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Consequence of forest-to-pasture conversion on CH 4 fluxes in 
the Brazilian Amazon Basin 
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Abstract. Methane (CH4) fluxes between soils and the atmosphere were measured in two tropical 
forest-to-pasture chronosequences in the state of Rond6nia, Brazil. Forest soils always consumed 
atmospheric CH 4 with maximum uptake rates in the dry season. Pasture soils consumed 
atmospheric CH 4 during the dry season, but at lower rates than those in the forests. When soil 
moisture increased in the pasture soils, they became a source of CH 4 to the atmosphere. 
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Integrated over the year, forest soils were a net sink of approximately 470 mg CH4-C/m, while 
pastures were a net source of about 270 mg CH4-C/m 2 . Thus forest-to-pasture conversion resulted 
in a net source of CH 4 from the soil of about 1 g CH4/m2/yr. The total pasture-related CH 4 release 
for the entire Brazilian Amazon increased from 0.8 Tg CH 4 in 1970 to about 2.5 Tg CH 4 in 1990, 
with a maximum of 3.1 Tg CH4/yr in 1988. Soils accounted for a small part (about 5%) of the 
total CH 4 release from the basin, while biomass burning and cattle emissions accounted for 95%. 
The average rate of increase in CH 4 emission from pastures was about 0.2 Tg CH4/yr between 
1975 and 1988. This represents between 12% and 14% of the global average rate of change in 
tropospheric CH 4 content for this time period. 

Introduction 

Methane (CH4) is an important long-lived tropospheric gas 
that affects the chemical composition of the atmosphere. It 
decreases the concentration of hydroxyl radical and behaves as a 
radiatively active gas that can alter global surface temperatures 
[Watson et al., 1990, 1992]. Methane contributes strongly to the 
atmospheric greenhouse effect, because CH 4 has combined direct 
and indirect total global warming potential that is about 25-60 
times greater than CO2 [Albritton et al., 1995]. The abundance of 
CH 4 has been increasing in the tropospheric at an average rate of 
about 20 ppbv or 1.3%/yr during the late 1970s and at about 13 
ppbv/yr or 0.8% /yr more recently during the late 1980s [Khalil 
and Rasmussen, 1994; Prather et al., 1995]. The decrease in the 
rate of increase may be related to decreases in the rates of 
expansion of rice cultivation and cattle populations, two of the 
major CH 4 sources affected by human activities [Khalil and 
Rasmussen, 1994]. 

Globally, tropical ecosystems are considered to be important 
sources and sinks for CH 4. The major sources are primarily 
natural wetlands [Bartlett and Hatriss, 1993] and human- 
influenced activities such as rice cultivation [Shearer and Khalil, 

1993], domestic animals [Anastasi and Simpson, 1993], and 
biomass burning [Andreae and Warneck, 1994]. Upland forest 
and savanna soils are generally sinks for atmospheric CH 4 [Keller 
et al., 1986, 1990; Steudler et al., 1991; Delmas et al., 1992a]. 
The conversion of natural forests to other land covers such as row 

crop agriculture or pasture appears to decrease the soil CH 4 sink 
[Goteau and de Mello, 1988; Keller et al., 1990, 1993]. 

We examined the effects of forest conversion to pasture in the 
Brazilian Amazon. We focused our study in the Brazilian 
Amazon Basin because it has experienced very high rates of 
deforestation during the decade of 1980 to 1990 [Instituto 
Nacional de Pesquisas Espaciais (INPE), 1992; Fearnside, 1993; 
Skole et al., 1993, 1994]. For example, in the state of Rond6nia, 
34,200 km 2, or 16.1%, of the original forests had been cleared by 
1991 [INPE, 1992; Fearnside, 1993]. Approximately 70% of 
cleared land was used as pasture for some period [Serr•o 1992]. 
The principal objectives of the study were to develop (1) 
estimates of annual CH 4 consumption rates for intact open moist 
tropical forest soils, (2) annual estimates of CH 4 exchanges in 
two pasture chronosequences, (3) statistical relationships between 
environmental factors and CH 4 exchanges in forests and pastures, 
and (4) estimates of basinwide CH 4 emissions resulting from 
pasture creation and use. 
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Site Description 

