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Seasonal differences in soil respiration and methane uptake in rubber
plantation and rainforest
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A B S T R A C T

Rubber plantations expanded remarkably in South-East Asia, while the impact of this land use change on
soil carbon dynamics and greenhouse gases emissions has not been sufficiently understood. We
measured monthly soil CO2 fluxes during one year as well as CH4 fluxes during the rainy season in
secondary rainforest, 9 and 22 year-old rubber monoculture and 22-year-old rubber-tea intercropping in
Xishuangbanna, Southwest China. Our aim was to assess the impact of the land use change on soil carbon
fluxes and quantify the factors determining the difference in the carbon fluxes. A linear mixed effect
model was used in studying the soil temperature and moisture variation and temperature sensitivity
(Q10) of soil respiration.
The temporal pattern of soil respiration distinctly differed between sites during the rainy season:

rainforest maintained a high soil respiration rate, while soil respiration became suppressed (by up to 69%)
during the most moist period in rubber plantations. Rainforest soils thus emitted the highest amount of
CO2 with an annual cumulative flux of 8.48 � 0.71 Mg C ha�1 yr�1, compared to 6.75 � 0.79, 5.98 � 0.42
and 5.09 � 0.47 Mg C ha�1 yr�1 for mature rubber, rubber-tea intercropping, and young rubber,
respectively. Additionally, the soil CH4 uptake was stronger in rainforest than in rubber plantations
during the wet period. Soil temperature was the main factor explaining the overall seasonal variation of
soil respiration. Adding a quadratic soil moisture term into the model accounted for moisture effects,
identified moisture tipping points, and improved temperature sensitivity assessment when high soil
moisture suppressed soil respiration under rubber. Temperature sensitivity of soil respiration was higher
for rainforest soil compared to rubber plantations, Q10 values were 3.1 for rainforest and 1.7, 2.2 and 2.4
for mature rubber, rubber-tea intercropping and young rubber respectively.
Converting rainforest to rubber plantations tended to reduce soil CO2 emissions and weakened CH4

uptake especially during the very wet period. The altered condition of soil aeration under converted land
appears to have a pronounced impact on processes of carbon fluxes from the soil and thus mitigates the
positive feedback of climate change given the large area of cultivated rubber.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Soil respiration, emitting greenhouse gas CO2 into the atmo-
sphere from roots, microbes, and soil fauna, is the second largest
terrestrial carbon flux between the ecosystem and atmosphere
(Reichstein et al., 2003). Estimates of the annual global soil
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respiration in 2008 were 98 � 12 Pg C (Bond-Lamberty and
Thomson, 2010), which was around 10 times that of emissions
from fossil fuel combustion and industry with a current CO2

emission rate of 9.8 � 0.5 Pg C yr�1 (Le Quéré et al., 2015). Methane
(CH4), with 28–32 times the CO2 global warming potential (GWP)
in a 100-year time horizon (Myhre et al., 2013; Neubauer and
Megonigal, 2015) is responsible for about 18% of human-induced
radiative forcing. The estimated global emissions of anthropogenic
CH4 was 335 (273–409) Tg CH4 yr�1 during 2000–2009, while the
soil consumed 32 (26–42) Tg CH4 yr�1 during the same period
(Ciais et al., 2013). Small changes in the soil carbon flux pathways
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thus may have a profound impact on the carbon budget and
feedback to climate change.

Land use change is the second largest source of human induced
greenhouse gas emissions, mainly from deforestation and degra-
dation of forests in the tropics and subtropics (Don et al., 2011). The
carbon loss through deforestation and degradation of rainforests
was estimated at 0.8 Pg to 1.0 Pg C yr�1 in the last decades (Baccini
et al., 2012; Harris et al., 2012). Southeast Asia is one of the global
deforestation hot spots where rubber (Hevea brasiliensis) and oil
palm (Elaeis guineensis) plantations expanded substantially in the
past several decades, at the expense of natural forests and shifting
agriculture (Kou et al., 2015; Li and Fox, 2012; Wicke et al., 2011).
Though 72% of current rubber plantation areas are already located
in environmentally marginal zones with low yield (Ahrends et al.,
2015), this land use conversion trend is likely to continue with
projected increasing demand of natural rubber and oil palm
(Warren-Thomas et al., 2015). Xishuangbanna prefecture, South-
western China is a typical case for rapid rubber expansion in the
upper Mekong. Since the first rubber establishment on state farms
in the 1950s, the area of rubber plantations has increased from 4.5%
of total land area in 1992 to 8.0% in 2002, 22.2% in 2010, and
reached 24.2% in 2014 (Chen et al., 2016; Li et al., 2007; Wu et al.,
2001; Xu et al., 2014).

Impacts of converting forests into rubber plantations generally
leads to carbon losses from decreased living biomass carbon and
soil organic carbon (Blagodatsky et al., 2016; de Blécourt et al.,
2013; Guillaume et al., 2015; Li et al., 2008). Measuring soil
respiration, especially with determination of respiration compo-
nents, helps understanding how land use change affects the
underlying processes and the carbon budgets (Sheng et al., 2010).
The impact of land use change on soil respiration and CH4 exchange
has often been assessed by comparing soil carbon fluxes under
different land uses (space substitutes time) (Hassler et al., 2015;
Sheng et al., 2010). There are some studies measured soil
respiration in either rubber plantations or rainforest in the region,
but only a few considered both land uses using the same
methodology and measuring devices (Fang and Sha, 2006; Hassler
et al., 2015; Ishizuka et al., 2002; Lu et al., 2009; Werner et al., 2006).
Due to differences in methodology, considerable spatial heteroge-
neity, strong seasonality and lacking of long term measurements,
previous studies showed large discrepancies in soil greenhouse gas
(GHG) fluxes under forest and converted plantations.

Regardless of the considerable amount of literature describing
the controlling factors of soil respiration, the impact of land use
change on soil CO2 flux has not been well understood particularly
in tropical ecosystems (Adachi et al., 2006; Sheng et al., 2010;
Veldkamp et al., 2008). Soil CO2 flux is regulated by factors such as
photosynthetic activity or vegetation productivity (Tang et al.,
2005), soil properties including substrate quantity and quality
(Wan and Luo, 2003), soil temperature and water status (Bolstad
and Vose, 2005; Geng et al., 2012; Suseela et al., 2012; Werner et al.,
2006), while only soil temperature was extensively used as
controlling factor to explain the seasonal variation of soil
respiration (Jia et al., 2013; Lloyd and Taylor, 1994; Raich and
Schlesinger, 1992; Wood et al., 2013; Zhou et al., 2013). Their
relationship is often assessed with temperature sensitivity,
expressed as Q10, a parameter reflecting the respiration rate
response to a temperature increase of 10 �C. The Lloyd and Taylor
equation (Lloyd and Taylor, 1994) was frequently used in soil
respiration studies because of the unbiased estimation across a
wide range of ecosystems. Considering the joint effect of soil
moisture and temperature on respiration rate, more recent studies
are trying to separate these two effects, either by building
mathematical functions based on field measurements (Ali et al.,
2015; Demyan et al., 2016; Qi and Xu, 2001; Tan et al., 2013 Qi and
Xu, 2001; Tan et al., 2013), or manipulating temperature and
moisture in controlled experiments (Jiang et al., 2013; Zimmer-
mann et al., 2015). To our knowledge, no studies on soil respiration
under rubber investigated its temperature sensitivity with separat-
ing the moisture effect. Therefore, for the SE Asia region, like in
Xishuangbanna, China where both temperature and moisture are
either high or low during wet versus dry period, analyzing the
temperature sensitivity under two land uses helps understanding
the response of soil CO2 flux to land use and climate change.

