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Abstract

Soils in Brazilian Amazonia may contain up to 136 Gt of carbon to a depth of 8 m, of which 47 Gt are in the top meter.
The current rapid conversion of Amazonian forest to cattle pasture makes disturbance of this carbon stock potentially
important to the global carbon balance and net greenhouse gas emissions. Information on the response of soil carbon pools to
conversion to cattle pasture is conflicting. Some of the varied results that have been reported can be explained by effects of
soil compaction, clay content and seasonal changes. Most studies have compared roughly simultaneous samples taken at

Ž .nearby sites with different use histories i.e., ‘chronosequences’ ; a clear need exists for longitudinal studies in which soil
carbon stocks and related parameters are monitored over time at fixed locations. Whether pasture soils are a net sink or a net
source of carbon depends on their management, but an approximation of the fraction of pastures under ‘typical’ and ‘ideal’
management practices indicates that pasture soils in Brazilian Amazonia are a net carbon source, with the upper 8 m
releasing an average of 12.0 t Crha in land maintained as pasture in the equilibrium landscape that is established in the
decades following deforestation. Considering the equilibrium landscape as a whole, which is dominated by pasture and
secondary forest derived from pasture, the average net release of soil carbon is 8.5 t Crha, or 11.7=106 t C for the
1.38=106 ha cleared in 1990. Only 3% of the calculated emission comes from below 1 m depth, but the ultimate
contribution from deep layers may be substantially greater. The land area affected by soil C losses under pasture is not
restricted to the portion of the region maintained under pasture in the equilibrium landscape, but also the portion under
secondary forests derived from pasture. Pasture effects from deforestation in 1990 represent a net committed emission from
soils of 9.2=106 t C, or 79% of the total release from soils from deforestation in that year. Soil emissions from Amazonian
deforestation represent a quantity of carbon approximately 20% as large as Brazil’s annual emission from fossil fuels.
q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction: the tropical soil carbon contro-
versy

The Intergovernmental Panel on Climate Change
Ž .IPCC has, so far, not encouraged inclusion of
carbon fluxes from soils under cleared tropical forests
in the national inventories now being compiled under
the Framework Convention on Climate Change
Ž .FCCC . The reporting instructions state that ‘‘There
is no scientific consensus on whether clearing leads
to significant soil carbon loss in tropical forests. This
calculation is optional for tropical forests’’
ŽIPCCrOECD Joint Programme, 1994; Vol. 2, p.

.5.10 . The instructions explain that ‘‘The basic cal-
culations allow but do not encourage estimation of
soil carbon loss after clearing of tropical forests.
There are research results which indicate that con-
version of tropical forests to pasture may or may not

Žresult in loss of soil carbon’’ IPCCrOECD Joint
.Programme, 1994; Vol. 3, p. 5.27 . This is based on

citation of a series of studies, some of which indicate
Žlosses of soil carbon Buschbacher, 1984; Cerri et

.al., 1991; Fearnside, 1980a, 1986a , and some of
Ž .which do not Lugo et al., 1986; Keller et al., 1986 ,

pointing out that the last of these indicates ‘‘that
clearcutting of tropical forests does not appear to

Žrelease soil carbon’’ IPCCrOECD Joint Pro-
.gramme, 1994; Vol. 3, p. 5.45 . However, the study

Ž .in question Keller et al., 1986; p. 11,798 did not
measure soil carbon or draw inferences about it, but
rather measured net emissions of CO and other2

gases from soil under forest and in an adjacent
Ž .unburned clearcut without pasture grass . Emissions

are not the same as changes in carbon stocks: the
emission of carbon can remain unchanged while
reduction of the rate of carbon input to the soil
results in a drawdown of the carbon stock. In the

Ž .case of the study by Lugo et al. 1986 , the authors
concluded that carbon stocks had increased in pas-
ture soils in Puerto Rico as compared to the stocks
that had formerly existed at the same sites when
under agriculture, not that the stocks under pasture
were higher than those under mature forest. The
stocks under pasture and nearby forest were de-

Žscribed as ‘‘similar’’ or ‘‘about the same’’ Lugo et
.al., 1986; pp. 191, 193 . The conclusion of Lugo et

Ž .al. 1986; p. 194 that pasture soils ‘may be sinks’ of
carbon, therefore, is limited to the effects of replac-

ing non-forest land uses with pasture, not the conver-
sion of tropical forests to pasture as is now occurring
on a large scale in Brazilian Amazonia.

2. Land-use conversion in Brazilian Amazonia

The cumulative area deforested in Brazilian Ama-
Ž . 3zonia Fig. 1 is estimated to have reached 470=10

2 Žkm by 1994 Brazil, Instituto Nacional de Pesquisas
.Espaciais, 1996; see Fearnside, 1997a . Of this total,

Ž .approximately 45% assuming 1990 values was oc-
cupied by actively grazed cattle pastures from con-
version of tropical forests, 28% was post-1970 sec-
ondary forest derived from abandoned pasture, and

Ž .2% was degraded pasture Fearnside, 1996 . The
Ž .remainder was farmland 5% , post-1970 secondary

Ž .forest derived from farmland 2% , and pre-1970
Ž .secondary forest 17% . As long as pasture is main-

tained for cattle, it is subject to periodic fires that can
affect biogeochemical cycles and climate due to their
emissions of trace gases such as CH , CO, N O and4 2

ŽNO CO is also emitted from above-groundx 2

biomass, but, unlike the trace gases, the amount
emitted is later reabsorbed when the pasture re-

.grows .
The conversion of forest to pasture causes large

Ž .net releases of carbon mostly from biomass in the
Žform of CO , in addition to trace gases Fearnside,2

.1997b . Emissions for 1990 are of particular interest

Fig. 1. Brazil’s Legal Amazon region and locations mentioned in
the text.
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because this is the base year for the national invento-
ries now being prepared under the United Nations

ŽFramework Convention on Climate Change UN-
.FCCC . Carbon stocks in replacement vegetation

biomass and original forest remains that are present
in the converted system have received attention in a

Žvariety of estimates of carbon dynamics Busch-
bacher, 1984; Uhl and Jordan, 1984; Uhl et al., 1988;
Uhl and Kauffman, 1990; Fearnside et al., 1993;

.Kauffman et al., 1995; Barbosa and Fearnside, 1996 .
In addition to biomass, soils in the tropics also
represent an important storage compartment and po-
tential source of carbon release to the atmosphere
Ž .Houghton et al., 1983 . The upper 1 m of the
world’s soils has been estimated to contain 1220 Gt

Ž .of organic carbon Sombroek et al., 1993 . Tropical
soils account for 11–13% of all carbon stored in the

Žworld’s soils Brown and Lugo, 1982; Post et al.,
.1982 . Soils under the original vegetation in the

Brazilian Legal Amazon to a depth of 1 m are
estimated to have contained 47 Gt C, of which 21 Gt
Ž . Ž .C 45% were in the top 20 cm Moraes et al., 1995 .
Carbon below a depth of 1 m has traditionally

been regarded as inert, and presumed to be unaf-
fected by changes in land use. However, Nepstad et