Over a 19-month period we made field measurements of 
greenhouse gases and soil chemistry at Fazenda Nova Vida, a 
22,000-ha cattle ranch about 250 km south of Porto Velho along 
highway BR-364 (10ø30'S, 62ø30'W) in central Rond6nia, Brazil. 
The climate is humid tropical with an annual mean precipitation 
of 2200 rn_m and a dry season from May to September [Bastos 
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and Diniz, 1982]. Annual mean temperature is 25.5øC with a 
seasonal variation of less than 5øC [Bastos and Diniz, 1982]. 
The predominant soil type at the Fazenda is a Tropudult 
(Podz61ico Vermelho-Amarelo in the Brazilian classification) 
covered by open moist tropical forest with a large number of 
palms [Pires and Prance, 1986]. This soil type covers the largest 
area of the three major soil types within the Amazon Basin and 
represents about 22% of the total basin area [Moraes et al., 
1995]. 

Methods 

Pastures were created by the slash and burn technique after 
selective removal of three to four economically important trees 
per hectare. No fertilizers or mechanized agricultural practices 
were used in any of the pastures. Two forest-to-pasture 
chronosequences were identified from ranch records and satellite 
images. Chronosequence I included a forest stand and pastures 
created directly from forest in 1989, 1987, 1983, 1979, 1972, 
1951, and 1911. Chronosequence II was located about 10 km 
away and contained a forest stand and pastures cleared in 1989, 
1987, and 1972. Pastures were planted with several introduced 
African grass species, Brachiaria brizantha, B. humidicola, and 
Panicurn maximum [Neill et al., 1995]. Cattle stocking rates 
varied between 1 and 1.5 animals per hectare over the course of 
the study. 

Surface soil (0-10 cm) pH in the forests of both 
chronosequences was 4.9-5.0, but after conversion to pasture 
surface, soil pH reached a maximum of 7.1-6.3 in the 1987 
pastures and remained above 5.5 for all the older pastures [Neill 
et al., 1995; Moraes et al., 1996]. Surface soil clay content was 
16-29% at all sites. Forest soil bulk densities at 0-5 cm depth 
were 1.2 to 1.3 g/cm 3 in chronosequences I and II, respectively. 
Pasture bulk densities were greater than those in the forest and 
reached a maximum of 1.57 g/cm 3 in the 1983 pasture. The 
greatest changes in bulk density were measured in the 0-5 cm 
depth in the youngest pastures (1989 and 1987). A detailed 
description of the soil characteristics for the two chronosequences 
is given by Neill et al. [ 1995] and Moraes et al. [ 1996]. 

Methane flux measurements between the soil and the 

atmosphere were made at chronosequence I beginning in June 
1992 and at chronosequence II beginning in July 1992 and 
continued through December 1993. Sampling dates were chosen 
to capture the annual pattern in precipitation. Methane fluxes 
were measured 3 times during the day at 0700, 1200, and 1700 
hours, corresponding to minimum, maximum, and intermediate 
soil and air temperatures. 

Methane fluxes were measured by using a two-part chamber 
design [Bowden et al., 1990] with three chambers at each of the 
12 sites. Chamber anchors were installed several days before the 
initial measurements were begun and remained in place 
throughout the study period. In each site, anchors were located 
about 6 m apart, and in the pastures, anchors were placed 
between clumps of tiller. Surface litter material was left in place, 
and there were no grass stems inside the anchors. Ambient air, 
2.5, 5, and 10 cm soil temperatures were measured at one 
chamber at each site during each incubation. Chamber headspace 
gas samples were collected by using 20-mL nylon syringes 
[Bowden et al., 1990) at the beginning of the incubation and at 5, 
10, 20, or 30 min thereafter. Syringes were compressed to 15 mL 
to improve storage times. Laboratory storage experiments with 

subambient (0.501 ppmv) CH 4 showed that the concentration in 
the syringes increased by 3.1% after 7 days and 4.8% after 14 
days. Experiments with superambient (4.08 ppmv) CH 4 showed 
a 0.87% decrease in concentration after 14 days. Gas samples 
were returned to the laboratory in Piracicaba, Brazil, and 
analyzed within 7 to 10 days. Methane concentrations were 
determined by using gas chromatography with a flame ionization 
detector [Steudler et al., 1989]. Two Scott certified standards of 
0.618 and 3.02 ppmv CH 4 in N 2 were used for calibration. 
Fluxes were calculated by using the linear change in CH 4 
concentration with chamber incubation time. 

