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Abstract. Tropical forest conversion, shifting cultivation
and clearing of secondary vegetation make significant
contributions to gl obal em ssions of greenhouse gases today,
and have the potential for large additional emi ssions in
future decades. dobally, an estimated 3.1 x 10° t of bionass
carbon of these types is exposed to burning annually, of which
1.1 x 10°t is emitted to the atnosphere through conbustion and
49 x 10° t is converted to charcoal (including 26-31 x 10°t C
of bl ack carbon). The anmount of biomass exposed to burning

i ncl udes aboveground remains that failed to burn or deconpose
fromclearing in previous years, and therefore exceeds the 1.9
x 10° t of aboveground bi omass carbon cl eared on average each
year. Above- and bel owground carbon emtted annual ly through
deconposition processes totals 2.1 x 10°t C. A total gross

em ssion (including deconposition of unburned aboveground
bi omass and of bel owground bi omass) of 3.41 x 10° t C year’
results fromclearing primary (nonfallow) and secondary
(fallow) vegetation in the tropics. Adjustnent for trace gas
em ssions using | PCC Second Assessnent Report 100-year
integration global warm ng potentials makes this equivalent to
3.39 x 10° t of CO-equival ent carbon under a low trace gas
scenario and 3.83 x 10° t under a high trace gas scenario. O
these totals, 1.06 x 10°t (31% is the result of bionmass
burni ng under the |ow trace gas scenario and 1.50 x 10° t (39%
under the high trace gas scenario. The net em ssions from al
clearing of natural vegetation and of secondary forests

(i ncludi ng both biomass and soil fluxes) is 2.0 x 10° t C,
equivalent to 2.0-2.4 x 10° t of CQ-equival ent carbon. Adding
emissions of 0.4 x 10°t C from | and-use category changes ot her
t han deforestation brings the total for |and-use change (not
consi dering uptake of intact forest, recurrent burning of
savannas or fires in intact forests) to 2.4 x 10° t C,

equivalent to 2.4-2.9 x 10° t of CO-equival ent carbon. The
total net em ssion of carbon fromthe tropical |and uses
consi dered here (2.4 x 10°t C year™) calculated for the 1981-

1990 period is 50% higher than the 1.6 x 10° t C year ™ val ue
used by the Intergovernnental Panel on dinate Change. The
inferred (= "mssing") sink in the global carbon budget is

| arger than previously thought. However, about half of the
addi ti onal source suggested here may be of fset by a possible
sink in uptake by Amazoni an forests. Both alterations

i ndi cate that continued deforestation woul d produce greater

i mpact on gl obal carbon em ssions. The total net em ssion of
carbon cal cul ated here indicates a maj or gl obal warni ng inpact
fromtropical |and uses, equivalent to approxi mtely 29% of
the total anthropogenic em ssion fromfossil fuels and | and-
use change.
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1. Introduction

Deforestation in the tropics contributes significant
guantities of gases and particulate matter to the atnosphere.
Avoi dance of greenhouse gas em ssions from deforestation,

i ncludi ng those from burning, represents a major argunent for
taking steps to reduce rates of forest loss. Mdre reliable
gquantification of the inpact of deforestation on gl obal
warmng is a prerequisite for assessing the value of avoiding
t hese inpacts, and hence the potential for future nonetary
flows to sustain this environnmental service of the forest
(Fearnside, 1996a). The objective of the present paper is to
interpret available information on the use of fire in forest
conversion, shifting cultivation and secondary forest to
arrive at inproved estimtes of biomass burned and greenhouse
gas (GHG em ssions fromtropical |and-use change. In
addition to em ssions from burning, gases are al so rel eased by
decay of biomass and from soils.

The amounts of bi omass exposed to burning and the fate of
this material represent major areas of uncertainty in our
under st andi ng of atnospheric chem stry, including the
hi storical and likely future changes in gas concentrations
affecting global warmng. Inproved estimates of flux from
terrestrial biota would yield by far the greatest dividends of
any area of research related to increasing the reliability of
t he gl obal carbon budget (Yearsley and Lettennmaier, 1987).
Errors in individual paranmeters in biomss burning
cal cul ations propagate nultiplicatively, resulting in w de
mar gi ns of uncertainty for global em ssions estimates
(Robi nson, 1989).

One nust know how nuch bionmass is present in tropical
areas, how nuch of this is exposed to burning each year, how
much of this anount burns, how nmuch of the biomass that burns
is apportioned between flam ng and snol dering conbustion
processes, and how nmuch carbon is left as charcoal or
converted to soot. The anpbunt of biomass burned affects
em ssions not only by rel easing gases directly during
conmbustion, but also by determ ning how nmuch is not burned,
and t hereby how nuch passes through different decay pathways.

Term te-nedi ated decay follow ng tropical deforestation

rel eases nethane (CH), but the amount (7.34 x 10° t CH, per
ton of aboveground bi omass carbon oxi di zed t hrough decay) is
substantially | ess than had been thought because termte
popul ati ons are unable to increase fast enough to consunme nost
of the biomass that becones available to them (Martius et al.
1996) .

Bi omass is usefully classified into different categories
for the purpose of assessing bionmass burning. Conversion of
tropical forests is one such category. Bionass is al so burned
when clearing shifting cultivation fallows and ot her types of
secondary succession, such as woody invaders in cattle



pastures. Recurrent burning (w thout clearing) of cerrado

(central Brazilian scrub savanna) and ot her types of savanna

are processes not considered in the current paper. Al so not

considered is burning of crop residues and "weeds" (both

her baceous and snual | -di anmet er woody vegetation that is cut and

burned prior to planting fields fromwhich a crop had been

harvested | ess than six nonths previously). Oher sources not

considered are em ssions fromlogging, burning in intact

forests (as in the Geat Roraima Fire of 1997-1998), and

manuf acture of charcoal and burning of firewood and charcoal.
It should be noted that em ssions from bi omass renoved for

firewood and charcoal are inplicitly included by using forest

bi omass estimates that have not been reduced to reflect

removal of these products: the carbon em ssion from

deforestation is therefore overesti mated by an anmount equal to

t he underestimate fromfirewod and charcoal conbustion

al t hough there would be sonme difference in the trace gas

conponents of the em ssion. Adjustnent for any fossil fuel

substitution effect (particularly for charcoal) has not been

i ncl uded.

An additional factor not considered is "biomass coll apse”
on the edges of forest fragnents (Laurance et al., 1997). In
the case of biomass collapse at forest edges, this is not
believed to affect overall em ssions fromtropical |and-use
change by anythi ng approaching the 22-149 x 10° t C year™
suggested by Laurance et al. (1998), although a snall
adj ustment of the trace gas em ssions would be desirable to
account for a sonewhat higher proportion of aboveground carbon
passi ng through decay (rather than burning) pathways. The
ef fect of biomass coll apse at edges is not so great because
the vast majority of deforestation is advancing from al ready
deforested areas: areas being deforested in any given year
were forest edges in the preceding years, and the bi omass
present at the time of clearing had therefore already been
reduced by the bionmass collapse effect. To the extent that
the perineter of edges in the region remains constant, the
em ssion not considered in the present analysis from bi onass
col | apse al ong these edges in a given year will be exactly
conpensated by the overestinate of deforestati on em ssions
that results from having consi dered forest biomass w thout an
adj ustnment for the collapse effect in the preceding years.

"Secondary forests," "secondary succession," "second
growh,"” and "fallow forests" are all terns used to refer to
woody vegetation that grows on "abandoned" agricultural or
ranching land. This vegetation is usually cleared again,
either for a short (1-2 year) cropping period in a shifting
cultivation cycle or for a | and use that maintains | and
wi thout tree cover for |onger periods, such as pasture,
perenni al crops, and irrigated agriculture or rainfed
agriculture with higher inputs. The term "secondary forests”
(florestas secundarias in Portuguese, for exanple) causes
consi der abl e confusion because it is used with other neani ngs




in some parts of the world, both in English and in other

| anguages. In Indonesia, lightly logged forest is referred to
as "secondary forest"” (hutan sekunder), while what are called
"secondary forests" outside of Southeast Asia are known as
"successional forests" (hutan sukesi) in Indonesia.

The distinction between bi omass burning rel eases and
deforestati on nust be enphasized. Only a portion of the
bi omass felled during deforestation is burned. However,
al nost all of the carbon remaining in the unburned biomass
enters the atnosphere | ater as greenhouse gases when the
mat eri al deconposes. This is the principal explanation of ny
estimates for em ssions fromBrazilian deforestation
(Fear nsi de, 1996b, 1997a) being triple Brazil's official
val ues for these em ssions (Borges, 1992). The em ssion from
deconposition, as well as that from burns subsequent to the
initial one, have been ignored in Brazil's official nunbers,
al though this is expected to change with conpletion of the
nati onal inventory based on the | PCC nethodol ogy (1PCC, 1997).

In Brazilian Amazonia virtually all cleared area is
burned, and this is true in nost other countries where
tropi cal deforestation takes place. However, sone systens
exi st where the cleared area is larger than the area burned.
In the chitenene systemin Zanbia, in which wod fromthe
surrounding area i s added to the downed wood on the site to be
burned and cultivated (see Allan, 1965), the area cl eared may
be 5-20 tinmes the area cultivated (Ruthenberg, 1971, p. 23).
In this case, the average aboveground bi onass present in the
area cleared provides a good indication of the anmount exposed
to burning, as the burning nerely takes place at a different
| ocati on.

Areas burned can be greater than areas cleared when fire
escapes from pastures and agricultural fields into surrounding
forests. In Brazilian Amazonia this is occurring with
i ncreasing frequency, especially when slash |eft by selective
| oggi ng increases flammbility of the forest (Uhl and

Buschbacher, 1985; Uhl and Kauffman, 1990). |In tropical noist
forests, fires of this type generally do not reach the crown.
Fires burn the ground | ayer and kill some |arge trees, thus

generating em ssions through decay as well as through
conbustion. Many large fires on the island of Borneo at the
time of the 1982-1983 EI N o drought originated from
agricultural burning by small farmers (Malingreau et al.

1985), while clearing for silviculture and oil pal mplantations
were major ignition sources during the 1997 EIl N fio there
(Runyan, 1998). In the 1997-1998 G eat Rorainma Fire, snal
farmers in governnent-sponsored settlenments were nmgj or sources
(Barbosa, 1998). Mega-El N o events have al ready provoked

wi despread conflagrations in Amazonia four tines over the past
2000 years (Meggers, 1994). dimtic changes provoked by
Amazoni an deforestation could greatly increase damage caused
by fire escaping into the renmai ning standi ng forest in Brazi
(Fearnsi de, 1995a).



Fire escaping fromagricultural fields of squatters into
adj acent silvicultural plantations has been an irritating but
tol erable problemin Brazil's incipient Amazonian plantations
of Eucal yptus and Pinus, burning about 0.4% per year of the
area in these species (Fearnside and Rankin, 1985, p. 124).
Brazil's silvicultural plantations are likely to expand
greatly over the com ng decades, especially in Amazoni a
(Fearnsi de, 1998).

Several types of forest |oss can occur w thout burning.
Al ong the eastern base of the Andes, rainfall is too heavy and
constant to all ow burning, and indigenous shifting cultivators
enpl oy a sl ash-and-mul ch systemin which the vegetation is
left to rot instead (Rudel and Horowi tz, 1993, p. 47).
Hydroel ectric dans destroy forests without burning and, in the
case of Amazoni an dans, wthout cutting of trees except for
smal | areas around intakes to the power stations. Em ssions
from Amazoni an reservoirs are significant today, and Brazil's
plans to flood as nuch as 3% of its Amazonian forest inply
much | arger potential em ssions fromthis source in the future
(Fear nsi de, 1995b, 1997b).

2. Biomass Exposed to Burning
2.1. Forest Conversion

Tropi cal deforestation rel eases carbon di oxi de, nethane and

ot her gases that contribute to the gl obal greenhouse effect
(e.g., Houghton et al., 1996). As the calculations to be
devel oped in this paper wll show, Brazil plays a significant
role in current gl obal em ssions from bi omass burni ng and from
ot her processes initiated by deforestation. The relative

i nportance of Brazilian contributions to these emssions is
likely to increase substantially over the com ng decades
because vast areas of Amazoni an forest remain standing and at
risk of deforestation, while many areas of active
deforestation in other parts of the tropics are nearing the
end of their forest reserves. The FAO survey of forest
resources in 1990 indicated that 41% of all remaining forest
classified as "tropical rain forest" is in Brazil (FAQ 1993).

