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Tropical deforestation and land use change occur rapidly and on a large 
scale in the Alternatives to Slash and Burn (asb) program benchmark 

sites because natural resource–based development has traditionally been the 
main pathway to establish new arable land and to gain revenues. When this 
land use change occurs on a large scale, it results in significant environmen-
tal consequences, including changes in biogeochemical cycles. Sources and 
sinks of carbon and other nutrients are altered with the changing land cover 
and land use practices. In some cases the land use change is promoted by 
government policies, often for the expansion of agricultural lands to meet 
the needs for food, fiber, and settlement. A better understanding of the envi-
ronmental consequences of land use changes from natural forests to managed 
ecosystems is needed to support successful policy interventions that involve 
tradeoffs between global climate change, which is associated with greenhouse 
gas (ghg) emissions and the sustainability of the systems to support the local 
needs (Sanchez et al. 1994).

Globally, land use, land use change, and forestry activities in the last 
decade have annually contributed around 1.7 Gt, or 25 percent of the total 
carbon dioxide (CO

2
) emissions of 8.0 Gt, and a resulting net emission of 

2.9 Gt (ipcc 2001). Meanwhile, the global net methane (CH
4
) emission is 

only 0.022 Gt (ipcc  2001). However, CH
4
 has a radiative forcing or heat 



Greenhouse Gas Fluxes in Sumatra 65

trapping capacity twenty-one times as large as that of CO
2
. Tropical deforestation has 

been well documented to substantially contribute in the global net increase in nitrous 
oxide (N

2
O) concentration. The current annual global N

2
O emission is 0.004 Gt, 25 

percent of which comes from land use–related activities, mainly in the tropics (ipcc  
2001). Such a small emission has become significant because the radiative forcing of 
N

2
O is 310 times larger than that of CO

2
 (Watson et al. 2000).

The effect of land use change on ghg fluxes from soils is associated with the chang-
es in biophysical and chemical properties of the soils caused by changes in land cover 
and management. Soil water content controls CH

4
 uptake through porosity-depen-

dent parameters that affect gas transport mechanisms, namely air permeability and 
gas diffusivity. Low permeability, which is related to soil structure, prevents methane- 
containing air from being consumed by microorganisms near and below the soil sur-
face (Ball et al. 1997). Long-term measurements in temperate soils carried out by 
Castro et al. (1995) indicated that when water-filled pore space (wfps) increased to 
a range of 60 to 100, CH

4
 uptake decreased significantly. Forest soils absorbed CH

4
, 

whereas pasture soils, which had poor drainage, generally produced CH
4
 (Lessard et al. 

1993). Rates of CH
4
 uptake substantially increased from 5–15 µg/m2/hr to 100–150 

µg/m2/hr after land use was changed from arable agriculture to woodland in northern 
Europe (Prieme et al. 1997). In the humid tropics conversion of tropical forest soils 
to agriculture, in general, reduces the consumption of CH

4
 (Keller et al. 1990; Mosier 

and Delgado 1997), and pasture systems can become a net source of CH
4
 (Keller and 

Reiners 1994; Steudler et al. 1996).
Soil microbiological activities are also affected by soil moisture and bulk density 

because the activity of CH
4
-consuming bacteria is less in anaerobic and compacted 

soils. Soil compaction experimentally reduced CH
4
 uptake by at least half (Hansen et 

al. 1993). As concluded by Dobbie and Smith (1996), CH
4
 uptake is controlled partly 

by diffusion and partly by biological processes. Data from a variety of temperate and 
tropical native and managed ecosystems confirm that the activity of soil microbial 
processes responsible for CH

4
 production and consumption can be roughly predicted 

from soil wfps (Del Grosso et al. 2000).
Land management can also change soil chemical properties that affect trace gas 

fluxes. Many studies show that CH
4
 uptake can be suppressed in systems that receive 

high nitrogen inputs (Steudler et al. 1989; Keller et al. 1990; Hansen et al. 1993; 
Hutsch et al. 1993, 1994; Hutsch 1996; Mosier and Delgado 1997). In compacted 
soils, nitrogen fertilization could reduce CH

4
 uptake up to 78 percent (Hansen et al. 