Upland soils are normally a net sink for atmospheric CH4, but
current understanding of CH4 fluxes in upland systems especially
in tropical forests is incomplete (Megonigal and Guenther, 2008).
Studies on the combined effect of land use change and rubber
cultivation on soil CH4 flux are scarce, compared to soil respiration
studies. It is known that the production or consumption of CH4

depends on the soil water content, soil gas diffusivity and oxygen
availability in the soil profile. Whether a soil acts as CH4 source or
sink depends on the balance between methane production and
oxidation (Megonigal and Guenther, 2008; Smith et al., 2003;
Wood and Silver, 2012). Ammonium fertilizers in cultivated soils
can serve as competitive inhibitors for CH4 oxidation decreasing
the methane uptake (Nesbit and Breitenbeck, 1992). Compared to
tropical forests, converted plantations showed a reduced CH4

uptake by soil to a different extent (Hassler et al., 2015; Verchot
et al., 2000), being sometimes comparable with uptake in forest
(Ishizuka et al., 2005).

Therefore, this study focused on (1) the temporal dynamics of
soil CO2 fluxes under rainforest and rubber plantations, and CH4

fluxes estimated during the wet period of the rainy season when
the largest differences in CO2 flux between rainforest and rubber
plantations was observed; (2) separating the soil temperature and
moisture impact on soil respiration using a linear mixed model;
and (3) reviewing of available soil CO2 and CH4fluxes data obtained
in rubber plantations and rainforests in Southeast Asia. By
comparing both soil CO2 and CH4 fluxes under different land uses
and corresponding relationships with controlling factors, we
aimed to assess the impact of land use change from rainforest
to rubber plantation on soil gaseous carbon fluxes.

2. Methods

2.1. Study sites

The study was carried out in Xishuangbanna prefecture, Yunnan
province, SW China. Xishuangbanna is a Dai Ethnic nationality
autonomous prefecture, located between 99.94�E – 101.84�E and
21.14�N – 22.59�N, known as the Upper Mekong region (Fig. 1). The
prevailing monsoon climate is characterized by strong seasonality,
i.e. the tropical southwest monsoon from the Indian Ocean delivers
about 80% of annual rainfall from May to October (rainy season),
whereas dry, cold air from subtropical regions in the east
dominates from November till April (dry season) (Cao et al.,
2006). The average annual temperature was 22.26 � 0.55 �C, and
average annual precipitation was 1166 � 165 mm, of which
987 mm (85%) occurred during May to October (data are from
the Jinghong meteorological station, located in 50 km from study
sites at altitude 582 m, averaged from 1957 to 2012). Laterite soil,
lateritic red soil, and limestone derived soil are the three main soil
types in Xishuangbanna, and natural vegetation is dominated by
five main types of tropical rainforest according to the formation,
community structure and habitat (Zhu, 2006).

We chose four nearby sites along the Luosuo river, a tributary of
the Mekong river to conduct soil carbon flux measurements,
including tropical rainforest (RF), 22-year-old rubber monoculture
(MR) and 22-year-old rubber-tea intercropping (RT) within
Xishuangbanna Tropical Botanical Garden, and 9-year-old rubber
monoculture (YR) near Menglun town. The rainforest site was



Fig. 1. Location of the study sites. Measured sites are rainforest (RF), 22-year-old rubber monoculture (MR), 22-year-old rubber-tea intercropping (RT), and 9-year-old rubber
monoculture (YR).

316 R. Lang et al. / Agriculture, Ecosystems and Environment 240 (2017) 314–328
located in a typical habitat for tropical seasonal rainforest covering
moist valleys or low hills with altitudes lower than 900 m. Current
vegetation was the regrowth from disturbance caused by policy
reforms in the 1950s and 1960s (Sayer and Sun, 2003; Xu et al.,
2009). The selected tropical seasonal rainforest was dominated by
Terminalia myriocarpa and Pometia tomentosa, characterized by an
uneven canopy structure and with a diverse species composition in
different layers (Zhang and Cao, 1995). Rubber is typically grown
on terraces built during the establishment of the plantation. The
spacing between tree rows and inter-row distance of 9-year-old
young rubber plantation was 2.5 m and 6.0 m respectively. In 22-
year-old rubber monoculture and intercropping, two rows of
rubber trees were planted closely with row distance of 2.5 m,
followed by 19 m inter-row spacing between another two rows of
closely planted rubber trees, tree spacing within a row was 3.1 m.
The RT site was located on the upper slope of the MR site, with tea
planted only on the spacious inter-row space with no tillage,
fertilization and harvest of tea in recent years. MR and RT sites
follow the same management for rubber trees, such as applying of
mineral fertilizers in April before the rainy season starts and in July
during the mid of rainy season. No fertilization was applied at YR
site. Location and topographic characteristic of each site are
presented in Fig. 1 and Table 1.

2.2. Soil surface CO2 and CH4 flux measurements

Surface soil CO2 efflux was measured with a LCi-SD1000
portable soil respiration system (ADC BioScientific Ltd., UK). This
open chamber system calculates the CO2 flux from the difference of
CO2 concentration between soil chamber and ambient air, using an
integrated CO2 Infrared Gas Analyzer (IRGA). The respiration rate of
Table 1
Sites characteristics.

Site Rainforest
(RF)

22-year-old rubber
monoculture (MR)

Location 21�5508.700N 101�16013.700E 21�54027.300N 101�160

Elevation (m.a.s.l.) 561 596 

Aspect (degree) Southwest 220 Southeast 130 

Slope (degree) 30 17.5 
each measured soil collar was calculated as an average of 4
continuous recordings when readings started to stabilize. Soil
temperature at 5 cm depth was measured by a thermistor sensor
coupled to the respiration system, and soil moisture was measured
by FieldScout TDR 100 at a depth of 0–12 cm (Spectrum
Technologies Inc., US).

We installed 12 soil collars at each site to cover the spatial
variation within site. Soil collars were cut from PVC tube with
11 cm diameter and inserted into the soil to 5 cm depth. We
considered the reported coefficient of variation of soil respiration
and required number of soil collars in rainforest and rubber
plantations (Adachi et al., 2005; Song et al., 2013), and calculated
the coefficient of variation (45%) from field testing of 20 collars in
rubber plantation (unpublished data) to determine the required
sample size. The minimum sample size for reliably estimating soil
respiration rate within �25% of the sample mean at the 95%
probability level was 12. Soil collars were laid out in two rows with
5 m distance in between, and 6 collars of each row were installed
along the slope with 3 m distance in rainforest, while we slightly
adjusted this distance in rubber plantations to cover different
locations in a row, including 2 positions on the terrace and 4
positions on the slope between rubber tree rows. Considering the
clear seasonal change of temperature and rainfall of the monsoon
climate, we measured soil respiration with approximately monthly
intervals from November of 2012 to December of 2013.

