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PREFACE

In January 1990, scientists and policymakers from around the world convened for a
meeting of the Intergovernmental Panel on Climate Change (IPCC) in Sdo Paulo, Brazil, to
continue the ongoing discussions on emissions of greenhouse gases and global climate change.
As part of the effort to further understand the sources of carbon dioxide (CO,) and other major
greenhouse gases, LBL and the University of Sao Paulo, with support from the U.S.
Environmental Protection Agency, organized a workshop on tropical forestry and global climate
change which was attended by the IPCC conference participants. Discussions at the workshop
led to the establishment of the Tropical Forestry and Global Climate Change Research Network
(F-7). The countries taking part in the F-7 Network -- Brazil, China, India, Indonesia,
Malaysia, Mexico, Nigeria and Thailand -- possess among the largest tracts of the Earth’s
tropical forests and together experience the bulk of tropical deforestation.

The following research objectives were identified as the F-7 Network’s priorities:

1. To improve and expand the body of knowledge about the extent of tropical
deforestation through the use of available tools, including remote-sensing
imagery, detailed biomass measurements and existing models.

2. To explore the dynamics of forest land use within the context of individual
country’s social and economic structures.

3. To identify alternative response options aimed at stemming deforestation and
promoting sustainable land-use practices while maintaining each country’s
economic well-being. Meeting this objective includes carrying out an assessment
of the economic costs of implementing various mitigative policies.

One of the strategies of this project was to rely on the work of indigenous researchers
and institutions from each of the participating countries. This approach allowed for the
integration of more precise, on-site information, some of which had not been previously
published, into the more general and universally available base of knowledge. The Lawrence
Berkeley Laboratory (LBL), which employed a similar approach to carry out a study on carbon
emissions from energy use in developing countries (LDCs) (see Sathaye and Ketoff 1991),
coordinated the work of the researchers and provided scientific and institutional support for the

F-7 participants. The U.S. Environmental Protection Agency (EPA) financed the Network’s
work.

The information contained in this report represents the results of the first phase of the
F-7 project, which had the explicit aim of providing quantitative data on forestry-related carbon
emissions in the F-7 countries. This report contains the results of the first phase of the research
effort. The next stage of the process will involve an assessment of response options in the
forestry sector and the economics of undertaking these measures.
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ABSTRACT

Deforestation in Rrazilian Amazonia through 1990 had reached 415 X 10° km? (including
old clearings), or 9.7% of the 4.3 X 10° km? originally forested portion of Brazil’s 5 X 10° km?
Legal Amazon region. Forest loss from 1978 through 1988 proceeded at an average of 22 X
10° km?/year, falling to 19 X 10° km?¥/year in 1989 and 13.8 X 10° km?/year in 1990. The rate
of forest loss in 1991 was 11.1 X 10° km*/year, or 20% less than the 1990 rate on which the
emissions calculations in this paper are based.

The annual rate of forest and cerrado loss in 1990 was releasing approximately 281-282
X 10° metric tons (MT) of carbon on conversion to a landscape of agriculture, productive
pasture, degraded pasture, secondary forest and regenerated forest in the proportions
corresponding to the equilibrium condition implied by current land-use patterns. Emissions are
expressed as "committed carbon,” or the carbon released over a period of years as the carbon
stock in each hectare deforested approaches a new equilibrium in the landscape that replaces the
original forest. To the extent that deforestation rates have remained constant, current releases
from the areas deforested in previous years will be equal to the future releases from the areas
being cleared now.

Considering the quantities of carbon dioxide, carbon monoxide, methane, nitrous oxide,
NOx and non-methane hydrocarbons released raises the impact by 22-37%. The relative impact
on the greenhouse effect of each gas is based on the Intergovernmental Panel on Climate Change
(IPCC) calculations over a 20-year time period (including indirect effects). The six gases
considered have a combined global warming impact equivalent to 343 to 386 million MT of
CO,-equivalent carbon, depending on assumptions regarding the release of methane and other
gases from the various sources such as burning and termites. These emissions represent 7-8
times the 50 million MT annual carbon release from Brazil’s use of fossil fuels, but bring little
benefit to the country. Stopping deforestation in Brazil would prevent as much greenhouse
emission as tripling the fuel efficiency of all the automobiles in the world. The relatively cheap
measures needed to contain deforestation, together with the many complementary benefits of
doing so, make this the first priority for funds intended to slow global warming.
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1. INTRODUCTION

The present paper hopes to offer a structure for analyzing the greenhouse contribution
of deforestation in Brazilian Amazonia. It is hoped that this structure will prove valuable beyond
the short time that the series of numbers for greenhouse emissions presented here remains the
current best estimate. As the rates and locations of deforestation activity change, and as better
data become available on this and other important factors, the estimates can be continually
updated. The decline in deforestation rates in recent years is largely explained by Brazil’s
deepening economic crisis and cannot be extrapolated into the future.