1993).
There is a substantial amount of information regarding N

2
O emissions from trop-

ical soils, mainly from Latin America (Keller 1986; Luizao et al. 1989; Vitousek et al. 
1989; Piccolo et al. 1994; Neill et al. 1995; Veldkamp and Keller 1997). Tropical soils 
are believed to be the major natural source of N

2
O. Deforestation results in a large flux 

of N
2
O from soils that may be as much as three times that of an intact forest ecosystem 

(Luizao et al. 1989). The increased gaseous release is associated with rapid nitrogen 
mineralization and nitrification as a result of the deforestation process. This occurs at a 
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time when there is low plant demand for nitrogen, and excess mineral nitrogen builds 
up in the soil and is susceptible to loss (Vitousek and Reiners 1975). This large flux of 
N

2
O apparently is temporary and can last from a few months to a few years. Other-

wise natural systems generally have higher fluxes than converted, unfertilized systems. 
Fertilized cropping systems in the humid and subhumid tropics can have N

2
O fluxes 

as much as ten times that of the natural systems depending on the rates and timing of 
application of nitrogenous fertilizers (Davidson et al. 1996; Erickson and Keller 1997; 
Veldkamp and Keller 1997; Matson et al. 1998).

Nitrous oxides are formed via nitrification and denitrification, the former being 
an aerobic and the later an anaerobic process. Fluxes in the humid tropics are positive-
ly correlated with some measure of nitrogen availability and with wfps (Verchot et al. 
1999; Davidson et al. 2000). Nitrification is the primary source of nitrogen gas below 
60 percent wfps, the dominant form of gas being NO rather than N

2
O; above 60 

percent wfps denitrification dominates and N
2
O becomes the dominant form of gas, 

and N
2
 dominates at even higher wfps (Davidson et al. 2000). Although flooded rice 

(Oryza sativa L.) cultivation is not considered an important source of N
2
O because 

of the complete reduction to N
2
 under more complete anaerobic conditions, N

2
O 

formation may be significant in flooded rice cultivation with alternate irrigation and 
drainage cycles (Granli and Bøkman 1994; Cai et al. 1997; Tsuruta et al. 1997; Xu et 
al. 1997; Suratno et al. 1998).

Most studies on trace gas emissions from the humid tropics have been from natu-
ral forests and pasture systems, and much of that has been done in Latin America. One 
objective of the global asb Program has been to quantify the consequences of land 
use change on emissions of trace gases, primarily CH

4
 and N

2
O, at the benchmark 

sites across the humid tropics. These benchmark sites encompass a broad range of 
land use systems and can therefore greatly expand information for the humid trop-
ics. A protocol for measurements was developed and used for comparisons of regions 
and land use systems. This chapter summarizes the analysis of CH

4
 and N

2
O flux 

measurements from soils under alternative land use practices in Sumatra, Indonesia, 
and compares the results obtained in another study at the asb benchmark site in 
Yurimaguas, Peru (Palm et al. 2002). By comparing the two benchmark sites we hope 
to better understand and document the effects of land use intensification in the trop-
ics on ghg emissions.

MATERIALS AND METHODS

Study Site

In asb ’s Sumatran sites, Jambi and Lampung Provinces, landscapes are dominated 
by tree-based agriculture. Changes in natural vegetation are associated with the con-
version of tropical forests to provide land for settlement, agriculture, and large-scale 
plantations. Many smallholder farmers (mainly local inhabitants) practice tree-based 
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agriculture, using annual crops while new plantations are becoming established or old 
trees are regenerating. Very often they use fire, which is considered the cheapest and 
easiest way to clear.

A general survey of trace gas emissions was carried out in three districts in Jambi 
Province, and intensive monthly samplings were set up at the area of Pasir Mayang 
Research Station in the lowland of Jambi Province. The detailed biophysical charac-
teristics of the area were described by Murdiyarso and Wasrin (1995). The average 
monthly rainfall during the experimental period in the wet season (October–March) 
was 250 mm, or twice as much as the average monthly rainfall of the dry season 
(April–September). Ultisols were the major soil type of the sampling sites; general soil 
properties are shown in table 3.1.

