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Introduction
The  largest  errors  in  assessing  the  terre-

strial  carbon  balance  are  believed  to  stem 
from uncertain rates of tropical deforestation 
or rainforest conversion (Houghton & Goo-
dale 2004, Houghton 2005). The conversion 
of tropical rainforest into plantations affects 
vegetation  and  soils  and  thus  changes  the 
amount of stored and fixed carbon in an eco-
system.  The  carbon  released  to  the  atmo-
sphere  by  the  destruction  of  tropical  rain-
forests in  Indonesia  during 1981-1990 was 
9.3×1014 gC (Hashimotio et al. 2000), while 
the  net  release  of  carbon  associated  with 
land use change in sub-Saharan Africa over 
the  period  2000-2005  was  estimated  to  be 

0.24×1015 gC yr−1 (Canadell et al. 2009). Es-
timates of emissions indicate that if tropical 
grasslands are replaced by oil  palm planta-
tions, then carbon fixation in plantation bio-
mass and soil  organic  matter  results  in  the 
net  removal  of  about  1.35×108 g  CO2 ha-1 

from the atmosphere during the first 25-year 
cycle of oil palm growth (Germer & Sauer-
born 2008). Stimulated by the high price of 
rubber  (Hevea  brasiliensis),  rubber  planta-
tions  have  been  replacing  primary tropical 
rainforests  with  dramatic  speed  in  recent 
years in China.  In  Xishuangbanna,  Yunnan 
Province, plantations cover an area of 2.87× 
105 ha (statistical  data are from 2011),  and 
have spread to most areas except for protec-

ted  nature  reserves.  This  growth  exceeded 
the expectations of the Chinese government, 
which  encouraged  and  invested  heavily  in 
the planting of rubber trees to secure China’s 
social and economic development at the be-
ginning of the 1950s. Rubber is not just an 
economic crop,  but  represents an important 
environmental issue of concern to the public, 
government,  and  the  scientific  community. 
Environmentalists tend to believe that plan-
ting rubber will induce more carbon release, 
lead to severe drought,  and harm the envi-
ronment, whereas the government states that 
rubber  plantations  are  forests  just  like  any 
other forest and will not cause any environ-
mental harm.

Currently,  the  micrometeorological-based 
eddy covariance method is widely used for 
the investigation of carbon balance in a va-
riety  of  ecosystems  (Aubinet  et  al.  2000, 
Baldocchi  2008,  Kato  &  Tan  2008).  The 
strength of this method lies in its efficacy in 
providing high temporal resolution flux data 
with a spatial representativeness of hundreds 
of  hectares  under  slight  to  no  disturbance 
when  compared  with  traditional  biometric 
methods (Knohl et al. 2009). However, night 
time eddy flux data, commonly used to esti-
mate ecosystem respiration and a necessary 
part  of  the  annual  carbon  balance  assess-
ment, has been criticized for its low reliabi-
lity (Goulden et al. 1996, Miller et al. 2004, 
Papale et al.  2006,  Moffat et al.  2007). To 
address  this  problem,  the  friction  velocity 
(u*) correction method is used as a standard 
step  in  annual  carbon  budget  assessments, 
from site-specific analysis  to FluxNet com-
munity synthesis (Goulden et al.  1996,  Va-
lentini  et  al.  2000,  Reichstein et  al.  2005). 
Nevertheless, in some cases u* has not been 
a  proper  indicator  of  turbulence  intensity 
(Acevedo et al. 2009), while in other cases, 
it was not possible to estimate a u* threshold 
for some sites (Takanashi et al. 2005, Tan et 
al. 2011) or more than half of the nighttime 
data were removed after u* filtering (Saleska 
et al.  2003,  Tan et al.  2010). Extrapolating 
these sometimes limited data to annual bud-
gets will therefore cause greater uncertainty, 
and filling data gaps provides another  sub-
stantial challenge (Falge et al. 2001,  Moffat 
et al. 2007).