Based on the first year’s observation of contrasting respiration
fluxes between rubber plantations and rainforest during the very
wet period, we additionally conducted two times CO2 and CH4 flux
measurements on the same sites in late August and September of
2014, using the static closed chamber and Gas Chromatography
(GC) method. We installed 3 chambers on each site being 5 cm
22-year-old rubber-tea
intercropping (RT)

9-year-old rubber
monoculture (YR)

14.500E 21�54026.700N 101�16012.300E 21�56037.100N 101�14034.800E
611 585
Southeast 130 Southwest 225
17 31
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inserting into the soil, the volume and surface area of the chamber
were 42.66 L and 0.20 m2 respectively. At the MR, YR and RT sites,
one chamber was installed on the terrace and two on the slope
between tree rows, while the chamber on the long slope at RT site
was under tea growth. We sampled 100 mL of headspace air every
15 min during a total 45 min closure time. Gas samples were stored
in Multi-layer foil sampling bags (LB-101, Dalian Delin Gas Packing
Co., Ltd., CN) and further analyzed for CO2 and CH4 concentrations
with a gas chromatograph (GC) (HP 6890, Agilent Technologies,
Inc., Santa Clara, CA). Soil temperature at 5 cm was recorded by a
HOBO Pendant Temperature Data Logger (Onset Computer
Corporation, US), soil moisture was measured using a FieldScout
TDR 100. Fluxes were calculated from the concentration of four
consecutive gas samples taken from each chamber using Eq. (1),

R ¼ 1
V0

� P1

P0
� T0

T1
� V
a
� dc
dt

ð1Þ

where R is gas flux (mmol m�2 s�1), V0 is the gas volume constant
with a value of 22.4 L mol�1, P0 is standard atmospheric pressure at
sea level, P1 is atmospheric pressure at sampling site corrected for
altitude and temperature effects, T0 is a constant with value of
273.15 K, T1 is air temperature in K recorded during the gas
sampling, V is chamber volume in L, a is the soil surface area
covered by the chamber in m2, dc/dt is the regression slope of gas
concentration change during closure time. We further converted
CH4 fluxes into hourly mass based fluxes by multiplying the molar
mass of carbon in methane and converting seconds into hours.

We calculated water filled pore space (WFPS, %) using Eq. (2),

WFPS ¼ M
1 � BD

2:65

ð2Þ

Where M is soil volumetric water content (%), BD is bulk density of
soil at 5–10 cm depth (g cm�3), and 2.65 g cm�3 is the density of
quartz.

2.3. Soil sampling and analysis

We sampled soil at 6 points at each site, with sampling depth
intervals of 0–15 cm, 15–30 cm, 30–45 cm and 45–60 cm. The 6
samples of the same depth were composited as one sample for
rainforest site, and 3 samples taken on the terrace and 3 samples
on the inter-row were composited as two samples of rubber
plantations for texture (International Society of Soil Science (ISSS)
classification: sand >0.2 mm, clay <0.02 mm and silt between 0.02
and 0.2 mm), as well as for total C and total N, cation exchange
capacity (CEC) and pH (CaCl2) analysis. Bulk density was
determined from the weight of the core samples dried at 105 �C,
core samples were taken at 6 points to keep consistency with
sampling mentioned above. Additionally, we sampled the soil next
to the chambers in the second rainy season at 0–5 and 5–10 cm,
and composite samples of the same depth from two chambers on
the slope as one sample. 2 mm sieved fresh soils were used for
NH4

+-N and NO3
�-N analysis. Texture (Pipetting method), total C

and total N (Vario MAX CN, Elementar Analysensysteme GmbH,
DE), CEC (1 mol/L pH 7 ammonium acetate, distillation) and NH4

+-
N and NO3

�-N (2 mol/L KCl extraction, Auto Analyzer, SEAL
Analytical GmbH, UK) were all analyzed at the Central Laboratory
in Xishuangbanna Tropical Botanical Garden, for details see (State
Forestry Administration, 1999; Pansu and Gautheyrou, 2007).
Averaged soil properties of study sites are listed in Table 2.

2.4. Statistical analysis

Respiration rate, soil temperature and soil moisture of each
collar were calculated from four continuous recordings from the
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respiration system and four points moisture measurements
respectively. We further calculated cumulative CO2 flux of each
collar using linear interpolation between every two sampling dates
and timed number of days in between. We used a one way ANOVA
to compare sites for bulk density, cumulative CO2 flux, and
chamber measured CO2 and CH4 fluxes and soil moisture in 2014.
Site was the factor and significance of difference was tested with
Tukey Honest Significant Differences in multi comparison. The
average soil temperature and moisture at each site over the
measurement period was calculated from all available measure-
ments (some dates had missing values), to account for the missing
values and repeated measurement, we chose a mixed effect
model and least square means for post-hoc comparison. Statisti-
cal analysis were carried out using R version 3.2.5 (R Develop-
ment Core Team, 2016) with “nlme” and “lsmeans” packages.
Figs. 2–5 were created in OriginPro 9.0 (OriginLab, Northampton,
MA).

A log transformation was applied to the soil respiration rate to
meet the statistical requirements of normality and homogeneity of
variance. Relative importance of environmental factors to soil
respiration was assessed by a standardized coefficient calculated
from a linear mixed effect (LME) model using Eq. (3) (“scale” in the
equation means standardization). We studied the relationship
between soil respiration rate and controlling factors using LME
models (Eq. (4)), where soil temperature and soil moisture were
set as fixed effects, and soil collar as a random effect, measuring
date was treated as temporal autocorrelation factor to account for
repeated measurements of the same subject over time. Treating
soil collar as random effect allowed estimating individual
intercepts a for the 12 collars, with common slope value for b, c,
and d at each site. After comparing the models with different
combinations of factors, interaction and orders, we excluded the
interactions and obtained the final model (Eq. (4)). During the
measurement period from November 2012 to December 2013, all
measurements of each collar which had both soil moisture and soil
temperature values were used in the mixed model with “nlme”
Fig. 2. Dynamics of soil temperature at depth of 5 cm (a), soil volumetric water content at
12 measurements, shaded area represents rainy season).
package in R.

scaleðlogRÞ ¼ a0 þ b0 � scaleðTÞ þ c0 � scaleðMÞ ð3Þ

logR ¼ a þ b � T þ c � M þ d � ðMÞ2 ð4Þ
where T is soil temperature in �C, M is soil volumetric water
content in%, a0, b0, c’, a, b, c and d are parameters to be fitted.