The greenhouse role of deforestation, especially deforestation in Brazil’s Amazon region,
is a subject of scientific controversy. Despite the wide range of opinions on the rate of
deforestation and the amount of greenhouse gases this landscape transformation releases, even
the most conservative estimates lead to the conclusion that deforestation makes significant
contributions to atmospheric burdens of carbon dioxide (CO,), methane (CH,) and other heat-
blocking gases. There is also a consensus that the meager and highly temporary benefits derived
from deforestation are much more than counterbalanced by the losses, at least from the
perspective of anyone except the few directly profiting from the clearing activity. Independent
of the rele of deforestation in the greenhouse effect, the other impacts of forest loss -- including
non-greenhouse climatic changes and loss of biodiversity, indigenous cultures and opportunities
for sustainable use of the forest -- provide ample justification for Brazil to take immediate steps
to remove the motives now driving the clearing process. Greenhouse contributions add one
more argument in support of this conclusion. Fortunately for the world, global warming would
wreak some of its worst impacts on the temperate zone countries most capable of making the
financial outlays needed to contain atmospheric buildup of greenhouse gases. The relatively
cheap measures needed to slow tropical deforestation im:nediately present themselves as the first
priority for funds intended to reduce global warming. Much more must also be done, of course,
but stopping deforestation heads the list.

Brazil presently accounts for one-fifth of the global total of CO,-equivalent carbon
released by tropical deforestation. Brazil’s vast expanses of still uncleared forest can be
expected to increase this country’s relative weight even further should the remaining remnants
of forest in other parts of the tropics continue to succumb to deforestation. Only about 10% of
Brazil’s Amazon forest had been cleared by 1990 (Table 1; Fearnside et al., nd-a). If the 13.8
X 10° km? of forest cleared in 1990 had been the last of the Amazon forest, then, in spite of
being a great tragedy for biodiversity, greenhouse emissions would cease to be a major concern.
However, with 90% of the forest still standing and at risk of rapid deforestation, the tremendous
potential for future emissions is evident.



Political unit Original Deforested area

Deforested area

forest area (km? x 10%) (% of original forest area)
(km? x 10%)

Jan Apr Aug Aug Jan Apr Aug Aug

1978 1988 1989 1990 1978 1988 1989 1990
Deforestation Exclusive of
Hydroelectric Dams:
Acre 154 2.5 8.9 9.8 10.3 1.6 5.8 6.4 6.7
Amapd 132 0.2 0.8 1.0 1.3 0.1 0.6 0.8 1.0
Amazonas 1561 1.7* 17.3* 19.3* 19.8* 0.1 1.1 1.2 1.3
Maranhao 155 63.9 90.8 92.3 93.4 41.2 58.5 59.5 60.2
Mato Grosso 585 20.0* 71.5* 79.6* 83.6* 3.4 12.2 13.6 14.3
Pard 1218 56.3 129.5 137.3 142.2 4.6 10.6 11.3 11.7
Rond6nia 224 4.2 29.6 31.4 33.1 1.9 13.2 14.0 14.8
Roraima 188 0.1 2.7 3.6 3.8 0.1 1.5 1.9 2.0
Tocantins/Goids 58 3.2 21.6 22.3 22.9 54 37.0 38.3 39.3
Legal Amazon 4275 152.1 372.8 396.6 410.4 3.6 8.7 9.3 9.6
Forest Flooded
by 0.1 3.9 4.8 4.8 0.0 0.1 0.1 0.1
Hydroelectric
Dams:
Deforestation
from 152.2 376.7 401.4 415.2 3.6 8.8 9.4 9.7
All Sources:

Source: Feamnside et al., nd-a.
Notes: (a) Maranhao values include 57.8 x 10° km?, and Pard values include 39.8 x 10° km?, of
"old" (approximately pre-1960) deforestation now largely under secondary forest.