Five soil cores were taken at each site for determination of 

gravimetric soil moisture at 0-5 cm and 5-10 cm depths once per 
day. Subsamples were taken from the same cores for 
determination of NH4 + and NO3' pools and net nitrogen 
mineralization and nitrification rates [Neill et al., 1995]. 
Subsamples were also taken at the same depths for determination 
of particule density [Blake and Hartge, 1986]. 

Soil porosities were calculated for all sites in both 
chronosequences from soil bulk densities at 0-5 and 5-10 cm 
depths and the corresponding particle density data. We used the 
soil porosity information and soil moistures to calculate the 
percent water-filled pore space (%WFPS) at each site for every 
sampling date. 

We used all the data collected in 1992 and 1993 to test for 

relationships between environmental variables and CH 4 fluxes. 
The effects of soil temperature, %WFPS, soil NH4 + and NO3' 
pools, net nitrogen mineralization, and nitrification rates on the 
fluxes of CH 4 were tested by using linear or multiple linear 
regression analysis (REG procedure of SAS, SAS Institute, Inc. 
1987). We tested for differences in CH 4 fluxes at minimum or 
maximum soil temperature, using a one-way nonparametric 
analysis of variance and the Wilcoxon two-sample test analysis of 
variance (SAS). We used the same procedures to test for 
differences in %WFPS and CH 4 fluxes between the two forest 
stands. We estimated the annual CH 4 fluxes for the forest stands 
and pastures, using the average daily fluxes measured in 1993 by 
taking the mean rate from the six samplings and applying that 
rate over 365 days. 

Results 

Seasonal Temperature Variation 

Mean daytime soil temperatures in the forest sites ranged from 
20.5øC to 27.3øC for all depths, with the highest temperatures 
observed in October. Pasture soil temperatures were generally 
greater than those in the forests, and the oldest pastures (1951 
and 1911) usually had the highest temperatures. Pasture soil 
temperatures at 2.5 cm depth ranged from 18.2øC to 32.9øC. The 
lowest temperatures were observed in July or August. 

Daily Temperature Variation 

Maximum daytime soil temperature was measured at a depth 
of 0-2.5 cm at all sites. Maximum soil temperatures in the forests 
generally occurred at 1200 hours. The greatest daily maximum- 
minimum difference of 4-5øC was measured in the dry season, 
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and the minimum difference of 1-2øC was measured during the 
wet season. Maximum daytime soil temperature in the pastures 
generally was measured at either 1200 or 1700 hours. The 
maximum daily difference of 12.5-16.0øC occurred during the 
dry season, and the minimum of 3-4øC occurred during the wet 
season. The 1972 and 1951 pastures showed the greatest 
variation in surface soil temperature. 

Soil Moisture 

Soil moistures at 0-5 and 5-10 cm depths in the forest stands 
ranged from 16% WFPS during the dry season to a maximum of 
40% WFPS in March or May and were generally lower than in 
the pastures. Pasture soil moistures (0-5 cm) ranged from 7% to 
73% WFPS during the dry and wet seasons. Soil moistures 
varied inversely with soil temperatures, so that the transition 
period from dry to wet season (September and October) had the 
highest temperatures but the lowest soil moistures. 

Methane Exchanges 

Forest soils always consumed atmospheric CH4. The highest 
rates of up to 0.061 mg CH4-C/m2/h occurred in the dry season 

(Figure 1). Forest soil CH 4 consumption rates were 2 times lower 
during the wet season. Pasture soils showed CH 4 consumption 
during the dry season, but the uptake rates were lower than those 
in the forests (Figure 1). When soil moistures increased in the 
wet season, pasture soils were a source of CH 4 to the atmosphere 
of up to 0.52 mg CH4-C/m2/h. When integrated over the annual 
soil moisture cycle, most pastures were a net source of CH 4 to the 
atmosphere (Figure 2). Young pastures rapidly became net 
sources of CH 4. As early as 4 years after pasture establishment, 
annual CH 4 emissions were 202 to 122 mg CH4-C/m 2 (Figure 2). 
Pasture emissions were variable but generally in the range of 50 
to 300 mg CH4-C/m 2. One pasture was a small net sink, and one 
was a large source (Figure 2). 