Ž .al. 1994 have presented isotopic evidence indicat-
Ž .ing that up to 15% of the deep soil 1–8 m depth

carbon stock turns over on annual or decadal time
scales, and that the loss of deep roots by replacement
of forests with pastures could release substantial
amounts of carbon over time scales as short as a

Ž .decade. The study by Nepstad et al. 1994 , near
Paragominas, Para, indicated that including the car-´
bon stock between 1 and 8 m depth increases the
total stock by a factor of approximately 2.9 relative
to the stock in the top meter. A previous estimate
based on extrapolation to 5 m depth of a 3 m profile
near Manaus had estimated the total stock to be
increased by a factor of 1.8 relative to the stock in

Ž .the top meter Cerri and Volkoff, 1987; p. 37 . The
Ž .results of Nepstad et al. 1994 imply that the soil to

Ž8 m depth in the Legal Amazon contained prior to
changes in the portion of the region that is now

.cleared a total stock of soil carbon of 136 Gt. This
value undoubtedly overestimates the true one, as not
all soils in the region reach 8 m in depth. Soils on
the Iça formation of Central Amazonia and many´
soils on the Brazilian and Guianan shields are less

Ždeep than those of the Paragominas area W.G.
.Sombroek, personal communication, 1997 . Esti-

mates of soil depth and deep layer carbon stocks are
needed for each soil type in order to derive a better
estimate for the soil carbon stock in the region as a
whole. However, the carbon stock is clearly suffi-
ciently large that even small percentage changes in
these stocks would translate into fluxes large enough
to be climatically significant, indicating the impor-
tance of reducing uncertainty concerning the amount,
and even the direction, of soil carbon changes result-
ing from deforestation.

3. Soil carbon changes

3.1. Short-term effects of conÕersion

The carbon stock in any soil is the result of a
balance between inflows and outflows to the pool; in
the case of tropical soils, the rates of both inflow and
outflow are substantially higher than is the case in
other parts of the world, making tropical soil carbon
stocks respond rapidly to any changes in the flux
rates. Small increases in temperature can substan-
tially increase the rate of soil respiration in the
tropics, leading to rapid drawdown of carbon pools
Ž .Townsend et al., 1992 . The conclusion of Townsend

Ž .et al. 1992 that large carbon emissions from tropi-
cal soils could result from the temperature increases
expected from global warming apply equally well to
the soil temperature increases that result when forests
are converted to pastures.

Burning generally does not produce soil tempera-
Žtures sufficient to oxidize carbon directly Sanchez,´

.1976; p. 373 . However, where heavy logs burn or
vegetation is piled up, the soil temperature increases

Žsubstantially Zinke et al., 1978; p. 144; see also Nye
.and Greenland, 1960; p. 70 . Soil sampling can

easily miss this, either by deliberate avoidance of
these ‘atypical’ microsites, or by a low number of

Ž .samples sometimes relying on a single soil pit .
Studies are lacking that estimate the percentage of
area of each type under sample points and stratify
soil sampling among microsites of differing burn
intensity.

Despite the small long-term effect of burning on
soil carbon, short-term changes can result from the
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effect of the burn on the microbial biomass of the
Ž .soil. Laudelot 1961 and Suares de Castro, 1957

Ž .cited by Sanchez, 1976; p. 373 report sharp micro-´
bial biomass decreases following burns in shifting

Ž .cultivation systems. Cerri et al. 1985 found that
deforestation followed by burning eliminated all of
the microbial biomass from the top 10 cm of soil,
and two-thirds of the total in the soil profile. Any
decrease in soil carbon as a direct result of killing
microbial biomass would be small: the carbon stock
in this compartment under natural forest in Capitao˜
Poço, Para has been found to be only 1.3% of the´
total carbon stock in the top 15 cm, where all of the

Ž .microbial biomass is concentrated Cerri et al., 1985 .
During the period when the microbial biomass re-
mains depressed, the net rate of carbon accumulation
in the soil should increase because soil respiration
would be reduced. Following the initial decrease, the
microbial population is believed to rebound to a

Žlevel higher than it was prior to the burn Nye and
.Greenland, 1960; p. 72 .

Recent studies in Amazonia have found pasture
burning to cause no significant instantaneous changes

Ž .of carbon in the upper layers of soil. Barbosa 1994
examined the carbon stock in the top 20 cm of soil in
a pasture in Apiau, Roraima, and found a non-sig-´

Ž .nificant decrease y2.6 t Crha between pre-burn
samples and those taken seven days after the burn.
Kauffman et al. 1 also found no difference in the

Ž .stocks of carbon pre-burn 36.2 t Crha and post-burn
Ž .36.4 t Crha in the top 10 cm of soil under a
pasture with typical management in Maraba, Para.´ ´
However, other studies in Amazonia have found net
reduction in carbon stocks in the soil in different
systems in measurements made within a short time

Ž .after burning -1 year . For example, in burning
secondary forests of different ages in Altamira, Para,´

Ž .Guimaraes 1993 found a mean loss of 36 t Crha˜
from the top 20 cm of soil after burning. Cerri et al.
Ž .1991; p. 254 , working near Manaus, Amazonas,
reported a 9-trha soil carbon release in the 0–20 cm
layer from conversion of primary forest to burned
forest, and an additional 3 trha release by the time

1 Kauffman, J.B., Cummings, D.L., Ward, D.E., Babbitt, R., no
date. Fire in the Brazilian Amazon: 2. Biomass, nutrient pools and

Ž .losses in cattle pastures. Oecologia in press .

Ž .the pasture was one year old. Kauffman et al. 1995
found a reduction of 7.2 t Crha near Maraba, Para´ ´
and 5.8 t Crha in Santa Barbara, Rondonia in theˆ
top 10 cm of soil in an initial burn.

3.2. Establishment of a new equilibrium

The instantaneous release of soil carbon at the
time of burning is followed by establishment of a
new equilibrium over the medium to the long term.

Ž .Studies of medium and long-term changes )1 year
indicate mixed results on the increase or decrease of
soil carbon when tropical forests are converted.

Some authors have considered this stock to be
Žstabilized below the level in primary forest Cun-

ningham, 1963; Falesi, 1976; Hecht, 1982; Sanchez´
.et al., 1983; Allen, 1985; Mann, 1986 . Fearnside

Ž . Ž1997b using data from Paragominas, Para, and´
Suia Missu, Mato Grosso by Falesi, 1976 and Hecht,´

.1981 found that soil carbon levels under 10–11-yr-
old pastures imply an average net release of 3.92 t

ŽCrha a value revised in this paper based on alterna-
. Ž .tive bulk density values . Veldkamp 1994 found a

net loss of 2–18% of carbon stocks in the top 50 cm
of forest-equivalent soil after 25 years under pasture
in lowland Costa Rica. Others have found the reverse
Ž .Moraes et al., 1996; Neill et al., 1996 . In studies of
two 20-yr chronosequences at Fazenda Nova Vida,

Ž .Rondonia, Moraes et al. 1996 found increases ofˆ
19% and 17% to a depth equivalent to 30 cm of

Žforest soil 22% and 5%, respectively, if not cor-
.rected for clay content . In two other 20-yr chronose-

quences in the same part of Rondonia, Moraes etˆ
2 Ž .al. cited by Moraes et al., 1995; p. 77 found an

increase in one chronosequence and no significant
change in the other. Another study of the layer
equivalent to 30 cm of forest soil in the same area
ŽM. Grzebyk, unpublished data cited by Moraes et