Sampling Protocol

A standard gas sampling protocol was used in the field throughout the study. The 
same protocol was also used in Peru. A closed sampling chamber with a diameter of 
30 cm and height of around 12 cm was used. Gas samples were collected from the 
chamber by means of a syringe and then transferred to evacuated glass vials. Sampling 
intervals from the closed chamber of 0, 10, 20, and 40 minutes were adopted to 
determine the flux rates. Gas chromatography techniques were used to determine the 
concentration of the gases.

Table 3.1 Properties of Soils Under Each Land Use Type at Pasir Mayang, Sumatra

Land-Use
Type

Depth
(cm)

pH
(H2O)

Total C
(mg/g)

Total N
(mg/g)

C/N Bulk
Density
(Mg/m3)

Microbial
Biomass
(g C/g)

P1 0–10 4.2 30 1.9 16.2 1.12 554
10–20 4.7 19 1.6 11.5 1.22 262
20–30 4.9 19 1.6 11.5 1.16 199

L1 0–10 4.8 35 2.4 14.5 0.81 471
10–20 4.3 25 2.0 12.5 1.26 316
20–30 4.4 23 1.9 12.2 1.35 274

L2 0–10 4.0 45 6.5 6.9 0.88 449
10–20 4.1 23 1.7 13.3 1.19 512
20–30 4.4 10 0.8 11.5 1.17 85

Op 0–10 4.0 36 3.0 12.0 1.20 374
10–15 4.3 36 3.0 12.0 1.17 278

R 0–10 4.7 16 1.2 13.0 0.98 322
10–20 4.6 11 0.9 13.4 1.03 255
20–30 4.5 9 0.8 13.4 1.06 153

P1, primary forest; L1 and L2, logged-over forest; Op, open land; R, rubber agroforest.

Source: Ishizuka et al. (2002).



68 Thematic Research

Components of Study

Trace gas emissions were evaluated first through a sampling survey of trace gases along 
a land use intensity gradient in Jambi. That study was followed by more intensive 
monthly sampling in one area of Jambi to investigate seasonality of gas fluxes in a few 
selected land use types. An additional study compared fluxes from cores incubated 
in the laboratory with the average annual fluxes measured in the field and with those 
obtained in the field the same day the core was sampled.

General Survey

To explore the spatial variability of CH
4
 and N

2
O fluxes, a general survey was carried 

out covering fifteen sites and representing five land uses across a land use intensity 
gradient in the lowlands of Jambi Province in July–August 1996, the dry season. The 
five land use types, representing a land use intensity gradient, included primary for-
est, logged-over forest, rubber agroforests, field crops of cassava (Manihot esculenta 
Crantz), and degraded Imperata cylindrica (L.) Beauv grasslands. The intensity of land 
management depends on the land productivity and availability of labor and is usually 
highest in areas of high population density. The samples were collected only one time, 
with three replicates for each land use type. The results were then used to select land 
use types for the intensive study that followed. The fluxes were also compared with 
those measured in another land use intensity gradient in Yurimaguas, Peru (Palm et 
al. 2002).

Intensive Study

To monitor seasonal variation of CH
4
, N

2
O, and CO

2
 fluxes, monthly samplings were 

carried out beginning in September 1997 for 1 year. The samples were taken from 
fixed points in each of the selected land use types. The monthly sampling was carried 
out around the same dates and at the same time of the day for each land use. Three 
replicates were collected for each land use.

Four land use types were monitored: a primary forest, logged-over forest, newly 
open or deforested area, and a rubber plantation. The primary forest (P1 and P2, 
1°05.164´S, 102°05.702´E) was a 200-ha old-growth forest that had not been affect-
ed by human activities for more than 50 years. P1 was located on a 15° slope, whereas 
P2 was on a flat top of the hill. Two plots of logged-over forests had been selectively 
logged in 1977 and consisted of tall trees with evenly distributed diameters. The first 
logged-over forest (L1, 1°3.810´S, 102°9.754´E) was slashed in September 1997. The 
slashed material less than 50 cm in diameter was dried on site and burned in March 
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1998, before a rubber plantation was established by a large-scale operator. The second 
logged-over forest (L2, 1°5.235´S, 102°6.586´E) was located near the primary for-
est and was not disturbed by human activities during this experimental period. The 
deforested site (Op, 1°3.660´S, 102°9.681´E) was clear-cut and burned in August 
1996, followed by the establishment of a plantation of Gmelina arborea Roxb. (India), 
a fast-growing tree species. The height of planted trees was about 4 m in October 
1997. The rubber agroforest site (R, 1°5.648´S, 102°7.207´E) was a 5-year-old rubber 
plantation managed by a smallholder and was occasionally intercropped with annual 
crops, a practice commonly observed in Sumatra. Neither fertilizer nor herbicides 
were applied to control the commonly found weed, alang-alang grass (Imperata).