Primary forest in Brazil's 5 x 10° knf Legal Amazon region
was converted to ranching, agriculture, hydroelectric dans and
other uses at a rate of 20 x 10° knf year ' during the 1978-1988
peri od (Fearnside, 1993a), 19 x 10°® knf year* for 1988-1989, 14
x 10° knf year™ for 1989-1990, 11 x 10° knf year™ for 1990-1991
(Fearnside, 1993b), 14 x 10° knf year™ for 1991-1992 and 15 x

10° knf year ' for 1992-1994 (Brazil, INPE, 1996), 29 x 10° knf
for 1995, 18 x 10° knf for 1996, 13 x 10° knf for 1997, and a
prelimnary estimate of 17 x 10° knf for 1998 (Brazil, | NPE,

1998, 1999). The 1990 deforestation rate inplied a
contribution fromclearing in forest areas in Brazilian



Amazoni a of 0.251 x 10° t of net conmitted em ssions of carbon

in the formof CO (Fearnside, 1997b). "Net comm tted

em ssions” refers to the long-termnet result of converting a

given area of forest (such as the 14 x 10° knf cleared in 1990)

to the equilibriumlandscape that will eventually replace it.
In contrast, "annual bal ance of net em ssions,” or "annual

bal ance,"” refers to the balance in only a single year but

covers an entire |andscape (such as Brazil's 5 x 10° knf Legal
Amazon region), which includes a nosaic of patches cleared in
di fferent years.

Esti mates of Amazon forest bionmass | oading vary
tremendously, but, because a nunber of published estimates
contain known errors, the range of true scientific uncertainty
is much smaller than the range of bionass estinate val ues
appearing in the literature. "Bionass |oading" (also known as
"bi omass density") refers to biomass per unit of area, (i.e.,

t ha'). Because of the high biomass |oading and vast area of
dense upl and forests of Amazonia, differences in the val ues
used for their biomass |oadings have a great effect on the
conclusions drawn from cal cul ati ons of release of CO, and other
greenhouse gases. Current best estimates indicate average
aboveground (live + dead) bionmass |oading of 354 t ha" for

unl ogged forest present in Brazil's Legal Amazon region in
1990, and 317 t ha' for areas felled in 1990, after adjustnent
for the location of clearings within the region and for

renmoval of biomass by | oggi ng (Fearnside, 1994, pp. 116-117,
nd); available information on bel owground conponents brings
the total average biomass |oading to 463 and 415 t ha™,
respectively, but estimates of bel owground bi omass | oadi ng are
likely to increase (Fearnside, nd, updated from Fearnsi de,
1994) .

A key portion of the global carbon balance is the net
em ssion fromtropical |and-use change, especially
deforestation. The Intergovernnmental Panel on Cimate Change
(IPCC) has so far used a value of 1.6 x 10°t C year ' to
represent this flux in all of its assessnents fromthe first
report in 1990 through the current Second Assessnent Report
(Watson et al., 1990, p. 17; 1992, p. 33; Houghton et al.
1995, p. 18; Schinmel et al., 1996, p. 78). The current paper
will present information indicating that this nunber should be
revi sed upward

The FAO assessnent of forest resources in tropica
countries in 1990 (FAO 1993) is the nost conprehensive survey
avai | abl e of changes in forest areas on a global basis. The
report contains annual deforestation data by country and
forest zone (FAQ 1993, Annex 1, Table 8), but the bionmass
| oadi ng data given (FAO 1993, Annex 1, Table 3) are only for
"natural forest"” (not broken down by forest zone). The
bi omass | oading data refer to the nmean for all of the forest
cover of natural forest (i.e., weighted by the area of each
type present in the country, rather than weighted by the area



of each type deforested annually in each country). A snal
adjustnment is necessary for these nunbers to reflect bionass
| oading at the tinme the forests are cut (i.e., at the age at
whi ch secondary forests are cleared, and after |ast-mnute

| oggi ng and firewood renoval).

The nean val ue given by FAO (1993) for the bionmass
| oadi ng of forests present can m srepresent biomass exposed to
burni ng and consequent em ssions when clearing is concentrated
in certain vegetation types within a country. 1In the case of
Brazil, the high clearing rate in cerrado relative to the nuch
hi gher - bi omass "tropical rain forests" of Amazoni a neans t hat
Brazilian em ssions woul d be exaggerated by applying the FAO
mean. Cerrado is classified by FAO (1993, p. 27) as "noi st
deci duous forest" but is considered not to be forest in
Brazilian deforestation studies since 1988 (see Fearnsi de,
1990a). Cerrado, like all vegetation types, needs to be
i ncluded in | and-use change surveys if reliable em ssions
estimates are to be had. Biomass and clearing information
need to be disaggregated sufficiently to allow wei ghting by
the type of vegetation being cleared.

The FAO bi omass | oading estimates refer to |live
aboveground bi omass | oading of trees >10 cm DBH
Unfortunately, correction for the omtted snmaller trees
i nvol ves additional uncertainty because different mnim were
used for sone of the forests: "for forests of smaller stature,
such as those in the dry tropical zones or degraded forests,
the m ni num di aneter could be smaller than 5 cm (FAQ 1993,
p. 14).

Anot her doubt regardi ng bi omass | oading estimates is the
nmet hodol ogy used to derive stand volume from origi na
nmeasurenents. In the case of Brazil, the 0.70 form factor
used by the FAO and RADAMBRASI L surveys to convert the
original dianeter and hei ght neasurenents into stand vol une
underestimated vol unme by al nost 16% this | ow bias
subsequent|ly was passed on to bi omass | oadi ng estimates based
directly on these surveys, such as those of Brown et al.
(1989) and Brown and Lugo (1992) that use the same data and
nmet hodol ogy enpl oyed in the FAO report (see: Fearnside, 1992a,
1993c; Fearnside et al., 1993). The FAO (1993) report does
not allow assessnent of the extent to which this kind of
probl em affects estinmates for countries other than Brazil, as
nmet hodol ogy is not specified by country. Sonme of the other
tropical countries have |ocal volune tables and equations
based on harvested trees. In truth, the |level of uncertainty
of the FAO bi onass | oading estimates from many of these
countries is very large: "the conpilation of the VOB [vol une
over bark] data base by the FAO required nmuch educated
guesswork to produce estinates on a tropic-wi de basis. This
approach is, therefore, of unknown reliability ..." (Brown,
1997, p. 2).



Table | presents the FAO survey results for annual rates
of tropical deforestation over the 1981-1990 period, together
with alternative information for Brazil. The biomass of
Brazilian cerrado is derived in Table I, while Table 11
derives biomass for Brazilian ecosystens other than Amazoni an
forest and cerrado. These "other ecosystens” include the
pant anal wetl ands, the remains of Atlantic forest and
araucaria forest, the caatinga (Northeastern Brazilian thorny
scrub), and those portions of the country's cerradéo (high
cerrado) and mangrove formations | ocated outside the Legal
Amazon region.

[Tables I, Il and 111 here]

In order to calculate the net carbon em ssion to the
at nosphere one nust know t he carbon | oadi ng of the | andscape
that replaces forest followi ng deforestation. This |andscape
is assuned to be the | andscape that was present in nonforested
areas in 1990. The biomass of the nonforested | andscape is
derived for each continent in Table IV. The short-fallow
bi omass |l oading in this | andscape refers to half the anount
that will be present per hectare when these fallows are |ater
bur ned.

[ Tabl e IV here]

In order to derive soil carbon estimtes one nust
cal cul ate how nmuch soil carbon |evels have changed fromtheir
original levels. This requires know ng the fraction of the
| andscape that is maintai ned under active agriculture (derived
in Table V). Estimates of soil carbon | osses are then derived
in Table VI for the top neter of soil.

[ Tabl es V and VI here]

Estimates of the biomass cleared in tropical countries
and their carbon em ssions are presented in Table VII. The
bi omass | oading estinmates in Table VII include a series of
corrections for omtted conponents and, in the case of Brazil
for formfactor. It should be noted that, in the case of
Brazil, the calculations given in Table VII based on the FAO
bi omass | oadi ng estimates, including correction for om ssions,
inply values for aboveground and total bionmass |oading in
Amazoni an forests approximately 10% | ower than those
cal cul ated from avail abl e forest volunme surveys (Fearnside,
1994, nd).

[ Table VII here]

The total stock of carbon in tropical forests can be
calculated (Table VIII1). The foregoing information on the
repl acenent | andscape when deforested (Table IV) and on soi
carbon changes (Table VI) can then be used to calcul ate the
potential net commtted em ssion for tropical deforestation
(Table VII1).



[ Table VIII here]

In addition to carbon rel ease as biomass | ost through
deforestation (that is, fromtransformations fromforested
categories to nonforested ones), carbon rel eases al so occur
due to category changes within forest and nonforest groups.
These are derived in Table I X, based on the areas undergoi ng
t hese transitions on each continent in the FAO Forest
Resources Survey. These cal cul ations only capture changes
that cross the defining limts of the FAO | and-use categori es.

For exanple, if a forest is thinned through |ogging from 50%
crown cover to 30%crown cover, it wll pass the 40% crown
cover limt that distinguishes "closed" from"open" forest,
but if it is thinned from 90% crown cover to 50% crown cover
no change will be detected. No estimate of these wthin-
category thinning | osses is avail able on a gl obal basis.

[ Tabl e | X here]
2.2. Shifting Cultivation

In shifting cultivation, woody secondary vegetation is cut and
burned at each cycle to prepare land for planting. This
burni ng (and deconposition of biomass that does not burn) wll
rel ease both CO, and trace gases. |If the shifting cultivation
systemis in equilibrium the same amount of CO, carbon that is
rel eased will be reincorporated into the secondary forest

bi omass regrowing in the fallow areas that make up the system
while trace gas emissions will represent a net addition to the
at nosphere. However, shifting cultivation systens are rarely
in equilibrium the deviations fromequilibriumtend to result
in a net em ssion of carbon (in addition to trace gases).
These changes include the tendency to abandon the shifting
cultivation systemby installing some other [and use (such as
cattl e pasture) at the conpletion of the cropping period, and,
if the area does remain under shifting cultivation, the fall ow
period is often shortened and/or the soils degraded such that
vegetati on grows back progressively nore slowy in the sane
fall ow peri od.

The fallow period is an inportant factor affecting the
anount of biomass that will be present at the tinme a
successional stand is cut in shifting cultivation. Houghton
et al. (1987, p. 135) assuned fallow periods in tropical noist
forest areas to be 10 years in Latin Anerica, 13 years in
Africa and 15 years in Asia. Hao and Ward (1993, p. 20, 659)
assuned fallows of 15 years in closed forest areas and 9 years
in open forest areas. However, indications exist that average
fall ow periods are, in reality, shorter than these assunptions
i ndi cate, making the biomass present at the tinme of clearing
and the consequent em ssions |ess than these authors have
cal cul ated but, on the other hand, if one considers cutting
primary forest for long-fallow shifting cultivation to be
"deforestation"” (unlike the definition used for presentation



of deforestation statistics by FAOQ 1996, pp. 89-90), the
shorter fallow period will make the carbon stock in fall ow
vegetation | ess, thereby increasing the net global warm ng

i npact of tropical deforestation that replaces original forest
with a |l andscape that includes long-fallow shifting
cultivation areas.

The tendency in shifting cultivation areas throughout the
tropi cs has been for fallow periods to shorten as popul ati on
pressures increase (e.g., Nye and G eenland, 1960,

UNESCO' UNEP/ FAQ, 1978, Verneer, 1970). Even w thout

popul ati on pressure effects, fallow periods shorten as

m gration fromdensely popul ated areas where shifting
cultivation is not practiced dilutes the popul ati on of
traditional shifting cultivators. Long before popul ation
density could increase to the point where farners woul d be
obliged to shorten their fallow periods, the recently arrived
colonists on Brazil's Transamazon Hi ghway cl eared secondary
succession with such frequency that the benefits of fall ow
were | argely forgone and sustainability of the system as
practiced in the 1970s was unlikely (Fearnside 1984a).

Fall ows of 2 years or |less were frequent, sone land in this
age group being cleared in over 70% of cases where such
vegetati on was avail abl e for clearing.

Over the succeeding two decades, behavior patterns on the
Transamazon Hi ghway shifted to |longer fallows. Mran et al.
(1994) used LANDSAT-TM imagery to neasure |and-use patterns in
t he Transamazon H ghway col oni zation project in 1985 and 1991
in areas centered at km 23 and km 46 west of Altamira, Para.
These data can be used to derive a Markov matrix of transition
probabilities, indicating that secondary succession in
abandoned farm and was cleared at a nean age of 6.7 years
(Fearnside, 1996b). Traditional farmers along the nearby
Xingu River appear to use a sonewhat |onger fallow period,
al t hough variability is too high for firmconclusions: fields
derived from secondary forest had been cleared from stands
with a nmean age of 8.6 years (SD = 6.6, n = 17) (da Silva,
1991; Silva-Forsberg and Fearnside, 1997). For fallow derived
fromfarmand in Brazilian Amazoni a, the average age (neasured
fromthe tinme of abandonnent) is estimated to be 5.2 years
(Fearnsi de, 1996b, p. 26).

Short average fallow periods have been reported for sone
of the parts of the world where traditional shifting
cultivation is nost prominent. In Sarawak, where 282 x 10° ha
of shifting cultivation fallowis cleared annually, average
fallow period is only 7 years (Uhlig et al., 1993). In India,
where 1000 x 10° ha of shifting cultivation fallow is cleared
annual ly, the average fallow period is only 4.3 years (Joshi
1991, p. 188).

Unfortunately, the FAO Forest Resources Assessnent
information on shifting cultivation and fallow forests does
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not allow di saggregation by country. The need for national

| evel studies is obvious. Al information nust be capabl e of
di saggregation by country to permt substitution of better
data where available. This is hanpered by inconsistency in
forest definitions.