.al., 1996; p. 77 , found a decrease of 5% in the
carbon stock in 3-yr-old pasture, followed by in-
creases of 5% in 9-yr-old pasture and 10% in 20-yr-

Ž .old pasture. Neill et al. 1996 found an increase in

2 Moraes, J.F.L. de, Neill, C., Volkoff, B., Cerri, C.C., Melillo,
J., Lima, V.C., Steudler, P.A., no date. Soil carbon and nitrogen
stocks following conversion to pasture in the western Brazilian

Ž .Amazon Basin. manuscript .
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soil carbon concentration to a depth of 30 cm in
pastures five or more years old in very well-managed
pasture at Fazenda Nova Vida, Rondonia. Someˆ

Žstudies have found no significant change Busch-
1.bacher, 1984; Chone et al., 1991; .´

It is logical to expect that conversion of forests to
pasture would decrease soil carbon stocks, as the
temperature of the soil increases markedly when
exposed to the sun in a pasture, a factor known to
shift the equilibrium between formation and oxida-

Žtion of organic carbon to a lower plateau Cun-
ningham, 1963; Greenland and Nye, 1959; see also

.Sanchez, 1976; pp. 164–172 . In addition, annual´
burning in tropical savannas is known to reduce raw

Žorganic matter additions to the soil Sanchez, 1976;´
.p. 170 , and the same effect can be expected to apply

to planted cattle pastures.
Conversion of forest to pasture reduces the water

Ž .storage capacity of the soil Chauvel et al., 1991
and confines the distribution of inputs of carbon

Žfrom the roots to the surface layers Nepstad et al.,
.1994 . Both of these factors, together with high rates

Ž . Žof decomposition oxidation of soil carbon espe-
.cially near the surface , could result in a decline in
Ž .the soil carbon stock Post et al., 1995 .

There may be additional effects on the soil meso-
Ž . Žfauna. Termites Isoptera , leaf-cutter ants Atta

. Ž . Žspp. , cicadas Cicadidae and springtails Col-
.lembola are important in incorporating litter and

Žhalf-burned plant remains into the soil at greater
.depth . These populations can be expected to be

affected both by the transformation of forest to pas-
ture and by the periodic impacts of fire. Termite
populations take approximately six years to increase
their populations in cleared areas in response to the
increased availability of dead wood; termite popula-
tions then decline to low levels by the tenth year
after deforestation as the dead wood in the original
forest remains disappears through decomposition and

Ž .burning Martius et al., 1996 . Leaf-cutter ant popu-
lations increase in pasture, especially degraded pas-

Žture with invading woody plants the leaves of which
.the ants prefer over those of grasses ; these ants

carry substantial quantities of plant matter to their
nests in the soil at depths sometimes exceeding 5 m
Ž .Nepstad et al., 1995a .

The sources of soil carbon can be identified using
isotopic fractionation techniques. Forest trees fix car-

bon by the C photosynthetic pathway. The carbon3

fixed by pasture, which uses the C pathway, has a4

higher fraction of the 13C isotope, as compared to
12 13 ŽC. The isotopic composition, expressed as d C a
measure of change in the ratio of 13Cr 12 C relative

.to an international standard , allows the rates of
supply and degradation to be estimated in pasture,
even if no difference is apparent between forest and
pasture carbon stocks based on carbon concentration

Žand soil bulk density e.g., Desjardins et al., 1994;
Trumbore et al., 1995; Moraes et al., 1995; Neill et

. 14al., 1996 . Changes in C accumulation from nu-
clear weapons testing also provide a means of ob-
taining statistically significant indicators of carbon
turnover even when traditional carbon inventory
measurements produce results too variable to detect

Ždifferences with statistical significance Trumbore et
.al., 1995 .

When conversion of forest to pasture results in a
new equilibrium with lower soil carbon stocks, the

Žlosses occur in small amounts over time Davidson
.et al., 1993; Barbosa, 1994 . These losses can occur

due to incomplete substitution of the organic carbon
source that had been provided by the forest. Al-
though pasture provides a strong source of carbon to
the soil, these inputs are not enough to compensate

Žfor losses of initial forest soil carbon Desjardins et
.al., 1994; p. 113 . This leads to a net loss of carbon

from the ecosystem due to humification of the pas-
Ž .ture roots stock not exceeding the emission from

oxidation during andror after burning. Repeated
burning, change from a high- to a low-biomass
system, trampling by hooves of the cattle, and expo-
sure to rain and direct sunlight can cause small local
effects that, under the most common management
regime in Brazilian Amazonia, accumulate over the
long term to transform the landscape from produc-
tive pasture into a degraded system and a net source
of carbon to the atmosphere.

3.3. Effects of pasture management regimes

Over the long term, global calculations have
shown losses of carbon stocks when forests are

Ž .converted to other land uses. Detwiler 1986 and
Ž .Detwiler and Hall 1988 suggested that the stock of

soil carbon in a 40-cm profile in the tropics could be
reduced by 20% by conversion of primary forest to
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pasture, and used this value in modeling the effects
of deforestation on the global carbon budget.

Ž .Houghton et al. 1983, 1987 assumed that convert-
ing tropical forest to pasture would release 25% of
the soil carbon stock to a depth of 1 m. These are
reviews derived from a variety of studies, and a wide
range of values has been obtained by different au-
thors. However, a study of the 0–30 cm layer in soils

Ž .in Rondonia by Moraes et al. 1996 indicated that,ˆ
over the long term, there is an increase in the stock
of carbon in well-managed pasture as compared to
nearby primary forest. In an extreme case, carbon in
the top 20 cm of soil under very well-managed
pasture at an agricultural station near Manaus re-
turned to approximately the same level present under

Žoriginal forest eight years after clearing 90 t Crha
under forest vs. 96 t Crha under pasture, without

.correction for soil compaction , following a decline
Žby 21.4% reached two years after clearing Cerri et

. Ž .al., 1991; Chone et al., 1991 . Teixeira 1987; p. 59´
found a similar pattern for carbon content in the
same well-managed pasture near Manaus. Under
more commonly occurring conditions, the opposite

Ž .result was found by Serrao and Falesi 1977 and by˜
Ž .Eden et al. 1991 ; these authors found, respectively,

a decline of about 50% in carbon concentration in
pasture soil with 11 years of use in Fazenda Suiá
Missu, Mato Grosso, and a 15% decline in concen-
tration in pasture with 12 years of use near Maracá

Ž .Island, Roraima. Fearnside 1978; p. 254 found
mixed results: a gain in carbon concentration upon
forest conversion that maintained its new level
through 1–2 years of pasture, and carbon loss with
conversion that only partially regained forest soil
levels after 6–16 years of use. Well-managed pas-
tures are not typical of Amazonia, and are unlikely to
reflect regional means for the increase or decrease of

Žcarbon stocks caused by land-use change Trumbore
.et al., 1995 .

