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Abstract

We measured fluxes of three greenhouse gases (N2O, CO, and CHy) from soils of six different land-use types at 27
temporary field sites in Jambi Province, Sumatra, Indonesia. Study sites included natural and logged-over forests;
rubber plantation; oil palm plantation; cinnamon plantation; and grassland field. The ranges of N,O, CO; and
CHy, fluxes were 0.13-55.8 ug Nm—2h~!; 1.38-5.16gCm—2d~!; —1.27-1.18 mg C m~2 d~!, respectively. The
averages of N,O, CO; and CHy4 fluxes at 27 sites were 9.4 pg N m2h! 3.65 gC m2d-!, —045 mg C m2d1,
respectively. The values of CO, and CHy fluxes were comparable with those in the reports regarding other humid
tropical forests, while the N> O flux was relatively lower than those of previous reports. The N>O fluxes in each soil
type were correlated with the nitrification rates of soils of 0-5 cm depth. In Andisols, the ratio of the NoO emission
rate to the nitrification rate was possibly smaller than that of the other soil types. There was no clear relationship
between N,O flux and the soil water condition, such as water-filled pore space. Seventeen percent of CHy fluxes
were positive; according to these positive fluxes, we did not find a good correlation between CH4 uptake rate and
soil properties. Although we performed a chronosequence analysis to produce some hypotheses about the effect of
land-use change by a limited amount of sampling at one point in time, further tests are required for the future.

Introduction

Greenhouse gas emissions from humid tropical eco-
systems are clearly significant, but because of the
limited quantity of data, the global estimate of green-
house gas fluxes remains uncertain. To overcome this
limitation, we need more spatial data, especially from
the areas where there are few observations, such as
Southeast Asia.

Land-use changes have the potential to affect the
global budget of greenhouse gases (IPCC 1995). Over
the last three decades in Indonesia, deforestation and
land-use/cover changes have coincided with the de-
velopment of the road infrastructure. During 1990 to

1997, the percentage deforestation rate of humid trop-
ical forest in Southeast Asia (0.91%) was the largest in
the world and annual loss of forest area was estimated
as2.5Gha y_l, which was almost the same as that of
Latin America (Achard et al. 2002). But few data have
been collected about the effect of land-use change on
the greenhouse gas emissions in Southeast Asia.

The N,O emission rate from natural ecosystems
was calculated as 4.6-15.9 Tg N y~!, equal to the
amount from human activities (Prather et al. 2001).
The N>O emissions from humid tropical forests, es-
timated as 2.2-3.7 Tg N y~!, were considered a key
source. Bouwman et al. (1993) used a model with five
parameters to determine the global N>O emission rate
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from natural soils; they estimated the annual global
emission as 6.8 Tg N, 80% of which was released
from tropical areas. According to their estimation, one
reason for this high proportion of output from the trop-
ics is that Ferralsols, which have a relatively high N,O
emission rate, comprise an area of 1116 Mha, one of
the world’s largest. Clearly, precise knowledge of the
variation of N»O flux in tropical regions is needed.

The global CH4 rate of uptake by soils has been
estimated at 15-35 Tg y~! (Potter et al. 1996). Humid
tropical forest accounts for 10-20% of the global CH4
uptake rate (Potter et al. 1996). The most important
factor controlling the CHy uptake rate is the gas dif-
fusion coefficient, which is determined by soil texture
class (Born et al. 1990; Verchot et al. 2000). Land-use
change from forest to active pasture caused a decrease
in the CH4 uptake rate (Keller et al. 1993; Keller and
Reiners 1994), although degraded pasture consumed
more CHy than primary forest (Verchot et al. 2000).
Because of the limited number of studies, however,
the effect of land-use change on the CH4 uptake rate
in tropical forests remains poorly quantified.

The annual global CO; flux from soils into the at-
mosphere is estimated to be 76.5 Pg C y~! (Raich and
Potter 1995). The CO; flux from tropical moist forest
was the highest of all terrestrial ecosystems (Raich and
Potter 1995). Much like in the case of the CHy uptake
rate, the effect of land-use change on CO» flux is ob-
scure; some reports indicate an increase, while others
indicate a decrease or no change in CO, emission rate
(Raich and Schlesinger 1992).

An intensive field study on greenhouse gas emis-
sions from soils of humid tropical forests in Sumatra,
Indonesia, first reported by Ishizuka et al. (2002), re-
vealed relatively lower N>O flux and CO; fluxes than
in previous reports involving multiple land-use types.
These researchers obtained results showing that slash-
and-burn had the adverse impact of accelerating N,O
emission rates and reducing CHy uptake rates. Be-
cause the field study focused on the seasonal variation
of gas fluxes and on the impact of land-use change
after deforestation, the area of land under study was
relatively small, 3.7 km in latitude by 7.5 km in longit-
ude (Ishizuka et al. 2002). It remains to be determined
whether data is available or not for a larger area, and
can therefore be applied to the entire area of Jambi,
Sumatra, which has a wide variety of soil types and
land-use types.

Our objective was to make an initial approach
to represent the flux intensity and the relationship
between land-use type and greenhouse gas emis-
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Figure 1. (a) The location of Jambi Province, and (b) the location
of the 27 sites and PMRS.

sions in several hundred square kilometers in Jambi,
Sumatra, Indonesia by (1) clarifying the major factor
controlling greenhouse gas emissions related to the
soil properties, and (2) performing a chronosequence
analysis to evaluate the effect of land-use change.