Substantial inroads into fallow forest stands woul d
appear to be likely in many parts of the tropics, but in
Brazilian Amazoni a an expansi on of secondary forest was
underway at this time (Moran et al., 1994). This was not
because of shifting cultivation, but rather due to degrading
cattl e pastures (Fearnside, 1996b).

The area and bi omass of secondary forest exposed to
burning are calculated in Table X. FAO defines "short fallow
as a shifting cultivation system where over one-third of the
area i s occupi ed by the cropping phase (FAOQO 1996, p. 106).

[ Tabl e X here]

One problemw th gl obal estimates of shifting cultivation
em ssions is that they often inplicitly consider all fallows
to be part of shifting cultivation cycles, or the alternation
of cropping periods on the order of 2 years under rainfed
annual crops with periods under woody fallow vegetation. In
Brazil, especially, nost fallows do not fit this description,
but rather are regeneration in former cattle pastures. The
ti me woody second growth derived frompastures is allowed to
regrow before being cut is less than the periods that many
aut hors have assunmed for shifting cultivation. The average
period under secondary succession (nmeasured fromthe tine of
| ast burning) is estimated at 6.2 years in abandoned cattle
pastures in Brazilian Amazonia (Fearnside, 1996b, p. 26). In
addition, this vegetation regrows nore slowy than that in
shifting cultivation fallows, |eading to | ower biomass present
at the tinme it is cut (Fearnside and Gui mardes, 1996).
Conmparing growh rates fromthe two existing studies in
abandoned cattle pastures representative of Brazilian
Amazoni a- - "noder at el y* used pastures at Paragom nas studi ed by
Unhl et al. (1988) and pastures near Altamra studi ed by
GQui mar des (1993)--with existing studies on shifting
cultivation fallows (reviewed by Brown and Lugo, 1990),
abandoned pasture fallows had 22% | ess bi omass accunul ati on by
age 6.2 years (Fearnside and Gui mardades, 1996, p. 41).

2.3. Secondary Vegetation

Much secondary vegetation is not part of shifting cultivation
systens and, for the reasons described earlier, conclusions on
carbon balance will be msleading if an assunption is nmade
that the falloww Il be allowed to regenerate. In the carbon
bal ance anal ysi s by Houghton (1991), secondary vegetation
(fallow forests) cut as "permanent deforestation" represented
one of the mmjor sources of carbon em ssions.
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Sonme bi omass burning estimates have included conponents
for the initial forest clearing for shifting cultivation, but
here this is considered under a nore general category of
initial forest clearing i ndependent of purpose. This is
because of the great difficulty inherent in any system of
classification that depends on the intent of clearing. In
fact, studies of shifting cultivation in various parts of the
wor |l d have concluded that the role of this activity as a
source of deforestation as been exaggerated (McNeely et al.
1992). A large part of the problemis that slash-and-burn
agriculture identical to that used in the initial phase of
traditional shifting cultivation is the normal activity of
nost recent immgrants who enter tropical forests from other
areas, |abeled "shifted cultivators” by Myers (1991).

The FAO (1993) data set presents changes in "forest” area
by climatic zone. The data reflect the nean net annual change
over a 10-year period (1981-1990). The "forest" category is
defined by >10% crown cover, and includes both mature or
primary forests and secondary or successional ones; those
forests with >40% crown cover are classed as "dense." There
is sone inconsistency in the data, however, as the Brazilian
figures for tropical rain forest are derived fromBrazil's own
studies for the Legal Amazon (see Fearnside, 1993b), and these
studies used different criteria to define deforestation: only
clearing of original forest was considered to constitute
deforestation, while secondary forests were considered to have
al ready been deforested. Fortunately, nore detailed estimates
for Brazilian Amazoni a are avail able, separating the bionass
burned into different categories (Fearnside, 1996b, 1997a).

The forest cover changes fromthe FAO data set provide an
i nportant conponent of biomass burning, but do not capture all
of this activity. Biomass burning occurs in four distinct
processes: clearing of natural forest for rainfed annual
crops, clearing of natural forest for other nonforest |and
uses, clearing of fallows (successional vegetation) for
rai nfed annual crops (i.e., including shifting cultivation),
and clearing of fallows for other nonforest |and uses. The
FAO forest cover information reflects net changes, thereby
m ssing any cycling on tine scales nore rapid than 10 years
between the fallow and nonforest categories that is not
apparent as a change at the end of the 10-year observation
period (such as shifting cultivation activity during the
initial years of the 10-year period). Despite the
approxi mations that these features of the data necessitate, it
is still possible to arrive at nore reliable estimtes of the
anounts of bionass exposed to burning in different processes
t han has been possible in the past.

One problemis that some wood is renoved for use as
firewood at the tinme either a primary forest or a fallow area
is cleared. This nust not be doubl e-counted in accounting for
the burning for agriculture and also for firewod. The sane
is true of wood renoved from standing forest or fallow stands
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before the time of clearing: the biomass | oadi ng val ue nust be
adjusted for this degradation effect. Flint and Ri chards
(1993) have estimated degradation ratios for forests in 13
tropical Asian countries.

3. CHARACTERI STI CS OF BURNI NG
3.1. Burning Efficiency

Burn quality varies trenmendously over short distances within
any given clearing. 1In one study of a 200-ha burn near Manaus
(Amazonas), a visual assessnent of 200 sanpling stations
classed burns into five categories: 22.0%of the points were
cl assed as "excellent"” (at |east some trunks burned to ash),
45. 5% were cl assed as "good" (burned vines and thick
branches), 17.0% were "nedi um' (burned | eaves and thin
branches), 12.0% were "poor" (only | eaves burned), and 3.5%
were classed as "none" (not even dry |eaves on the ground
burned) (Fearnside et al., 1993).

Great variability in burn quality exists anong farners
and anong years. In a study anong col onists on the
Transamazon H ghway near Altamra, burns were classified on a
si x-level scale: "none" (no burn attenpted); "0" (burn
attenpted but did not burn); "1" (bad burn: only | eaves and
smal | tw gs conmbusted); "2" (patchy burn: a mxture of class 1
and 3 burns); "3" (good burn: burned sonme wood as well as
| eaves and twigs); "4" (overburned: |arge | ogs burned
conpletely to ashes) (Fearnside, 1986, 1989). Burn quality is
a critical factor affecting soil fertility and agricul tural
productivity on the Transamazon Hi ghway: a good burn is
necessary to renove the physical encunbrance of downed
vegetation, to deposit nutrients in the formof ashes, to
reduce conpetition fromweeds, and to reduce the acidity of
the soil. Burn quality is significantly associated with
raising soil pH, lowering the concentration of toxic al um num
ions, and raising the levels of soil phosphorus (Fearnside,
1986, pp. 188-191). Poor soil with a good burn often produces
a greater agricultural yield than good soil with a poor burn.

The quality of the burn depends partly on luck in having
little or no rain during the period when the cut vegetation is
drying, and partly on the skill of the farmer in judgi ng when
to set the fire. The range of behavior is very great: of 138
virgin burns perforned by Transamazon H ghway col onists, an
average of 44 days el apsed between felling and burning with a
standard deviation of 65 (CV = 148% . The quality of the burn
could be correctly predicted in 74% of 247 cases from
net eor ol ogi cal factors (Fearnside, 1986, p. 186, 1989). Very
high variability of rainfall and other neteorol ogical
paraneters in the area guarantees high variability in burn
quality fromyear to year (Fearnside, 1984Db).

"Burning efficiency” refers to the percentage of the
carbon exposed to burning that is released (i.e., is not |left
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behi nd as unburned wood or converted to black carbon in
charcoal or soot). This is also known as the "volatilization
fraction,” and as "conbustion efficiency” (but the latter term
is also used to refer to the fraction of the carbon enmtted
froma burn that is in the formof CQO). Burning efficiency,
which is calculated frompre- and post-burn stocks in terns of
carbon, is simlar but not identical to percentage biomass

| osses calculated fromquantities expressed in terns of dry
matter.

The range of burning efficiencies used in global biomass
burni ng cal cul ati ons has been very great. Wng (1978) assuned
75% as the average for tropical deforestation, while Seiler
and Crutzen (1980, p. 234) assunmed 25% Bogdonoff et al.
(1985, p. 347) assuned an efficiency of 25% Crutzen and
Andr eae (1990) cal cul ated em ssions fromtropical
deforestati on burning using an efficiency of 40% over the
course of a sequence of the initial burn and subsequent
reburns, based on Fearnside (1991). Additional studies
refined these estimates to 33.2% frominitial burning when
adjusted for the effect of renoval of trunks by |ogging, and
42. 0% total fromthe full sequence of burns (Fearnside,
1997a). Alnost all (91.0% of the carbon in the original
forest biomass is released by the end of the first decade, and
of biomass carbon remaining after the initial burn, alnost al
(90.0% is released over the course of the succeedi ng decade:
61. 7% t hr ough decay and 12.5% t hrough conbustion in reburns
(Barbosa and Fearnside, 1996). Initial burns studied by
Kauffman et al. (1995) had higher efficiencies than those of
t he studies included in the Fearnside (1997a) and Barbosa and
Fearnsi de (1996) estimates (Fearnside, 1996a, Fearnside et
al., 1993), as well as a simlar study near Ariquenes,
Rondonia (Graca, 1997, Gaca et al., 1999).

Two additional estimates are available, one finding a
burning efficiency of 25.1%in an experinental burn near
Manaus (Carval ho Jr. et al., 1995) and one finding an
efficiency of 21.9%for an experinmental burn near Tomé-Acgu,
Para (Araujo, 1995, Araujo et al., 1997). However, the
nmet hodol ogy used in these cases makes interpretati on sonewhat
difficult, as it does not yield an estimte of the central or
mean val ue. For trunks and branches >10 cmin dianeter, a
maxi mum of 5 mMm was found to be renoved fromthe surface at
Manaus and 3 mm at Tone- Acu. The reductions in volune and
bi omass | oadi ng corresponding to these maxi mum renoval s were
then cal culated for all biomass in this dianeter range (which
accounts for nost of the biomass present). |In the Manaus
study, biomass smaller than 10 cmin dianeter was sinply
considered to be conpletely consuned in the fire, while in the
Tomé- Acu study a weight was neasured for this conponent after
the burn. Gven that these procedures nmake estimtes of
burning efficiency maxi num val ues (i.e., overestimtes of the
mean), it is notable that the values obtained are | ower than
any of the eight other studies now available of initial burns
in original forest, which indicate burning efficiencies range
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from27.6%to 56.1% The average percentage | oss of the
initial carbon stock in these eight studies was 42.2% (burning
efficiency). Considering the full sequence of burning (the
initial burn plus three reburns over the succeedi ng decade)
woul d raise the total efficiency to 54.5% Considering al

ten avail able studies, the burning efficiency of 38.8% woul d
be raised to 51.8% by a full sequence of burning. Conbustion
and charcoal formation studies in Brazil are sunmarized in
Tabl e Xl .

[ Tabl e XI here]

The percentage of biomass in trunks, as opposed to vines
and other finer material, appears to have a strong influence
on the proportion of biomass conbusted. Finer material burns
much nore thoroughly: in the study near Manaus (Fearnside et
al ., 1993), 100% of the |eaves burned, 75.8% of the vines,

49. 1% of the branches, and 20.9% of the trunks. |In a study of
burns near Altamira (Para), where a higher percentage of the
forest biomass is conposed of vines, a higher percentage of

t he bi omass di sappeared in the burn than was the case at
Manaus (Fearnside et al., 1999) (Table XI).

Secondary vegetation, with a larger quantity of branches
and thin trunks, can be expected to burn better than "virgin"
forest, where many thick trunks remain practically intact
after burning. Although the relation of diameter to
conpl eteness of burning is very strong (Fearnside et al.
1993), poor burns can be nore frequent in secondary than in
"virgin" forest clearings. For exanmple, in 247 "virgin"
forest burns studi ed anong Transamazon Hi ghway col oni sts, 76
(30.8% were "bad" burns, whereas in 54 secondary forest
burns, 31 (57.4% were classified as "bad" (Fearnside, 1989).

3.2. Charcoal Formation

A small portion of the carbon in the wood that is exposed to
burning is converted to elenental formin charcoal or in
graphitic particulates (soot). Blackened material, nore
correctly ternmed "char,"” covers a range of different degrees
of carboni zation, and grades into brown-col ored and then
unaltered wood in the interior of a trunk left after a burn.
"Charcoal " in the studies done in Brazilian Amazonia (Table
XI') was renoved using a blunt machete, striking each piece at
a 45° angle with a "nedi unt’ anobunt of force. This was
sufficient to renmove char that was definitely black in color,
whil e | eaving the brownish-colored (i.e., partially charred)
wood. Charcoal so renoved, or picked up fromthe ground,
constitutes the operational definition of this pool.