Soil samples were collected from each land use type at three depths of 0–10, 10–
20, and 20–30 cm to determine their physical and chemical properties. The sampling 
was carried out once in the wet and once in the dry season.

Incubation Experiment

A laboratory incubation of soil cores was established to evaluate the potential of assess-
ing ghg emissions from the soils through laboratory methods (Ishizuka et al. 2000). 
Soil core samples were collected at P1, L1, L2, Op, and R in September 1997 using 
core sampler with a diameter and height of 5 cm from the depth of 0–5 cm, 10–15 
cm, and 20–25 cm. Triplicate samples were collected from each depth. The incuba-
tions were set up within 14 days of soil core collection. For each sample, an intact 
soil core was set into an incubation jar with a volume of 0.5  10–3m3. The jars were 
equipped with a butyl rubber stopper for gas sampling. The soils were incubated at 
25°C, and soil moisture was maintained at the levels similar to those of the different 
soils on the day they were collected from the field.

Gas fluxes were determined from sampling of the headspace of the incubation jars 
over a 24-hour period. The gas concentrations of CO

2
 and N

2
O increased linearly, 

and the emission rates were calculated by linear regression. The CH
4
 concentration 

decreased according to first-order kinetics, and the following equation was used for 
calculating emission rates:

Ct = C
0
e–kt,

where Ct (m3/m3) is the CH
4
 concentration at time t (hours), C

0
 (m3/m3) is the CH

4
 

concentration of the headspace at the beginning, and k is the reaction rate coefficient. 
The uptake potential rate was defined by kC

0
 (namely, C

0
 was approximately 1.8 

µg/m3/m3).
The ghg uptake and release from the core samples were compared with the aver-

age of seasonal fluxes from the field and fluxes obtained from field measurement taken 
on the same day the cores were taken.
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Soil Gas Concentration Profile

Soil gas profiles were developed by collecting gas samples at 5- or 10-cm depth inter-
vals, up to a depth of 50 cm, where possible. Samples were collected by inserting stain-
less steel tubes (outer diameter of 3 mm and inner diameter of 1 mm) into the soil. 
Samples were taken with a syringe and stored in evacuated vials and later analyzed by 
gas chromatography. The samples were collected in January 1997 at P1, L1, and Op 
and in October 1998 at L1 after slashing and burning.

RESULTS AND DISCUSSION

General Survey of Fluxes from Alternative Land Uses

The one-time measurements of CH
4
 fluxes from the land use survey in Jambi showed 

that land use intensification reduced the soil sink strength (figure 3.1). The CH
4
 con-

sumption ranged from a high of 30 and 36 µg CH
4
•C/m2/hr in the primary and 

Figure 3.1 Mean methane (CH
4
) fluxes from alternative land uses in (a) Jambi, Indonesia, and  

(b) Yurimaguas, Peru (adapted from Palm et al. 2002).
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logged forests, respectively, to a low of 7.3 µg CH
4
•C/m2/hr in the degraded grass-

land. These fluxes are within the range reported elsewhere in the humid tropics. In 
Yurimaguas, the range of CH

4
 uptake ranged from a high of 30 µg CH

4
•C/m2/hr in 

the shifting cultivation forest fallow to a net CH
4
 release in the high-input cropping 

system of 15.2 µg CH
4
•C/m2/hr (Palm et al. 2002). The CH

4
 consumption rates of 

the soil in the tree-based systems and low-input cropping system in Yurimaguas were 
slightly lower than those of the forest fallow and were similar to the fluxes in Jambi. 
The decrease in CH

4
 uptake or sink strength at both sites indicates that soil proper-

ties that determine CH
4
 uptake were affected. In Yurimaguas the CH

4
 sink strength 

decreased with increasing bulk density and wfps. Also, the net efflux of CH
4
 from 

the high-input cropping system in Yurimaguas is similar to previous findings that 
nitrogen fertilization can suppress CH