The quality of management of tropical pastures is
critical to the conclusions drawn about whether the
soils under this land use represent a source or a sink
of atmospheric carbon. In well-managed pastures in
formerly forested areas, the root system of the pas-
ture grass can redistribute carbon to deeper layers
Ž .Nepstad et al., 1991 , where it is less susceptible to
decomposition. This could be used as a strategy for
carbon sequestration in soils in the areas that have

Žalready been converted to pasture Batjes and Som-
.broek, 1997 . The same is true of well-managed

pastures planted in former natural savanna areas
Ž .Fisher et al., 1994 . However, this conclusion is
wholly dependent on the pastures being very well
managed, such as those on the agricultural experi-
ment station in Colombia where the work on former

Ž .savannas was carried out see Nepstad et al., 1995b .
Unfortunately, the vast majority of cattle pastures in
Brazilian Amazonia is poorly managed: grass pro-
ductivity declines within a decade, regardless of
whether the pastures are on formerly forested or on

Žformer savanna land. Under typical i.e., minimal
.input management conditions at Ouro Preto do

Oeste, Rondonia, measurements of grass productivityˆ
indicate that a 12-year-old pasture produces only
about half as much above-ground dry weight of
pasture grass annually as compared to a three-year-

Ž .old pasture Fearnside, 1989; p. 50 .

4. Effects masking soil carbon changes

4.1. Fine-scale spatial Õariability

Fine-scale spatial variability in soil properties,
including carbon concentration, clay content and bulk
density, could mean that the results of many studies
that substitute space for time to compare soil sam-
ples taken at about the same time from a series
Ž .chronosequence of pastures of different ages could
produce the varied results that they do merely be-
cause of soil quality differences that have nothing to
do with the effect of time under pasture. The pres-
ence of trees in the forests with which pasture soils
are compared results in spatial variability in both
carbon concentration and bulk density being signifi-
cant over shorter distances in forest samples than

Ž .pasture samples Veldkamp and Weitz, 1994 . Stud-
ies vary in the methodology used to collect the

Žsamples ranging from point samples at a single pit
or core to composite samples representing wider

.areas , making them correspondingly more or less
subject to the effect of fine-scale spatial variation.

4.2. Correction for soil compaction

Ž .Corrections applied or not applied by different
authors to soil carbon measurements can make a
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substantial difference in the conclusions reached.
Correction for the effect of soil compaction is needed
for valid results. If one compares, for example, the
top 20 cm of soil under pasture with the top 20 cm
of soil under forest, it is possible to conclude that
carbon has increased when, in reality, it has de-
clined. This is because the soil in the top 20 cm
under pasture has been compacted from a thicker
layer under the forest, and the comparison of the

Žstock of carbon the concentration of carbon multi-
.plied by the bulk density and the volume of soil

must be done between equivalent weights of soil in
the two land uses. Correction for compaction has
been made in a growing number of soil carbon

Žstudies since it was first introduced in 1985 Fearn-
. Žside, 1985 , but studies without the correction or

without a clear explanation of what corrections have
.been applied continue to contribute to confusion

over the effect of deforestation on emissions from
the soil. Measurements of soil bulk density are much
less frequently made than are measurements of car-
bon concentration, perhaps because of the consider-
able additional work that density measurement adds
to the demands of field sampling. Bulk density re-
sults are also subject to high variability, stemming
from slight differences in methodology, for example,
among different investigators.

4.3. Correction for clay content

Ž .Moraes et al. 1996 introduced a correction for
soil clay content, based on the finding of Feller et al.
Ž .1991 that soil organic matter is closely related to
the clay content of the soil, such that the variation in
clay content over fine spatial scales could mask the
effect of land-use changes. This is consistent with
what is known about the reaction of organic matter
with iron and aluminum oxides. These oxides react
with organic radicals to form complexes that remain
relatively resistant to mineralization, possibly be-
cause the oxides may physically block access of
microorganisms to the organic particles, thereby in-

Ž .hibiting their decomposition Sanchez, 1976; p. 164 .´
Applying a correction for clay content is not

easily done without masking the land-use change
effects that need to be estimated for use in green-
house gas emission calculations. The clay content

Ž .correction by Moraes et al. 1996; p. 68 assumes
that there is no change in the clay content of the soil

Ž .resulting from land-use change. Moraes et al. 1996
calculate changes over 20 years, and Cerri et al.
Ž .1996 use these data to calculate changes over 35
years; both periods are sufficient for appreciable
granulometric changes to occur. By correcting the
measured carbon values in the pasture to reflect what
the carbon values would be if clay were the same as
that under undisturbed forest, one hides any change
in soil carbon that may have resulted from deforesta-
tion’s effect on soil clay content.

A decrease in clay content is one of the changes
known to result from conversion of forest to pasture.
This occurs by two mechanisms. First, soil erosion

Žpreferentially removes the smaller soil particles i.e.,
. Ž .clay , leaving the coarser particles such as sand

Ž .behind Lal, 1977; p. 54 . Clay content is the most
Žimportant determinant of erodibility the susceptibil-

.ity of a soil to erosion , an effect only partially offset
by a negative relationship between organic matter

Žand erodibility Mitchell and Bubenzer, 1980; pp.
.32–33 . Soil erosion on clay soils on the Transama-

zon Highway has been found to be more rapid than
on sandy soils with the same slope and land use
Ž .Fearnside, 1980b, 1986b , and significant rates of
soil erosion have been measured under cattle pasture
Ž .Barbosa, 1991; Fearnside, 1989 . The second mech-
anism is the transport of clay particles downward in
the soil profile, leaving the coarser particles at the

Ž .surface Scott, 1975, 1978 . Removal of clay to the
deeper layers would lead to a decline in the total
carbon inventory, even though the transported clay
remains in the soil column. This is because the
deeper soil layers have lower rates of supply of
organic carbon due to the lower density of roots in
these soil layers. Relationships between clay content
and soil carbon are summarized in Fig. 2.

Fig. 2. Relationships between clay content changes and soil
carbon. The sign by each arrow represents the direction of change
in the quantity at the head of the arrow given an increase in the
quantity at the tail of the arrow.
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The portion of the soil most affected by alteration
of clay content is that closest to the surface, which is
precisely where organic matter is most highly con-
centrated and dynamic. All of these clay content
changes would tend to decrease the carbon stock
under pasture soils, but this decrease would be hid-
den when a correction is applied for clay content
between the forest and the pasture or between the

Žpastures of different ages as was done by Moraes et
. Ž .al., 1996 . In the study by Moraes et al. 1996 , the

clay correction did not alter the direction of the
change in carbon stock, but it did increase the esti-
mated rise in carbon stock from 13.5%"8.5 to
18%"1.

It is possible that the values found for stocks and
emissions of soil carbon depend more on the soil

Ž .type including clay content than they do on the
Žmanagement system that replaces forest e.g., Allen,

.1985 . Clayey soils tend to have more carbon per
Ž .unit area Cerri et al., 1992 . This could lead to

greater releases of carbon, as the amount of carbon
lost is positively related to the amount initially pre-

Žsent Allen, 1985; Fearnside, 1986b, p. 194; Mann,
.1986 .