Following a burn in either primary or secondary forest,
farmers may cut unburned branches and small trunks and pile
themin nounds (known in Brazil as coivaras), which can be
burned in a second burn prior to planting (Fearnside, 1990b,
p. 111). These reburn piles are made by small farnmers in
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preparing fields for planting certain annual crops (see
Fearnsi de, 1990b). The high | abor demand for cutting and
carrying material to the reburn piles, especially when burn
quality is poor, restricts this practice to only a portion of
clearings made by small farners. Reburning does not affect
the nmuch larger areas that are cleared for planting cattle
pastures on larger properties in Brazilian Armazonia; only
about 30% of clearing is done by small farmers with properties
under 100 ha in area (Fearnside, 1993b). Araujo (1995, p. 70)
conduct ed experinental reburns in cut primary forest in Tone-
Agu. Because relatively little biomass left after a primary
forest burn is of dianeter small enough for the pieces to be
easily carried to the piles, the increase in em ssion from
reburning is not great: in the Tomé-Acu experinment, 93.2% of
the em ssion cane fromthe initial burn and 6.8%fromthe
reburn (Araujo, 1995, p. 95).

Accurate quantification of charcoal formation is
i mportant because it represents one of the only ways in which
carbon can be renoved fromthe cycle such that it cannot
reconbine with oxygen to form CQO,. |If researchers studying GHG
em ssions ignore sinks of carbon, even if small, they |eave
t hensel ves open to accusations of bias in exaggerating the
i npact of deforestation on gl obal change.

Seiler and Crutzen (1980) were the first to point out the
potential inportance of charcoal formation to the gl obal
carbon cycle. The charcoal formation rate they estimated for
tropi cal deforestation was 15-23% w th respect to carbon
exposed to burning (or 20-30% of post-burn C) subsequently
revised by Crutzen and Andreae (1990, p. 1672) to 5% of
exposed carbon. These val ues are higher than those reported
in Table Xl: the four existing studies of the initial burn of
original forest have a nean charcoal formation equal to 2.2%
of pre-burn bi omass carbon.

Burns subsequent to the first one can affect charcoal in
both directions: form ng additional charcoal and consum ng
some of the charcoal present on the site from previous burns.

The net result is only a slight addition to charcoal forned
in the initial burn. Pasture burns are done every 2-3 years
in cattle pasture that is being maintained for grazing. For
original forest remains in pastures burned in Roraim
simulation results indicate only a small anmount of carbon (4.1
t Cha' or 3.3%of the pre-deforestation aboveground carbon
stock) is transformed into charcoal by the initial burn plus
three reburns over 10 years of use as pasture (Barbosa and
Fearnsi de (1996) based on charcoal formation from Fearnsi de et
al . (1993) and Barbosa (1994)). Using the charcoal formation
measur enents and burning efficiencies included in Table X,
charcoal formation fromthe full sequence of burns totals
2. 8%

Because hi gh-bi omass forests tend to have a high
proportion of the biomass in the formof |arge trunks that
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burn poorly, one m ght expect that charcoal formation would be
nore predictable if expressed as a percentage of "transforned
carbon" rather than as a percentage of pre-burn bi onass
carbon. "Transforned carbon" refers to carbon either emtted
or converted to charcoal and soot. Although the anmount of
data is insufficient for a firmanswer, the existing studies
do not bear out the expected reduction in variability from
consi dering charcoal formation in terns of transforned carbon
(Table XiI).

Charcoal contains organic carbon as well as inert "black
carbon." Kuhl busch and Crutzen (1995) have pointed out the
great potential source of divergence in nmeasurenents of black
car bon dependi ng on the nethodol ogy adopted. Black carbon is
neasured as the anmount that remains unoxidized when a sanple
is heated in pure oxygen. Results are sensitive to the
tenperature to which the heating is done, for which there is
no universally agreed standard (340°C was adopted by Kuhl busch
and Crutzen (1995)). Lowering the tenperature from 340°C to
300°C increases the final result for black carbon by a factor
of two. The relationship is not known between resistance to
oxi dation at high tenperatures and resistance to decay in the
ground. Considering nmeasurenments nmade on tenperate deci duous
wood residues for total carbon and for bl ack carbon determ ned
at 340°C, Kuhl busch and Crutzen (1995) calcul ated that for the
2. 7% charcoal formation found in the 1984 burn near Manaus
(Fearnside et al., 1993 and Table Xl), black carbon represents
1.4-1. 7% of the carbon exposed to burning. The correspondi ng
range for the 2.2% nmean charcoal formation of the four initia
burn studies reported in Table XI would be 1.1-1.4% bl ack
carbon formation. For the full sequence of burns (2.8%
charcoal formation), the black carbon formation would be 1.4-
1.8%

3.3. Flam ng versus Snol dering

The proportion of conbustion occurring in flamng versus
snol dering node is critical to the anbunts of trace gases
emtted from bi omass burning. Flam ng conbustion enmts a
hi gher proportion of CO than snol dering conbustion, which
emts substantial quantities of CH, CO NQ and NO

The initial burnis primarily flamng and is hotter than
t he subsequent burns. In the initial burn the twgs and snal
branches burn qui ckly, whereas remains of the original forest
exposed to subsequent burns no | onger have this fine fuel
conponent, being dom nated by the remaining | arge trunks.
Trunks lying in cattle pastures may snol der for weeks and
finally be converted conpletely to ash. Sanpling from

aircraft over deforestation fires in Brazil indicates the
predom nance of gases characteristic of flam ng conmbustion
(Andreae et al., 1988). The calculations in the present paper
assune all initial burns are flam ng and all conbustion of

original forest remains in subsequent burns is snol dering.
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When burning is done in a two-step process, with materi al
remai ning fromthe first phase being heaped into reburn piles
(coivaras) for burning a few days later, conbustion in these
reburn piles appears to be simlar to that in the first phase.

However, burning efficiency is higher: the one existing study
of burning efficiency in reburn piles found 97.2% effi ci ency
for an experinmental burn in primary forest near Tonme-Ac¢u, Para
(Arauj o, 1995). Measurenents of tenperatures during burning
of reburn piles in Thailand indicate elevation of tenperature
simlar to that found in burning "heavy fuel"” (large |ogs) at
hei ghts ranging from1 cm bel ow the surface to 2 m above the
surface, but warm ng was greater from 2-3 cm bel ow the surface
(Zinke et al., 1978, p. 144). "Moderate" fuels (smaller
branches and | eaves) produced | ess warm ng at all heights.

The flam ng nature of nobst second growh burns is
apparent. The small dianmeter of the fuel |eads to quicker
drying and nore rapid burning. In a burn in 8-9-year-old
second growth studied in Costa Rica by Ewel et al. (1981),
hi gh tenperatures of 600°C were noted above the soil, but
heating declined rapidly with depth bel ow the soil surface.
Bur ni ng of heavier trunks appears to be associated with

greater heating at depth in the soil. The degree of soi
heating is inportant to determining soil fertility changes and
gas releases fromthe soil, including release of soil carbon

stocks (Fearnside, 1986, pp. 188-192).
4. Em ssions from Bi omass Burni ng

Seiler and Crutzen (1980, p. 233), in their pioneering work on
bi omass burning, estimated that in 1980, 3.08 x 10°t C were
exposed to burning in the tropics (excluding savannas,

firewood and agricultural wastes), of which 0.93 x 10°t C were
fromdeforestation. Hao et al. (1990, pp. 447, 456) estimted
1.58 x 10°t C and 0.68 x 10° t C, respectively, for these
quantities in 1980, and Crutzen and Andreae (1990) revised
these nunbers to 2.7-6.8 x 10°t C and 0.5-1.4 x 10°t C for
1989. The present analysis indicates average annual val ues

for 1981-1990 of 3.1 x 10° t C exposed to burning fromclearing
of primary and secondary tropical ecosystens (Table Xi1).

[ Tabl e XII here]

Crutzen and Andreae (1990) suggest a range of 500-1000 x
10°t C for the annual release in 1989 from burning of shifting
cultivation fallows, based on ranges for 1980 of 400-1100 x 10°
t C derived by Seiler and Crutzen (1980) and 500-700 x 10°t C
derived by Hao et al. (1990). The anobunt of biomass carbon
estimated to be exposed to burning in 1989 was 1000-2000 x 10°
t in shifting cultivation fallow and 500-1400 x 10°t in

per manent deforestation, or 1500-3400 x 10°t C fromthe two
sources (Crutzen and Andreae, 1990, p. 1671). The estimates
derived in the present review suggest that for the 1981-1990
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peri od the average annual anmount of bi omass carbon exposed to
burning in secondary forests not cleared permanently was 555 x

10° t, producing a gross emission of 299 x 10°t C (Table X/ I).
The total armount of fallow aboveground carbon cl eared
annually (i.e., exposed to burning) for either shifting
cultivation or permanent clearing is estimated to be 0.59 x 10°
t C (Table X, considering carbon content = 45%. O 3.14 x 10°
t C exposed to burning annually (excluding recurrent burning

of savannas), 1.50 + 1.06 = 2.56 x 10°t Cis the result of
deforestation of original forest or permanent clearing of

| ong-fall ow secondary forest (Table Xl1I).

The average annual total gross emi ssion fromthe types of
burni ng consi dered here was 1127 x 10° t C over the 1981-1990
(Table XI1). O this, 828 x 10°t C (73% was from tropical
deforestation and clearing of cerrado and ot her natural
ecosystens and cutting secondary vegetation for pernmanent
clearings, while 299 x 10°t C (27% was fromclearing of
secondary vegetation for shifting cultivation

Table Xl Il presents cal cul ated em ssions of gases from
tropical forest conversion and permanent clearing of secondary
vegetation, and for cutting as part of shifting cultivation
cycles. These are based on the area of secondary successi on
cl eared, average age and average aboveground bi omass | oadi ng.

Carbon content of secondary vegetation is 0.45, or about 10%
| ower than the 0.50 carbon content that characterizes primary
forest wood (Fearnside et al., 1993; Guimaraes, 1993; Hi guch
and Carval ho Jr., 1994). The values in Table Xl Il represent a
"l ow trace gas scenario," in that values for em ssion factors
have been used at the | ow end of the range of val ues appearing
inthe literature. The higher values are applied in Table
XI'V, as a "high trace gas scenario."

[ Tables XI11 and XV here]

The inpact of trace gases such as CH, and NO can be
converted to CO-equival ent carbon using | PCC Second Assessnent
Report 100-year integration global warm ng potentials (GAPs)
(Schimel et al., 1996, p. 121). The burning conponent of
gross enissions ranges from1l.06 x 10° t CO-equivalent Cin

the low trace gas scenario to 1.50 x 10° t CO-equivalent Cin
the high trace gas scenario. This range of values reflects
only uncertainty associated with trace gas em ssion factors--
not the large and poorly quantified margi ns of uncertainty
that apply to deforestation estinmates, areas in sone |and uses
(such as shifting cultivation), forest bionmass |oading and
burni ng efficiency.

The average annual total gross em ssion (including
deconposition em ssions both from unburned aboveground bi onass
and from bel owground bi omass and carbon em ssion fromthe top
neter of soil) can be calculated for the 1981-1990 peri od.
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Total average em ssions, calculated as net conmtted em ssions
using the paraneters estimated for Brazil (Fearnside, 1997a),
indicates 11.97 x 10°t of CQO gas, 12-14 x 10° t of CH, 313-
366 x 10°t of CO 0.69-5.8 x 10° t of NO and 8.8 x 10° t of
NO. Adjustnments for trace gas em ssions nake this equival ent
to 3.39-3.83 x 10° t of CO-equival ent carbon. Bionmass burning
accounts for 31-39%of this total (Tables XIII and Xl V).

It should be noted that | PCC SAR gl obal warm ng
potentials do not recognize any effect of carbon nonoxi de
(CO, including the nolecule of CO that fornms when each
nol ecule of COis oxidized to CO after an average of only
three nonths (Schinel et al., 1996, p. 92). 1In addition to
its inmpact as a source of CO, CO increases global warm ng by
removing OH radicals fromthe atnosphere, thereby extending
the average lifetinme of the CH that these radicals would

ot herwi se renmove (Shine et al., 1990). The 0.134-0.157 x 10° t

Creleased in the formof CO (Tables X Il and XIV) represents
an omssion in the calcul ated effect of deforestation as CO-
equi val ent carbon. |If CO resulting from oxidation of CO were

counted, CO would have a GAP of 1.57 on a nmass basis, and the
i npact of tropical |and-use change woul d i ncrease by 0.057-
0.067 x 10° t of CQO-equivalent carbon, or 2.4-2.8%

5. d obal Carbon Bal ance

Bi omass burning is only one neans by which GHG eni ssi ons occur
from |l and-use change. Decay is the principal pathway for the
remai nder of carbon flows fromthe | andscape to the

at nosphere. The data considered here inply substanti al

di fferences fromthe gl obal carbon bal ance currently used by
the PCC. Net annual carbon release fromtropical |and-use
change in the 1981-1990 period is calculated in Table XV,
usi ng the values for areas undergoing | and-use change (based
on FAO 1993) and other paraneters fromthe current anal ysis.
The average 1981-1990 annual enission fromthese sources
totaled 2.4 x 10°t Cyear™’, or 0.8 x 10°t C (50% greater

than the 1.6 x 10° t C val ue used by the | PCC (Schinel et al.,
1996, p. 79). Anong the inplications of this is that the | PCC
Second Assessnment Report estimate of 1.3 x 10° t C year ' (I PCC,
1996, p. 20) for the "inferred sink" (fornmerly called the
"mssing sink") is too low, and should be at least 1.3 + 0.8 =
2.1 x 10° t C year™.