An alternative to the above approach is the 
use  an  inventory-based  biometric  method, 
which has been used to estimate forest Net 
Ecosystem  Productivity  (NEP),  although 
there are limits to the estimation of soil C se-
questration.  In  the  tropics,  eddy  covarian-
ce-based carbon budgets have been reported 
to be generally higher than biometric estima-
tes both before and after  u* filtering (Malhi 
et al. 1998, Saleska et al. 2003, Miller et al. 
2004,  Hutyra  et  al.  2007,  Tan et  al.  2010, 
Wolf et al. 2011). As large uncertainties are 
associated with both  methods,  the question 
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The regrowth of tropical secondary forests and plantations can not offset the 
carbon release caused by tropical deforestation, consequently determining net 
carbon losses on tropical lands. However, large uncertainties remain in relation 
to this assumption. Here, we used a biometric method to estimate the net dry 
matter production and net ecosystem production in a rubber forest, the most 
widespread plantation type in tropical Southeast Asia. According to biometric 
estimates made during the study, the ecosystem was a carbon sink (790 gC m -2 

yr-1).  Net  ecosystem carbon  fluxes  were measured  by  the eddy  covariance 
method. The carbon budget estimated using the FluxNet procedure (904 gC m-2 

yr-1) was closer to the biometric estimates in comparison to a method based on 
data measured during neutral atmospheric conditions. Overall, when conside-
ring the whole life cycle, including deforestation of the prior-existing tropical 
forest, the hypothesis of plantations serving as large carbon sinks is not sup-
ported by our study.
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is which one should be adopted when assess-
ing specific forest carbon budgets (Saleska et 
al.  2003).  In  tropical  rain  forests,  the  high 
and  uneven  canopy,  the  high  biodiversity, 
and the strong heterogeneity of the environ-
ment  introduce  extra  uncertainties  to  mea-
surements and data interpretation. For exam-
ple, approximately 300 allometric measures 
per hectare were needed to fulfill  the stan-
dard  for  species-specific  allometric  equa-
tions required for biomass estimations (Cao 
et  al.  2006).  This  was  unfeasible  in  field 
conditions,  in  that,  e.g.,  exact  breast-girth 
data were not available due to the presence 
of buttress roots (Clark et al. 2001).

In  the  Xishuangbanna  tropical  rainforest, 
both long-term catchment water observations 
and direct eddy covariance estimates indicate 
that  more  water  underwent  evapotranspira-
tion  in  the  rubber  plantations  than  in  the 
rainforest  (Tan et al. 2012). However, little 
knowledge or observational  data on carbon 
fluxes has been available so far.

In  this investigation,  we assessed the car-
bon budget  of a 33-year-old rubber planta-
tion in tropical China. Specifically, this stu-
dy was designed  to  determine:  (1)  if  adult 
tropical rubber plantations are carbon sinks 
or sources; (2) whether eddy covariance and 
biometric estimates converge in a monocul-
ture forest; and (3) if rubber plantations are a 
potential carbon sink when compared to pri-
mary tropical rainforest.

Methods

Site description
The study site is located in the experimen-

tal area of the Xishuangbanna Tropical Bo-
tanical Garden (21° 55’ 30” N, 101° 15’ 59” 
E; size  ~ 20 ha; elevation 570 m a.s.l.), Xi-
shuangbanna,  Yunnan Province,  south-wes-
tern China.  In  recent years,  tropical  rainfo-
rests  have been largely replaced across  the 
whole region by rubber plantations for eco-
nomic reasons.  The Xishuangbanna  experi-
mental area was established by the Chinese 
Academy of Sciences to study the impact of 
widespread  rubber  plantations  on  the  local 
environment. The study site is included in a 
larger area, all planted with rubber trees.

The climate in this area is strongly seasonal 
with two air masses alternating over the year 
(Zhang 1966).  Between  May and  October, 
the tropical southern monsoon from the In-
dian Ocean delivers most of the region’s an-
nual rainfall, whereas the dry and cold air of 
the  southern  edges  of  the  subtropical  jet 
stream dominates  the  climate  between  No-
vember  and  April  (Tan  et  al.  2010).  The 
mean annual rainfall over the past 50 years 
was  1492  mm,  and  approximately 87% of 
this rainfall occurred during the wet half of 
the year (the rainy season). The mean annual 
temperature is 21.7 °C, with monthly mean 
values ranging from 15.9 to 25.7 °C (Tan et 

al. 2010). The general topography of the area 
is essentially hilly terrain.