We further determined the “tipping point” of soil water content
from Eq. (4), where soil respiration rate first increased with
temperature but reached a maximum and then decreased with
increasing soil moisture (parabolic function). Therefore, the
corresponding moisture value for the parabola vertex was
calculated as -c/2d, with c and d as fitted parameters in Eq. (4).

2.5. Estimation of temperature sensitivity

In order to obtain the most adequate function, we applied three
different approaches for calculating temperature sensitivity of soil
respiration rate, i.e. (1) the commonly used Lloyd-Tylor equation
(Lloyd and Taylor, 1994) and (2) a two parameters exponential
equation. We further determined temperature sensitivity
expressed as Q10 considering the combined effects of soil
temperature and soil moisture, using (3) the fitted LME model.

1) The Lloyd-Taylor equation describes the relationship
between soil respiration rate (R, mmol m�2 s�1) and soil tempera-
ture (T, �C) as:

R ¼ Rref � e
E0 1

Tref þ273:15�T0
� 1

Tþ273:15�T0

� �
ð5Þ

where E0 is 308.56; T0 is 227.13 K, Tref was set to 15 �C, Rref is
estimated respiration rate at reference temperature Tref. Rref was
fitted separately for each site.

We used the fitted value of Rref to calculate soil respiration rate
at temperature (T + 10) (Eq. (6)), Q10 was further calculated with
Eq. (7). Q10 of each site was reported as the average of Q10
 depth of 12 cm (b), and soil surface CO2flux rate (c). (Error bar is �1 standard error of
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determined from all measured soil temperatures.

RTþ10 ¼ Rref � e
E0 1

Tref þ273:15�T0
� 1

Tþ10þ273:15�T0

� �
ð6Þ

Q10 ¼ RTþ10

R
ð7Þ

2) We also estimated Q10 with the two parameter exponential
equation using fitted parameter b according to Eqs. (8) and (9):

R ¼ a � eb�T ð8Þ

Q10 ¼ e10�b ð9Þ
In Eqs. (8) and (9), T is soil temperature in �C, a and b are fitted

parameters.
3) Taking soil moisture into account, we calculated the soil

respiration rate at measured temperatures (Eq. (11)), as well as
after a temperature rise by 10 �C from the back transformation of
the LME models (Eqs. (10), (12)). Q10 was then determined using
Eq. (13).

logRTþ10 ¼ a þ b � ðT þ 10Þ þ c � M þ d � M2 ð10Þ

R ¼ eaþb�Tþc�Mþd�M2 ð11Þ

RTþ10 ¼ eaþb�ðTþ10Þþc�Mþd�M2 ð12Þ

Q10 ¼ RTþ10

R
¼ e10�b ð13Þ

Where T is soil temperature in �C, M is volumetric soil moisture in%,
R is predicted respiration rate, RT+10 is predicted respiration rate by
increasing temperature 10 �C, and a, b, c, d are parameters fitted
from LME model (Eq. (4)). b is fitted slope value for soil
temperature, and the associated standard error of parameter b
was used to determine the error of Q10 considering the error
propagation in the back transformation.

3. Results

3.1. Dynamics of soil respiration and CH4 flux during wet period

All sites showed a very similar annual pattern of soil
temperature (Fig. 2a) being lowest in January during the dry
season, and gradually increasing until June in the early rainy
season. Soil temperature at RF site was slightly lower than at other
sites, but there was no significant statistical difference between
sites (Table 3). Soil moisture patterns (Fig. 2b) exhibited similar
trends but differed in the range between sites with average soil
moisture at the RF site being significantly (p < 0.05) lower than at
MR and RT sites (Table 3). The range of soil moisture (maximum �
minimum) at the RF site was lower than at the other sites, with a
value of 28% compared with 41%, 33%, and 40% at MR, RT and PR
sites respectively.
Table 3
Average and standard error of soil temperature at 5 cm depth, soil moisture at 12 cm de
cumulative soil surface CO2 flux (Tukey HSD).

Site Soil temperature (�C) Soil m

Rainforest (RF) 20.4 � 0.2 18.8 � 

22-year-old rubber monoculture (MR) 21.6 � 0.2 33.4 �
22-year-old rubber-tea intercropping (RT) 21.4 � 0.3 32.5 �
9-year-old rubber monoculture (YR) 22.8 � 0.2 23.0 �

*: different letters in superscript indicate significant difference at a=0.05 level.
Soil respiration rate at the RF site strongly differed from rubber
sites during the wet period from July to September. During this wet
period, soil respiration maintained a high rate at RF site while it
was suppressed at rubber sites (Fig. 2c), thus showing dual peaks in
annual dynamics. All sites showed low soil respiration rate in
February and March during dry season, when rubber plantations
completely shed leaves. Average soil respiration rate and cumula-
tive CO2 flux at RF site were higher than those at all rubber sites
(Table 3).

Soil respiration rate and moisture measured in 2014 consis-
tently differed between sites during wet period (Fig. 3a and c).
Negative CH4 fluxes at RF site at both sampling times indicated the
important role of forest as a CH4 sink (Fig. 3b). In contrast, MR and
YR exhibited positive CH4 fluxes at both sampling dates, while
those under RT did not differ significantly from zero. However,
there was no significant difference (p < 0.05) between RF and
rubber sites for CH4 fluxes due to the relatively large variation.

3.2. Relative influence of environmental factors (proximal controllers)
on soil respiration

The relative importance of a single environmental factor effect
on soil respiration rate was indicated by the standardized
coefficient (beta coefficient) derived from Eq. (3). Soil temperature
was relatively more important than moisture in explaining the
temporal variation of soil respiration rate over a year (Table 4).
Different from the positive coefficient at RF site, the coefficients of
soil moisture were negative at rubber sites. All standardized
coefficients of soil temperature were significant at a=0.05 level,
while the corresponding coefficient of soil moisture was significant
only at RF site.

According to the relative importance of environmental factors,
the addition of the soil moisture variable in quadratic form
improved model fit as compared to relationship considering
temperature and moisture dependence described by first order
relationship (i.e. Eq. (4) vs Eq. (3)). Estimated coefficients, standard
errors and the fitting of the LME models with log transformed soil
respiration are shown in Table 5. Reported intercept a in the table
was the average of intercepts from 12 collars at each site. All
estimated coefficients of the three predictors were significant at
the 0.05 level. Soil respiration was positively related to both soil
temperature and soil moisture in the first order, but negatively
linked with the quadratic term of soil moisture.

The soil respiration tipping points caused by moisture change
(see parameters in Table 5), occurred at volumetric water contents
of 23.7%, 30.3%, 27.6% and 20.4% for RF, MR, RT and YR sites
respectively, corresponding to 38.4%, 51.6%, 45.7% and 37.8% WFPS.

