). 622 

2) At the next stage, rubber tree development and latex collection incur 623 

respective carbon costs due to agricultural activities, including the 624 

production of diesel and fertilizers, the use of diesel in tillage and latex 625 

transportation and the emission of N2O from fertilizers and herbicide use 626 

(Petsri et al., 2013). However, these C costs appear relatively minor 627 

compared to latex contributions (Fig. 4). More research is definitely needed 628 

in this direction as N losses and pathways during rubber fertilization have 629 

been poorly studied to date. At the same time, C accumulation in biomass 630 

(and possibly in soil) happens as described in section 2. If we compare taCs 631 

for different land use types, the temporal changes caused by plantation 632 

growth and SOM accumulation or decomposition are already included in the 633 

C balance of the first stage, i.e. land cover conversion. So, only C 634 

sequestered in collected latex needs to be considered.  635 

3) The following phase includes C sequestration in wood products and seeds, 636 

if they are used longer than the duration of the rubber tree rotation. For 637 

example, some gain of C needs to be included in the total balance if trees 638 



logged during land preparation for rubber plantations (e.g. deforestation) 639 

are used for furniture manufacturing and will be stored unburned longer 640 

than the rubber rotation time. Furthermore, the carbon emission equivalents 641 

for activities in the rubber industry, i.e. rubber processing costs, have to be 642 

included for the third part although they seem to be of minor significance 643 

(Fig. 4). However, in our example the carbon emission equivalents do not 644 

include transport costs. 645 

The overview in Fig. 4 suggests that the main losses originate from land 646 

conversion from forest to a rubber plantation, comprising 45, 30 and 26 Mg 647 

C ha-1 for AGB, BGB and SOC respectively. These estimates were derived 648 

from mean values of C stocks in forests and in rubber plantations published 649 

in Gnanaverlajah et al. (2008). According to our meta-analysis and the 650 

review made by Ziegler et al. (2012), the final gain or loss of C in 651 

ecosystems via land conversion to a rubber plantation strongly depends on 652 

the previous land use type and the original soil properties, as described in 653 

detail in the following section.  654 

An essential, but often neglected, amount of total C sequestered during 655 

rubber plantation development comprises collected latex (Figs. 1, 4). Rubber 656 

yield varies depending on environmental conditions, management and clone 657 

(Golbon et al., 2015; Priyadarshan et al., 2005; Priyadarshan 2011, Yi et al., 658 

2014), resulting in cumulative C stocks of 14–33 Mg C ha-1 during 20 years 659 

of tapping of rubber trees in one rotation (Table 2). It is worth noting that 660 

latex yield in regions with suboptimal conditions (e.g. some regions of China 661 

and India, see Ahrends et al., 2015; Priyadarshan, 2011) may be higher 662 



than that in equatorial belt countries, such as Malaysia and Indonesia. The 663 

reason for this is not completely clear, but it was shown that increases in 664 

diurnal temperature variation increased rubber yields under conditions of 665 

Xishuangbanna, China (Yi et al., 2014). Definitely, tapping tree density, 666 

management (jungle rubber) and elevation a.s.l. (Nguyen, 2013) also affect 667 

rubber yield, thus contributing to the overall uncertainty in C balances of 668 

rubber plantations. Compared to taCs (40–65 Mg C ha-1, Table 1), 669 

cumulative latex production exceeds 30% of total biomass C over a rotation 670 

cycle and, therefore, always needs to be included in final estimates of C 671 

balances for rubber (as shown in Fig. 1). 672 

Jawjit et al. (2010, 2015) estimated annual greenhouse gas emissions from 673 

rubber plantations in Thailand to be about a 6.4 Mg CO2 equivalent per Mg of 674 

fresh latex per year. Only 3.1% of this amount comprises losses coming 675 

from sources other than land conversion. Similarly, our estimates of C lost 676 

as CO2 equivalents during a 20-year tapping period were relatively minor, 677 

amounting to 1.8 and 2.4 Mg C ha-1 for agricultural activities (second stage 678 

in Fig. 4) and for rubber processing costs respectively (using data of Jawjit 679 

et al., 2010, 2015 and Petsri et al., 2013 for Thailand). Furthermore, a 680 

positive C gain in the total balance of rubber production is also revealed at 681 

the final stage of the life cycle (Fig. 4, right panel) if rubber wood is used for 682 