Relationships Between Methane Exchanges and 
Environmental Variables 

Soil temperature. Soil temperature was not an important 
factor controlling soil-to-atmosphere CH 4 exchanges. There were 
no significant differences (p < 0.05) between CH 4 fluxes at 
minimum or maximum soil temperatures for any of the individual 
forest stands or pasture sites or when all the forest or pasture sites 
were combined. There were no significant relationships between 
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Figure 1. Mean daily soil CH 4 fluxes and standard errors (n=3) for chronosequences I (solid circles) and II (solid 
squares): (a) forest sites, (b) 1989 pastures, (c) 1987 pastures, (d) chronosequence I 1983 (triangles) and 1979 
(inverted triangles) pastures, (e) 1972 pastures, (f) chronosequence I 1951 (triangles) and 1911 (inverted triangles) 
pastures. Positive fluxes are emissions to the atmosphere, and negative fluxes are soil consumption of atmospheric 
CH 4. Forest soils consumed atmospheric CH 4 with highest uptake rates during the dry season. Pasture soil CH 4 
emissions typically peaked in December-March of each year. 
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Figure 2. Annual mean CH 4 fluxes and standard errors (n=3) for the forest sites (0 age) and pastures of different 
ages from chronosequences I and II. Forest soils were a sink for atmospheric CH 4. Pasture soils were generally a 
net source of CH 4 to the atmosphere. 

CH 4 fluxes and mean daytime temperatures over the sampling 
period (June 1992 through December 1993) in either the forest or 
pasture sites. 

Soil moisture. We found that soil moisture was a strong 
predictor of CH 4 flux. Linear regression of CH 4 flux against 
%WFPS was highly significant (p < 0.001) and explained 52% of 
the variability in CH 4 flux when all the forest and pasture 
%WFPS at 0-5 cm depth data were combined and one outlier was 
removed (Figure 3). The outlier, chronosequence I pasture 1972 
during the March 1993 sampling, was removed, because this 
pasture had unusually high CH 4 emissions (mean 0.58 mg CH 4- 
C/m2/h) from two of the three chambers (0.18, 0.55, and 1.02 mg 
CH4-C/m2/h) compared to other pastures in chronosequence I and 
to the replicate 1972 pasture in chronosequence II (Figure 1). 
Multiple linear regression analysis was used to determine 
whether more of the variability in CH 4 fluxes could be explained 
by the addition of other parameters with %WFPS. We tested 
linear relationships between CH 4 flux against combinations of 
%WFPS and temperature, along with nitrogen pools or nitrogen 
dynamics. We found no substantial improvement in the 
predictive capability of the original relationship. 

Discussion 

Our result that %WFPS is a key factor controlling CH 4 
exchange agrees with the relationship between CH 4 flux and 
effective diffusivity reported by Keller and Reiners [1994] for 
sites in Costa Rica. Percent WFPS is one important factor in 
determining whether a forest or pasture soil behaves as a source 
or sink of CH 4. At Nova Vida the range of 35-40% WFPS seems 
to be critical. Above 35-40%, soils behave as sources; below this 
range, soils behave as sinks. Pasture soils are compacted by 
cattle grazing, decreasing soil porosities, and limiting oxygen 
diffusion. Reduced soil aerobicity favors CH 4 production by 
methanogens, so that the net soil-atmosphere exchange is shifted 
to an emission when WFPS exceeds about 45%. Forest soils 

never exceed 40% WFPS, and this is one explanation of why 
they always consumed atmospheric CH 4. These results are 
consistent with the seasonal CH 4 fluxes reported by Yavitt et al. 

[1995] for organic rich soils in a temperate hardwood forest. 
They found net CH 4 emissions during spring field samplings 
when soil moistures were the greatest. Results from soil-air CH 4 
profiles and laboratory incubations showed that CH 4 was 
produced in the organic layer when WFPS was around 70% or 
when the soils were made anaerobic. 

Several other factors may contribute to why pastures generally 
are emitters of CH 4. The rate of methanogenesis is controlled by 
a number of parameters including pH, availability of competitive 
electron acceptors, and organic matter availability and quality 
[Conrad, 1989]. The creation of pastures at Nova Vida resulted 
in large changes in all these parameters. 

The maximum rate of methanogenesis occurs at neutral pHs, 
although suboptimal rates have been measured in acidic soils 
[Conrad, 1989]. Forest surface soils at Nova Vida were acidic 
with pH values around 5, while the young pasture sites (1989 and 
1987) had neutral pHs. Other pastures had pHs that were 
generally at least 1 unit greater than those in the forests. The 
effect of this large increase in pH in the pastures is to potentially 
enhance the rate of methanogenesis. For example, results from a 
laboratory study using an organic rich lake sediment showed that 
potential CH 4 production was increased by 20-fold when the pH 
was adjusted from 4 to 7 [Valentine et al., 1994]. 