Material and methods

Site description

Between September 4 and September 20, 2001, we
performed an intensive field experiment, in a 245 km
by 125 km area located in Jambi Province, cent-
ral Sumatra, Indonesia (Figure 1). The region lies
between the city Jambi in the east and the city Sun-
gaipenuh in the west. The western part of Jambi
contains a high mountainous area, whose altitude ex-
ceeds 1000 m. Going eastward, the altitude decreases;



the easternmost part, a swampy area, sits near sea
level. The entire region (except the mountainous area)
belongs to humid tropics. The annual rainfall ranged
from 2112 to 2798 mm y~! between January 1998
and December 2001 in the northwestern part of Jambi
Province, called Pasir Mayang Research Site (PMRS;
Ishizuka et al. 2002). It has yearly dry and wet seasons,
which last from May to September and from October
to April, respectively; the average monthly rainfall in
the dry season (114 mm) was 42% of that in the rainy
season (270 mm). According to four years of measure-
ment in PMRS, the N>O flux in September was 80%
of the annual mean of N>O flux and the differences in
CO; and CH4 fluxes between September and annual
mean was less than that of NoO (Tsuruta et al., un-
published data). The area’s annual mean temperature
is around 25 °C. The soil type around the mountainous
area features Andisols, containing thick volcanic ash.
In the middle part of Jambi Province, the main soil
type is Ultisols, which has a low pH and a low nutrient
level. The soil in the eastern part of Jambi Province has
a wetter regime than that in the western part, whose
soil is classified as Udults in USDA soil taxonomy.

In this experiment, we collected gas samples and
soil samples at various land-use/cover types. Three
land-use types are distributed widely throughout the
province; rubber plantations managed by small land-
holders, oil palm plantations belonging to large es-
tates (Murdiyarso and Wasrin 1995) and abandoned
grassland fields, where mainly Alang-alang (Imperata
cylindrica) grows. We took the samples at 27 sites;
seven natural or logged-over forests, three cinnamon
(Cinamum burmanii) plantations, five oil palm plant-
ations, seven rubber plantations, and five Alang-alang
grassland fields. The ‘logged-over forest” was defined
as forest that was selectively cut and even had a signi-
ficant amount of aboveground biomass. By the status
of this logged-over forest, it is more adequate to cat-
egorize it in natural forest rather than in afforested
forest, so we categorized the primary and logged-over
forest into a forest (F). The location of and the gen-
eral information about each site are shown in Figure 1
and in Table 1, respectively. We divided the rubber
plantation sites and the oil palm plantation sites into
two groups. One group included rubber and oil palm
plantations more than 10 years old, labeled old rubber
(oR) and old oil palm (00), respectively. The other
group included young rubber (yR) and oil palm plant-
ations (yO) less than 10 years old. The total number of
sampling sites categorized by soil type and land-use
type appears in Table 2.
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General land-use history and management in this
region

The lowland area was cleared from natural forests
and burned for transmigration area in the 1980s. Un-
til 1987, the area was planted with food crops such
as maize, upland rice, cassava, soybean and peanuts.
However, the yield of the crops was low even though
some fertilizers and agriculture lime (calcite; CaCO3)
had been applied. Therefore in the 1990s, the trans-
migration farmers and a private company introduced
oil palm in this area, facilitated by the government.
In order to speed up the process of clearing land
for oil palm plantation, heavy equipment (backhoe,
trailer, etc.) was used to uproot the residual trunks and
tree branches which were then burned (A. Iswandi,
personal communication). As a result of these meas-
ures, most of the top soil disappeared and the soil
was susceptible to erosion through rainfall. There-
fore, for young oil palm up to the age of four years,
legume cover crops (such as Centrosema pubercens,
Crotalaria juncea, Siratro spp. etc.) were planted not
only to protect soils from erosion, but also to increase
soil fertility through N, fixation. Fertilizers (N, P, K)
were regularly added twice a year to the oil palm.
Alang-alang grassland was the area of the transmigra-
tion farmers who did not take part in the oil palm pro-
gram or the rather newly cleared forests but abandoned
by the farmers. The farmers did not plant food crops
because of the low productivity. With the small-holder
rubber plantations originating from cleared forest, the
residual trunk, twig etc. were burned, and then they
grew upland rice without fertilizer and at the same
time rubber trees were planted. Upland rice usually
was planted up to three growing seasons until the
rubber canopy covered the land surface. In cinnamon
plantation, farmers never used fertilizers.

Flux measurement

The CO,, CHy, and N7 O fluxes were measured using
a static chamber method. The seven chambers, PVC
tubes 0.25 m in diameter and 0.15 m in length, were
inserted into the surface soil at each site to a depth of
at least 1 cm. After sealing the chambers with PVC
tops vented, we took three gas samples of 40 ml from
the chamber at times 0, 10, and 20 min with a dis-
posable syringe and then pushed the collected samples
over the atmospheric pressure into glass vials of 30 ml
with butyl rubber stoppers, which had been evacuated
beforehand in the laboratory. We transported the glass
vials to our laboratory in Japan where we analyzed
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Table 2. Number of plots in each soil type and land-use.

Land-use type®
F C oR yR 00 yO A Total

Soil type  Udults 101 0 O 1 0 3
Other Ultisols 4 0 4 1 2 2 4 17
and Entisols
Andisols 23 0 1 0 O 1 7
Total 735 2 2 3 27

W

4see Table 1 for the land-use codes.

the gas concentrations with two gas chromatographs, a
Shimazu GC-9A and a Shimazu GC-14A. The former
was equipped with a thermal conductivity detector for
CO», and a flame ionization detector for CH4, and the
latter with an electron capture detector and a pre-cut
system for N>O. The standard calibrations of CHy,
CO; and N>O were made using standard gases of
2.0l plCH4 17,1994 11 CO5 171, and 0.3 pIN,O 17!
(Sumitomo Seika Chemicals Co.), respectively. The
contamination and leakage of gases in the vials by the
transport are negligible as the result of a test presented
in Japan. We calculated the flux by the slope of gas
concentrations with the sampling times. The temper-
atures in the chamber, in the ambient air (1 m height
above the ground), and in the soil (2 cm and 10 cm
depth each) were measured with a temperature sensor
(Sato Co., SK-1250MC). For each individual chamber
flux measurement, we calculated the 90% confidence
interval, and defined the minimum detectable flux as
that flux at which > 67% of the confidence intervals
did not include zero (Hutchinson and Livingston 1993;
Verchot et al. 1999). The minimum detectable NoO
flux was 5.0 ug Nm—2 h~!.