long-term purposes, furniture, construction, parquet flooring etc., and 683 

rubber seeds are collected and used for biodiesel production. Presented 684 

figures are based on the work of Khun et al. (2008), who estimated rubber 685 

wood volume as 240–270 m3 ha-1 after 25–30 years, and the study of Zhu et 686 

al. (2014), who found a good potential of rubber seeds as source of biodiesel, 687 



though rather variable depending on rubber clone. If annual rubber seed 688 

yield is converted to cumulative C stock in oil, the C sequestration potential 689 

of a rubber plantation increases by 1.6–6.3 Mg C ha-1. The latter value is 690 

comparable with C costs of agricultural activities of rubber planting, so the 691 

production of biodiesel from rubber seeds could minimize or even fully 692 

subsidize CO2 emission costs during rubber planting. The estimated rubber 693 

wood sequestration potential shown in Fig.4 is a maximum value, as other 694 

authors considered lower wood stocks in mature plantations (e.g. 180 or 211 695 

m3 ha-1 in Ratnasingnam et al., 2015 and in Shigematsu et al., 2013 696 

respectively). Only part (40%, Ratnasingnam et al., 2015) of the rubber 697 

wood can be used in long-living products, like furniture or wooden panels. 698 

The durability of rubber wood is not very high (Teoh et al., 2011), so the 699 

ecosystem returns to a carbon neutral situation 63 years after rubber 700 

planting (Chung, 2004). Nevertheless, the typical usage of rubber wood or 701 

rubber wood waste as fuel (Ratnasingnam et al., 2015) should be considered 702 

as a positive phenomenon because the usage of renewable resources 703 

substitutes for fossil fuel burning. In line with this statement, we have to 704 

stress that natural rubber is an ecologically friendly competitor of synthetic 705 

rubber made from fossil hydrocarbons. Natural rubber is renewable in nature 706 

and its production requires about 10 times less energy as compared to 707 

synthetic rubber (Jones, 1994; Roy et al., 2014). However, we did not find a 708 

comprehensive direct comparison of carbon footprints for natural and 709 

synthetic rubber production or a land use change carbon footprint (Persson 710 

et al., 2014) for natural rubber. This is an important task for future research. 711 

https://www.researchgate.net/publication/265199545_Natural_rubber_as_a_green_commodity-Part_II?el=1_x_8&enrichId=rgreq-05254db94cc0e8e9e922d8d881597bef-XXX&enrichSource=Y292ZXJQYWdlOzI5MjE1MDUxODtBUzozMzQ3OTQyOTk4NTQ4NDhAMTQ1NjgzMjU4OTE4Nw==


Based on the above, it is important to consider life (cropping) cycle 712 

assessments in order to account for the sequestration potential of latex 713 

production by considering the durability of latex and rubber wood products, 714 

such as furniture and similar products, as well as rubber wood usage as 715 

biofuel. Greenhouse gas emissions from rubber tree cultivation need to be 716 

considered (and compared to synthetic rubber production) when an 717 

assessment of the total carbon footprint during the life cycle is done. 718 

 719 

5. Rubber plantations: friend or foe in carbon sequestration? 720 

As can be deduced from the reviewed studies, rubber plantations do not 721 

present the worst case in tropical agriculture in relation to potential climate 722 

change impacts. Apart from providing a good chance to overcome poverty (if 723 

demand is sustained and prices are adequate), they provide a major C stock 724 

in plant biomass and products (Xu et al., 2014). Land use by rubber 725 

plantations in the short-term leads to carbon sequestration (Song et al., 726 

2010), as compared to “intensive agriculture”, e.g. long-term cultivation of 727 

annual crops (Yang et al., 2005). More often, however, rubber plantation 728 

substitution for traditional slash and burn agriculture is typical for regions of 729 