The availability of other electron acceptors such as SO4 -2 and 
NO 3' also controls the rate of CH 4 production [Conrad, 1989]. 
Tiedje [1988] found that when more electronegative electron 
acceptors such as NO3' were available, other bacteria could 
successfully compete with fermenting and methogenic bacteria 
for carbon substrates, thereby reducing the rate of CH 4 
production. Our forest stands have annual mean surface soil 
NO3' pools that are 4 to 7 times greater than those in the pastures 
[Neill et al, 1995]. Net nitrification rates were also 4 to 6 times 
greater in the forests compared to the pastures. 

Carbon availability is another key factor influencing the rate 
of methanogenesis. Surface soil carbon stocks at Nova Vida 
generally increased in the pastures compared to the forest stands 
[Feigl et al., 1995; Neill et al., 1995; Moraes et al, 1996]. The 
degree of degradability of this available carbon influences the 
rate of CH 4 production [Conrad, 1989; Valentine et al., 1994]. 
We have made measurements of various carbon fractions along 
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Figure 3. Mean daily CH 4 fluxes for all forest (F) and pasture (P) data from 1992 and 1993 (n=104) plotted 
against %WFPS at 0-5 cm depth. The linear regression equation is y = -0.089 + 0.0023x (r2=0.52). 

chronosequence I, including cellulose concentrations, that 
indicate there was more labile carbon available to microbes in the 

pastures relative to the forest [Feigl et al., 1995; B. J. Feigl, 
personal communication, 1995]. Our preliminary measurements 
indicate that cellulose concentrations were 8-50% higher in the 
pastures than in the forest. With our present knowledge we 
cannot evaluate the overall importance of each of these factors in 
the observed differences in the CH 4 fluxes between forest and 
pastures. However, it seems likely that because pastures have 
more optimal conditions for CH 4 production, the potential exists 
for higher emissions from the pastures than from the forests. 

Chronosequence II forest soil always had significantly (p < 
0.01) lower %WFPS at 0-5 cm depth than the forest in 
chronosequence I, possibly because chronosequence II forest had 
lower soil bulk density and greater soil porosity than the forest of 
chronosequence I. Since diffussion of atmospheric CH 4 into the 
soil is considered to be one of the most important controls of CH 4 
consumption [Born et al., 1990; Striegl, 1993], soils with greater 
soil porosity would be expected to have greater CH 4 uptake rates. 
This may be the reason why chronosequence II forest always had 
greater (p < 0.01) CH 4 uptake rates than chronosequence I forest 
(Figures 1 and 2). 

Annual Flux Estimates 

Where annual CH 4 fluxes have been measured in tropical 
forest soils, all have shown consumption with rates ranging from 
149 to 530 mg CH4-C/m 2 [Keller et al., 1990; Steudler et al., 
1991; Tathy et al., 1992; Keller and Reiners, 1994]. Methane 
consumption rates at Fazenda Nova Vida were from 342 to 593 
mg CH4-C/m2/yr in the two forests sites. These rates are at the 
high end of the range but comparable to those measured by 
Keller et al. [1993] in two Costa Rican forests (335 mg CH 4- 

2 

C/m ) and to those measured by Tathy et al. [1992] in a central 
2) African wet forest (530 mg CH4-C/m . The large variability in 

the rate of CH 4 consumption among these tropical forests may be 
primarily due to differences in the rate of CH 4 diffusion. 
However, we found in temperate forest sites that inherent site 
fertility as described by nitrogen turnover and differences in soil 
moisture regimes also may be important controlling factors in the 
rate of CH 4 oxidation [Castro et al., 1995]. 