Soil gas sampling

Soil gas samples were taken with a stainless steel tube
(3 mm outer diameter and 1 mm inner diameter) at the
soil surface and at depths of 5, 10 and 20 cm. Three
samples were taken from each site. The gas concen-
tration was analyzed with the method used for flux
measurement.

Soil sampling and analysis

We collected two soil samples per site. One was a dis-
turbed sample for chemical and biochemical analyses,
and the other was a volumetric sample for physical
analysis. Seven replicates of both types of samples
were taken at a depth of 0-5 cm at each site in prox-
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imity to the chamber used for gas flux measurement,
but at least 30 cm apart from every other chamber.
The seven replicates of disturbed soil samples for the
chemical and biochemical analyses were mixed thor-
oughly and employed for the following experiments.
To minimize changes in inorganic nitrogen content
caused by fast nitrogen mineralization and nitrifica-
tion, we extracted the inorganic nitrogen at the hotel
using a 2 M KCI solution on the same day the sample
was taken, and later performed an analysis in the
laboratory. The residual disturbed soil samples were
passed through a 2 mm mesh sieve, and stored in
a refrigerator at 4°C. We measured soil pH (H,0)
with 10 g soil in 25 ml deionized water using a glass
electrode (Horiba, F-22). Total carbon and nitrogen
were determined using an NC analyzer (Sumitomo
Chemical Co., NC-800). The available phosphate con-
tent was measured using the Bray II method (Olsen
and Sommers 1982). The microbial biomass carbon
(CBIO) was measured by the chloroform fumiga-
tion extraction method (Vance et al. 1987) using a
TOC analyzer (Shimazu TOC-5000). With the solu-
tion, we determined the nitrogen content using the
peroxydisulfate oxidation method and calculated the
microbial biomass nitrogen (NBIO) (Sakamoto and
Hayashi 1999). The ammonium and nitrate concentra-
tions were determined using a flow-injection analyzer
(Tecator, Aquatec 5400 analyzer). The net nitrogen
mineralization and nitrification rates were measured
by the aerobic incubation method (Hart et al. 1994)
at 25 °C for 8 weeks.

For physical analysis of the soil, seven replicates
of a 100 ml sample of volumetric soil were collected
with a 100 ml cylindrical sampling core. We mixed the
seven replicates (700 ml total) to determine soil bulk
density, water content, and the volumetric proportion
of solid, liquid and gas phases. The solid phase pro-
portion was calculated by dividing the solid weight by
2.5. The particle distribution was determined by the
pipette sampling method (Day 1965).

At each site, we also collected triplicate samples
of organic matter from the soil surface within an area
of 50 cm? and then weighed this dry matter in the
laboratory.

Statistical analysis

Because N, O flux varies according to soil type, we use
only the average value of the flux data of each land-
use type without the data from Andisols and Udults
to compare the effect of land-use on N, O fluxes (n =
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17). Neither the CH4 flux nor the CO, flux differed
significantly with soil type, so we used the data of 27
sites to compare the effects of land-use on these gases.

Pasir Mayang Research Site (PMRS), in the north-
western part of Jambi province (Ishizuka et al. 2002),
furnishes another data set with which to determine
the relationship between soil properties and green-
house gas emissions. To compare the data at PMRS
with the data of this study, we calculated the averaged
flux values of nine measurements repeated across five
sampling plots (P1, P2, L2, R, and Op), in PMRS
for September and October only, between Septem-
ber 1997 and March 2002 (Tsuruta et al. unpublished
data).

Results

General soil properties (Table 3)

Soil type and soil properties. The properties of An-
disols (n = 7) were different from those of the
other soils (n = 20). The soil pH for Andisols (6.18
on average, ranging from 5.66 to 6.85) was higher
(P < 0.001) than that of other soils (4.52 on av-
erage, with a range of 4.10 to 5.12). The average
values of total carbon and nitrogen content in Andisols
(92 mg g~ ! and 7.9 mg g™, respectively) were larger
(P < 0.001) than those of the other soils (33 mg g_1
and 2.5 mg g~!, respectively). The average micro-
bial biomass carbon and nitrogen content in Andisols
(1630 ng C g~! and 280 pg N g~!, respectively)
were larger (P < 0.001) than those of the other
soils (740 pg C g~! and 102 ug N g~!, respect-
ively). The bulk density in Andisols (0.63 Mg m~3)
was lower (P < 0.001) than that of the other soils
(0.94 Mg m~3). The proportion of liquid phase to the
whole soil volume in Andisols (51%) is larger (P <
0.002) than that of the other soils (34%). Compared
to the other soils (0.60 g g~! d~1), Andisols showed
higher (P < 0.03) nitrificationrate (1.19 ng g_1 d—h.