4
 uptake (Keller et al. 1990; Keller and Reiners 

1994; Steudler et al. 1996; Mosier and Delgado 1997). Although in this case the net 
efflux probably is more related to soil compaction and high wfps, leading to anaero-
bic conditions that favor CH

4
 production (Palm et al. 2002), others have reported net 

CH
4
 production in pastures in the humid tropics during the rainy season (Keller and 

Reiners 1994; Steudler et al. 1996).
The N

2
O flux in Jambi ranged between 2 and 12 µg N

2
O•N/m2/hr. The flux 

from the Imperata grassland was the lowest, and the highest was found in the rubber 
agroforest (figure 3.2). Therefore the fluxes were not directly related to land use inten-
sity, with the managed systems having fluxes both higher and lower than those in the 
primary and logged forests. Fluxes in Yurimaguas were similar to those in Jambi and 
ranged from 6 to 14 µg N

2
O•N/m2/hr in the unfertilized systems but almost doubled 

to 27 µg N
2
O•N/m2/hr in the nitrogen-fertilized high-input cropping system (Palm et 

al. 2002). Others have noted that managed but unfertilized systems had lower fluxes 
than forest systems; this follows a brief increase in flux after deforestation (Davidson 
et al. 2000).

Land Use Intensity and Seasonal Fluxes in Jambi

The average CH
4
 uptake shown in figure 3.3a followed a similar pattern with respect 

to land use intensity to that observed in the general survey (figure 3.1), the CH
4
 sink 

strength was substantially lower under managed systems. The highest uptake level was 
in the primary forest (P1), followed by the undisturbed logged forest (L2) and the 5-
year-old rubber agroforest (R), then the site that had been slashed and burned 1 year 
previously (Op), and finally the logged forest that had been slashed in 1997, when the 
measurements began (L1). The low uptake in both the Op and L1 sites probably was 
caused by compaction from the slashing. Also, when L1 was logged in 1994, heavy 
equipment was used to drag the logs. The bulk density of L1 below the surface (10–30 
cm) ranged between 1.3 and 1.4 Mg/m3 and was higher than in the other land uses; 
diffusion would be less, causing less CH

4
 to be absorbed. Methane consumption rates 

were slightly higher when the land was replanted (Op and R).
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In general, differences in CH
4
 flux seasonally were not large (figure 3.4a). Other 

studies have reported that CH
4
 consumption rates during the dry season were twice 

those during the wet season (Keller and Reiners 1994; Steudler et al. 1996). Only in 
the primary forest in Jambi does there appear to be higher CH

4
 consumption during 

the dry season, when gas diffusion would be at a maximum.
The average N

2
O fluxes were highest, 15 µg N

2
O/m2/hr, in the logged forest 

(L1) that had been slashed in September 1997 (figure 3.3b). The site that had been 
deforested the previous year (Op) had fluxes only slightly higher than those of the 
forest and rubber agroforests. These trends are consistent with others that have found 
temporary increases in N

2
O fluxes after deforestation (Keller et al. 1993, 1997; David-

son et al. 2001). This increase often is associated with higher soil temperatures and 
increased decomposition rates.

There was also a further temporary increase in N
2
O flux from L1 to around 40 

µg N
2
O/m2/hr in March 1998 (figure 3.4b). This increase corresponded with the 

rainy season and also followed the burn in March 1998. Fluxes in the other systems 

Figure 3.2 Mean nitrous oxide (N
2
O) fluxes from alternative land uses in (a) Jambi, Indonesia, and  

(b) Yurimaguas, Peru (adapted from Palm et al. 2002).



Figure 3.3 Average fluxes of (a) methane (CH
4
), (b) nitrous oxide (N

2
O), and (c) carbon dioxide (CO

2
) 

from different land uses: primary forest (P1 and P2), logged-over forest (L1 and L2), newly planted open 
land (Op), and rubber agroforest (R). The data were an average of the first 6 months of measurements 
before clear-felling of the logged-over forest (L1).