[ Tabl e XV her €]

Part of the additional em ssion cal cul ated above may be
of fset by uptake by intact Amazoni an forest over the 1981-1990
period. Over nmuch longer time periods (centuries, for
exanpl e), such an uptake would not be possible, as its
accurnul ated effect would result in obvious changes in the size
and density of trees (which have not occurred). However, it
is entirely possible that uptake could occur over shorter tine
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scal es due to tenporary inbal ances in the age structure of
forest trees, for exanple as a result of past disturbances by
El N fio events or other causes of elevated nortality. A
process- based nodel of undisturbed ecosystens in the Amazon
Basi n, including savannas and forests (not necessarily defined
as above), indicates wide interannual variations in net carbon
flux fromthe vegetation and soil, ranging fromemssions of 0.2
x 10°t Cin El Nfio years to a sink of upto 0.7 x 10°t Cin
ot her years, with the nmean annual flux sinulated over the 1980-
1994 period being an uptake of 0.2 x 10°t C (Tian et al.,

1998). Wiether tropical forests are currently taking up
carbon on a tine scale of a decade (i.e., 1981-1990), and if
so how nmuch, are matters of controversy (Table XVI). One
approach is to estimte changes in carbon stocks based on tree
growh and nortality in pernanent sanple plots (Phillips et
al., 1998). While uptake may be occurring, only limted
confidence can be placed in these estinates. A key argunent
for the existence of an uptake is the fact that nore sites
show upt akes than | osses of carbon (Phillips et al., 1998, p.
439). However, this observation does not justify a concl usion
that uptake is occurring on average because this is the sane
pattern that one woul d expect under conditions of conplete
equi librium | osses would occur through death of a few | arge
trees, leading to relatively substantial declines in bionass
inthe mnority of plots where these events occur, while the
majority of plots would show nbdest bionmass increases as the
smal ler trees slowy growin size. One would expect that the
smal l er the area nonitored at any given site, the greater the
probability that a bionmass increase would be found. It is

al so inportant to realize that interannual variability is
great due to El Nifio events and other factors. Both high
spatial and tenporal variability indicate that many
observations woul d be needed over substantial time periods to
establish the nmagnitude of carbon fluxes from Anazoni a and
other tropical regions with confidence. Results from Arazoni a
dom nate gl obal estimates of carbon uptake by intact tropica
forests (Phillips et al., 1998). The |argest and | ongest -
runni ng series of observations available in Amazonia is the
17-year data set of the I NPA/ Smithsonian Institution

"Bi ol ogi cal Dynanmi cs of Forest Fragnments Project" (BDFFP) near
Manaus, with observations on the ol dest plots beginning in
1980. As of 1997 these plots had not shown any indication of
a change in average bionmass for the 36 one-hectare plots

| ocated >100 mfroma forest edge (Laurance et al., 1997).

The region-w de analysis (Phillips et al., 1998) that includes
the BDFFP results does not weight the values for each of the
40 Amazoni an sites (conposed of a total of 97 plots) by either
the area surveyed or by the nunber of years of observation

In general, smaller data sets are available for the sites
show ng bi omass increases, such as the 3 ha nonitored by the

| NPA/ UK Departnent for International Devel opnent (Dfl D)

"Bi omass and Forest Nutrients" (BIONTE) project near Manaus
(Tabl e XVI).
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[ Tabl e XVI here]

The m cronet eorol ogi cal technique of eddy correl ation
al l ows nmeasurenents of gas fluxes using instrunments nounted on
towers in the forest canopy; existing studies enploying this
techni que indicate greater uptake from Amazon forests than do
studi es based on observations of tree growth and nortality in
permanant plots. Additional mcroneteorol ogical studies are
pl anned under the "Large-Scal e At nosphere Bi osphere
Experinment” (LBA) to confirmthe generality of the results
obt ai ned at the two Amazoni an sites where eddy correl ation
wor k has been done (Table XVI).

The estimate by Phillips et al. (1998) based on tree
growh and nortality in permanent sanple plots at 40 sites in
Amazoni a covers a nmuch w der range of |ocations and integrates
annual fluctuations over nuch |onger periods than do the
avai |l abl e eddy correlation studies. The permanent sanple
plots indicate that Amazoni an forests have been absorbi ng an
average of 0.62 #0.37 t C ha' year ' over the past two decades.

Using the areas of Brazil's Amazon forest and of tropical

rain forests, noist deciduous forests and hill and nontane
forests in the countries conprising "other South Anerica" from
Table VI, this represents an annual uptake of 0.38 x 10°t C
year*. If confirmed, a 0.38 x 10° t C year* sink woul d | ower

the global "inferred sink" to 2.1 - 0.4 = 1.7 x 10° t C year .
Tropical forests in Neotropical areas outside of Amazonia
absorb carbon at |lower rates, while those in the Pal eotropics
(Asia, Africa and Cceania) show no net change in carbon stocks
according to avail abl e permanent plot data; Phillips et al.
(1998) estimate that the Neotropical forests outside of

Amazoni a absorb 0.18 x 10° t C year™, which would | ower the

inferred sink cal cul ated above to 1.5 x 10° t C year ™.

Wth increased gl obal warm ng, tropical forests are
expected to becone net sources of carbon as increases in
respiration outstrip increases in photosynthesis (Gace et
al., nd). 1In Costa Rica, tree growth records indicate that
intact forests are already a net source of carbon, a result
expl ai ned by increased nocturnal respiration due to warmer
ni ghts (Beardsley, 1998, Cark et al., 1998).

The carbon em ssions fromtropical |and-use change
calculated in the present paper indicate a substanti al
contribution to global warm ng. |If one considers the average
annual fossil fuel emission of 6.0 x 10° t C over the 1981-1990
period (Watson et al., 1992, p. 29), the 2.4 x 10°t C | and-use
change em ssion cal cul ated here represents 29% of the conbi ned
total. Brazil is the largest single contributor to | and-use
change em ssions, with 23% of the tropical |and-use total
Brazil's 0.462 x 10° t C annual enission fromforest clearing
(Table VI1), plus 0.094 x 10° t C from category changes (a
proportional share of this em ssion: Table XV), together
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represent 6.6% of the global total fromfossil fuels and | and-
use change.

6. Concl usi ons

Bi omass burning and deconposition and soil carbon rel ease from
tropical forest conversion, shifting cultivation and secondary
vegetation currently emt substantial anmounts of greenhouse
gases; these forests have the potential for |arge additional
emi ssions. An estimated 3.1 x 10° t of bionmass carbon is
exposed to these fornms of burning each year in tropica
countries, of which 1.1 x 10°t Cis emitted through conbustion
and 49 x 10°t Cis converted to charcoal. O the carbon
converted to charcoal, 26-31 x 10°t C would represent bl ack
carbon as defined by resistance to oxidation at 340°C. Carbon
en1tted annual Iy through deconposition processes totals 2.1 x
10°t C. The total gross emission (including burning and
deconposition em ssions both from aboveground and from

bel owgr ound bi omass and fromthe top neter of soil is 3.4 x 10°
t of carbon, of which 3.3 x 10°t is in the formof CQ

Adj ustnents for trace gas em ssions using | PCC Second
Assessnent Report 100-year integration global warm ng
potentials make this equivalent to 3.4-3.8 x 10° t of CO-

equi val ent carbon, of which 1.06-1.50 x 10°t (31-39% is the
result of biomass burning. The data used in the current

anal ysis inply an average annual net carbon flux to the

at mosphere of 2.4 x 10°t C year ' fromtropical |and-use
change, or 0.8 x 10°t C year* (50% nore than the value of 1.6
x 10° t C year ' used by the | PCC Second Assessnent Report. The
inferred or "m ssing" carbon sink would therefore be 62%

| arger than the one used by the IPCC. However, a possible
sink in uptake by Amazonian forests may be offsetting about
hal f of the additional source suggested here. Considering 0.8
x 10° t C year™ of additional enission by tropical |and-use
change, and a -0.4 x 10° t C year ' uptake by Amazoni an forests,
the 1.3 x 10°t C year1 | PCC inferred sink would rise to 1.7 x
10° t C year’’, an increase of 31%
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TABLE |
Tropical deforestation rates for 1981-1990 (10° ha year™®)*®
Regi on’ All Tropi cal Mi st Dry Very Desert HIll and Ex
forests rain deci duous deci duous dry nont ane re
forests forest for est forest for est fo
co
19
ha
Africa 4,099.9 471.0 2,235.9 767. 2 316.6 12. 4 247.7
Central Anmerica and the 1,198.4 275. 8 280. 1 29.6 16. 3 34.5 562. 1
Cari bbean
Brazil (FAG includes 3,670.9 1,012.6 1,705.9 312.6 0.0 0.0 639. 9
cerrado and caatinga)®
Brazil (this study: 4,126.7 1,988.2 1,705.9 312.6 0.0 0.0 120.0
i ncl udes cerrado and
caat i nga) °
O her South America 2,533. 4 636. 7 1,199.5 254. 9 7.4 4.8 417.5



Asi a 3,791. 1 2,070.8 654. 4 466. 4 1.5 27.8 567. 2
Cceani a 113.0 91.2 2.2 1.3 0.0 0.6 16. 9
Tropics total (FAO 15,406.7 4,558. 1 6,078.0 1,832.0 341.8 80.1 2,451.3 1,
Tropics total (this study) 15,862.5 5,533.7 6,078.0 1,832.0 341.8 80.1 1,931.4 1,

“ Al data from FAO (1993) except for Brazil as indicated. Columm headings are FAO categories. Except
| ast columm, values are rates of forest cover |oss and include pernmanent clearing of |ong-fallow seconde
forests but not clearing of long-fall ow secondary forests that are allowed to recover.

® Unli ke FAO usage, regions are defined geographically: Guyana, Suriname and French Guiana considered So
America; Belize is considered Central America.

° According to FAO (1993, p. 27) classification, in Brazil "tropical rain forests" refers to nost of the
Amazon region, except for the states of Maranhdo, Tocantins and nost of Para. Cerrado (central Brazilie
savanna), lavrado (Rorai ma savanna) and Atlantic forest are classified as "noi st deci duous forests;" caz
is "dry deciduous forest,” while forests in RRo G ande do Sul, Santa Catarina and Parana are "hill and r
forests.”



“Value listed for "tropical rain forests" in Brazil used in this study is from Fearnside (1999) updated
Fearnside (1997a); this refers to annual clearing rate of all forest types in the Legal Amazon over the
1990 period. Values for "noist deciduous forest” and "dry deci duous forest"” are taken from FAO (1993) ¢
represent cerrado and caatinga, respectively, in all of Brazil. Value listed for "hill and nontane fore
assunmed, and refers to forests outside the Legal Amazon cl assed as "other closed forest" (cerradao, Atlc¢
forests and araucaria forest), as well as "wetl ands/ mangrove" (pantanal, gallery forests and mangroves)

Table 111). Extent (10° ha) in early 1990s of Brazilian vegetation types: Amazonian forests: 337,720 in
(Fearnside and Ferraz, 1995); Atlantic forest: 10,000 in 1991 (Fundacao SCS Mata Atlantica, 1992); arauc
forest: 2,546 in 1988 (Fearnside et al., 1996, based on Brazil, |IBGE & |BDF, 1988); cerrado: 126,000 in
(Brazil, CIMA, 1991a); caatinga and other sem -arid: 155,000 in 1991 (Brazil, CMA 1991a); pantanal ori
area: 14,000 (Brazil, CIMA 1991b); mangroves outside the Legal Amazon in 1988: 937.3 (Fearnside et al.

p. 236), with 708.6 in the Legal Amazon (Fearnside and Ferraz, 1995, based on Brazil, |IBGE & | BDF, 1988)



TABLE | |
Bi onass of Brazilian cerrado

Descri ption | BAVA Area Area (10° Tot al Abovegroun  Bel owground Root/
vegetati (10° ha) in area d bi omass bi omass shoot
on code* ha) in Amazonia® (10° | oadi ng | oadi ng ratio

"cerra ha) (t ha) (t ha)
do
dgnain
Cerradao SN 16.9 0.2 17.1 91.7° 45. 9 0.5°

Cerrado (sensu stricto)

Cerrado aberto

Sa 54.0' 0.2 54.2 12. 9° 33.6 2.6°



Cerrado denso

Canpos de cerrado

Canpo cerrado

Canpo sujo
Canpo |inpo
Total s

Cerrado (sensu stricto)

Sd

Sp (?)

Sp

Sg

54.0'

7.9

108.0

0.0

2.5

1.5

0.2

54.0

10. 3

7.9

9.4

108. 2

23.1°

8.6"

18.0

67.1

66. 4

34.7

24.6

50. 3

2.9°

7.7

7.7°

5.6°

2. ¢



Canpos de cerrado 23.6 4.0 27.6 5.0 35.8 7.2

Cerradao + cerrado sensu stricto 124.9 0.4 125.3 28.1 49.7 1.¢

Al'l cerrados 131.6 4.2 135.8 15. 4 47. 4 3.1
"Brazil, IBGE & | BDF (1988).