Montane Mainland South East Asia (Fox et al., 2014; Ziegler et al., 2009; 730 

Ziegler et al., 2012). Land use change from swiddening (slash and burn) to a 731 

rubber plantation can also sequester carbon (Fox et al., 2014; Palm et al., 732 

2004), but this is not always the case as carbon stocks in the two mentioned 733 

land use types strongly vary, depending on the development stage, 734 

management type, location etc. (Ziegler et al., 2012). Rotational swiddening 735 



can include fallow phases of different lengths, e.g. short, less than 5 years; 736 

medium, 5–10 years or long, 10–25+ years as classified by Fox et al. (2014). 737 

Depending on these conditions, the amount of sequestered C for such a land 738 

use type can vary strongly. A negative C balance (net loss of C) is typical for 739 

forest to rubber land use conversion (Bruun et al., 2009). For example, the 740 

total ecosystem carbon stock estimate for a tropical seasonal rain forest in 741 

Xishuangbanna, China was about 300 Mg C ha-1 (Lue et al., 2010), which is 742 

larger than values for rubber plantations in the same region (cf. Table 1). 743 

The left part of Fig. 4 summarizes observations comparing the mean C 744 

balance values of three of the most typical land use changes in South East 745 

Asia. Forest-to-rubber transition usually leads to strong losses of C, as 746 

shown by a study over the whole of Thailand (Petsri et al., 2013) and by 747 

mean estimates for SE Asia. The substitution of swidden agriculture by a 748 

rubber plantation has a slight mean positive trend for long-term fallow cases 749 

as observed by Ziegler et al. (2012). And, at last, the substitution of 750 

intensively managed cropland by a rubber plantation leads to distinct C 751 

sequestration. The important conclusion is that C balances for all three 752 

conversion types can vary drastically, changing the sign from positive to 753 

negative and vice versa. This holds true even for forest-to-rubber transition, 754 

e.g. conversion from a disturbed secondary forest with low biomass to a 755 

long-term rubber plantation can lead (according to data gathered by Ziegler 756 

et al., 2012) to a C sequestration of TEC of 250 Mg C ha-1. Therefore, real C 757 

stocks for a specific territory investigated need to be taken into account for a 758 

scientifically sound judgment and recommendations for future C 759 

sequestration scenarios. This has to be experimentally estimated or 760 



supported by sufficiently detailed ground truth procedures. A simple analysis 761 

of land use maps with consideration of mean C stock estimates for the 762 

generally defined land use types is definitely not sufficient. 763 

The C sequestration potential of rubber plantations can be essentially 764 

increased in the case of transformation from monoculture to agroforestry 765 

systems. A comparison of taCs for such systems was done in the work of 766 

Palm et al. (1999) and in the study of Lusiana (2014) for Indonesia. In the 767 

first case, taCs increased from 46 to 89 Mg C ha-1 when rotational (30 years) 768 

and permanent jungle-rubber were compared. In the more recent estimates 769 

by ICRAF (Lusiana, 2014), C stocks increased from 38 to 91 Mg C ha-1 if 770 

rubber monoculture was substituted by a rubber agroforestry system. 771 

Guillaume et al. (2015) also observed lower SOC losses under jungle rubber 772 

as compared to rubber monoculture in Indonesia. SOC increased in 40-year 773 

old tea-rubber plantations as compared to rubber monoculture in 774 

Xishuangbanna, China (Zhang et al., 2007). Moving from monoculture 775 

plantations to agroforestry systems also distinctly improves biodiversity and 776 

other ecosystem services, leading to multilateral positive solutions (Häuser 777 

et al., 2015; Yi et al., 2014).  778 

As can be seen from the reviewed literature, the largest and most uncertain 779 

parts in the carbon budget are tree biomass and soil organic matter, both at 780 

the plot and landscape level (Table 3). Therefore, methods taking into 781 

account the variability of these pools need to be applied (see e.g. 782 

approaches for tropical forest biomass estimation in Chave et al., 2004). A 783 

careful consideration of factors affecting the final estimates (as listed in 784 



Table 3) will decrease total uncertainty and provide the basis for a more 785 

reliable judgment regarding C sequestration in rubber plantations under 786 

different management and land cover conditions and at the landscape level. 787 

Information about uncertainties in C stock estimates at different levels was 788 

often unavailable for rubber plantations; therefore, we refer to studies 789 

completed on tropical forests (e.g. Chave et al., 2004; Roxburgh et al., 790 

2015). These estimates can be adjusted downwards for plantations, but the 791 

exact range of uncertainties needs to be found in future research. 792 
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 1095 