Figure 3.4 Seasonal variation of (a) methane (CH
4
), (b) nitrous oxide (N

2
O), and (c) carbon dioxide 

(CO
2
) fluxes from primary forest, logged-over forest, newly planted open land, and rubber agroforest in 

Jambi.
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remained low (less than 5 µg N
2
O/m2/hr) and did not show such marked increases 

with the rains. The N
2
O fluxes often are 50 to 80 percent higher during the rainy 

season (Keller and Reiners 1994; Verchot et al. 1999). The higher N
2
O fluxes in the 

recently deforested lands (L1 and Op) are correlated with higher nitrification rates in 
the soil surface (0–10 cm) (table 3.2; R = .746). However, this conclusion needs fur-
ther clarification because nitrification data are not available from all systems in both 
the dry and wet seasons. The overall low N

2
O emission rates in this study were related 

to the low levels of nitrate and low rates of nitrification that are often associated with 
infertile and acidic soil properties. Similarly low levels of nitrate and nitrification were 
measured in the systems in Yurimaguas, and N

2
O fluxes were significantly correlated 

to nitrification rates and wfps (Palm et al. 2002).
The average fluxes of CO

2
 from soils show a slight variation between land use 

types (figure 3.3c) compared with seasonal variation (figure 3.4c), except for the lower 
flux from the deforested system (Op); this lower flux probably was caused by the 
absence of surface litter and hence lower decomposition rates compared with the other 
areas. With such a low variation, a rate of 300 mg CO

2
/m2/hr may be taken as an aver-

age across land use types.

Table 3.2 Soil Inorganic Nitrogen Content and Rate of Nitrogen Mineralization in the
Different Land Use Systems During the Dry and Wet Seasons

Land Use Type Depth
(cm)

NH4

(g/g)
NO3

(g/g)
Nitrification
(g/g/d)

Nitrogen Mineralization
(g/g/d)

Dry Season (September 1997)

P1 0–10 17.9 4.9 0.03 0.80
10–20 ND ND ND ND
20–30 ND ND ND ND

L2 0–10 15.0 12.7 0.07 0.76
10–20 7.6 8.3 0.13 0.69
20–30 6.4 4.6 0.09 0.56

R 0–10 4.3 2.8 0.14 0.39
10–20 4.8 3.0 0.24 0.35
20–30 5.0 2.7 0.17 0.28

Wet Season (January 1998)

P1 0–10 8.6 6.6 0.15 0.94
10–20 5.0 0.8 0.04 0.47
20–30 4.7 1.3 0.04 0.52

L1 0–10 5.5 9.4 0.45 0.83
10–20 3.2 2.0 0.11 0.48
20–30 3.5 2.4 0.19 0.43

Op 0–10 4.2 13.6 0.35 0.55
10–15 5.5 10.9 0.32 0.28

P1, primary forest; ND, not determined; L1 and L2, logged-over forest; R, rubber agroforest; Op, open land.

Source: Ishizuka et al. (2002).
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In contrast to methane and nitrous oxide, there was seasonal variation in CO
2
 

emissions from all land use types (figure 3.4c). High rates of around 450 mg CO
2
/

m2/hr usually were reached in the wet season (December 1997–February 1998). 
In general the lowest rates, closer to 100 mg CO

2
/m2/hr, were measured in the dry 

season (June or July), with the lowest in Op at around 50 mg CO
2
/m2/hr (July 

1998).

Incubation Experiments

Methane flux rates from core samples incubated in the laboratory were plotted against 
the seasonal average fluxes obtained from the monthly field measurements in Septem-
ber 1997 to August 1998 (figure 3.5a, top) and against the flux rates from the field 
measurements taken on the same day the core samples were collected (figure 3.5a, 
bottom). These data indicate that results obtained from the core incubations explained 
60 percent of the variation obtained from both the average of the monthly field mea-
surements and the field samples collected during core sampling. For CH

4
 there is no 

difference in using either monthly average data or one-time sample data. However, the 
40 percent unexplained variation suggests a need for more soil core samples collected 
in more locations and seasons to incorporate more spatial and temporal variations.