" Dias (1996, p. 19) based on Azevedo and Adanoli (1988).

c

States of Amapa, Anazonas and Rorainma only (cerrado vegetation in other Amazonian states is consic
the "cerrado domai n"; areas from Fearnside and Ferraz (1995).

‘ Graga (1997, p. 66), based on RADAMBRASI L dat a.



e

Assunpti on.

Area assuned to be equally distributed anong cerrado variants in this category.

° de Castro and Kauffrman (1998, p. 280).

h

Kauffman et al. (1994, p. 523).

Assurmed equal to canpo sujo (Sp).



TABLE |11
Brazilian ecosystens other than cerrado and Amazoni an forest
Area Proportion Adj ust ed Bi omass C Bi omass C Root/ Abovegrou Ab
(10° of "other area for (t ha')?® stock (10° t shoot nd C gr«
ha)® ecosystens" FAO data O ratio | oading St
(10° ha) : (t ha) t
O her cl osed 16. 4 0. 27 18.0 60 1.08 0.23 48. 8
f orest
Degraded woodl ands 33.0 0. 53 36. 2 20 0.72 1.6 7.7
Wet | ands/ mangr ove 12. 4 0. 20 13.6 30 0.41 0.75 17.1
Total (for "other 61.8 1.00 67.8 33 2.21 0.59 20.5
ecosystens”
present)
Total (for "other 30 0.01 0.69 17.6
ecosyst ens”
cl ear ed)

® Based on Shroeder and Wnjum (1995). Note that "cerradao" is considered "other closed forest" anc
wood| ands".

°* "Degraded woodl ands" is FAO (1993) estimate for "dry deciduous forest" (caatinga). The 639.0 x 10
nont ane forest must be largely in Anmazoni a.



TABLE |V
Bi omass of 1990 non-forested | andscape
Land cover Area (10° ha)* Proportion of Tot al Bi omass stock (10° t
non-f orest ed | andscape bi omass
(t ha®®
Africa Latin Asi a Africa Latin Asi a Africa Latin Asi a
Anerica Anmeri ca Anerica
Shor t 80.1 23.5 46. 5 0.137 0. 065 0. 150 22.6 1.8 0.5
fall ow
Shr ubs 57.5 89.0 13.5 0. 098 0. 247 0. 044 62.4 3.6 5.6
O her | and 444. 0 242.9 234.0 0. 759 0.674 0. 754 19.5 8.7 4.7
cover
Pl ant ati ons 3.0 2.2 15.9 0. 005 0. 006 0. 051 81.3 0.2 0.2
Wat er 0.6 2.8 0.7 0. 001 0. 008 0. 002 0 0.0 0.0
Tot al 585. 2 360.3 310.6 1.0 1.0 1.0 14. 3 11.0
Aver age 24. 4 30.5
bi omass (t
ha™)

“FAO (1996, pp. 137, 139, 141).

* Aboveground |ive biomass | oading from FAO (1995, p. 37). For corrections for aboveground dead,
litter and bel owground, see Table VII, note c. Short-fallow and plantati on bi omass have been divid
by 2 to represent the average in a | andscape with equilibriumage structure.



TABLE V
Areas under active agriculture 1980-1990 from FAO data®
Continen Year Areas of |and-cover categories (10° ha) Per cent
t "defores
area und
secondar
forest
"Qther land Short Fragnment ed Area under Area
cover" fall ow under
(rmostly agriculture or short-f
agriculture past ur e’ al | ow
seconda
ry
forest®
Africa 1980 431. 45 69. 75 116. 82 532. 35 46. 73
1990 444. 00 80. 05 121. 67 551. 53 53.63
1980- 1990 437.73 74.90 119. 25 541. 94 50. 18
aver age
Annual 1.26 1.03 0.48 1.92 0. 69
change
Asi a 1980 219. 98 41. 26 17.61 245. 34 27. 64
1990 234. 02 46. 45 18. 53 261. 70 31.12
1980- 1990 227.00 43. 86 18. 07 253. 52 29. 38
aver age
Annual 1.40 0.52 0. 09 1.64 0. 35
change
Latin 1980 191. 83 18. 29 40. 63 224. 95 12. 25



Anerica
1990 242. 89 23. 46 36. 49 274. 96 15.72
1980- 1990 217. 36 20. 88 38. 56 249. 96 13.99
aver age
Annual 5.11 0.52 -0.41 5. 00 0. 35
change

* FAO (1996, pp. 137, 139, 141).

® "Short fallow' includes both cropped and fallow areas; "long fallow' shifting cultivation is

consi dered to be forest by FAO (1996).

° FAO (1996, p. 21) considers two-thirds of "fragnented forest" to be deforested.

“"Active agriculture or pasture" is considered to be 100% of "other |and cover" area, 33% of "short
fallow' area (see note e), and 67% of "fragnmented forest” area (see note c).

* "Short fallow' considered to have 2-year cropping period and 4-year average fallow period (Table >
note d), making 33% of the area active agriculture and 67% secondary forest.

" "Deforested area" here is |and under active cultivation or pasture and under short-fallow secondar
forest. Qher |and uses nornally included as deforestation, such as tree crops, silvicultura

pl antations, and hydroel ectric dans, are not included.



TABLE VI

Soi |l carbon | osses from deforestation

Locati on Aver age Aver age Aver age Aver age Aver age

organic change on change per cent organic

car bon conversio relative to of car bon

| oadi ng nto forest if "defores change in

in top active under ted” top m of

meter of agricultu short-fallo area soil per ha

soil (t re (t C w secondary under of

C ha’)® ha)"® forest (t C secondar deforestatio

ha')® y forest’ n (t Cha?)

Africa 68 -12.6 -9.2 8.5 -12.3
Asi a 87 -16.1 -11.8 10. 4 -15.7
Central 99 -18.4 -13.4 5.3 -18.1
America
Brazi | 94 -12.3 -9.1 30. 2 -11. 4
Q her 83 -15. 4 -11.3 5.3 -15. 2
Sout h
Anerica
* Sonbroek et al. (1993, p. 420), except for Brazil (Fearnside and
Bar bosa, 1998, p. 160); Anmzon regi on assuned to represent all of
Brazil .

* Assumes 35%reduction in the 0-30 cmlayer, this being the



m dpoi nt of the 20-50% range reported by Sonbroek et al. (1993, p.
421). Assunes no reduction bel ow 30-cm depth; 0-30-cm | ayer
contains 53.0%of 0-1 m C stock, based on average of 24 FAO soi
groups (Sonbroek et al., 1993, p. 418).

° For Brazil, average secondary forest age is 3.87 years; for other
| ocations the average age of short-fallow secondary forest is 2
years (half the 4-year average age at cutting: Table X). Recovery
is assunmed to take 15 years (the assunption of R A Houghton et al
(1983), except that full recovery is assuned rather than only 75% of
the forest soil C stock).

“ Value for Brazil represents |landscape in Amazonia in 1990
(Fearnsi de, 1996b, p. 29); values for other locations calculated in
Tabl e I V.

10
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TABLE VI
Bi omass cleared annually in natural ecosystens in tropical countries and their carbon enissions®
Location Aver age Abovegro  Bel owgr Q her Abovegr Tot al Car bon Car bo Car bon Net Soi | Net
aboveground und live ound abovegro ound bi omass in nin in conmtted carbo conmi
live bi omass biomass und live dead pr esuned bi omass charc replace emssions n em s¢
bi omass reported presune bionass presume cl eared presume  oal ment from rel ea from
| oadi ng presumred d presumed d (above + d (10° t | andsca  bi omass se' + bi «
reported cl ear ed cleared cleared® <cleared below, cleared O pe® (10°t C (10°t (10°
for all (10° t P (10°t (10° t (10° t live + ¢ (10° t yrh 0 yrh
forests yrh yrh yrh yrh dead) (10° t yr'h
(t ha™ glO9 toyroyrh
)
Africa 133.0 0.471 0. 200 0.123 0. 051 0. 846 0. 423 -9.20 -0. 045 0. 368 0. 051
Centr al 97.3 0.117 0. 049 0.031 0.013 0. 209 0. 105 -2.28 -0.016 0. 086 0. 022
Anerica and
t he
Cari bbean
BRAZ| L
Anazgmi an 189. 4 0. 377 0. 194 0.119 0.118 0. 807 0. 404 -8.74 -0.025 0. 369 0. 023
f orest
Cerrado" 15.4 0. 022 0. 081 0. 103 0. 051 -0.31 -0. 008 0. 043 0.014
O her 35.3 0.015 0.010 0. 026 0. 013 -0.22 -0. 002 0.011 0. 003
ecosyst ens'
Gt her Sout h 200. 2 0. 422 0.179 0.111 0. 046 0. 757 0. 379 -8.25 -0.035 0. 336 0. 038
Anerica
Asi a 179. 4 0. 706 0. 299 0. 185 0.077 1. 267 0. 634 - -0.043 0. 577 0. 059
13. 80
Cceani a 191.0 0. 022 0. 009 0. 006 0. 002 0. 039 0. 019 -0.42 -0. 001 0.018 0. 002
Tropi cs 166. 1 2.152 1.022 0.574 0. 306 4. 054 2. 027 - -0.176 1. 808 0. 212
total’ 43. 22

a

I ncl udes pernmanent clearing of |ong-fallow secondary forest, but does not include |long-fallow shifting cultivation fallows cleared
recover.

® Bel owground percent age assunmed sane as Amazoni an forest, or 33.6% of aboveground live biomass (Fearnside, 1994).
FAO bi omass data refer only to aboveground portions of live trees >10 cm DBH (Brown, 1997, p. 4). Corrections for onmitted conponen

countries (from Fearnside, 1994): vines = +5.3% other non-tree conponents = +0.2% and trees <10 cm DBH = +12.0% Additional correci
Brazilian data: +15.6% for formfactor, +3.6%for trees 30.0-31.8 cmDBH, -6.6%for hollowtrees, -0.9%for bark, and +2.4%for palm

¢ Carbon content of original biomass 0.50 (FAO, 1993, Fearnside et al., 1993).

° Repl acenent | andscape in cleared areas derived in Table IV as the non-forested | andscape present in 1990 for all areas except Brazi
repl acenment | andscape biomass in cleared forest assumed to be the 28.5 t ha' equilibrium | andscape biomass in Brazilian Amazoni a (Fei
Car bon content of replacenment | andscape bi omass 0.45 (Fearnside, 1996b).

c
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" Soil carbon release to 1-mdepth occurring in the first 15 years; assunmed sanme as transformation to the replacenent |andscape in Br
7.9t C ha' (Fearnside and Barbosa, 1998).

® Amazoni an forest values for Brazil based on Fearnside (1999) updated from Fearnside (1997b: i.e.
the Legal Amazon cleared in 1990 (aboveground biomass 308.5 t ha’, total biomass 406.0 t ha™).

" Cerrado is both inside and outside the Legal Amazon. The values given as "reported" include dead and all aboveground conponents.
to be cleared over the 1980-1990 period at the 2 x 10° ha annual rate that prevailed over the 1970-1985 period (Klink et al., 1994).
bi omass assunmed equal to the area-weighted average for cerrado in the Legal Amazon derived by Graga (1997). Assumed root/shoot rati
Shroeder and W njum (1995), and repl acenent vegetation is pasture with biomass of 11.7 t ha'. (Fearnside, 1989); carbon concentratiol
is assuned to be 0.50, and in pasture, O0.45.

' See Table I11. Replacenment vegetation and rel ease of soil C assuned to be as for cerrado clearing.

' Bi omass per ha val ue does not include cerrado.

, not based on FAO 1993). Values
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TABLE VI | |
Carbon stocks in natural ecosystens in tropical countries and their potential carbon enissions
Locati on Ext ent of Aver age Abovegro Bel owgr Tot al Tot al Car bon Repla Potenti Poten  Pot ent Soi | Pc
remai ni ng aboveground und dead ound biomas biomas stock in cenen al tial i al carb nt
forest live & ot her bi omass® s (t S bi omass® t car bon carbo net on |
cover in bi omass abovegro (t ha) ha™) st ock (10° t) I ands stock nin commi t rele s
1990 | oadi ng und live (10° cape in charc ted ase [of:
reported reported by bionmass t) avera replace oal em ssi (t C or
by FAO FAO (1993) | oadi ng* ge ment (10° on ha')  re
(1993) for all (t hat) t ot al landsca t © from as
(10° ha) forests (t bi oma pe’ (10° bi onmas (:
ha™) ss t) s (10° t
| oadi t O
ng*
(t
ha™)
Africa 527,587 133.0 42.6 48.7 224.3 118.3 59.2 24. 4 5.8 12.3 53.4 12.3
Central 73, 838 97.3 36.0 41. 2 174. 6 12.9 6.4 30.5 1.0 1.3 5.4 18.1
Anerica and
t he
Cari bbean
Brazil'
Amazg;ni an 358, 475 246. 4 78.1 109.1 433.6 155. 4 77.7 30.5 4.9 15.4 72.8 11.4
f orest
Cer rado" 155, 600 28.1 --- 49.7 77.8 12.1 6.1 10.7 0.7 0.6 5.3 1.5
O her 67, 787 41.0 --- 24.3 65. 2 4.4 2.2 10.7 0.3 0.4 1.9 1.5
ecosyst ens'
O her South 282,979 200. 2 61.7 70.6 332.5 94.1 47.0 29.6 3.8 9.8 43.3 15.2
Anerica
Asi a 274,595 179. 4 69.0 79.0 327.4 89.9 44.9 24.9 3.1 9.1 41.9 15.7
Cceani a 36, 000 191.0 70.7 80.9 342.7 12.3 6.2 24.9 0.4 1.3 5.8 15.7
Tropics 1, 553, 474 166. 1 43.5 55.8 265. 4 412.3 206. 1 26.8 20.1 50.1 229.6 14.2 2
tot al

* See Table VI I,

b

(Fear nsi de,

d

° Soi |

note ¢ for corrections for conponents omtted from FAO (1993) bionass dat a.