We calculated that on an annual basis, pastures were a net 
source of CH 4 to the atmosphere, ranging from 37 to 1172 mg 
CH4-C/m 2 except for the 6-year-old (1987) pasture in 
chronosequence I, where a small uptake of 83 mg CH4-C/m 2 was 
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measured (Figure 2). There are relatively.few studies of the 
annual CH 4 fluxes for tropical pastures. Keller et al. [1990] 
measured a small annual uptake of about 55 mg CH4-C/m 2 in a 
15-year-old pasture in Panama, and Keller and Reiners [1994] 
found a mean emission of 58 mg CH4-C/m 2 from three 30-year- 
old pastures in Costa Rica. For pastures with comparable ages 
we measured much larger emissions of 356 and 326 mg CH 4- 
C/m2/yr in the 14- and 41-year-old pastures, respectively (Figure 
2). Keller et al. [1993] reported a more extensive set of CH 4 flUX 
measurements from two pasture chronosequences in Costa Rica. 
Their seasonally weighted annual estimate for all pastures 
combined was 177 mg CH4-C/m 2 compared to our pasture mean 
of 271 mg CH4-C/m 2. Keller and Reiners [1994] reported a 
pattern of decreasing CH 4 emissions in pastures greater than 5 
years old for the pasture chronosequence at Guacimo, Costa Rica, 
but we did not see this in Brazil. Differences in grass tiller 
density and in pasture management regimes, including burning 
frequency and grazing pressure, may account for the different 
results of the two studies. 

Using our mean annual forest CH 4 consumption rate of 468 
mg CHn-C/m 2 and a pasture mean of 271 mg CH4-C/m 2, we 
estimate that conversion of tropical forests to pastures at Nova 
Vida results in a net emission of CH n to the atmosphere of 740 
mg CHn-C/m2/yr. This estimate is about 44% greater than the 
emission from Costa Rican sites [Keller et al., 1993]. Even if we 
use the higher ends of these rates for all tropical forests and 
pastures and the total area in tropical pastures is 2 times 106 km 2 
[Luiz•o et al., 1989], then globally, forest conversion to pasture 
results in a net emission of 2.0 Tg CHn/yr. This is only a small 
fraction of the 535 Tg emitted annually from all sources [Prather 
et al., 1995]. 

Basinwide Flux Estimates 

To compare soil emissions with total CH 4 releases caused by 
deforestation, we estimated the total CH 4 emissions associated 
with forest-to-pasture conversion and pasture operations in the 
legal Amazon Basin. Basinwide soil CH 4 emissions were 
calculated by extrapolating our soil fluxes, using the deforested 
areas reported by INPE [1992], Fearnside [1993], Skole and 
Tucker [1993] and Skole et al. [1994]. The areas and rates we 
used are for deforestation of natural forests and do not include 

savanna clearing. We adjusted the deforested areas reported by 
INPE and Fearnside to exclude the areas that already existed as 
secondary vegetation before 1970. We assumed that 70% of the 
deforested areas were converted into pasture [Serr•o, 1992]. 
Basinwide soil CH 4 emissions were about 0.02 Tg in 1970 but 
increased more than 10-fold to 0.22 Tg by 1990 (Figure 4). 
While the change in soil emissions over the period was quite 
large, the magnitude of the release was small compared to other 
sources related to forest clearing. 

Several additional CH 4 sources associated with pasture 
introduction and use include termites, cattle, and releases from 
biomass burning. Because we lacked quantitative information on 
the change in the abundance of wood-, fungus-, and soil-feeding 
termite nests in pastures compared to the original forest, a 
complete analysis of the contribution from termites was not 
possible. However, we can place an upper limit on potential CH 4 
emissions from termites in pastures by assuming that the original 
forests had no termite-related CH 4 emissions. Delmas et al. 
[1992b] found CH4-C/CO2-C flUX ratios from termite mounds in 
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Figure 4. Estimates of the CH 4 emissions (Tg CH4/yr ) resulting 
from the conversion of natural forests-to-pastures and pasture 
operation in the Brazilian Amazon Basin for the period of 1970 
through 1990. Total emissions rapidly increased from about 0.8 
Tg CH4/yr in 1970 to a maximum of 3.1Tg CH4/yr in 1988. 
Biomass burning and cattle emissions were the dominant sources 
(95%) of CH 4 released from the basin. 

an equatorial forest in Africa similar to the releases measured in 
other tropical forests [Goteau and de Mello, 1998; Khalil et al., 
1990; Martius et al., 1993] and in African savannas [Seiler et al., 
1984]. On the basis of species-specific CH 4 emissions and the 
areal distributions of soil- (85%) and wood-feeding termite 
mounds, Delmas et al. [1992b] estimated that termites emitted 
about 0.11 mg CH4/m2/d. If we assume that the areal emission 
rate reported by Delmas et al. is representative for the pastures at 
Nova Vida, then the CH 4 emissions from termites in pastures is 
about 10 times less than our average pasture emission of 
approximately I mg CH4/m2/d. Bandelta and Torres [1985] 
measured the biomass of wood- and soil-feeding termites in a 
primary forest and a 10-year-old pasture in Par/t and found that 
the biomass in the pasture was more than seven-fold less than in 
the forest. We recognize that this is a preliminary analysis of the 
contribution of CH 4 from termites but there would have to be a 
substantial increase in termite biomass in very young pastures 
compared to the original forest for the emission from termites to 
be more than a minor source. Our conclusion is similar to that 

reached by Delmas et al. [1992a], in Africa where they also 
found termites to be only a minor source. 