Land-use and soil properties. The soil properties at
the cinnamon plantation sites were unlike those of the
other types of land-use. Because they were all loc-
ated in the Andisols areas, the cinnamon plantation
sites manifested a relatively higher pH, water con-
tent, and proportion of liquid phase, while having
a lower bulk density. At the Alang-alang grassland
field sites, values were low for soil properties such
as the nitrogen mineralization rate, the nitrification

rate, the dry weight of litter layer, the water con-
tent and the microbial biomass carbon and nitrogen.
These results indicate that the microorganisms in the
Alang-alang grassland soils were less active than those
in the other land-use types. The oil palm plantation
sites had characteristics similar to those of the Alang-
alang grassland field sites. At oil palm plantation sites,
the bulk density was higher and the proportion of gas
phase was lower than that of the other land-use types.

Compared to the other sites (except cinnamon
plantation), the forest soil had more microbial biomass
carbon and nitrogen, greater nitrogen content, and
higher nitrogen mineralization and nitrification rates.
The nitrate content, nitrogen mineralization, and ni-
trification rate of old rubber plantation were all larger
than those of young rubber plantation, a fact suggest-
ing that the increase in the microorganisms activity
coincided with the growth of rubber trees.

Gas fluxes (Table 4)

The soil temperature at 10 cm depth on Andisols is
significantly different from that on other soil types
(P < 0.001, Table 4), because the areas of Andisols
are located above 800 m elevation and mean annual
temperature is thought to be lower than that of low-
land area. This low soil temperature on Andisols must
affect the microorganisms’ activity and thus we must
consider this effect.

CO;. The average CO, flux was calculated to be
365+ 0.85gCm2d! (n = 27), with a range
of 1.88 to 5.16 g C m~2 d~!. For forest stands,
the average flux was 3.88 &+ 0.50 g C m~2 d~!
(n = 7). Although the CO; flux of Andisols (4.00 +
0.57 g Cm~2d~!, n = 7) is relatively larger than
that of the other soils (3.52 = 0.90 g C m~2 d~!,
n = 20), the difference is not significant (Table 5,
P = 0.204, by Student’s #-test). The CO; flux at oil
palm plantation (2.36 &= 0.22, n = 5) was significantly
smaller than those of the other land-use types (Table 6,
P < 0.05, by ANOVA).

CH,4. The overall average CHy flux across all land-
use types equalled —0.45 mg C m~2 d~!, with the
CHy flux of the 27 sites ranging from —1.27 to
1.18 mg C m~2 d~!. The average flux across all
forest stands, —0.70 £ 0.35 mg C m~2 4! (n =
7), was smaller than those of the other land-use
types except for the old oil palm plantation (—0.75 £
0.58 mg Cm~2d~!, n = 2). Of a total of 189 cham-
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Table 4. The average fluxes of three gas species at each site?.

Land-useP COy CHy N,O Soil temperature

@Cm2d ) (mgCm2d!) (ugNm2h!) (°0)

Ave. SD Ave. SD Ave. SD
F1 F 396  0.85 —-091 0.20 23.60 17.98 26.0
F2 F 317 0.79 -0.71 1.13 9.57 8.09 26.1
F3 F 336 0.75 —-127 0.12 2.52 1.87 26.2
F4 F 435 187 —-0.39 033 9.58 8.14 22.9
F5 F 419 1.20 —0.49 146 12.85  9.09 27.7
F6 F 445  1.56 —-0.27 0.57 3.22 1.64 20.3
F7 F 3.67 1.04 —-0.87 1.21 3.83 3.77 18.6
Ccl C 4.15  0.79 -0.99 0.19 1.27 0.67 222
c2 C 452 098 —-0.11  0.20 3.52 3.32 18.1
c3 C 333 124 —0.86 0.34 12.88  23.21 18.8
Rl  oR 490 0.88 —-0.36  0.20 55.82  46.83 27.6
R2 oR 516 2.02 1.18 3.54 9.08 8.71 25.9
R3 yR 295  1.39 —-041 0.26 3.13 1.85 26.7
R4 oR 3.87 0.79 —-0.19 0.28 19.82  10.11 27.1
R5 oR 3.86  0.61 —-0.74  0.80 16.51  14.70 28.3
R6  oR 343 1.11 0.15 0.97 1.62 0.81 25.5
R7 yR 4.62  0.80 —-0.61 0.29 1.19 1.52 21.5
o1 yO 312 121 0.11 0.41 28.83  31.16 27.2
02 o0 1.88 048 —-1.16 0.21 1.14 1.03 24.3
03 yO 2.04 0.60 —-0.77 0.31 7.68 13.51 26.2
04 o0 224 1.08 —0.34  0.64 4.26 6.34 26.0
05 yO 250 0.50 —-0.25 0.26 1524 16.37 27.2
Al A 394 153 -0.15  0.17 1.53 1.51 26.6
A2 A 412 281 —-0.04 1.11 3.39 4.08 25.8
A3 A 3.18 045 —-0.55  0.22 1.30 1.12 31.1
A4 A 426  1.39 —-0.85 0.12 0.60 0.68 28.3
A5 A 328  1.11 —0.26  0.40 0.13 1.72 17.9

4Means of 7 replicates.
bSee Table 1 for the land-use codes.

Table 5. The averaged fluxes of three greenhouse gases in each soil type.

Soil type Number of sites ~ CO, CHy N,O
@Cm2d ) (mgCm2d') (ugNm2h!)
Ave. SD Ave. SD Ave. SD
Andisols 4.00 0.57 —-0.57 035 3.7 4.3
Ultisols Udults 3 399  0.89 —-039 051 36.1 17.3
others® 17 344 091 —-041 0.56 7.0 6.1
Total 27 3.65 0.85 —-0.45 0.50 9.4 12.0

4ncluding two Entisols sites.

bers (7 chambers x 27 sites), 32 chambers showed
positive CHy flux; moreover, all land-use types had
some chambers showing a positive flux. We observed
no significant difference in CH4 flux between Andisols
and the other soils (Table 5).