3.3. Effects of soil properties on gaseous carbon fluxes

Soils in rubber plantations had higher bulk density than
rainforest at all four sampling depths up to 60 cm (Table 2).
However, only bulk density at YR site at depth of 0–15 and 45–
60 cm were significantly higher (p <0.05) than those at RF site. All
the soils had high clay contents and belong to either the light clay
pth, water filled pore space (WPFS), soil respiration rate (lsmeans comparison) and

oisture (%) WFPS (%) Soil respiration
(mmol m�2 s�1)

Cumulative CO2 flux
(MgCha�1 year�1)

0.6a 30.5 � 1.0a 2.0 � 0.1a 8.48 � 0.71a

 1.1b 56.6 � 1.9b 1.8 � 0.1ab 6.75 � 0.79ab

 0.7b 54.6 � 1.3b 1.5 � 0.1ab 5.98 � 0.42b

 0.8ab 42.7 � 1.4ab 1.3 � 0.1b 5.09 � 0.47b



Fig. 3. Soil CO2 and CH4 flux measured by static chamber method in rainy season 2014 (different letter indicates significant difference in mean comparison of sites in August
and September respectively).

Table 4
Standardized coefficient of predictors of soil respiration rate (log transformed) in linear mixed effect model Eq. (3).

Fixed effect Rainforest (RF) 22-year-old rubber monoculture (MR) 22-year-old rubber-tea intercropping (RT) 9-year-old rubber monoculture (YR)

Soil temperature (T) b’ 0.62 � 0.05* 0.21 � 0.10* 0.45 � 0.07* 0.34 � 0.08*

Soil moisture (M) c’ 0.13 � 0.06* �0.06 � 0.10 �0.10 � 0.07 �0.10 � 0.08
N 131 131 142 143

* Significant at a = 0.05 level.
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or high clay class according to the International Society of Soil
Science (ISSS) texture classification. Compared to the relatively
more sandy texture (42–43% sand and 30–33% clay) at YR site,
rainforest RF site had similar texture to MR and RT sites. All sites
had acidic soils, with low pH (CaCl2) ranging from 3.4 to 4.9
(Table 2).

The total C and total N content of topsoil (0–15 cm) decreased in
the order of RF, MR, RT, and YR. Both total C and N contents
decreased with soil depth at all sites, with the most distinct
decrease occurring in subsoil of rainforest. A slightly lower clay
content, highest bulk density and lowest total C and N content in
topsoil on YR site corresponded to the lowest soil CO2 flux.
Significant correlation between cumulative soil CO2 fluxes and
total C in topsoil (correlation coefficient r2 = 0.98) suggested that
total C content mainly determined the annual soil CO2 fluxes. Soil
C:N ratios were below 10 for all sites, indicating no N limitation for
mineralization at the current organic carbon level.

The dominant mineral N form in surface soil differed between
rainforest and all rubber plantation sites in August 2014. NH4

+-N
Table 5
Parameters of linear mixed effect (LME) model with log transformed soil respiration ra

Parameters Rainforest (RF) 22-year-old rubber monoculture (MR) 

Intercept a �2.361 � 0.255 �1.697 � 0.591 

Soil temperature (T) b 0.113 � 0.009* 0.055 � 0.026*

Soil moisture (M) c 0.057 � 0.018* 0.073 � 0.024*

Quadratic Moisture (M2) d �0.001 � 0.000* �0.001 � 0.000*

N 131 131 

DF 116 116 

R2 0.75 0.52 

* Significant at a = 0.05 level.
was the dominant N form at all rubber sites, while rainforest site
with a similar NH4

+-N content as rubber sites had larger amounts
of NO3

�-N than NH4
+-N (Table 2). Though the highest CH4 uptake

rate took place at rainforest site where total N and NO3
�-N were

highest in the topsoil, we did not observe significant correlations
between CH4 flux and total N or mineral N at the four sites.

3.4. Temperature sensitivity – Q10

Q10 values determined from Lloyd and Taylor equation were
similar for all sites when Tref = 15 �C, but varied largely between
sites when the two parameter exponential function or the LME
model were used (Table 6). However, the fit of Lloyd and Taylor
equation and the two parameter function were very poor in terms
of coefficient of determination (R2), i.e. the highest R2 was only
0.31. Adding a soil moisture variable into the log transformed LME
model substantially improved the model fit (R2 ranging from 0.40
to 0.75). Q10 derived by the LME model was higher at rainforest site
(3.1) than the other three rubber sites (1.7–2.3).
te (Eq. (4): logR = a + b�T + c�M + d�(M)2).

22-year-old rubber-tea intercropping (RT) 9-year-old rubber monoculture (YR)

�2.330 � 0.503 �2.481 � 0.474
0.080 � 0.011* 0.085 � 0.019*

0.075 � 0.027* 0.076 � 0.023*

�0.001 � 0.000* �0.002 � 0.000*

142 143
127 128
0.53 0.40



Table 6
Temperature sensitivity Q10 derived from three functions (see Eqs. (5)–(13)).

Q10

Function/site Rainforest (RF) 22-year-old rubber monoculture (MR) 22-year-old rubber-tea intercropping (RT) 9-year-old rubber monoculture (YR)

Lloyd & Taylor function 1.84 � 0.00 1.81 � 0.00 1.82 � 0.00 1.77 � 0.00
Two parameter exponential 2.87 � 0.41 1.42 � 0.26 1.60 � 0.21 2.27 � 0.48
Linear mixed effect model 3.11 � 0.28 1.73 � 0.45 2.23 � 0.24 2.32 � 0.44
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We back transformed the LME model (Eq. (11)) and plotted
results demonstrate how soil moisture modifies the response of soil
respiration rate to temperature change (Fig. 4). The two response
surfaces represent the back transformed model predictions of
maximum and minimum soil respiration within each site, according
to estimated maximum and minimum intercepts (“a” in Eq. (4)).
Thus, the space between two plotted surfaces indicated the large
spatial variation within each site. A more flat surface in soil
moisture axis direction at RF site means that soil moisture had a less
profound effect on respiration rate as compared to rubber
plantation sites. The steeper slope in soil temperature axis direction
Fig. 4. Soil temperature and moisture effect on surface soil CO2 flux (Simulated 3-D su
maximum and minimum intercept a). Points are field measurements.
at RF site represented higher temperature sensitivity in rainforest
compared to rubber plantation sites (Fig. 4).

4. Discussion

4.1. Decline of soil respiration in rubber plantations during rainy
season

Our observations of the presence of dual soil respiration peaks
under rubber plantations in contrast to the rainforest site
suggested that the land use change from forest to rubber had a
rfaces are back transformations of linear mixed effect (LME) model (Eq. (11), with
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major impact on wet seasonal patterns of soil respiration. With the
help of the linear mixed effect (LME) model we were able to
separate temperature and soil moisture effects on soil respiration
and thus could demonstrate that the different soil water regimes in
the two land use types mainly explained the different soil
respiration patterns during the wet period (Fig. 4). The rainy
season of the tropical monsoon climate at our study sites is
characterized by high temperature and intensive rainfall. Hence,
excessive soil water facilitated by heavy soil texture could alter the
biophysical and biochemical conditions of soils. For example, short
periods of high moisture after rainfall reduced soil CO2 flux by
filling pores of topsoil with water, creating a barrier and inhibiting
CO2 diffusion out of soil (Sotta et al., 2004). Furthermore, persistent
moist conditions in combination with high clay content can reduce
O2 availability in the soil, which would limit the aerobic respiration
and decrease the CO2 flux (Silver et al., 1999).