The 33-year-old  rubber  plantation studied 
has a mean canopy height of approximately 
22 m. Trees were planted 2 m apart in rows 
with mixed spacing between the rows, from 
narrow (4 m) to wide (12 m),. The main rub-
ber-tapping period is from May to Novem-
ber. Fertilization is performed in April and 
July of each year, and understory weeds and 
seedlings  are  excluded  using  herbicides  or 
by hand weeding.

Biometric-based NEP estimations
Assessment  of the  net  ecosystem produc-

tion was carried out by the forest department 
using the most commonly employed biome-
tric  method  (Kira  & Shidei  1967,  Lieth & 
Whittaker 1975 - eqn. 1):

where NEPc is commonly defined as the net 
ecosystem production,  NPP is  the  net  pri-
mary production, Rh is the soil heterotrophic 
respiration, ΔB is the biomass increment, and 
Lp is aboveground and belowground litterfall 
production.

For rubber plantations,  rubber tapping (as 
it relates to carbon loss) should be included 
in the NEP estimation. Thus, eqn. 1 was mo-
dified to (eqn. 2):

where NEPr is the adjusted NEP for the rub-
ber plantation and Prt is the carbon lost from 
rubber tapping.

A method based on tree growth theory was 
proposed  for  estimating  the  biomass  incre-
ment. Using the assumption that the biomass 
accumulation of a monoculture stand will be 
similar to that of individual tree growth, the 
logistic  equation  was  used  to  fit  the  stand 
age  vs. stand  biomass curve.  For  a  normal 
year, the biomass increment was then calcu-
lated as follows (eqn. 3):

where t is the year since planting, t is a posi-
tive integer starting from 1, and Ct is the car-
bon density in year  t as calculated from the 
specific  logistic  equation.  Rubber  trees  in 
plantations  usually  live  no  longer  than  60 
years, and trees 40 years or older exhibit low 
rubber production and are generally felled by 
farmers.

In  our  study  area,  we  selected  a  stand 
where  the  age  series  ranged  from 5  to  47 
years. By using the investigation data of 30 
rubber  trees  with  different  ages  in  the  10 
stands  (3  trees  per  stand)  and  diameter  at 
breast height, a regression model of the bio-
mass relating with DBH (diameter at breast 
height, 1.3 m) was established and applied to 

estimate  the  biomass  of  30  rubber  planta-
tions with  different  stand ages (Tang et  al. 
2009). Biomass was then converted into car-
bon density using a factor of 0.5 (Tan et al. 
2010).  Litterfall  production  was  estimated 
using the litter capture method. Twenty 0.25 
m2 litter traps were placed randomly within 1 
hectare of the area covered by the eddy flux 
footprint.  All  litter  collections  were  sorted 
into  leaves,  small  branches,  flowers,  fruits, 
epiphytic materials and “mixed matter,” and 
then dried to constant weight at 80 °C.

We selected 4 plots (10×15m) in the rubber 
plantation  and  3  sub-plots  (4×5m) in  each 
plot, which were set as control (CK) and root 
trenching (NR). In the NR plots, we used a 
PVC pipe ( 630 mm, H 500 mm) to carry 
out  root  trenching (PVC pipes can prevent 
new root  regrowth).  In  the  center  of  each 
sub-plot one PVC connector was inserted 3 
cm underground, mating a PVC pipe ( 200 
mm, H 200 mm), creating a respiration box 
for measuring soil  respiration.  Soil  respira-
tion  was  measured  using  a  static  chamber 
combined with an infrared gas analyzer (Li-
820, Li-Cor Inc.,  Lincoln, NE, USA). Sam-
pling was performed every morning between 
09:00 and 11:00 local time from March 2008 
to February 2009 (Lu et al. 2009).