Figure captions 1096 

Graphical abstract. Contribution of carbon pools to the total ecosystem 1097 

carbon stock in a rubber plantation during a whole rotation cycle. Total 1098 

time averaged C stock shown as dashed line. 1099 

Fig.1. Contribution of carbon pools to the total ecosystem carbon stock in a 1100 

rubber plantation during a whole rotation cycle. Figure based on data 1101 

of Wauters et al. 2008, Petsri et al. 2013 and general information 1102 

gathered in this review. SOC – soil organic carbon (0–60 cm depth); 1103 

BGB – belowground plant biomass; Understory+ -understory plants, 1104 

litter and dead wood; Latex – cumulative latex harvested; AGB – 1105 

aboveground biomass. Total time averaged C stock shown as dashed 1106 

line. 1107 

Fig.2. Belowground biomass fraction in total biomass of a rubber tree as 1108 

dependent on plantation age. The power function represents the best 1109 

fit of the gathered published data. Location and source descriptions are 1110 

in Table 1. Confidence interval at the 95% probability level is shown. 1111 

Fig.3. Proposed effect of the rubber plantation location and management 1112 

strategy on aboveground biomass dynamics and time-averaged C 1113 

stocks (taCs). Data for the calculation of rubber development were 1114 

taken from Yang et al. (2005). Delay in plant development and a later 1115 

start of tapping are typical for plantations located at higher elevations 1116 

(e.g. 500 m a.s.l. versus 900 m a.s.l.) for regions with suboptimal 1117 



growth conditions (e.g. Xishuangbanna, China). Tapping frequencies 1118 

are 2 times per week or once per week (less tapping). 1119 

Fig.4. Carbon balance at different stages of rubber planting and latex 1120 

production. Note different scales for C loss/gain diagrams. Left panel: 1121 

present change of C stocks after conversion of forest, swidden 1122 

agriculture area and cropland to a rubber plantation (Table 1); middle 1123 

panel: C gain due to latex collection and loss due to agricultural 1124 

activities (Table 2); right panel: carbon storage in wood and seeds 1125 

versus costs due to rubber processing. More details are in the text. 1126 



Table 1. Carbon stocks (Mg C ha-1) in plant biomass and soil for rubber plantations of different locations.

52.7 soil, 0-60 cm depth 14 433 Ghana Wauters et al., 2008 

105.6 soil, 0-60 cm depth 14 469 Brazil, Mato Grosso Wauters et al., 2008 

79.3 soil, 0-60 cm depth 15 460 Brazil, Parana Maggiotto et al., 2014 

72.0
 d

soil, 0-40 cm depth 15 375 China, Hainan Cheng et al., 2007 

147.2 soil, 0-100 cm depth 19 450 China, Xishuangbanna Yang et al., 2005 

Time averaged C stocks are in bold. Superscript letters in the first column designate the method used for the calculation of carbon 

stocks: a – plant growth described by the logistic or Gompertz model (Eqs. 3,4); b – linear models were used for the description of 

biomass development or c – time averaged C stock was derived from estimated annual increments; d – soil C stocks were recalculated 

based on Cheng et al. (2007) using published SOM content data (conversion factor 0.58) and the relationship between SOM content 

and bulk density was calculated according to Post and Kwon (2000). 

Carbon 

stock, 

Mg C ha
-1

Pool description 

Rotation 

length, 

years 

Tree density per 

ha 

Location Source 

51.2
a

Above- and belowground biomass 1-35 469 Brazil, Mato Grosso Wauters et al., 2008 

63.7
 a

Above- and belowground biomass 1-25 419 Thailand Petsri et al.,2013 

42.4
 b

Above- and belowground biomass 1-25 No data China, Xishuangbanna Tang et al., 2009 

45.3
 b

Above- and belowground biomass 1-30 375 China, Hainan Cheng et al., 2007 

40.4
 a

Above- and belowground biomass 1-30 variable Sri Lanka, wet zone Munasinghe et al., 2014 

43.2
 a

Above- and belowground biomass 1-30 variable Sri Lanka, intermediate zone Munasinghe et al., 2014 

65.1
 a

Above- and belowground biomass 1-38 450 China, Xishuangbanna Yang et al., 2005 

41.7 
b

Above- and belowground biomass 1-20 500-680 Thailand, Nong Khai Saengruksawong et al., 2012 

42.0 
c

Above- and belowground biomass 1-20 500 Indonesia, Sumatra Sone et al., 2014 

38.2 
 b

Aboveground biomass 1-30 No data Indonesia Lusiana, 2014 

46.2
 b

Aboveground biomass 1-30 Jungle rubber Indonesia Palm et al., 1999 

23.0
 b

Above- and belowground biomass 1-15 500 Brazil, Parana Maggiotto et al., 2014 

http://ees.elsevier.com/agee/download.aspx?id=476095&guid=c6ff320e-55c7-4741-8fd6-98aa4bf1d149&scheme=1