The suppression of soil respiration by high moisture in tropical
rainforests has sometimes been reported as a univariate quadratic
function of soil moisture (Schwendenmann et al., 2003; Sha et al.,
2005). Using our novel linear mixed effect (LME) model we
describe soil moisture as a modifier of temperature effect on
respiration rate (Fig. 4): soil temperature drove the seasonal
variation, while the initial positive effect of soil moisture on soil
respiration declined when it was over the tipping point. Thus,
comparing the estimated tipping point of soil water content and
observed ranges of moisture during the wet period indicated that
persistent high soil moisture was the major factor responsible for
the observed decline of soil respiration in rubber plantations. Our
estimated soil moisture tipping point for soil respiration at RF site
was similar to the 38% WPFS defined as upper limit for positive soil
moisture effects for lowland rainforest (Koehler et al., 2009), and
slightly lower than estimates of Zhang et al. (2015) and Sha et al.
(2005) for upland rainforests in Xishuangbanna. MR and RT sites
exhibited high soil moisture contents (>40%) exceeding the
estimated tipping points from July to September. These persistent
moist conditions inhibited aerobic respiration and resulted in
decreased CO2 fluxes when temperature was high. Similar to Wood
et al. (2013), the more sandy YR site showed a lower optimal
moisture value compared with clay soil sites.

We showed that soil temperature is driving seasonal soil
respiration variation, while intra-seasonal soil moisture variation
determines the degree of suppression of soil respiration once a
tipping point has been reached. Consideration of this dual
temperature and moisture impact advances our understanding
of the conflicting results on soil respiration in tropical forests and
plantations observed in the literature. Hence, in other studies
conducted in Xishuangbanna and Hainan, temporal patterns of soil
respiration differed in the rainy season, depending on the duration
of period with high soil moisture and amount of rainfall. For
example, from July to September, soil respiration was suppressed
when moisture was consistently above 30% in rainforest and
rubber plantation (Fang and Sha, 2006) or higher than 0.4 m3m�3

in rainforest (Fang et al., 2010). In contrast, heavy rainfall events
only decreased soil respiration temporally with soil moisture
fluctuating between 25 and 35% in well drained forests (Zhou et al.,
2013). The single peak pattern of soil respiration observed by
Zhang et al. (2015) in rainforest was likely due to consequent
limitation of soil respiration by high soil moisture (higher than
tipping point) and decreasing soil temperature in late rainy season.
Similar to our estimation of a lower critical moisture level in the
more sandy soil at YR site, Satakhun et al. (2013) observed a
suppression of soil respiration at intermediate soil moisture levels
(�20–30%) in a rubber plantation on a sandy soil in Thailand.
Studies in the humid tropics of Sumatra showed no apparent
seasonal dynamic due to small temperature change and the
variation of soil respiration was mainly driven by periodic changes
in soil water content (Hassler et al., 2015; Ishizuka et al., 2005).
Concluding, the appearance of plateau or double peak in temporal
dynamics of soil respiration in tropics depends on combination of
soil temperature and moisture effects: at moisture contents higher
than the tipping point combined with high temperature, soil
respiration is suppressed and critical moisture values depend, in
turn, on soil properties controlling diffusivity, e.g. bulk density or
clay content (Moyano et al., 2013).

4.2. Soil CH4 flux during the wet period

The observed contrast of rainforest soils acting as CH4 sink
while becoming a weaker sink or even CH4 source under rubber
plantations during the wet period indicates that intensive rubber
cultivation might weaken the CH4 uptake function by the soil. We
speculated that the high soil moisture in rubber plantations
changed aeration and limited methane oxidation during the wet
period. This is coincident with watering experiments conducted by
Werner et al. (2006), where the CH4 flux was negatively correlated
to WFPS and the relative decline of CH4 uptake was larger under
rubber plantations compared to rainforest. Fang et al. (2010)
observed a steady increment of CH4 fluxes from January to
September under rainforest, and where months with soil moisture
around 0.4 m3m�3 resulted in net CH4 emission during the rainy
season (1.18 � 1.64 kg CH4 ha�1 season�1). In Sumatra, rubber
plantations consumed less CH4 by soil than forest in the dry season
(Ishizuka et al., 2005). However, this was not always the case and
became site dependent during the wet season, when reference
forest soils can be a stronger CH4 sink or stronger CH4 source
compared to rubber plantations (Hassler et al., 2015; Ishizuka et al.,
2002).

Interaction with soil mineral nitrogen also modulates the CH4

processes in the soil. Increased NH4
+-N, directly or indirectly

through fertilization, has been demonstrated having a competitive
inhibitory effect on CH4 oxidation, and substantially reduced CH4

oxidation potential in cultivated soils (Bodelier and Laanbroek,
2004; Le Mer and Roger, 2001; Nesbit and Breitenbeck, 1992).
Comparing with well aerated forest soils with NO3

�-N as dominant
mineral N form, the high NH4

+-N in soils of rubber plantations, as
in our study, is likely to inhibit CH4 oxidation potential under
aerobic conditions, and shift towards CH4 production when O2

availability becomes limited under anaerobic conditions. Further-
more, even when forest soils are shortly under anaerobic
conditions, methanogens are not favored in competing for
electrons with nitrate, ferric iron and sulphate reducers (Chidthai-
song and Conrad, 2000), therefore, in presence of high nitrate
concentrations the forest soils is less likely to have high CH4

production comparable to rubber plantations under wet condition.
The differences in temporal patterns of soil CO2 and CH4 fluxes

between rainforest and rubber plantation suggested that land
conversion modified soil properties, which in turn led to differ-
ences in soil water regime especially during the wet period of the
rainy season. There are currently no CH4 studies for rubber
worldwide, except those reported in Sumatra. Given the extent of
land use conversion to rubber and the importance of CH4 on
climate change, further studies are needed. Our short measure-
ments of CH4 flux and the scarce studies on tropical upland soils
are not enough to fully verify the changes of mechanism in soil CH4

processes after forest conversion into rubber plantations.

4.3. Temperature sensitivity Q10

In most studies Q10 values for rainforest and rubber plantations
derived from the two parameter exponential function did not differ
much for these two land use types (Table A1). Only Lu et al. (2009)
reported Q10 values similar to those obtained in our study (Table 6),
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i.e. rainforest had a Q10 around 3 and rubber plantation was around
1.5. Higher Q10 values derived from the function including moisture
effects as compared to the temperature only function reflect the
fact that responses of soil respiration rate to high soil temperature
during the rainy season were masked by high moisture as
discussed above. Thus, excluding the moisture effect during
temperature sensitivity estimation may result in the underestima-
tion of Q10 values.