4.4. Humified Õersus non-humified material

Ž .Nye and Greenland 1960; p. 70 pointed out that
much confusion over the effects of burning on soil
organic matter has been caused by failure to distin-
guish between humified and non-humified material.
This confusion continues today both with regard to
the effect of burning and with regard to the overall
effect of forest-to-pasture conversion. At the time of
burning, almost all litter present is combusted, but

Žthis is not humus or soil organic matter which is
.little changed . The classification of roots as in-

cluded or not in soil organic matter can have a
dramatic effect on conclusions. In a recently im-

Ž .planted cattle pasture, the dead but unhumified
coarse roots remaining from the original forest would
appear as a tremendous jump in soil organic matter if
this stock were considered to be part of the soil
carbon pool. By the same token, the greater number
of fine roots in the surface layers of pasture soil also
would appear to be a huge increase in soil carbon if
these roots were considered to be part of the soil
rather than part of the biomass. Since soil analyses
frequently define whatever passes through a 2-mm

sieve as part of the soil, these fine roots can be an
important component of reported increases in soil
carbon as a result of conversion to pasture.

4.5. Seasonal cycles

A seasonal cycle of soil carbon stocks compli-
cates assessment of the effects of conversion of
forest to pasture. A persistent problem in interpreting
published results on soil carbon changes with burn-
ing is that authors rarely report the dates of the pre-
and post-burn samples, making it impossible to tell if
the increases or decreases reported are due to the
burning or to a seasonal cycle of soil carbon stocks.

The content and composition of the soil organic
matter can be influenced as a result of seasonal

Ž .changes Andreux et al., 1990 , resulting in different
phases of accumulation and loss of carbon in the soil
under the system. The peak carbon stock in tropical
soils that the few available data suggest occurs dur-
ing the rainy season appears likely to be linked to the
increase in volume of fine roots during this period in
pastures. Measurements taken in an Oxisol near
Manaus indicate that this component almost doubles
in weight during the rainy season, as compared to the
dry season, in a young Brachiaria humidicola pas-

Žture, especially in the 0–5 cm layer Luizao et al.,˜
.1992 . A similar result was found by Veldkamp

Ž . Ž1993; p. 40 in fertile soils Andisols and Incepti-
.sols in Costa Rica in B. dictyneura pasture. The

seasonal cycle in soil carbon stocks results from the
seasonality of carbon inputs, which are only partially
offset by increases during the rainy season in micro-

Ž .bial biomass Luizao et al., 1992 , and consequently˜
Ž .also in soil respiration Feigl et al., 1995 . A sea-

sonal cycle in soil carbon stocks is suggested by
changes over time observed under a 7-yr-old pasture

Ž .in Apiau, Roraima Barbosa, 1994 . However, data´
for a young pasture observed over the first 5 months
after initial forest burning at Fazenda Nova Vida,
Rondonia fail to show a consistent seasonal patternˆ
Ž .P.M.L.A. Graça, unpublished data . The principal
seasonal effects are diagrammed in Fig. 3.

Burning is a seasonal event, occurring only in the
dry season; burning lowers microbial and fine root
biomass and removes the litter that would otherwise
decay and provide a source of carbon input to the
soil. The seasonal cycle of rainfall produces parallel
cycles of microbial biomass, fine roots and litter
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Fig. 3. Principal seasonal effects on soil carbon stocks.

production. Any seasonal changes in temperature
will be reflected in the rate of soil respiration.

5. A best current estimate for Amazonia

5.1. Standardization for compaction and sample
depth

Global calculations of greenhouse gas fluxes must,
of necessity, include estimates for the net carbon
release or uptake from soils, even if the value used is
zero. The existence of uncertainty is not a valid
rationale for failing to arrive at a best current esti-
mate. Where, then, do we stand with respect to a
best current estimate for the impact on soil carbon of
the massive conversion of forest to pasture now
underway in Brazilian Amazonia?

The available data require standardization for the
treatment of bulk density effects and for the depth of
sampling. Most important, the representativeness of
the pasture management systems at the study sites
must be taken into account, and an appropriate strati-
fication by pasture management system must be
applied to arrive at a best estimate for the region as a
whole.

Studies are also varied in the age of pasture for
Žwhich the effect is estimated and in the validity of

the assumption that a new equilibrium has been
.established by the year in question . The reliability

of the methods used also varies among studies.
Corrections are not attempted for these factors, but
studies judged to be restricted to short-term effects,
to reflect land-use effects other than pasture, or to be
unreliable for any reason, were eliminated from con-
sideration.

Soil compaction, or bulk density increase, de-
pends on the depth of the soil examined and the soil
type. The current estimate standardizes depths for
soil carbon in 0–20 cm, 20–100 cm and 100–800
cm layers. Soil compaction information is not stan-
dardized by layer, but rather only results of studies
done on the 0–20 cm layer are used. Compaction is
Ž .optimistically assumed to be zero below a depth of
20 cm.

Bulk density changes from five studies are used to
calculate a mean increase of 4% for the 0–20 cm

Ž .layer Table 1 . Other measurements are also pre-
sented in Table 1, including measurements for other

Žsoil layers and measurements outside of Brazil stud-
ies from Costa Rica’s volcanic soils were not used in

.the calculations . One Brazilian study of the 0–20
Ž .cm layer Hecht, 1981; p. 95 was not used in the

calculations because the value reported for forest soil
Ž 3.density 0.56 grcm seems improbably low. The

additional studies listed all found higher values for
bulk density increase than did those used in the
calculations, giving added assurance that the values
used do not exaggerate this effect.

A number of studies of soil carbon changes have
used soil depth ranges other than those adopted for
the current estimate. Approximations for the stocks
in the layers considered here can be made based on
the relationships among stocks in different layers

Ž .found by other workers Table 2 . The firmest rela-
tion is that between 0–20 cm and 0–100 cm derived

Ž .by Moraes et al. 1995 based on over 1000 profiles
collected throughout the region by the

ŽRADAM BRASIL project Brazil, Projeto
.RADAMBRASIL, 1973–1983 . Other conversions

are based on many fewer studies, but variation in the
proportional relationship among soil layers is small
Ž .Table 2 .

Studies of soil carbon stocks at different locations
in Brazilian Amazonia and implied long-term changes
from conversion to pasture are given in Table 3.
These are separated into categories for ‘sites with

Ž .typical management’ five studies and ‘sites with
Ž .ideal management’ five studies . ‘Typical manage-

ment’ is without inputs or other measures designed
to maintain soil fertility, while ‘ideal management’
can have a variety of practices that are considered
‘improved’. Two of the studies in the first category
and three in the second are for soil layers other than
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Table 1
Soil bulk density changes from conversion of forest to pasture

3Ž .Location Bulk density grcm Bulk density increase Pasture age Sample depth Soil type Source
Ž . Ž . Ž .% yr cmForest Pasture

Measurements used in calculations
Apiau, Roraima 1.10 1.21 10 7 20 Ultisol Barbosa, 1994: 62´
Capitao Poco, Para 1.33 1.38 4 10 20 Ultisol Desjardins et al., 1994: 105
Nova Vida, Rondonia 1.44 1.41 y2 20 20 Ultisol Moraes et al., 1996: 69

aNova Vida, Rondonia 1.35 1.40 4 81 20 Ultisol Neill et al., 1996: 115
aNova Vida, Rondonia 1.42 1.47 4 81 20 Ultisol Moraes et al., 1996: 69