Table 2. Carbon fluxes in rubber plantations of different locations: collected latex and surface soil CO2 emission including root 

respiration. 
Annual latex flux, 

t C ha
-1

 y
-1

Cumulative latex flux in 

20 y, t C ha
-1

Tapping period, y Tree density per ha Location Source 

1.28 25.5 1-18 of tapping 419 Thailand Petsri et al., 2013 

1.04 20.9 1-23 of tapping 375 China, Hainan Cheng et al., 2007 

1.38 - 1.39 
32.6 

1-10 of tapping 325
a

Vietnam, SE Nguyen, 2013 

1.84 - 1.91 11-20 of tapping 305
a

Vietnam, SE Nguyen, 2013 

1.58 31.7 No data No data China, Xishuangbanna 
Deng, 2005, cit in Yu et 

al., 2014 

1.47 29.4 7 y, 2004-2010 No data China, Xishuangbanna Yu et al., 2014 

1.06 21.1 10 y, 2003-2013 No data China, mainland FAOSTAT, 2014 

1.61 32.3 10 y, 2003-2013 No data India FAOSTAT, 2014 

0.78 15.7 10 y, 2003-2013 No data Malaysia FAOSTAT, 2014 

1.50 29.9 10 y, 2003-2013 No data Thailand FAOSTAT, 2014 

1.41 28.2 10 y, 2003-2013 No data Vietnam FAOSTAT, 2014 

0.72 14.4 10 y, 2003-2013 No data Indonesia FAOSTAT, 2014 

0.7-1.8 31.3 6-30 after planting No data Cambodia Shigematsu et al., 2013 

Annual soil CO2 flux, 

t C ha
-1

 y
-1

Cumulative soil CO2 

emission in 20 years, 

t C ha
-1

Plantation age, y Tree density per ha Location Source 

18.8 376
 b

15 571 Eastern Thailand Satakhun et al 2013 

7.6 152.7
c

No data No data China, Xishuangbanna Fang & Sha 2006 

3.1 - 3.9 No data 20 108-124 China, Xishuangbanna Werner et al., 2006 

14.2 - 20.2 344
 b

25 370 China, Xishuangbanna Zhou et al., 2008 

a – number of tapped trees per ha; b – measured by the chamber method with a gas chromatograph; c – measured by the soda-lime

adsorption technique. 

http://ees.elsevier.com/agee/download.aspx?id=476096&guid=8b190f31-8b6d-42f9-8a25-bc0c064a2013&scheme=1


Table 3. Sources and degrees of uncertainties (relative standard error, %) in C stock estimation in rubber plantations. 

Level Tree level Biomass Plot level C stock Landscape level C stock 

Errors in trunk diameter, 

height, wood density, C 

content measurements a 

5-10

Sampling bias - plot size, 

sampling intensity and 

sampling design dependent 

c,e

2-18
Land use classification 

errors i 
< 15 

Allometric model selection 

error a,b,c: clone type effect; 

wood density effect, bias in 

the validity of a locally 

derived model for broader 

applications 

5-50

Aggregating tree level 

biomass estimations: biases 

due to dead wood, 

understory f 

5-10

Variation in rotation 

length due to e.g. 

differences in tapping 

frequency j 

< 40 

Scarce data on BGB, 

and full profile data d 
15-50

SOC estimates in top 30 cm 

versus whole profile g 
21 

Tree density variation in 

time and space k 
50 

Errors in taCs derivation due 

to growth function 

uncertainty including e.g. 

tapping effect on annual 

girth increment h 

15-20

Terrain effect on C stock 

in plant biomass and 

soil: elevation, slope, 

exposition, redistribution 

with erosion i 

50 

References: a – Wauters et al., 2008; b – Khun et al., 2008; c – Chave et al., 2004; d – Fig. 2 (confidence interval), Yuen et al., 2014; e – 

Roxburgh et al., 2015; f – own data in Xishuangbanna, China; g – section 2.3; h – Silpi et al., 2006; i – section 3; j -  Fig. 3; k - based on 

the variation between state farms (450 trees/ha) and those of small scale owners (500–1000) and tree density decrease with time 

(Munasinghe et al., 2014). 
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