The intrinsic temperature sensitivity is controlled by ambient
temperature and substrate. The physical and chemical protection
of soil organic matter could constraint the substrate availability,
often showing that temperature sensitivity under field conditions
is less than theoretically predicted (Davidson and Janssens, 2006).
Vegetation type modifies the microclimate and structure of the
soil, quantity and quality of detritus supply to the soil (Raich and
Tufekciogul, 2000). The environmental constraints such as soil
water content (controlling the oxygen supply) also change the
decomposition of organic matter in mineral soil (Davidson and
Janssens, 2006) and as shown in our study. The soil temperature at
our rainforest site was slightly lower but not significantly different
compared to rubber sites. The decomposition of rubber leaves was
faster than leaves from rainforest due to their different litter
qualities (Ren et al., 1999). Therefore, the litter quality change
cannot be taken as explanatory factor for the observed Q10

variation in our case. Q10 tended to increase with soil water content
until reaching a threshold (optimum moisture content) and decline
Fig. 5. Soil CO2 and CH4 fluxes in rubber plantations and forests in the study region. Studi
(2015), Fang and Sha (2006) and Lu et al. (2009), group 2-Hainan refered to Zhou et al. (20
Sumatra by Hassler et al. (2015), and group 5 was from Ishizuka et al. (2002). More de
after the threshold (Wang et al., 2006). Therefore, the difference in
Q10 between rainforest and rubber plantations is likely caused by
environmental constraints: high soil water content limiting the
oxygen availability for aerobic decomposition.

The LME modeling approach used in this study allowed us to
determine the temperature sensitivity per se separated from
moisture effects. Jia et al. (2013) postulated that a fixed Q10, derived
from annual data, was adequate and more suitable in modeling
annual carbon budgets across large spatial scales than seasonally
varying, environmentally controlled Q10. We, therefore, deter-
mined annual temperature sensitivity instead of seasonally
varying Q10. Thus, our approach is an advance to those studying
temperature and moisture response separately and gives the
possibility to calculate the Q10 based on the entire annual data
record without separation of dry and rainy seasons as was done e.g.
by Wu et al. (2014) (Table A1). The observed higher soil
temperature sensitivity under rainforest indicated that soil CO2

emitted from rainforest is likely to increase more than that emitted
from rubber plantations in response to a warming climate.

4.4. Land use change impact on soil gaseous carbon fluxes

We summarized our measurements and previously published
annual soil CO2 fluxes and CH4 fluxes of tropical rainforests and
rubber plantations in the main rubber growing region of Southeast
Asia in Fig. 5 and Table A1. Data based on short period
es in group 1-Xishuangbanna include Sha et al. (2005), Fang et al. (2010), Zhang et al.
13) and Wu et al. (2014), group 3 and 4 were for clay Acrisol and loam Acrisol site in
tails can be found in Table A1.
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measurements were excluded to avoid determining the annual flux
from single time point or seasonal measurements. Annual soil CO2

fluxes increased with the mean annual temperature and annual
precipitation from Xishuangbanna, the northern edge of tropical
Southeast Asia, to the humid tropics in Sumatra (Fig. 5), except for
the data from Ishizuka et al. (2002) showing low soil CO2 emissions
in Sumatra.

The annual soil CO2 flux in this study was in the lower range of
reported values in Southeast Asia. Meanwhile, the observed
difference between soil CO2 emissions under rainforest and rubber
plantations was of the same order, as found in Hainan (Wu et al.,
2014; Zhou et al., 2013) and on clay Acrisols in Indonesia (Hassler
et al., 2015); the difference became smaller in mature rubber
plantations (Fig. 5, Table A1). Soil CH4 fluxes were characterized by
large spatial and temporal variation. If annual soil CH4 fluxes in the
region are considered, only the clay Acrisols site by Hassler et al.
(2015) showed consistently lower CH4 consumption rates by soils
under rubber monoculture compared to soils under jungle rubber
and rainforests (Fig. 5).

Land conversion from forest to rubber plantation affects soil
CO2 and CH4 gaseous exchange in different ways. The change of
carbon inputs from aboveground litterfall is one of the reasons
responsible for differences in respiration rate in rubber plantations
and forests. Annual aboveground litterfall production in rainforests
in Xishuangbanna and Sumatra ranged from 8.42 Mg ha�1 to
12.96 Mg ha�1 (Kotowska et al., 2016; Ren et al., 1999; Tang et al.,
2010). In contrast, the amount of litterfall was quite small during
the early growth phase of rubber. Chronosequence studies showed
that it took about 9–10 years to reach the maximum of litter
production (6–10 Mg ha�1) in rubber plantations (Mandal and
Islam, 2008; Satakhun et al., 2013). de Blécourt et al. (2013) found
that organic carbon in the topsoil exponentially declined till
reaching a steady state around 20 years after converting secondary
forest into rubber plantations. This dynamic of litterfall production
and soil carbon explains the low soil respiration in young rubber
monocultures (incl. our observations), and comparable emission of
CO2 in older plantations when the amount of soil organic carbon
stabilized or recovered to similar levels as under forest. Manage-
ment practices, such as weeding and applying herbicide, leave the
understory with sparse vegetation, which also reduce soil CO2

emission under young plantations. Looking at the contribution of
autotrophic and heterotrophic respiration components (Ferréa
et al., 2012) and the stability of soil organic matter in
chronosequence of land use change will further help understand-
ing the dynamics of soil CO2 flux and carbon stock.

Another factor controlling seasonal dynamics of soil respiration
and overall CH4 uptake is soil water regime differing between
natural forest and intensively managed rubber plantations.
Removal of topsoil during terrace establishment and intensive
management practices, including tapping and collecting latex
tended to compact the soil under rubber plantations, which affects
the gas diffusion and water infiltration process in the soil. As a
measure to preserve water and nutrients, the terraces were built
tilted to the slope. The observed appearance of standing water on
the terraces during the very wet period indicated periodical
anaerobic conditions, which are likely to suppress soil respiration
and favor CH4 production in rubber plantations.
The impact of converting forest into rubber plantation on soil
CH4 consumption is insufficiently studied and poorly understood.
Existing literature on CH4 consumption by soils under forest or
rubber plantations is scarce comparing with large amounts of
publications on rice fields and wetlands. In addition to the
observed differences in soil aeration in the two land uses and
possible mineral nitrogen interaction with CH4 processes, more
frequent measurement and information on substrates, vertical gas
concentration gradient and d13CH4 signature in the soil profile
would help understanding the dominant processes and their
strength at certain depths of soil (Ishizuka et al., 2002; Preuss et al.,
2013). Our study showed a typical case of land use change impact
on soil gaseous carbon fluxes. Verifying our observations at larger
scale requires real spatial replicates at landscape level and a
sufficient number of replicates within site (as done here) to
account for the large heterogeneity (Adachi et al., 2005; Song et al.,
2013). Furthermore, comparability of chosen references and
converted land uses in a chronosequence is also critical in such
an assessment (Veldkamp et al., 2008).

Though the uptake of CH4 by soil was two orders of magnitude
lower than the soil CO2 flux even when their GWP is considered
(Fang et al., 2010; Hassler et al., 2015), CH4 sink function is an
important ecosystem service to mitigate GHG emission. From this
point of view, it is necessary to link soil carbon turnover with
comprehensive assessment of change in ecosystem functions
induced by land use change, rather than a simple comparison of
the carbon balance in different ecosystems.