Mean 1.31 1.36 4 30
Standard deviation 0.15 0.10 6 35

aN 4 4 4 4

Other measurements
b Ž . Ž .Paragominas, Para 0.56 1.15 105 14 20 ? Ultisol ? Hecht, 1981: 95

cIlha de Maraca, Roraima 1.05 1.58 50 12 10 Ultisol Eden et al., 1991: 287
c,dLa Selva, Costa Rica 0.655 0.785 20 10–36 10 Ultisol Reiners et al., 1994: 369–370
c,dLa Selva, Costa Rica 0.62 0.71 14 35 5 Inceptisol Keller et al., 1993: 245

Guamico, Costa Ricad 0.67 0.79 18 25 5 Inceptisol Keller et al., 1993: 245

a Measurements for same pasture combined in mean.
b Not used in calculations because of improbably low density value for forest soil.
d Not used in calculations because sample depth is not 20 cm.
d Not used in calculations because soils are significantly different from those in Amazonia.
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Table 2
Vertical distribution of carbon stock in Amazonian forest soils

Ž .Layer A Layer B Location State C stock t Crha % in layer A Soil type Source

Layer A Layer B

0–10 cm 0–20 cm Nova Vida Rondonia 16.2 25.1 64.5 Ultisol Neill et al., 1996: 115
Capitao Poco Para 19.2 31.4 61.0 Ultisol Desjardins et al., 1994: 105
Manaus Amazonas 26.1 45.1 57.9 Oxisol Cerri and Volkoff, 1987: 37
Mean 20.5 33.9 60.5

Ž .0–10 cm 0–30 cm Maraba Para 27.6 56.3 49.0 Ultisol ? Kauffman et al., 1995: 405
Manaus Amazonas 26.1 59.6 43.8 Oxisol Cerri and Volkoff, 1987: 37
Mean 26.9 58.0 46.3

0–10 cm 0–100 cm Paragominas Para 26 102 25.5 Ultisol Trumbore et al., 1995: 519
Manaus Amazonas 26.1 124.1 21.0 Oxisol Cerri and Volkoff, 1987: 37
Mean 26.1 113.1 23.0

0–20 cm 0–30 cm Nova Vida Rondonia 25.1 32.4 77.4 Ultisol Neill et al., 1996: 115
Manaus Amazonas 45.1 59.6 75.7 Oxisol Cerri and Volkoff, 1987: 37
Mean 35.1 46.0 76.3

0–20 cm 0–100 cm Legal Amazon All states 42 94 45 All types Moraes et al., 1995: 245
0–100 cm 0–500 cm Manaus Amazonas 124.1 229.6 54.1 Oxisol Cerri and Volkoff, 1987: 37
0–100 cm 0–800 cm Paragominas Para 102 257 39.7 Ultisol Trumbore et al., 1995: 519

0–20 cm. These are presented both with the original
measurements and as values estimated from them for
the 0–20 cm soil layer for the purposes of calcula-
tion. For consistency, the endpoint of each chronose-
quence was used to identify the carbon stock under
pasture.

Three of the studies that did not make a correction
Žfor compaction Desjardins et al., 1994; Eden et al.,

.1991; Neill et al., 1996 included bulk density mea-
surements that allow the correction to be performed

Ž . Ž .here Table 3 . In another study Cerri et al., 1991 ,
Žthe average value from Table 1 4% bulk density

.increase was used to make the correction.
The 4% average compaction value from Table 1

is also used in re-interpreting the two measurements
Ž . Ž .by Falesi 1976 . The values of Falesi 1976 indi-

cate the greatest carbon losses. The data from this
study had been used in a previous estimate of soil
carbon loss from conversion of Amazonian forest to

Ž .pasture Fearnside, 1985, 1997b; p. 347 , but the
compaction correction applied in that estimate may
have been exaggerated because the forest soil density

Ž .used from Hecht, 1981; p. 95 has an unusually low
value. Because the 0–20 cm layer under forest is
believed to have greater mass than calculated previ-
ously, the results here indicate a higher average
carbon release than the average computed earlier
Ž .3.92 t Crha release from the 0–20 cm layer .

The carbon stocks under forest in the studies
listed in Table 3 differ substantially from the 42 t
Crha average stock for the Legal Amazon region

Ž .calculated by Moraes et al. 1995 for the 0–20 cm
layer of soil. The five sites with ‘typical manage-
ment’ average only 27.5 t Crha, while the five
studies with ‘ideal management’ are also all lower
than 42 t Crha with the exception of one high value
Ž . Ž .90 t Crha found by Cerri et al. 1991; p. 254 ,
which raised the mean to 57.5 t Crha. This differ-
ence is handled by using the percentage changes in
soil carbon in the 0–20 cm layer indicated by the
studies in each management category, and applying
these percentages to the regional average soil carbon

Ž .stock as estimated by Moraes et al. 1995 .

5.2. Disaggregation by management regime

The suite of existing studies of soil carbon under
pasture is highly unrepresentative of pastures in
Brazilian Amazonia as a whole. A disproportionately
large number of studies has been done in optimally
managed pastures either in agricultural experiment
stations, or in the few ranches that make significant

Žinvestments in inputs and pasture management this
minority of ranches is more likely to encourage
research groups to study their pastures than is the

.majority that applies minimal management .
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Table 4
Weighted average of regional changes in soil carbon

Management Percent Carbon stock change Carbon stock change Carbon stock change Carbon stock change
type of pasture in 0–20 cm layer in 20–100 cm layer in 100–800 cm layer in 0–800 cm layer

area Observed Percentage Calculated Observed % of forest Observed % of forest Total change % of forest
c e Žchange at change in change change C stock change C stock calculated C stock

sampled forest C stock relative at sampled at sampled changed for
locations at sampled to regional locations locations 0–20 cmqobserved

a dŽ . Ž . Ž . .t Crha locations average stock t Crha t Crha for 20–800 cm
a bŽ . Ž . Ž .% t Crha t Crha

Ž .Typical minimal
fmanagement 95 y4.9 y17.8 y7.5 y5.6 y10.8 y0.6 y0.4 y13.7 y5.8
gIdeal management 5 8.6 15.0 6.3 19.3 37.1 y5.3 y3.7 20.3 8.6

Weighted average 100 y4.2 y16.2 y6.8 y4.3 y8.4 y0.8 y0.6 y12.0 y5.1

a Table 3.
b Ž .Relative to 42 t Crha regional average stock in 0–20 cm layer Moraes et al., 1995 .
c Ž .Relative to 52 t Crha regional average stock in 20–100 cm layer Moraes et al., 1995 .
d Based on difference between change over 23 yr at Paragominas, Para in 0–800 cm layer as compared to 0–100 cm layer in the same profile; typical management site is 23 yr

Ž .old; ideal management site was 18 yr under typical management followed by 5 yr under ideal management Trumbore et al., 1995: 526 .
e Ž .Relative to 142.8 t Crha stock in 100–800 cm layer, based on 94 t Crha 0–100 cm regional average C stock Moraes et al., 1995 and ratio of 0–100 cm to 100–800 cm

Ž . Ž .stocks from Trumbore et al. 1995: 526 See Table 2 .
f Ž .Based on difference between 8.7 t C loss in 0–100 cm layer over a 23 year period at Paragominas, Para Trumbore et al., 1995: 526 and 3.1 t C calculated loss for 0–20 cm