N>O. The overall average across all sites was
94 wg N m™2 h~!, with a range of 0.13 to
55.8 g N m2 h~!. The average flux of N>O on
forest stands was 9.3 + 7.4 pg Nm—2 h~! (n = 7).
N>O flux exhibited relatively greater heterogeneity
than did CO; and CH4 fluxes. At some sites there



Table 6. The averaged CO, and CHy flux of each land-use type.
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Table 7. The averaged N,O emission of each land-use type?.

Land-use  Number of CO, flux CHy4 flux Land-use typeb Number of cases N> O flux

type? cases Average S.D. Average S.D. Average S.D.
F 7 3.88 0.50  —0.70 0.35 F 4 8.63 4.35
C 3 4.00 0.61  —0.65 0.47 oR 4 11.76 8.12
oR 5 4.24 0.74 0.01 0.73 yR 1 3.13

yR 2 3.78 1.18  —0.51 0.14 00 2 2.70 2.20
o0 2 2.06 026 —0.75 0.58 yoO 2 11.46 5.35
yO 3 2.56 0.54 —0.30 0.44 A 4 1.70 1.19
A 5 3.76 049 —0.37 0.33 Total 17 705 6.11
Total 27 3.65 085 —0.45 0.50

4See Table 1 for the land-use codes.

were hot spots that produce high N>O fluxes (data not
shown). The N,O fluxes of Udults (23.6, 55.8 and
28.8 wg N m~2 h™! for F1, R1 and Ol, respectively)
were higher than those of the other soils (Table 5).
The N;O fluxes for the old rubber (except R1, 11.8
+ 8.1 ug Nm~2h~!, n = 4) and for the young oil
palm plantation (except O1, 11.5+ 5.3 pgNm~2h~!,
n = 2) were relatively larger than those of the other
land-use types (Table 7). Alang-alang grassland field
(1394 1.25pgNm~2h~!, n = 5) and young rubber
plantation (2.16 £ 1.37 ugNm~2 h~!, n = 2) showed
relatively lower N> O fluxes than did the other land-use
types (Table 7).

Soil gas. In almost all profiles, the CH4 concentra-
tion decreased and the N>O and CO, concentrations
increased at greater soil depths. The typical patterns
of each gas concentration with depth are shown in
Figure 2. High CH4 concentrations, greater than 1.8
me3 m—3, were observed at depths of 5 cm (F5, O1,
Al and C3), 10 cm (F4, F5 and A3), and both 5 and
10 cm (R4, R6). At oil palm plantation sites, the dis-
parity between gas concentrations at the surface and at
5 cm depth was greater than those at the other land-use
types (Figure 2).

Comparison of soil properties and gas fluxes between
PMRS and the 27 sites in this study

The summary of soil properties and averaged gas
fluxes in PMRS is shown in Table 8. The soil at PMRS
revealed significant differences from the soils at the
27 sites in this study. The soil at PMRS had relatively
lower values in water content, nitrification rate, and
microbial biomass nitrogen, while at the same time
having higher values in ammonium nitrogen content,
dry weight of the litter layer, and gas phase proportion

aWithout the data on Andisols and Udults.
bSee Table 1 for the land-use codes.

(P < 0.05, by ANOVA). This result indicates that at
PMRS the stress to the microorganisms arising from
dry soil conditions leads to the suppression of micro-
bial activities such as nitrification and decomposition
of litter layer, in turn resulting in the accumulation of
ammonium and of litter layer.

The CO; flux in PMRS (1.87 £0.34gCm~2d™ 1)
was significantly smaller than the overall CO, flux of
the 27 sites in this study (P <0.001 by Student’s 7-test).
The N7O flux at PMRS (2.9 + 1.7 ugNm=2h™ 1) is
lower than the overall value of the 27 sites in this study
(7.0 £ 6.1 pgN m~2h~l, n =17, except for those
at the sites with Andisols and Udults). The average
CHy flux in PMRS (—0.21 + 0.25 mg C m™2 d~')
was larger than the average of the 27 sites in this study
(—0.45+£0.50mg Cm~—2d™h).

Discussion

N> O emissions

The intensity of N;O flux on forest stands,
93 g N m? h™! = = 7) (equivalent to
0.81 kg N ha=! y=1), belongs to the lowest group in
the humid tropical forest, which ranged from 0.01-
7.68 kg N ha~! y=! (Breuer et al. 2000). This re-
latively low N>O flux in Southeast Asia was firstly
observed in PMRS (Ishizuka et al. 2002), which had
a range of 1.5 to 7.9 ug N m~2 h™!. According to
the results of this study, the data at PMRS belongs to
the group of smaller N>O fluxes in Jambi Province,
but the N,O fluxes in Jambi Province are still relat-
ively lower than those of other humid tropical forest,
such as Australia, Costa Rica, and the Amazon (see
summarization by Breuer et al. 2000).
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Figure 2. The profile of soil gas concentration at F2 (upper left), F5 (upper right), and R4 (lower left). The data are shown in triplicate profiles
for each site. The profile like at F2 was normally observed, while the kind of profile like at F5 and R4, which showed high CH,4 concentration

at 5 cm and/or 10 cm depth, was irregularly observed.