Eddy covariance-based NEE 
estimations

An open-path eddy covariance system con-
sisting of a three-dimensional sonic anemo-
meter (CSAT3, Campbell Scientific Inc., Lo-
gan,  UT,  USA)  and  an  open-path  infrared 
gas analyzer (Li-7500, Li-Cor Inc., Lincoln, 
NE, USA) were mounted at a height of 38.0 
m on a 55-meter iron meteorological obser-
vation  tower  (Fig.  S1).  Seven levels  of in-
struments (at 2.2, 8.7, 16.8, 21.3, 28.9, 37.8, 
and 56.6 m) were mounted on the tower to 
obtain profiles of wind speed (A100R, Vec-
tor Instruments, Denbighshire, UK), air tem-
perature,  and  relative  humidity  (HMP45C, 
Vaisala, Helsinki,  Finland).  Instruments for 
measuring  wind  direction  (W200P,  Vector 
Instruments, Denbighshire, UK) and rainfall 
(Rain Gauge 52203, R. M. Young Co., Tra-
verse City,  MI,  USA) were installed at  the 
top  of  the  tower.  Net  radiation  was calcu-
lated from the downward and upward, short- 
and  long-wave  radiation  (CNR-1/CM11, 
Kipp & Zonen, Delft, the Netherlands) at a 
height  of  28.6  m.  Photosynthetically-active 
radiation was measured using linear sensors 
(LQS70-10,  APOGEE,  USA) at  heights  of 
1.9 and 28.6 m. Soil moisture and tempera-
ture profiles were also monitored (CS616-L, 
Campbell,  USA and 105/107  L,  Campbell, 
USA, respectively). Two soil heat flux plates 
(HFP01, Hukseflux, the Netherlands), instal-
led in  south-  and north-facing orientations, 
were used to measure the average soil  heat 
flux. Eddy flux and meteorological data were 
separately collected using a CR5000 (Camp-
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bell Inc., USA) at a frequency of 10 Hz and 
a  CR1000  (Campbell  Inc.,  USA) every 30 
min.

The  net  ecosystem CO2 exchange  (NEE) 
was calculated as follows (eqn. 4):

where  Fc is the eddy flux,  Fs is the storage 
flux, ω is the vertical wind velocity,  c is the 
density of CO2, the primes denote deviations 
from the mean and the over-bar indicates a 
time average, Δc is the variation in CO2 con-
centration,  Δt is the time interval,  and  zr is 
the  reference  height  (38.0  m).  By conven-
tion, negative NEE values indicate CO2 flux 
from the  atmosphere  into  the  forest.  Thus, 
NEE is equal to NEP, but with an opposite 
sign.

The software used to perform the eddy flux 
data processing is recommended by FluxNet 
and maintained online by the Max Planck In-
stitute  (http://www.bgc-jena.mpg.de/~MDI-
work/eddyproc/index.php).  The  used  soft-
ware implements the Reichstein  u* filtering 
and the flux-partitioning method (Reichstein 
et al. 2005), as well as the Lasslop flux-parti-
tioning method (Lasslop et al. 2010). Before 
data  processing,  all  commonly  used  steps, 
such as coordinate rotation (Tanner & Thur-
tell  1969),  WPL  correction  (Webb  et  al. 
1980),  storage  flux  correction,  and  hard 
spike exclusion, were performed.

Micrometeorological theories and hypothe-
ses are generally more accurate under neutral 
atmospheric conditions. Based on this consi-
deration, we also used a method called “neu-
tral  atmospheric  condition  based eddy flux 
estimation”  to  process  our  carbon  budget 
dataset.  In  this  procedure,  we  selected  the 
neutral atmospheric condition data (-1<ξ<1), 
which accounted for about 80% of all data, 
and filled the gap during non-neutral atmo-
spheric  conditions  with  environmental  re-
sponse  curves  derived  from  neutral  atmo-
spheric conditions (Tan et al. 2011). The at-
mospheric  stability  index  (ξ)  used  in  our 
method was obtained as follows (eqn. 5):

where  L is the Monin-Obukhov length,  κ is 
the Karman constant (0.41),  g is gravitatio-
nal acceleration (9.8 m s-2),  θ is the tempe-
rature  scale,  zr is  the  measurement  height 
(m),  θ is the potential temperature,  u is the 
friction velocity, w is the vertical wind velo-
city,  and  d is  the  zero-plane  displacement 
height (m), which is specific for tall vegeta-
tion and was derived from the wind profile 
data.

Additional  data  quality assessments,  such 
as ecosystem energy closure (Fig. S2), spec-
trum analysis (Fig.  S3), flux environmental 
response  (Fig.  S4),  and  cumulative  fre-

quency distribution of wind speed (Fig. S5) 
were also performed.