1996b) .

bi omass 0.50 (FAO 1993; Fearnside et al.,

| andscape bionmass derived in Table 1V, except for
Car bon content of

repl acenent

Brazil,
| andscape bi omass 0.45 (Fearnside,

Bel owgr ound bi omass in categories other than cerrado and "ot her ecosystens"
1994).

¢ Carbon content of original

Repl acenent
Amazoni a (Fear nsi de,

carbon rel ease to 1-m depth.

1993).

which is assumed to be 28.5 t ha'
1996b) .

is assuned sanme as Ammzoni an forest,

or 33.6% of aboveg

the equilibrium ]l andscape
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" Amazoni an forest values for Brazil are for forests in the Legal Amazon based on Fearnside (1999, updated from 1997b) (i.e., not bas

’ Remai ning area of Amazon forest in Brazil based on INPE definition of forest: calculated as difference between original area of 4 x
1996) and 415 x 10° knf | ost to either clearing or hydroelectric dams by 1990 (Fearnside, 1993b).

" Cerrado area from Stone et al. (1994), which differs fromthe area calculated in Table Il. Biomass given as "reported" includes de
live conponents. Cerrado biomass averages for all Brazil are derived in Table Il; values used are for cerradao + cerrado sensu stri

" Area of "other ecosystens" is difference between cerrado area and 223,387 x 10° ha as the area of vegetation in Brazil other than A
FAO (1993); this agrees well with total of 61.8 x 10° ha from Stone et al. (1994) for "other closed forest", "degraded woodl ands" (no
"wet | ands/ mangroves."” Proportions of this category of each of these vegetation types are 0.27, 0.53 and 0.20, respectively, based o

Bi omass carbon | oadi ngs and root/shoot ratios adopted for these vegetation types are those used by Shroeder and Wnjum (1995). Abo
as "reported" includes all aboveground |live and dead conponents. Soil carbon and replacenent |andscape val ues are assuned sane as fi



TABLE | X

Bi onass stock change due to category transformati ons other than deforestation (1981-1990)

Land cover Biomass | oading Area change due to

(t ha) transformati ons ot her than

Bi onass stock change due to

transformati ons other than deforestation

deforestation (10° ha) (10° t)

Abovegr Total® Africa Latin Asi a

ound Arerica

live®

Africa Latin Asi a Al l
Aneri ca tropics

Net transfornmations anong forest categories
d osed 225.0 403.7 -9.31 -8.55 -7.02 -3.76 -3.45 -2.83 -10. 04
f or est
Open 90.0 161.5 -0.29 2.12 0. 69 -0.05 0. 34 0.11 0.41
f or est
Fragnent ed 59.0 105. 8 7.87 3. 06 2.67 0. 83 0. 32 0. 28 1.44
f or est
Long 41.5 66. 4 1.73 3. 37 3. 66 0.11 0.22 0.24 0.58
fall ow
For est 0. 00 -2.86 -2.56 -2.20 -7.61
subt ot al
Net transformati ons anong nonforest categories
Shor t 15.0 28.8 0.01 -3.61 -1.77 0. 00 -0.10 -0.05 -0.15
fall ow
Shr ubs 40.0 52.0 -0.92 - 14. 48 -2.34 -0.05 -0.75 -0.12 -0.92
O her | and 7.0 9.1 1.08 17. 30 3.68 0.01 0. 16 0. 03 0. 20
cover
Wat er 0.0 0.0 -0.40 0.59 0. 20 0. 00 0. 00 0. 00 0. 00
Pl ant ati on 56.5 73.5 0.23 0.20 0.23 0. 02 0.01 0. 02 0. 05
SC
Nonf or est subt ot al 0. 00 -0.02 -0. 68 -0.12 -0.83
Total (forest + 0. 00 -2.88 -3.25 -2.32 -8.44

nonf orest)*

® Aboveground live bionass | oading from FAO (1996, p. 136).

® O osed, open and fragnented forest corrected for other aboveground |ive conponents (26.18%
(Fearnside, 1994, nd). Root/shoot ratio = 0.34 with respect to corrected aboveground |ive bi onmass;

15
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dead aboveground biomass is 8.6%for these forests (Fearnside, 1994, nd); see Table VII, note c.
Short and long fallow have 2.6 t ha' of dead aboveground bi omass | oading excluding fine litter, plus
2.9t ha' of fine litter (values for secondary forests follow ng pastures with "noderate" use at
Paragonmi nas (Uhl et al., 1988). Short and |ong fallow have root/shoot ratio of 0.42 (Fearnside and
Qui mar aes, 1996, p. 37, based on Brown and Lugo, 1990). Al other "nonforest" categories assuned to
have root/shoot ratio of 0.3; dead aboveground biomass is ignored for shrubs, other |and cover and
pl ant ati ons.

° FAO (1996, p. 136) val ue has been divided by 2 to represent average value of equilibrium age
structure.

‘ Note that all area and stock values are given per decade, and nust be divided by 10 to obtain
annual values. Stock values refer to biomass (not carbon): C content of closed forest, open forest
and fragnented forest is 0.50; all other categories have C content of 0.45
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TABLE X
Secondary forest bionmass exposed to fire annually in shifting cultivation and permanent clearing
Land cover Ar ea Aver age Ar ea Ar ea Tot al Abovegr Abovegr Abovegr Aboy
present fall ow cleared <cleared area ound ound ound ounc
in 1990 peri od per per cl eared biomass biomass biomass bior
(10° ha) (year) year in year in per | oadi ng stock st ock st oc
shiftin [|and year at time cleared cleared clee¢
use (10° ha of in in in e
cultiva convers yr) clearin shiftin shiftin secc
tion ion g (t g g ry
(10° ha (10° ha ha™) cultiva cultiva fore
yrh yrh tion tion (10°
fallows fallows
all oned cleared
to per mane
recover ntly
(10° t)  (10° t)
Long fall ow 60. 8 12. 5% 4.2 0.5 4.8 90. 5° 0. 38 0. 05 (
Short fallow 150.0 4.0 24.9 0.8 25.6 34. 3 0. 85 0. 03 (
Total (all 210. 8 6. 29.1 1.3 30.4 43.1 1.23 0.08 ]
shifting

cul tivation)

* Assunes cropped period of 2 years and secondary forest growth rates from Brown and Lugo (1990).

® Transitions to shrubs,
fromlong fallow are consi dered deforestation,

short fallow, other |and cover and pl antations;
foll owi ng FAO (1996).

note that these transitions

° Aboveground live biomass (including | eaves) from FAO (1996, p. 136). These bi omass val ues are

assunmed to apply to biomass at time of cutting.

¢ Assunes cropped period of 2 years and maxi num fal | ow period all owed under FAO (1995, p. 106)
definition of "short fallow' as cropping period >33% of total cycle |ength.

* Transitions to shrubs, other land cover and plantations.
" Assumes growth rate of secondary forest aboveground |ive biomass (including |eaves) from Brown anc
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Luqo (1990; see Fearnside and Gui maraes, 1996, p. 37) = 26.6 t ha’; dead aboveground biomass = 2.6 |
ha™; and fine litter = 4.9t ha' (Unhl et al., 1988; see Fearnside and Gui maraes, 1996, p. 41); for
conparison, FAO (1996, p. 136) value is 30 t ha.
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TABLE Xl
Conbustion and charcoal formation studies in the Brazilian Amazon
Veget ati o Locatio State Bur n Pre-burn Pre-burn Post - burn abovegr ound Bur ni ng Trans- Net charcoal formation Sour ce
n n year abovegrou abovegr ound car bon | oadi ng efficien formation
n car bon | oadi ng (t ha) cy (% of efficiency
bi omass (t ha) pre-burn (% of
| oadi ng C pre-burn
dry rel eased biomass C
wei ght rel eased
(t ha™) or
converted
to
charcoal )
I'n I'n I'n I'n Presum Net % of
bi onass charco bi oma charco edrel e char coal pre-b
al Ss al ased C urn
formatio bi oma
n (t ha Ss
Y carbo
n
Ori gi nal Manaus Amazo 1984 264. 130.2 90. 8 3.5 35.9 27. 30.3 2.7 Fear nsi de ¢
forest nas 1993
(first
bur ni ng)
Al tamr Par a 1986 262. 129.8 73.8 1.6 54. 4 41. 43. 2 1.3 Fear nsi de ¢
a 1999
Manaus Amazo 1990 368. 181.7 126. 8 3.4 51.5 28. 30.2 1.8 Fear nsi de €
nas nd-a
Jacunda Par a 1990 292. 147.6 70.0° 1.6° 76.0 51. Kauf f man et
Mar aba Par a 1991 434. 218.2 104.0 2.28 111.9 51. Kauf f man et
Sant a Rondo 1992 290. 142.1 81.4 3.1 57.6 40. Kauf f man et
Bar bar a nia
Jamar i Rondo 1992 361. 178.9 77.1 1.5 100. 3 56. Kauf f man et
ni a
Manaus Amazo 1992 424, 203.5 51.1 25. Carval ho Jr
nas 1995
Tomeé- Par a 1993 214. 96. 2 21.1 21. Arauj o, 19¢
Agu
Nova Rondo 1994 306. 142.3 89.0 4.1 49. 2 34. 37.5 2.9 Graca et al
Vi da ni a updated frc
1997
Mean 321. 157.0 89.1 2.6 60.9 38.8° 40.5"° 3.2%° 2.2
Ori gi nal Apai u Ror ai 1991 101. 48. 4 0.4 33.1 1.0 14.7 30. 31.6 1.3 Fear nsi de ¢
forest ma nd- b
remai ns
(second
bur ni ng)
Apai u Ror ai 1993 96. 46. 1 1. 40.1 2.3 6.2 13.2 14.1 0.7 Bar bosa anc
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ma Fear nsi de,
Mean 98.7 47.2 1.2 36.6 1.6 10. 4 21.6° 22.9° 0.5 1.0 15.1°
Secondary Altamr Par a 1991 26.1 11.3 0. 003 8.2 0.1 2.9 25.9 27.0 0.1 1.1 4.1 Cuinmaraes,
forest a 50
(not
i ncluding
remai ns
of
original
forest)
Apai u Ror ai 1993 41.5 17.8 0 5.3 0.2 11.9 66.5 67.7 0.2 1.2 1.7 Fearnside ¢
ma nd- b
Apai u Ror ai 1993 6.2 2.8 0 0.9 0.01 1.9 69.1 69.9 0. 02 0.8 1.1 Barbosa anc
ma Fear nsi de,
Mean 24.6 10.7 0.0 4.8 0.1 5.6 53.8° 54.8° 0.1 1.0° 2.3
Past ure Apai u Ror ai 1993 8.0 3.4 0.0 0.2 0. 04 3.2 93.4 94.6 0. 04 1.1 1.2 Barbosa anc
grass ma Fear nsi de,
* Post-burn "bi omass" includes charcoal clinging to biomass pieces; "charcoal" is charcoal on ground + ash [reported together as "ash"].

b

¢ Char coal

mean only for

(1993, 1999,

nd-a, b) and Graga et al.

Means cal cul ated from nean val ues of pre- and post-burn carbon.
Fearnside et al.

(1999) studies.
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TABLE XI
Bi omass carbon transformed by burning in tropical deforestation and in clearin
and cerrado®

Type of bi onass Bi omass car bon Burni ng efficiency Bi omass car bon
exposed to burning® (% of exposed burned (10° t ©
(10°t © bi onmass O

Oiginal forest or long-fallow 1. 497 38.8 0. 581

secondary forest cleared
permanently (first burning)

Rermai ns of original forest or 1. 052 21.6 0. 22¢
| ong-fall ow secondary forest
cl eared permanently (subsequent

bur ni ngs) °

0. 019 75.0 0. 014
Clearing of cerrado and "ot her
ecosystens" in Brazil®

0. 555 53.8 0. 29¢
Secondary forest in short- and
I ong-fallow shifting
cultivation allowed to recover®

0.012 53.8 0. 00¢€
Short-fall ow secondary forest
permanently cl eared

3.135 36.0 1.127

Tot al

* Annual anpunts at 1981-1990 deforestation rates (Table |), considering adjusted FAO bi onass es!
for studies of burning and charcoal formation (Table XlI).