The N, O fluxes differed according to soil type. We
observed the highest emissions under wet conditions,
such as those at F1, R1 and O1. Furthermore, the N,O
fluxes in PMRS, with its relatively drier conditions,
were lower than those of the other sites. These results
indicate that in this area the N,O fluxes are mainly
determined by soil moisture which affected both the
nitrification and denitrification rates. According to the
hole-in-the-pipe model, WFPS affects the ratio of N,O
and NO. The lower WFPS, the higher the ratio of NO
to N>O (Davidson et al. 2000a). We calculated the re-
lationship between the sum of NO and N,O emissions
estimated by WFPS (Davidson et al. 2000a) and nitri-
fication rate, but there was no significant relationship
(R = 0.125, o = 0.54). The sites having less than
20% or higher than 75% WFPS had low N,O fluxes
(Figure 3), this result suggesting that in the former NO
and the latter Np is the dominant gas as nitrogenous
gas loss. The fluxes between 20% and 75% WFPS
scattered, this result suggesting that WFPS is not a
dominant factor to control N, O emission in these soils.
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= 40
S 30+ N
= AN
3 20} °.
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Figure 3. The relationship between soil WFPS and N,O flux at 27
sampling sites in each soil type.

The correlation coefficient, except in the cases of
Udults (R1, F1 and O1) and Andisols, was compar-



Table 8. Summary of soil characteristics at Pasir Mayang at 0—5 cm depth and gas fluxes?.

Plot name
Pl P2 L2 Op R

Land-use type® F F F A yR
pH 438 391 373 443 459
Total C (mgg~ 1) 21.2 214 230 335 19.5
Total N (mgg™ ) 1.1 13 1.4 22 1.9
C/IN 19.1 165 159 15.5 10.0
NHy ngghH 7.9 7.2 6.0 10.6 10.5
NO; mgeH 3.3 1.6 1.6 1.7 1.7
N-min® nggtah 0.26 052 043 0.47 0.29
Nitrd ngglah 0.03 026 030 0.27 0.01
Biomass C (ngC gfl) 936 770 712 628 221
Biomass N (wgN g~ h 55 79 73 54 29
swce (kgkg™h 0.149  0.174 0.161 0233  0.405
Bulk density Mg m™3) 100 075 082 080 076
WEPSE (%) 232 241 257 33.0 429
Litter (gm~2) 972 NDM 1518 1221 833
Soil texture Sand (%) 660 NDM 737 646 32.6

Silt (%) 158 NDM 152 108 433

Clay (%) 182  NDM 112 246 240
CO, flux8 (gCm24d1 1.69 221 200 1.38 2.10
CH, flux® (mgCm~2d-!) —024 018 —050 —0.14 —034
N,O flux& mgNm—2h-ly 260 433 493 1.71 0.86

4Summarized data of Ishizuka et al. (2002) with additional data at PMRS.
bSee Table 1 for the land-use codes.
“Net nitrogen mineralization rate.

dNet nitrification rate.
¢Soil water content.
fWater filled pore space.

27

&The averaged flux for September and October only between Sept. 1997 and March 2002.

hNot determined.

able with that in the previous report (Figure 4, Matson
and Vitousek 1987; Keller et al. 1988; Livingston
et al. 1988; Ishizuka et al. 2000), calculated by the
following equation:

F =9.256 x NR + 0.4993(R> = 0.7822) (1)

where F is N2O flux (ug N m~2 h™!') and NR
(g N g=! d71) is nitrification rate. This result sug-
gests that in tropical forests throughout the world,
nitrification is an important rate limiting process to
cause N>O emission not only from the nitrification
process but also from the denitrification process by
providing nitrate as the substrate. It also suggests
that the low N>O fluxes in these sites result from
the low net nitrification rates, whose average, 5.3 +
4.2 ng N/g/7d, was relatively lower than at the other
sites (net nitrification rate in Figure 4 in Davidson
et al. 2000a). There are, however, two exceptions in
the relationship between the N>O flux and the nitrific-

ation rate. The first is the sites on Andisols, which had
a much lower correlation coefficient. The coefficient
for Andisols, including Japanese Andisols (Ishizuka
et al. 2000), was one-seventh of that of the other soils
(Figure 4), and is expressed as the following equation:

Fa= 1377 x NR4 + 1.941(R2 = 0.4187) (2

where Fq (Wg N m~2 h~!) and NR4 (Lg N g_l d—h
are the N>O flux and the nitrification rate in Andisols,
respectively. One reason for this low correlation coef-
ficient is that the N, O flux on Andisols was measured
under relatively lower temperature. The mean tem-
perature of these Andisols (including 16.4°C with
Japanese Andisols; Ishizuka et al. 2000) was 19.2°C,
which was 7.4 °C lower than that of the other soils. If
the bias by this lower temperature exceeded a factor of
7, the correlation coefficient would be nearly equal to
that of other soils in Equation 1. But a factor of 7 in
the difference of 7.4 °C seems to be very large for such
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Figure 4. The relationship between nitrification rate and N> O flux
throughout the world. The solid line indicates the regression incor-
porating all data except Andisols and Udults (R1, F1, and Ol) in
tropical forests. The dashed line indicates the regression using the
data of Andisols, including the data of Japanese Andisol.

microbial process; there may be another reason for the
lower N>O fluxes in these Andisols. Another import-
ant nitrogenous gas, NO, could possibly account for
the main part of gaseous loss of nitrogen from An-
disols (Akiyama et al. 2000). But this supposition is
questionable, however, because the WFPS of these
Andisols, ranging from 61.5% to 77.5% (Figure 3),
is the ideal value for N>O to be the dominant gas in
gaseous nitrogen loss (Davidson et al. 2000a). In any
case, we need more intensive research to clarify the
mechanisms of N>O emission from Andisols.

The second exception in the relationship between
the N>O flux and the nitrification rate is the high emis-
sion rates at R1, F1 and O1 (Table 5, Figure 4), where
the observed N;O flux exceeds the value calculated
by regression Equation 1. This result indicates that in
some places with wet conditions, such as Udults, the
N> O was derived from the denitrification processes.