Results
Logistic equations can be used to describe 

the relationship between stand age and car-
bon  density as  expected  (Fig.  1).  The pre-
dicted maximum carbon density of the rub-
ber stands was 122.89 tC ha-1 at the age of 
49  years.  The  largest  carbon  accumulation 
rate (4.9 tC ha-1 yr-1)  occurred at  17 years. 
The biomass increment from 32 to 33 years 
as calculated from the equation was 1.37 tC 
ha-1 yr-1 (which is equal to 137 gC m-2 yr-1).

Rubber tree is an evergreen species in its 
native habitat, but in our study area trees be-
come deciduous and shed their leaves after 
the  coldest  month  (January).  Aboveground 
litterfall production peaked in February (Fig.
2). The second aboveground litterfall peak in 
September was connected with fruit produc-
tion. The annual aboveground litterfall pro-
duction  observed  at  the  site  was  approxi-

mately 497 gC m-2. In this study, we did not 
measure  the  belowground  litterfall  produc-
tion.  If  we  conservatively  assume  that  be-
lowground litter input at this site is similar to 
aboveground  litterfall  (Davidson  et  al. 
2002),  the  total  litterfall  production  was 
about 1000 gC m-2.

Soil respiration was higher during the rainy 
season than during the dry season, while the 
heterotrophic  to  total  respiration  ratio  was 
higher during the dry season than during the 
rainy season (Fig. 3). Highest total and hete-
rotrophic respiration were observed in Sep-
tember (2.5 μmol m-2 s-1) and July (1.9 μmol 
m-2 s-1). The annual heterotrophic respiration 
was about 445 gC m-2. We compared our soil 
respiration data with previously reported es-
timates at the same site using the soda lime 
absorption method (Fang & Sha 2006), fin-
ding no significant differences (2.02 vs. 2.06 
μmol  m-2 s-1,  respectively).  Spatial  hetero-
geneity in soil respiration was small at this 
site.
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Fig. 1 - The rela-
tionship between 
stand age and car-
bon density for the 
rubber plantation 
studied.

Fig. 2 - The monthly variations of aboveground litterfall production (Lp) in the rubber plan-
tation from July 2010 to June 2011.
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Based on the presented data and according 
to eqn. 1, NEPc was estimated to be 692 gC 
m-2 yr-1. The annual dry rubber production in 
our  study area  is  112  gC  m-2.  The  carbon 
content of dry rubber was measured at 88% 
(Jiang & Wang 2002).  Thus,  Prt and  NEPc 

were estimated to be 98 tC ha-1 yr-1 and 790 
tC ha-1 yr-1, respectively. Thus the biometric 
estimation provided a NEP close to the value 
derived  by  the  FluxNet  procedure  method 
(904 gC m-2 yr-1 - Fig. 4A).

To  avoid  the  effects  of  calm  nights  and 
strong winds, the neutral atmospheric condi-
tion method has been used as an alternative 
approach to studying an ecosystem’s carbon 
balance (Tan et al. 2011). The neutral atmo-
spheric condition method provided a mode-
rate  NEE (-269 gC m-2 yr-1) and large  GPP 
(-2.581 gC m-2 yr-1  -  Fig. 4B). Thus the ap-
plication  of  the neutral  atmospheric  condi-
tion method provided estimates of NEE fair-

ly different from those obtained using both 
biometric-  and  FluxNet-based  procedures. 
However, the seasonal pattern derived from 
the  neutral  atmospheric  condition  method 
makes it interesting for such analyses, if fur-
ther refined.

Discussion
According  to  traditional  biometric  me-

thods,  the  33-year-old  rubber  plantation  in 
our study is a carbon sink (790 gC m-2 yr-1). 
This value is larger than that obtained from a 
young  Acacia  crassicarpa plantation  in 
south China (330 gC m-2 yr-1 -  Chen et  al. 
2011), and significantly lower than estimates 
from  a  young  Eucalyptus  urophylla stand 
(1.960 gC m-2 yr-1 -  Chen et al. 2011). The 
largest biomass increment (490 gC m-2 yr-1) 
occurred at 17 years. Assuming that the lit-
terfall  input  and  soil  heterotrophic  respira-
tion are in a balanced state (Tan et al. 2010), 

the  peak  NEPc of  the  rubber  plantation  is 
1045 gC m-2 yr-1, which is quite a large car-
bon  sink,  as  suggested  by previous  studies 
(Chen  et  al.  2011).  The  biometric  method 
cannot provide high temporal resolution for 
net  carbon  balances  without  disturbances. 
However, it can provide reliable annual car-
bon balance estimates, which can be used as 
a  baseline  value  for  more  accurate  studies 
based on eddy flux data processing.