® For remains of original forest exposed to subsequent burns, the pattern in Brazilian pastures |
period of 10 years, with burns assuned to occur in years 3, 6 and 9. Decay as in Fearnside (19¢
18. 4% year * for years 5-7; 8.5%year™ for year 8 onwards.

° Bi omass exposed is sumof that exposed to three reburns (0.88, 0.39 and 0.19 X 10°t C); burnir
are for each reburn.

“ See Table VII, note i. Note that this refers only to clearing, not to recurrent burning, of c
that assumed by Seiler and Crutzen (1980); charcoal fornmation assumed same as original (tropical

® Not including remains of original forest. Bionmass |oading fromTable X, with carbon content o
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TABLE X1
Em ssi ons of greenhouse gases fromtropical forest conversion, shifting cultivation and secondary vegetation: Low trace gas scenario
Oxi dati on process Em ssion factors (t gas emtted per t carbon oxidized by the
process)
Co, CH, Cco N,O NO,
Fl am ng conbustion 3.1° 0. 0100° 0.24° 0. 0006" 0. 0079°
Snol deri ng conbusti on 2.8° 0. 0140° 0. 44° 0. 0006" 0. 0079°
Decay® 3.8° 0. 0001° 0 0 0
Bi omass type xi dation node Carbon Eni ssions of gases (10° t of gas)
transforned
(10°t ©
Co, CH, CO N,O NQ, Tot al
Oiginal (nonfallow forest and Initial burn’ 0.581 1.80 0. 006 0. 139 0. 00036 0. 0046
I ong fall ow secondary forest
permanent |y cl eared
Subsequent 0. 230 0.64 0. 003 0. 100 0. 00014 0. 0018
bur ns'
Abovegr ound 0. 646 2.48 0. 00007 0 0 0
decay
Bel owgr ound 0. 465 1.71 0 0 0 0
decay
Soil Cin top 0.195 0.71
1m
Short- and | ong-fall ow Initial burn' 0. 305 0. 95 0. 00305 0.073 0. 00019 0. 0024
secondary forest cut for
tenmporary cropping and short
fall ow permanently cl eared’
Subsequent 0 0 0 0 0 0
bur ns'
Abovegr ound 0. 262 1.01 0.000028 0 0 0
decay
Bel owgr ound 0.238 0. 87 0 0 0 0
decay
Cerrado and "ot her ecosystens” Bur ni ng 0.014 0. 04 0 0 0 0
in Brazil
Decay 0. 050 0.18 0 0 0 0
Soil Cin top 0. 017 0. 06 0 0 0 0
1m
Cat egory changes ot her than Decay 0.413 1.51

def orestation and permanent
clearing of short fallow
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Bur ni ng subt ot al 1.13 3.43 0.012 0. 313 0. 00069 0. 0088

Decay subt ot al 2.07 7.77 0. 0001 0 0 0

Soi | s subt ot al 0.21 0.78 0 0 0 0

Total gross em ssion 3.41 11. 97 0.012 0. 313 0. 00069 0. 0088

Upt ake" -0.99 -3.61

Total net enission 2.43 8. 35 0.012 0. 313 0. 00069 0. 0088

Net emi ssion as carbon (10°t C 2.28 0. 009 0.134 2.43
d obal warming potential' 1 21 0 310 0

Burgi ng gross enission as CO-equival ent carbon 0.93 0. 069 0 0. 058 0 1.06
(10°t O

Decg:\y gross emi ssion as CO-equival ent carbon 2.12 0. 00056 0 0 0 2.12
(10°t O

Total gross emission from bi omass as CO-equival ent carbon (10° t 3. 05 0. 070 0 0. 058 0 3.18
9

Tot 9I gross em ssion as CO-equival ent carbon 3.26 0. 070 0 0. 058 0 3.39
(10°t O

Total net enission as CO-equival ent carbon (10° 2.28 0. 070 0 0. 058 0 2.41
t O

* Kauf man et al. (1990: from Ward, 1986); assunes 48% C in experinental fuel, see Fearnside (1997a); assumes 50% C in original forest

bi omass (Fearnside et al., 1993).
® 0.0002 t gas per t CO enitted fromburn: Cofer et al. (1988) cited by Kaufman et al. (1990).
¢ Assuned all C not rel eased as methane is CO.

¢ Aboveground decay 2.97%via ternites (Martius et al.,
emits 0.022 t CH, carbon per t C released through termtes (Martius et al.,

1996) ;

1993, 1996);

bi omass of original forest is 16% of total biomass (live + dead) (Fearnside,

e

f

Martius et al. (1993, 1996).

Initial burn assuned to be 100% fl am ng conbusti on and subsequent

burns 100% snol dering conbusti on.

1997a) .

bel owgr ound decay assuned not termte-nediated;

term te-nmedi ated decay

ot her decay enits 100% CQO,; bel owground

¢ Shifting cultivation only for secondary succession burning and decay not counted in FAO estimates of changes in total forest cover

ar ea.
" Uptake fromshifting cultivation fallows = 2.89 X 10° t CO, gas; uptake fromrepl acement |andscape formation in permanently
deforested areas = -0.65 X 10° t CO, gas; uptake fromreplacenent |andscape (assunmed to be "other |and uses") in short-fallow areas

cleared permanently = -0.081 x 10° t CO, gas.

| PCC Second Assessnment Report 100-yr integration (Schimel

et al.,

1996, p. 121).
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TABLE XI'V
Em ssi ons of greenhouse gases fromtropical forest conversion, shifting cultivation and secondary vegetation: Hi gh trace gas scenario
Oxi dati on process Em ssion factors (t gas emtted per t carbon oxidized by
the process)
o, CH, CO N,O NQ,
Fl ami ng conbustion 3.1 0. 0120 0.3 0. 0052° 0.0079°
Snol deri ng conbusti on 2.8° 0. 0140 0. 44° 0. 0052° 0. 0079°
Decay* 3.8° 0. 0001 0 0 0
1
Bi omass type Oxi dati on Car bon Em ssi ons of gases
node transfo (10° t of gas)
r med
(10° t
)
Co, CH, CO N,O NO, Tot al
Oiginal (nonfallow) forest and |ong-fallow secondary Initial 0. 581 1.80 0. 007 0.174 0. 0030 0. 0046
forest permanently cleared bur n°
Subsequent 0.228 0.64 0. 003 0. 100 0. 0012 0. 0018
bur ns®
Abovegr ound 0. 646 2.48 0.0000 0 0 0
decay 7
Bel owgr ound 0. 465 1.71 0 0 0 0
decay
Soil Cin 0. 195 0.71
top 1 m
Short- and | ong-fallow secondary forest cut for tenporary |Initial 0. 305 0.95 0.0036 0. 092 0. 0016 0. 00241
croppi ng and short fallow permanently cleared" bur n° 6
Subsequent 0 0 0 0 0 0
bur ns®
Abovegr ound 0. 262 1.01 0.0000 0 0 0
decay 28
Bel owgr ound 0.238 0. 87 0 0 0 0
decay
Cerrado and "other ecosystens” in Brazil Bur ni ng 0.014 0.04 0 0 0 0
Decay 0. 050 0.18 0 0 0 0
Soil Cin 0. 017 0. 06 0 0 0 0
top 1 m
Cat egory changes ot her than deforestation and pernanent Decay 0. 413 1.51
clearing of short fallow
Bur ni ng subt ot al 1.13 3.43 0.014 0. 366 0. 0058 0. 0088

Decay subt ot al 2. 07 7.77 0.0001 0 0 0



Soil' s subtotal

Total gross em ssion

Upt ake'

Total net emnission

Net emi ssion as carbon (10°t C

d obal warm ng potential’

Burni ng gross enission as CO-equival ent carbon (10°t O
Decay gross enission as CO-equival ent carbon (10°t O

Total gross emission from bi omass as CO-equival ent carbon (10° t O
Total gross enission as CO-equival ent carbon (10° t O
Total net enission as CO-equival ent carbon (10°t O

0.21
3.41
-0.99
2.43

.78
.97
.61
.35
.28

.93
.12

.05
3.
2.

26
28

0.014

0.014
0. 010

21
0. 079

0. 0005
6

0. 080
0. 080
0. 080

0. 366

0. 366
0. 157
0
0
0

0
0
0

0. 0058

0. 0058

310
0. 489
0

0. 489
0. 489
0. 489

0. 0088

0. 0088

0
0
0

0
0
0

26

.45

.50
.12

. 62
3.
2.

83
85

* Kaufman et al. (1990, from Ward, 1986); assunes 48% C in experinental fuel, see Fearnside (1997a); assunes 50% C in original forest bionmass
(Fearnside et al., 1993).

* Kauf man et al. (1990), from Crutzen et al. (1985).

° Calculated by Keller et al. (1991, p. 146) from Andreae et al. (1988).

¢ Aboveground decay 2.97%via ternmites (Martius et al., 1996); bel owground decay assumed not termite-nediated; ternite-nediated decay enits

0.022 t CH, carbon per t Creleased through termtes (Martius et al., 1993, 1996);

forest is 16%of total biomass (live + dead) (Fearnside, nd).
° Assuned all C not rel eased as methane is CO.
" Martius et al. (1993, 1996).

Initial burn assunmed to be 100% fl ani ng conbustion and subsequent burns 100% snol deri ng conbusti on.
"shifting cultivation only for secondary succession burning and decay not counted in FAO estimates of changes in total forest cover area.

Upt ake fromshifting cultivation fallows = -2.89 x 10° t CO, gas; uptake fromrepl acenent |andscape formation in permanently deforested

areas = -0.65 x 10° t CO, gas. Uptake from repl acement |andscape (assumed to be "ot her

= -0.081 x 10° t CO, gas.

" I PCC Second Assessnent Report 100-yr integration (Schinel et al., 1996, p. 121).

| and cover")

ot her decay enmits 100% CO,

bel owgr ound bi omass of ori gi nal

in short-fallow areas permanently cl eared



TABLE XV
Annual carbon accounting for tropical |and-use change by process

Process Area affected Bi omass C Bi omass C Repl acenent Repl acenent Char coal forned Net emissions (10° t
annual |y | oadi ng st ock | andscape C | andscape C (10°t O o)
(10° ha) (t Cha?) (10°t © | oadi ng st ock
(t C ha?) (10°t ©

Cl earing natural 15. 9° 127.8 2.027 11.1° -0.176 -0. 0432 1.808°
veget ati on and

long fallow

cleared

permanent |y

Short fallow 0. 8* 10.9 0. 008 4.1° -0. 003 -0. 0001 0. 005"*
cl eared

permanent |y

Long fallow 4.2 28. 9° 0.122 28.9" -0.122 -0. 0017 -0.002"°
allowed to

recover

Short fallow 24, 9° 10. 9° 0. 272 10. 9" -0.272 -0. 0039 -0.004"°
allowed to

recover

Cat egory changes 2.6 0. 413
ot her than

deforestation

and per manent

clearing of

short fallow

Soi | s emi ssions 15. 9° 0.212°

Tot al net 2.432
en ssi ons

* Table I.

Tabl e 1V; carbon content = 0.45

° Table V1.

‘ Table X

Repl acenent | andscape for short fallow cleared permanently assuned to be "other | and cover" (see Table IX).
" Table XlI.

® Biomass C loading refers to average over cycle, not biomass at time of clearing (see Table X); root/shoot ratio = 0.42, carbon content =
0. 45

" Full recovery assuned
' Table I X



TABLE XVI
Esti mates of carbon uptake by Amazoni an forests
Location Met hod FI ux Extrapol ated fl ux Sour ce
(t Cha' year™) (10° t C year™)
Mean Range
Brazilian Legal Al'l Amazon Basin
Amazon forests® forests®
40 sites Tree growth in -0.62 £0.37 -0.22 -0.38° Phillips et al., 1998.
per manent plots
Jaru, Rondonia Eddy correl ation -1.0 0.2 -0.37 -0.63" Gace et al., 1995.
Manaus, Anezonas Eddy correl ation -5.9 -2.12 -3.66 Malhi et al., 1998.
(ZF-2 tower)
Manaus, Anezonas Tree growth in -1.2 -0.43 -0.74 Higuchi et al., 1997, p. 99.
( BI ONTE) per manent plots
Manaus, Amezonas Tree growth in 0 0. 00 0.00 36 one-ha control plots «100 mfi
( BDFFP) per manent plots (Laurance et al., 1997).
* Area of forest remaining in 1990 based on Brazil, INPE (1996): 358.5 X 10° ha.

* Area of forest

Bol i via, Col onbi a, Ecuador,

by FAO (1993, p. 27)).

Surinane and Venezuel a:

620.5 x 10°

in Brazilian Amazonia (note a) plus areas classified by FAO (1993, Table 7c) as tropical
French Qui ana, Quyana, Peru,

*Phillips et al. (1998, pp. 779-780) extrapolated a value of -0.44 *0.26 x 10° t C year™
"noi st deci duous forest”

ha.

rai nforest, noist deci duous forest and |

using an area of 711.6 x 10° ha (which included Braziliat

‘ Grace et al. (1995, p. 780) extrapolated a value of -0.56 x 10° t C year ™ using an area of 500 x 10° ha for "the rain forests of the Amazon Basi1