CHy uptake/emission

Our results on CHy uptake rate (0.70 £ 0.35 mg C m—2
dln = 7) in forest stands were comparable with
those in the previous report (0.7940.12mgCm~—2d~!;
Potter et al. 1996). The estimate based on soil tex-
ture classification by Dorr et al. (1993), designated as
medium or coarse for the soils in this study, ranged
from 0.33 to 1.07 mg C m~2 d~!, suggesting that
the estimate of CHy4 uptake rate in Southeast Asia is
reasonable.

CH4 emission from unknown sources may have
an impact on these flux values, because 17% of total
chambers showed positive flux. The sudden increase
of CHy concentrations in the soil gas profiles (for ex-
ample, at the depth of 5 and 10 cm at F5 (Figure 2))
suggests the presence of a CHy source at subsurface
soil. At F4 and F5, the CH4 concentration at the depth
of 5 cm was smaller than that in the ambient air, for
a profile having a high CHy concentration at a depth
of 10 cm. This fact suggests that the emitted CHy at
10 cm depth was partly oxidized by the methanotrophs
in the upper soil layers, thus resulting in the negative
CHyy flux at the soil surface. It follows from this result
that the negative fluxes (an indication of CHy4 uptake
by the soil), in certain cases, were also possibly af-
fected by CHy emissions in the layer below. At R4
and R6, the CH4 concentration at the depth of 5 cm
was larger than that in the ambient air for the same
profile, showing high CHy4 concentration at the depth
of 10 cm. This pattern suggests that the oxidation po-
tential in the surface layer is insufficient for oxidizing
the entire quantity of CHy emitted in the layer below.

Possibly owing to this ‘noise’ of CH4 source, the
relationship between soil properties and CHy uptake
rate was obscure. Many researchers have found a
good correlation between CHy uptake rate and soil
properties, for example ammonium content (King and
Schnell 1994), diffusion coefficient (Keller and Rein-
ers 1994), and clay content (Ishizuka et al. 2002), but
we did not find a good correlation with soil properties
in this study (for example, the correlation coefficient
with ammonium nitrogen, diffusion coefficient estim-
ated by pore space, and clay content was —0.133,
0.135, and —0.242, respectively).

One plausible source of CHy in the subsurface
layer was termites, which are known as an import-
ant source of CHy4 (Cicerone and Oremland 1988).
Assuming that the CH4 emission in subsurface soils
mainly derived from termites, an isotope ratio such
as 3'3C would undoubtedly be an effective tool for



future research to identify the ratio of CHs emission
from termites to the oxidation by the soil (Sugimoto
et al. 1998). This would help us better understand the
relationship between CH4 uptake rate by soils and soil
properties, such as the soil texture or the proportion of
soil gas phase.

We can present plausible explanations as to why
the CH4 fluxes in PMRS were lower than those in this
study: termite density is high, especially in primary
forest, in PMRS. Positive CH4 flux was invariably de-
tected at the forest sites in PMRS, although the soil had
relatively high potential to oxidize CHy4 (Tsuruta et al.,
unpublished data). If the impact of termites in PMRS
was greater than that in the area outside of PMRS,
then the value for the CH4 uptake rate in PMRS was
low. It is consistent to assume that high CH4 emission
from termites in PMRS increased the soil CH4 concen-
tration and reduced apparent CHy uptake rate. High
positive CHy4 fluxes of more than 2 mg C m™2 d~!
were irregularly observed at old rubber plantation and
forest stands in this study; the result implies that the
density of termites depends on the stability of land-use
or the aboveground biomass of the trees. According
to this hypothesis, the forest in PMRS had not been
affected by human activity for a long time and this
stability of land-use may contribute to the high density
of termites in PMRS. The effect of termites on global
warming was not considered significant with regard to
methane production worldwide (Eggleton et al. 1999;
Verchot et al. 2000), but our result, that even the sites
showing negative CH4 flux were possibly affected by
termites, seems to impose that the termite effect to
CHj4 uptake rate in such terrestrial ecosystems is more
significant.

CO, emission

The CO; emission rate was comparable with that of
a previous report (Raich and Schlesinger 1992). The
estimated values for this study, ranging from 3.25 to
3.86 g C m~2 d~!, can be obtained with the following
equation (Raich and Schlesinger 1992):

SRa = 9.26 x Ta + 0.0127 x Ta x Pa + 289, (3)

where SRa (g C m~2 y~!) is the annual soil respiration
rate, Ta ( °C) is the mean annual air temperature (25 °C
in this area) and Pa (mm) is the mean annual precip-
itation (from 2100 to 2800 mm for this area). Lower
values, ranging from 1.2 t0 2.2 g C m~2 d~!, were re-
ported in the previous report on PMRS (Ishizuka et al.
2002), but our study suggests that the value obtained
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at PMRS showed lower emission rates because of the
dry soil conditions. The value at PMRS is one of the
variations of this area, and the averaged flux in this
province should be raised to 3.3 ¢ C m~2 d~!, a fig-
ure which supports the results of the previous report
(Raich and Schlesinger 1992).

The effect of temperature and soil water content
is not clear. There is no apparent relationship between
soil water content and CO; flux (Figure 5). One reason
is that we cannot produce matric potential data to com-
pare the relationship as shown in the previous report
(Davidson et al. 2000b). The sites on Andisols had
low soil temperature (from 18 °C to 23 °C with an av-
erage of 19.8°C), but the CO; flux is relatively larger
than that of the other sites having high soil temperat-
ure (from 23 °C to 31 °C with an average of 26.6 °C).
Because the CO; fluxes on Andisols may reflect this
relatively cool temperature, the potential CO, flux on
Andisols under the same temperature as the lowland
area may be higher than that of the other soil types.
The effects of temperature and soil water content were
also confounded in these soils with different soil type
and different soil temperature.