The closest site to the rubber plantation at 
which comparable carbon flux measurements 
have been made is a primary tropical  rain-
forest  (approximately  10  km  distant).  The 
carbon sink strength (790 g C m-2 yr-1) of the 
rubber  plantation is higher than that  of the 
tropical rainforest (359 gC m-2 yr-1, based on 
the biometry method - Tan et al. 2010). Fer-
tilizer input in the rubber plantation can in-
crease the biomass accumulation. Over time, 
this  may  cause  a  gradual  increase  in  the 
strength  as  carbon  sink  of  the  plantation. 
However, such an increase might potentially 
be totally or partially offset if soil respiration 
increased.

Belowground  litter  input  plays  an  impor-
tant  role  in  the  production  estimation.  Ac-
cording to previous studies, belowground lit-
ter production is reported to be even twice as 
large as aboveground litterfall (Davidson et 
al. 2002). The actual NEP at our site may be 
much higher (1200 g C m-2 yr-1). Eddy flux 
measurements are dependent on several QA/ 
QC steps, such as u* filtering and gap filling 
(Malhi et al. 1998, Saleska et al. 2003). Gap 
filling is often a challenge when eddy cova-
riance  datasets  are  complex  (Saleska  et  al. 
2003), resulting in NEP estimation based on 
different  methods  that  are  sometimes  not 
very close. In this study, we used data col-
lected  in  neutral  atmospheric  conditions 
(which we call the neutral atmospheric con-
dition method) to fill the data measured un-
der non-neutral atmospheric conditions. The 
resulting  NEE (-2.69 tC ha-1 yr-1) produced 
by the neutral atmospheric condition method 
is not close to the value obtained by biome-
tric estimation (-7.90 tC ha-1 yr-1) and by the 
FluxNet procedure (-9.04 tC ha-1 yr-1). This 
is possibly related to the fact that the range 
selected  for  the  neutrality  of  atmospheric 
conditions  is  not  within  the  commonly re-
cognized range. Instead, we do not consider 
the complete life cycle of the rubber planta-
tion,  starting  with  the  deforestation  of  the 
previous tropical forest.  Most of these data 
represent  the  biomass  at  a  certain  age 
without  stating  actual  and  maximum trunk 
height.  Available  data  do  contain  inherent 
uncertainties associated with the lack of the 
complete  life  cycle.  However,  the  seasonal 
patterns  obtained  using  the  neutral  atmo-
spheric  condition  method  provide  support 
for a further refinement of the method, with 
the aim of its possible  future  use to derive 
annual  budgets,  that  should  be  primarily 
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Fig. 3 - The monthly variations of soil respiration in the rubber plantation from March 2008  
to February 2009. (Black columns): total soil respiration; (grey columns): heterogeneity res-
piration).

Fig. 4 - The carbon flux of the rubber plantation by different data processing procedures.  
(A):  FluxNet  procedure  method;  (B):  Neutral  atmospheric  condition  method;  (hollow 
circles): ecosystem respiration (ER); (grey columns): NEE; (black lines): GPP.
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based on the evaluation of the impact of the 
different range of the stability index chosen 
for the application of the method.

Conclusions
According  to  the  biometric  estimates  and 

the  eddy-flux  NEE derived  with  FluxNet 
procedure, the ecosystem studied was an im-
portant carbon sink, while the neutral atmo-
spheric condition method provided a signi-
ficantly lower NEE. If we consider the com-
plete life cycle of the rubber plantation, star-
ting from deforestation of the previous tro-
pical  forest,  the  hypothesis  of  plantations 
serving as large carbon sinks is not suppor-
ted by our study. Here, only the carbon bal-
ance was examined for large-scale planting 
of  rubber  trees.  Other  important  environ-
mental issues, such as biodiversity loss, soil 
erosion, should be examined in the future.
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