Ž .layer at the same site Table 3: note h .
g Ž .Based on difference between 25.6 t C gain relative to forest cut 23 yr previously in 0–100 cm layer over a 5-yr period at Paragominas, Para Trumbore et al., 1995: 526 and
2.0 t C calculated average gain for 0–20 cm layer.
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No estimate exists of the percentage of pasture
land in Brazilian Amazonia that is managed under
the ideal regimes in use at the study sites of a
number of the available measurements of soil carbon
changes under pasture. While the area under such

Žmanagement would have been close to zero cer-
.tainly well under 1% of the total pasture area in the

1970s and 1980s, the financial returns to this kind of
Žranching improved in the 1990s Mattos and Uhl,

.1994; Arima and Uhl, in press . However, the over-
whelming preponderance of pasture with minimal
investment in management is still evident. Here, the
assumption will be made that 5% of the pastures in
the region were under improved management regimes
in 1990. Based on this assumption, weighted aver-
ages of regional changes in soil carbon are computed
Ž .Table 4 . Over the full 8-m soil profile, an average
of 12.0 t Crha is released, over half of this coming
from the top 20 cm of soil.

5.3. Effect of pasture on the equilibrium landscape

Following deforestation, each point in the land-
scape will pass through periods under a variety of
land uses, such as agriculture, pasture and secondary
forest. The deforested area as a whole will eventually
approach an ‘equilibrium landscape,’ which, assum-
ing that land-use behavior patterns remain un-
changed, would consist of 4.0% farmland, 43.8%

Ž .productive actively used pasture, 5.2% degraded

pasture, 2.0% secondary forest from agriculture and
Ž44.9% secondary forest from pasture Fearnside,

.1996 .
The impact of converting forest to pasture is not

restricted to the 43.8% of the deforested landscape
that would be expected to remain under productive
pasture under equilibrium conditions. A large part of
the remainder of this landscape would have passed
through periods of use as pasture, and this would be
reflected in reduced carbon stocks relative to forest.
A rough calculation of the carbon stocks in the

Ž .equilibrium landscape can be made Table 5 . Sec-
ondary forests are assumed to recover the soil carbon
stocks characteristic of mature forests in a linear
fashion over a period of 15 years, the same assump-
tion made for the top 1 m of soil by Houghton et al.
Ž .1983; pp. 239–240 , except that full recovery is
assumed instead of only 75% of the original carbon
stock.

Soil carbon release under agriculture is assumed
to be 35% of the pre-clearing carbon pool in the

Ž0–30 cm layer the midpoint of the 20–50% range
.identified by Sombroek et al., 1993 . This is more

conservative than the assumption of Houghton et al.
Ž .1983 that 35% is released in the top meter of soil, a
depth range that has a carbon stock approximately
40% greater than the top 30 cm. The present calcula-
tion assumes conservatively that carbon releases from
agricultural soils below 30 cm depth are the same as

Žthose under typically managed pasture Table 5, note
.b .

Table 5
Carbon stocks in soils under land uses in the equilibrium landscape

aŽ . Ž .Soil layer cm C stock in soil t Crha
bForest Farmland Productive Degraded Secondary forest from Secondary forest from Equilibrium

c d,e d,fpasture pasture agriculture pasture landscape

0–20 42.0 27.3 35.2 34.5 36.8 39.1 36.6
20–100 52.0 42.5 47.7 46.4 52.0 52.0 49.4
100–800 142.8 142.2 142.0 142.2 142.7 142.6 142.3

Ž .Total 0–800 236.8 212.1 224.9 223.2 231.6 233.7 228.4

aStock in layer compacted from specified depth of forest soil; no compaction is assumed to occur below 20 cm depth.
b Ž .Assumes 35% reduction in the 0–30 cm layer, this being the midpoint of the 20–50% range reported by Sombroek et al. 1993; 421 .

Ž .Assumes same reduction below 30 cm depth as under pasture with typical management Table 4 ; relation between C stocks in 0–20 cm and
0–30 cm layers from Table 2; carbon stock and changes assumed to be evenly distributed within each layer.
cAssumed same as pasture under ‘typical management’.
dSecondary forests are assumed to recover soil carbon stocks characteristic of mature forests in a linear fashion over a period of 15 yr.
e Ž .Average age of secondary forest derived from agriculture is 3.2 yr Fearnside, 1996 .
f Ž .Average age of secondary forest derived from pasture is 3.9 yr Fearnside, 1996 .
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Table 6
Net committed emissions of soil carbon from deforestation in Brazilian Amazonia in 1990

a a aLand use Proportion of Area in Top 20 cm of soil Top 1 m of soil Top 8 m of soil
equilibrium equilibrium Carbon change Net committed Carbon change Net committed Carbon change Net committed

3Ž .landscape landscape 10 ha relative to forest emission in 1990 relative to forest emission in 1990 relative to forest emission in 1990
6 6 6Ž . Ž . Ž . Ž . Ž . Ž .t Crha 10 t C t Crha 10 t C t Crha 10 t C

bFarmland 0.040 56 y14.7 y0.8 y24.2 y1.3 y24.8 y1.4
Productive pasture 0.438 606 y6.8 y4.1 y11.1 y6.7 y12.0 y7.3
Degraded pasture 0.052 72 y7.5 y0.5 y13.1 y0.9 y13.7 y1.0
Secondary forest
from agriculture 0.020 28 y5.2 y0.1 y5.2 y0.1 y5.3 y0.1
Secondary forest
from pasture 0.449 620 y2.9 y1.8 y2.9 y1.8 y3.1 y1.9
Equilibrium landscape 1.000 1382 y5.4 y7.4 y7.9 y11.10 y8.5 y11.7

aCorrected for compaction in top 20 cm.
bSee Table 5, note b.
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Ž .The calculated emissions Table 6 indicate an
area-weighted average release of 8.5 t Crha from
the top 8 m of soil in the deforested landscape. This
corresponds to a net committed emission of 11.7=

106 t C from the 1.38=106 ha of deforestation
activity in 1990.

Low values for carbon loss are indicated for the
100–800 cm layer. Only 3% of the calculated emis-
sions come from below 1 m depth. However, com-
placency about the security of the deep soil pool is
not recommended: the large size of the carbon pool

Žin this soil layer means that even small changes near
.detection limits could have substantial impact on

Žcarbon emissions see Trumbore et al., 1995; Nep-
.stad et al., 1994 . The large pools of carbon in the

deep soil layers, very little of which is assumed to be
Žemitted in the present calculation only 0.4% in the

.100–800 cm layer: Table 5 , leave ample room for
substantially larger emissions. The average turnover
time for the entire soil organic matter stock in the
1–8 m depth range, weighted for active and slow

Žpools, has been calculated to be -25 years Trum-
.bore et al., 1995; p. 527 . The slower dynamics of

carbon in these deep layers, as compared to the
surface layers, means that the pasture area in Amazo-
nia will continue to release deep soil carbon for
many years until a new equilibrium is reached; these
additional emissions are not reflected in the results
computed here. The values used for carbon changes
in the 1–8 m range are probably conservative be-
cause the assumption that equilibrium has been at-
tained by the time of the study is least justified for
this soil layer.

The values for net committed emissions given
Ž .here Table 6 are not exactly what this term implies.