Chronosequence analysis with land-use/cover change

We can present some hypotheses about the effect of
land-use change, conversion of forest to rubber plant-
ation, oil palm plantation, and abandoned grassland
field by a chronosequence analysis under the assump-
tion that there is not so much seasonal fluctuation in
each flux as shown in PMRS (Tsuruta et al., this is-
sue). Because these hypotheses are obtained from one
sampling at one point in time, the hypothesis must be
confirmed by more frequent sampling in the future.
This study may be the first report to deal with the
conversion from tropical forests to rubber plantation
and oil palm plantation.

The relatively low N>O fluxes at the young rub-
ber plantation (Table 7) suggest that the N,O flux
decreased after deforestation when the rubber trees
had not yet matured. The N>O fluxes at the old rub-
ber plantation were larger than those of forest stands
(Table 7), but this difference was not significant, sug-
gesting that rubber plantation may cause only minor
increase in N,O flux in the long term, i.e., more than
10 years. The decrease of NoO fluxes after deforest-
ation is basically comparable to that in the study of
Verchot et al. (1999), in which active and degraded
pasture and a secondary forest had lower emission
than a primary forest; but the full recovery of N,O
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Figure 5. The relationship between soil temperature (a) and CO, flux and between soil water content and CO, flux (b). Plotting symbols
indicate the land-use code (see Table 1). The group of lower soil temperature less than 23 °C in (a) belongs to the sites in the mountainous area

above 800 m elevation, which are on Andisols.

emission in a few decades to the level similar to that
of the forest stands was not comparable with their
result. Our result suggests that in the long term con-
version from tropical forest to rubber plantation could
have little effect on N> O emission. Of course, because
deforestation and/or biomass burning should have a
pronounced impact on N>O emissions in the short
term (Ishizuka et al. 2002) and in the long term (Keller
et al. 1993), and the future usage of the rubber planta-
tion site is still obscure, we have to consider the total
effect of the land-use change from forests to rubber
plantation.

The CHy4 uptake rate for the old rubber plantation
(Table 6) was largest in all land-use types. Positive
CH4 flux was observed in 7 of 35 chambers, with
highest CH4 emission of 8 mg C m~2 d~!. The most
frequent range was —1.0 to —0.5 mg C m—2d~!; 15
chambers belonged to this range. This result indicates
that the growth of rubber trees coincides with the in-
crease of a hot spot of CH4 emission. It is possible to
assume the increase of this hot spot by the increase of
termite density, but we have no data to support this.
However, the land-use change from forest to rubber
plantation might cause little decrease in CH4 uptake
rate in the long term.

Young oil palm plantation had a higher NoO flux
than did forest stands (Table 7), while old oil palm
plantation had a value lower than that of forest stands.
This high N>O emission from young oil palm planta-
tion is considered as the result of fertilizer and nitrogen
fixation by the legume crops in young oil palm like
the legume-rich forest (Davidson et al. 2000a). The

disappearance of legume crop and increase of nitro-
gen uptake by old oil palm may result in the low N,O
flux in old oil palm plantation. The low N,O flux for
old oil palm plantation (Table 7) suggests that in the
long term, i.e., more than 10 years, the N,O flux will
decrease at the oil palm plantation.

The change in the CHy uptake rate following the
conversion of forest to oil palm plantation exhibited a
trend opposite to that of rubber plantation (Table 6).
The CH4 uptake rate decreased for several years after
oil palm plantation, although the growth of oil palm
coincided with an increase in the CH4 uptake rate. The
change in land-use from forest to oil palm plantation
might produce little change in CHy uptake rate in the
long term (more than 10 years).

The CO; fluxes for young and old oil palm plant-
ation were the smallest among all land-use types
(Table 6), a finding that suggests that the conversion
from any land-use to oil palm plantation will decrease
the CO, flux. At oil palm plantation, the soil was
compacted by intense human activities, giving the soil
relatively higher bulk densities. This increased density
resulted in less undergrowth and litter layer at oil palm
plantation. In addition to the land reform by heavy
equipments before oil palm plantation, the lack of the
respiration of undergrowth and litter layer makes the
CO; efflux from the soil surface smaller than that from
the other land-use types.

The relatively low N, O fluxes and CHy uptake rate
for the Alang-alang grassland fields (Tables 6 and 7)
suggest that the conversion of forest to Alang-alang
grassland field would cause the decrease in the N,O



flux and CH4 uptake rate. The CO; flux at the Alang-
alang grassland field was the same as the flux at the
forest stands, a fact suggesting that the conversion
from forests to the Alang-alang grassland field will
have little effect on CO, flux.

Conclusions

Measurements of the fluxes of three greenhouse gases
in Jambi Province, Sumatra, Indonesia were updated.
The CO; flux ranged from 1.38 to 5.16 g C m~2 d~!
(3.65 g C m~2 d~! on average), a range twice as
large as the value previously reported for this area,
but comparable with that in the report by Raich and
Schlesinger (1992). The CH4 flux ranged from —1.27
to 1.18 mg C m™2 d~! (—=0.70 mg C m2 d~! on
average for forest stands), values in the range of the
previous estimates by Dorr et al. (1993). A significant
reduction in the CHy uptake rate arose from CHy emis-
sions from unknown source, possibly termites. The
N,O flux ranged from 0.13 to 55.8 ug N m~2 h™!
93 pg N m~2 h~! on average for forest stands),
which was larger than the value previously reported
for this area, but was relatively smaller than those of
other humid tropical forests. The low N>O flux can be
attributed to both the low nitrification rate in this area,
and the low proportion of released N2O to measured
nitrification in Andisols. We presented some hypo-
theses about the effect of land-use change, but because
these hypotheses were obtained from one sampling
at one point in time, further tests are required for
verification.
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