5. Conclusion

Converting rainforest to rubber plantations tended to reduce
soil CO2 emissions and weakened CH4 uptake especially during the
very wet period. Different soil aeration conditions were likely the
main reason for suppression of soil respiration and low CH4

consumption in rubber plantations during the wet period. High soil
water content decreased the temperature sensitivity and partly
masked the response of respiration to increasing temperature in all
three rubber plantation sites compared to the well aerated rainforest
soil. The altered condition of soil aeration under converted land may
have a pronouncedimpactonprocesses of carbonfluxesfrom the soil
and thus mitigates the positive feedback of climate change given the
large area of cultivated rubber.
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Table A1
Reported annual soil CO2 and CH4 fluxes in the Southeast Asia.

NO Source Land use, age
(years, if rubber)

Annual soil CO2 flux
(MgCha�1 yr�1)

Annual soil CH4 flux
(kgCha�1 yr�1)

Q10 Method Average air
temperature (�C)

Average
precipitation
(mm)

Elevation
(m.a.s.l)

Location TC (%) TN (%) Depth
(cm)

Xishuangbanna China
0 This study Rainforest 8.48�0.71 n.d. 3.11�0.28 LCi-SDg 21.5�0.5 1522�234 561 2.26 0.25 0–15
0 Rubber, 22 6.75�0.79 n.d. 1.73�0.45 LCi-SD 596 1.7 0.18 0–15
0 Rubber+Tea, 22 5.98�0.42 n.d. 2.23�0.24 LCi-SD 611 1.66 0.17 0–15
0 Rubber, 9 5.09�0.47 n.d. 2.35�0.44 LCi-SD 585 1.17 0.14 0–15
1 Sha et al.

(2005)
Rainforest 14.56 n.d. 2.08 Static

chamber,
GC

21.4 1557 720 21.93�N,
101.27�E

1.14 0–20

1 Fang et al.
(2010)

Rainforest 9.42 �1.86 2.16 Static
chamber,
GC

21.4 1557 720 21.93�N,
101.23�E

1.64 0.15 0–20

1 Zhang et al.
(2015)

Rainofrest 6.93�0.51 n.d. n.d. LI-6400 21.7 1487 568 21.92�N,
101.27�E

1.16 ND 0–20

1 Fang and Sha
(2006)

Rainforest 7.20a n.d. 2.16 Alkaline
absorption

21.5 1557 756 21.95�N,
101.20�E

1.84 0.02 0–10

1 Rubber 7.64a n.d. 2.18 Alkaline
absorption

580 21.93�N,
101.25�E

1.60 0.02 0–10

1 Lu et al.
(2009)

Rainforest 10.07a n.d. 2.95�3.09 Li-820 21.5 1557 756 21.85�N,
101.20�E

2.05 0.2 0–20

1 Rubber 7.80a n.d. 1.49�1.55 Li-820 580 21.93�N,
101.25�E

1.51 0.2 0–20

Hainan, China
2 Zhou et al.

(2013)
Primary rainforest 16.73�0.87 n.d. 2.17 LI-8100 19.7�0.9 2198 870 18.73N

108.88�E
3.12�0.16 0.16�0.02 0–10

2 Secondary
rainforest

15.10�0.26 n.d. 1.86 LI-8100 20.0�0.7 2198 880 18.73�N,
108.87�E

3.66�0.22 0.17�0.01 0–10

2 Wu et al.
(2014)

Rubber, 5 10.03 n.d. 1.92c, 1.22d LI-6400 20.5�28.5 1607�2000 144 19.53�N,
109.48�E

0.78 0–60

2 Rubber, 10 10.34 n.d. 1.33c, 1.77d LI-6400 0.78 0–60
2 Rubber, 19 11.96 n.d. 2.37c,

1.44d
LI-6400 0.83 0–60

2 Rubber, 33 11.09 n.d. 2.26c, 1.10d LI-6400 1.04 0–60

Sumatra, Indonesia. Clay Acrisol
3 Hassler et al.

(2015)
Rainforest 16.93�1.19 �3.63�0.89 n.d. Static

chamber,
GC

26.7�0.1 2235�385 35–95 1.94�S-
2.14�S,

3.3�0.5e 263.4�67.1f

3 Jungle rubber 16.11�0.72 �1.85�0.59 n.d. Static
chamber,
GC

102.58�E-
102.85�E

4.3�0.4e 331.4�34.1f

3 Rubber, 7–16 16.09�1.40 �0.29�0.12 n.d. Static
chamber,
GC

2.8�0.4e 198.4�32.5f

Sumatra, Indonesia. Loam Acrisol
4 Hassler et al.

(2015)
Rainforest 16.21�1.17 �0.18�1.55 n.d. Static

chamber,
GC

1.79�S-
2.19�S,

2.6�0.2e 182.9�10.8f

4 Jungle rubber 15.55�0.94 �2.42�0.34 n.d. Static
chamber,
GC

103.24�E-
103.36�E

2.7�0.3e 186.19�11.0f

4 Rubber, 14–17 16.52�1.32 �0.93�0.35 n.d. 2.0�0.3e 172.6�23.8f
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Table A1 (Continued)

NO Source Land use, age
(years, if rubber)

Annual soil CO2 flux
(MgCha�1 yr�1)

Annual soil CH4 flux
(kgCha�1 yr�1)

Q10 Method Average air
temperature (�C)

Average
precipitation
(mm)

Elevation
(m.a.s.l)

Location TC (%) TN (%) Depth
(cm)

Static
chamber,
GC

Sumatra, Indonesia.
5 Ishizuka et al.

(2002)
Rainforest P1 5.55�1.35b �1.86�0.76b n.d. Static

chamber,
GC

2060 1.09�S,
102.10�E

3 0.19

5 Rainforest P2 8.21�2.36b 0.37�2.18b n.d. Static
chamber,
GC

1.09�S,
102.10�E

– –

5 Logged over forest
L1

5.72�1.54b �0.39�0.46b n.d. Static
chamber,
GC

1.06�S,
102.16�E

3.5 0.24

5 Logged over forest
L2

7.10�2.05b �1.54�0.85b n.d. Static
chamber,
GC

1.09�S,
102.11�E

4.5 0.65

5 Rubber 6.53�2.32b �1.12�0.46b n.d. Static
chamber,
GC

1.09�S,
102.12�E

1.6 0.12

Satakhun
et al. (2013)

Rubber, 15 Thailand 18.80 n.d. n.d. LI-8100 28.1 1328 69 13.68�N,
101.07�E

1 0.06 0–10

GC: gas chromatography; n.d.: not determined.
aAnnual flux value were calculated from reported annual average flux by multiplying time.

b Annual flux value were calculated from reported annual average flux by multiplying time, mean� std.
c Dry season.
d Rainy season.
e kg cm�2.
f gNm�2.
g LCi-SD is open chamber respiration system, LI-series are closed chamber system.
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