The term ‘net committed emissions’ is normally
used to refer to the difference between the carbon
stocks under original forest and those under the

Žequilibrium landscape after a long theoretically infi-
. Žnite time has elapsed following deforestation see

.Fearnside, 1997b . If this definition were strictly
applied, the large carbon pool in the deep soil might
release substantially more carbon than the emission
from this layer considered in the present calculation.
Because the deep soil would only approach equilib-

Žrium very slowly, the values considered here which
only reflect net emissions from the deep soil in the

.first 23 years after clearing may be more relevant to

planning time horizons than would true ‘net commit-
ted emissions’.

The 11.7=106 t C emission from soil carbon for
the equilibrium landscape from clearing in 1990
represents an emission equivalent to approximately
20% of Brazil’s emissions from fossil fuels. The net
committed emission of carbon in 1990 from Amazo-
nian deforestation sources other than soil totaled
257.0=106 t C, without considering trace-gas ef-
fects and excluding clearing of savannas such as

Ž .cerrado Fearnside, 1997b; p. 351 . Considering
Ž .conservatively the soil emission computed here as
a net committed emission, this brings the total from
Amazonian deforestation that year to 268.7=106 t
C, of which soils represent 4.4%. Carbon from clear-
ing of cerrado biomass would add approximately

6 Ž .8.6=10 t C Fearnside, 1997b: 351 . Ignoring any
carbon changes in cerrado soils converted to pasture

Ž .and agriculture primarily soybeans , the 1990 total
emission from land-use change in Brazil’s 5=106

km2 Legal Amazon region was 277.3=106 t C. The
potential magnitude of soil carbon releases is signifi-
cant: if all of the 400=106 ha originally forested
area in Brazil’s 500=106 ha Legal Amazon region
were converted to the equilibrium landscape, 4.7 Gt
of carbon would be released from the soil to a depth
of 8 m.

5.4. Robustness of the estimate

The percentage of Amazonian pastures, where
management practices are similar to those where the
studies in the ‘ideal management’ category were
carried out, is critical to the overall effect of the

Ž .region’s pasture soils on carbon emissions Fig. 4 . If
none of the pastures in the region were in the ‘ideal’
category, average carbon release from an 8–m soil
profile would be 13.7 t Crha, or 13.0=106 t C
from the equilibrium landscape from clearing in
1990. Were all of the pastures kept under ideal
management, the soil C stock under these pastures
would increase by 20.3 t Crha, or 13.0=106 t C for
the equilibrium landscape resulting from deforesta-
tion in 1990. Considering 5% as a reasonable value
for the percentage of the pastures under ideal man-
agement in 1990, average release of soil carbon
would be 12.0 t Crha of pasture, or 11.7=106 t C
for the equilibrium landscape in the area cleared in
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Fig. 4. Sensitivity of soil carbon stock changes to the percentage
of the actively managed pasture area that is under ideal manage-
ment. This percentage is believed to be about 5%; an improbably
high 40% would have to be under ideal management to turn
pasture soils from a net source to a net sink of carbon. The scale
at the right indicates the effect on the soil carbon stock in the
1.38=106 ha cleared in 1990 when converted to the equilibrium

Žlandscape which includes agriculture and secondary forest, as
.well as pasture .

1990. If 0–10% is taken as a reasonable range for
the percentage of pastures under ideal management,
at the lower bound pasture would be a source of 10.3
t Crha or 10.4=106 t C for the equilibrium land-
scape from clearing in 1990. An improbably high
40% would have to be under ideal management in
order to turn pasture soils from a net source to a net
sink of carbon.

The varied estimates produced by different studies
for the magnitude of soil carbon changes resulting
from conversion of forest to pasture gives reason for
caution in using the average values computed here.
However, there is reason to believe that the overall
conclusion is robust that conversion of forest to
pasture in Brazilian Amazonia in 1990 results in a
substantial emission of carbon. All of the studies
from sites with ‘typical management’ resulted in soil
C losses relative to the pre-conversion stock, while
all studies on sites with ‘ideal management’ resulted

Ž .in carbon gains Table 3 . Nevertheless, variability in
the values is high in both cases.

An indication of both the robustness of the overall
conclusion and of the low level of confidence that
can be placed in the exact values of the numerical
results is provided by an alternative calculation in
which the two highest values for carbon loss under

Žtypical management were excluded the two studies

.by Falesi, 1976 . When this was done, the mean
change in the top 20 cm relative to the pre-conver-

Ž .sion stock decreased from y4.9 t Crha Table 3 to
y3.1 t Crha, while the percentage change dimin-

Ž .ished from y17.8% Table 3 to y9.5%. This re-
duced the weighted average for C stock change for

Žthe full 0–800 cm profile from y12.0 t Crha Table
.4 to y8.6 t Crha. The overall conclusion also

remained the same when the percentage of pasture
that was assumed to be under ideal management was
simultaneously doubled to 10%.

The results for changes below 1 m depth are
clearly the least trustworthy, as they are based on a

Ž .single study Trumbore et al., 1995 . The site of this
Ž .study Paragominas, Para has a stronger dry season´

than most of the forested portion of the Brazilian
Legal Amazon; the strong dry season leads the forest
to allocate a greater proportion of its carbon to deep
roots, making the loss of C inputs to the deep soil
greater when forest is replaced by pasture. The cli-
mate at Paragominas, although atypical of Amazon
forest as a whole, is not atypical of the places where
deforestation activity was concentrated in 1990
Ž .Fearnside, 1993 .

6. Conclusions

The literature indicates a mixture of findings for
soil carbon stocks ranging from increases to de-
creases as a result of conversion of forest to pasture.
Some of the varied results can be explained by

Ž .correction or lack of correction for factors such as
soil compaction and clay content, and the effect of
the short-term seasonal cycles. Factors like sampling
depth, number of samples, soil type, dominant vege-
tation and the quantity and type of carbon previously
present are of fundamental importance to calculating
mean values for use in simulations of carbon emis-
sions and uptakes. The need is evident for longitudi-
nal studies monitoring soil carbon stocks and related
parameters in long-term plots established in areas
converted from forest to pasture. Whether pasture
soils are a net sink or a net source of carbon depends
on their management, but an approximation of the
fraction of pastures under ‘typical’ and ‘ideal’ man-
agement practices indicates that pasture soils in
Brazilian Amazonia are a net carbon source, with an
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average release of 12.0 t Crha under pasture. The
equilibrium landscape would release 11.7=106 t C,

6 Ž .of which 2.5=10 t C 21% is the result of agricul-
6 Ž .ture and 9.2=10 t C 79% is from the effects of

pasture conversion. Although this represents only
Ž4.4% of the impact of 1990 deforestation biomassq

.soil emissions , it represents a carbon release equiva-
lent to approximately 20% of Brazil’s annual emis-
sion from fossil fuels.
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Guimaraes, W.M., 1993. Liberaçao de Carbono e Mudanças nos˜ ˜
Estoques de Nutrientes Contidos na Biomassa Aerea e no´
Solo, Resultante de Queimadas de Florestas Secundarias´

´em Areas de Pastagens Abandonadas, em Altamira, Para.´
Masters Thesis. Instituto Nacional de Pesquisas da
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