A higher correlation was obtained for N
2
O fluxes between the laboratory incuba-

tions and same-day field samples (R2 = .73, figure 3.5b, bottom). The correlation with 
the monthly average, however, was quite poor (R2 = .39). The outlier that explains the 
low correlation is from L1, which for the average includes measurements from both 
before and after the burn, whereas the core sample was collected before the burn. As 
shown in figure 3.4b, N

2
O fluxes were affected by the burn in March 1998, but there 

was less effect on the other gases.
High coefficients of determination were obtained when CO

2
 fluxes from the labo-

ratory incubation experiments were related with both averaged monthly data (R2 = .97) 
and the one-time field sample (R2 = .78). Again, the outlier is L1, which was more than 
600 µg CO

2
/m2/hr from field data during core sampling (figure 3.5c, bottom) but less 

than 400 µg CO
2
/m2/hr from the monthly average (figure 3.5c, top). This difference 

may be explained by the fact that organic inputs, and hence decomposition, were still 
high before L1 was burned.

Overall it could be concluded that laboratory incubation of soil cores can explain 
much of the spatial and temporal variability of gas fluxes when there is no change in 
system management during the sampling period. More core samples would be needed 
to incorporate temporal variations caused by changes in land management.

GHG Concentration in Soil Profile

In general, the concentration of CH
4
 decreased with depth in the soil profile, whereas 

N
2
O and CO

2
 concentrations increased with depth (figure 3.6). The profiles reflect 
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the biological processes of production and consumption of the different gases. They 
also suggest that the gas diffusion occurred throughout the profile. The CO

2
 and N

2
O 

are produced throughout the profile but only diffuse from the soil surface. On the 
other hand, CH

4
 shows net consumption in the profile: As it enters from the atmo-

sphere it is consumed, and concentrations decrease. From an applied perspective, to 
maintain the CH

4
 sink strength of the soil it would be necessary to allow gas diffusion 

at the soil surface.
Concentration of N

2
O in the soil before burning did not markedly change with 

depth. After the burn of L1, however, there was a significant increase in N
2
O concen-

trations at all depths in the soil, and the concentrations increased more with depth. 
These higher N

2
O concentrations in the soil after the burn in L1 were matched by 

higher fluxes of N
2
O from L1 (figure 3.4b).

Figure 3.6 Soil depth profile of methane (CH
4
), carbon dioxide (CO

2
), and nitrous oxide (N

2
O) concen-

trations under logged-over forest (L1), newly opened area (Op), and primary forest (P1). L1 was slashed 
in September 1997 and burned in March 1998 (Ishizuka et al. 2002).
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CONCLUSION

GHG fluxes from soils in Jambi, Sumatra, and Yurimaguas, Peru, are associated with 
land management. Tropical deforestation has caused the weakening of the CH

4
 sink 

strength of tropical soils and an increase of N
2
O fluxes in some of the systems in 

Sumatra. The trend for decreased methane sink strength was confirmed in the Peru-
vian Amazon, although decreasing N

2
O fluxes with increasing land use intensity were 

found there, as long as nitrogen fertilizers were not applied.
Globally, the current CH

4
 emission is around 600 Tg/yr, and only 30 Tg is 

absorbed by soil (ipcc 2001). This means that the role of land use change accounts 
for only 5 percent of the total CH

4
 uptake. Forest soils in Europe are estimated to 

oxidize 0.6 Tg CH
4
/yr and the corresponding agricultural land 0.23 Tg CH

4
/yr (Dob-

bie and Smith 1996). Tropical forest soils could play important roles in sequestering 
CH

4
 through proper land management while addressing the tradeoffs that meet the 

national and local objectives.
When the net global warming potentials of the combined CO

2
, CH

4
, and N

2
O 

fluxes from deforestation and land use change are considered together, the trace gas 
fluxes of CH

4
 and N

2
O are basically irrelevant when compared with the CO

2
 fluxes 

resulting from deforestation (Tomich et al. 1998; Palm et al. 2004). The amount of 
carbon released from the soil is also far smaller than that emitted from the removal of 
above- and below-ground biomass during deforestation or land use changes. In the 
landscape of Jambi Province, for example, we estimate that as much as 8 t C/ha/yr was 
released through land use and land cover change over a 25-year period; at the same 
time only 0.8 t C/ha/yr was released from the soil. Therefore the deforestation process 
itself provides the largest source of ghgs to the atmosphere, primarily as CO

2
 from 

the burn, the amount depending on the land use system established (see chapter 2, 
this volume). The subsequent losses of carbon from the soil have minor impacts in 
terms of global consequences but can be of local significance in terms of soil fertility 
and sustainability (see chapter 6, this volume).
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