We computed the CH 4 emitted from cattle, using an annual 
emission rate of 55 kg CH 4 per head for range-grazing cattle 
[Crutzen et al., 1986' Lerner et al. 1988; Anastasi and Simpson, 
1993] and Brazilian government annual cattle population 
statistics for 1970 through 1990 [Instituto Brasileiro de Geografia 
e Estatistica, 1972-1993]. We used only the cattle statistics from 
the nine states that comprise the legal Amazon Basin. Methane 
releases from cattle increased from 0.34 Tg in 1970 to more than 
1.4 Tg by 1990 (Figure 4). They were more than six-fold greater 
than the corresponding soil emissions. 

We estimated the release of CH 4 from biomass burning, using 
an average of 17.17 kg C/m 2 for total prebum above ground 
forest carbon and a combustion efficiency of 50% [Kauffman et 
al. 1995]. These measurements were made in four primary forest 
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sites in the states of Rond6nia and Parfi which are -located in the 
regions with the highest clearing rates. These estimates are 
similar to measurements made by Ward et al. [1992] for another 
primary forest in Parfi but are greater than those estimated by 
Fearnside et al. [1993] in a forest near Manaus. The rate of 
deforestation was calculated by using the data presented by Skole 
and Tucker [1993] for 1970 and 1975 and by INPE [1992], 
Fearnside [1993] and Skole et al. [1994] for the remaining years. 
We adjusted these rates to reflect that 70% of clearing was 
converted to pasture. We calculated the emissions assuming that 
90% of the carbon is converted to CO2 with a C-CH4/C-CO 2 
emission ratio of 1.1% [Levine et al., 1993; Andreae and 
WarneeL 1994]. Biomass burning was the dominant source of 
CH 4 during the period 1978 through 1988 but declined sharply in 
the late 1980s (Figure 4). In 1988, biomass burning and cattle 
emissions accounted for 95% of the total basinwide release of 3.1 

Tg. 
We can assess the effect of increased CH 4 emissions due to 

pasture introduction in the Amazon Basin on the global CH 4 
budget by calculating the average annual increase between 1975 
and 1988 (Figure 4). This increase was about 0.2 Tg CH4/Yr over 
the period. This represents between 12% and 14% of the average 
rate of change in the global emissions of 1.4 to 1.6 Tg CH4/yr 
over the period 1978-1990 [Steele et al., 1992; Khalil and 
Rasmussen, 1993]. This analysis assumes that tropospheric OH 
concentration was constant during the period. Recently, Prinn et 
al. [1995] used an analysis of the atmospheric trends and lifetime 
of CH3CC13 to deduce that tropospheric OH concentrations 
showed little change (0.0 +__0.2%/yr) from 1978 to 1994. Thus 
our analysis suggests that pasture introduction in the Amazon 
Basin may have been an important contributor to the increase in 
the atmospheric burden over this time. Future CH 4 emissions 
associated with cattle ranching in the basin are difficult to predict 
because of uncertainty in governmental economic incentives for 
pasture development and market demand for beef cattle. If 
deforestation in the Brazilian Amazon continues at the 1990 rate 

and cattle populations remain constant, then CH 4 emissions may 
stabilize at about 2.5 Tg/yr from this region. 

Conclusions 

Clearing forests for pasture agriculture altered the soil- 
atmosphere exchanges of CH 4 from a sink in forests to a net 
source in pastures. Soils accounted for a small part (about 5%) of 
the basin's total CH 4 release associated with pasture 
establishment and use, while biomass burning and cattle 
emissions accounted for 95%. The basinwide increase in CH 4 
emissions associated with pasture introduction may have 
accounted for 14% of the global average annual increase in 
tropospheric CH 4 during the 1980s. At the end of the 1980s, 
changes in Brazilian government policies resulted in a decrease 
in the rate of forest clearing for pasture development. It is clear 
that government policies can affect CH 4 emissions from pasture 
creation and operation in the basin. 
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