The vast size of Brazil’s Amazon region is not matched by a proportionate amount of scientific
knowledge of its forest. Political factors have led tropical research to be concentrated in the tiny
vestiges of forest in such locations as Costa Rica, Puerto Rico and Panama. Costa Rica, for
example, is 100 times smaller than Brazil’s 5§ X 10° km? Legal Amazon region (Fig. 1), yet has
been the subject of many more research studies. Conclusions on global climate change require
that special attention be devoted to Brazil. Likewise, discussions of tropical deforestation must
not relegate Brazil to a list of caveats or exceptions to global generalizations. Deforestation in
Brazil differs significantly from most other parts of the tropics because of the key role that
Amazonian clearing plays in land speculation and in establishing land tenure, and because of the
prominent place of cattle pasture in these social processes. In comparison with other tropical
countries, these differences mean that Brazil has both less reason for allowing current rates of
deforestation to continue and a greater chance of achieving significant reductions through
government policy changes.

2. EXTENT AND RATE OF DEFORESTATION

The present paper uses estimates of the extent and rate of deforestation rate estimates by
state derived from LANDSAT imagery (Tables 1 and 2). The average annual rates in the
forested part of the Legal Amazon were 22 X 10° km? for the 1978-1988 period, 19 X 10° km?
for 1988-1989 and 13.8 X 10° km? for 1989-1990 (Fearnside et al., nd-a). The rate for 1990-
1991 was 11.1 X 10° km?, These rates cover only loss of primary forest within the portion of
the region that was originally forested; rates of conversion of the cerrado are far less certain,
but fortunately have less impact on greenhouse calculations due to the much lower biomass of
savanna vegetation. Cerrado clearing rate for 1990 is assumed (guessed) to be 10 X 10°
km?*/year, down from the value of 18 X 10° km*/year estimated for 1988 (Fearnside, 1990a).

It should be noted that the deforestation rate estimates used here are much lower than
those that have been used in several recent calculations of the global carbon budget. The World
Resources Institute (WRI) Report for 1990-91 (WRI, 1990: 103) used 80 X 10° km?/yr as the
annual rate for the 1980s. Norman Myers (1989, 1990, 1991) placed the rate as of 1988 at 50
X 10° km?/yr, and the Intergovernmental Panel on Climate Change (IPCC) later used this value
as the basis for greenhouse emission calculations (IPCC, 1990: 101). Both estimates are based
on calculations of the area burning derived from the number of fires estimated with the thermal
infra-red band 3 (3.5-3.9 um) of the Advanced Very High Resolution Radiometer (AVHRR)--
the sensor carried by the U.S. National Oceanographic and Atmospheric Administration
(NOAA-9) meteorological satellite. The 80 X 10° km?/yr rate used by WRI was that calculated
for the year 1987, which had much more deforestation and burning than other years due to a
combination of dry weather and a constitutional debate on confiscating forest areas from large
ranchers for redistribution in a proposed agrarian reform program. The 1987 estimate (Setzer
et al., 1988, 1991), as well as the 48 X 10° km?/yr value for 1988 estimated by Setzer and
Pereira (1990) -- interviews concerning which provided the basis for the 50 X 10° km¥/yr
estimate put forward by Myers and used by the IPCC -- suffer from severe (and possibly
insoluble) methodological problems for estimating areas burned and for converting burning
information into estimates of deforestation (reviewed in Fearnside, 1990a). The correction
factors used to adjust for partially burning picture elements or pixels (0.7) and for the proportion
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of the burning attributed to new forest clearing (0.4) could both be high by as much as a factor
of two. A correction factor for partially burning pixels is difficult to derive because of large
increases in the proportion of overestimation caused by small increases in fire temperature (a
highly variable parameter) -- theoretical calculations show that a fire of only 900 m? is sufficient
to trigger an entire AVHRR pixel of 1.2 X 10° m? (Robinson, 1991), although practical
experience suggests that narrow flame fronts up to two km in length can escape detection (A.W.
Setzer, personal communication, 1990). The correction factor for nonforest is high because
cerrado was included in the numerator but not in the denominator when deriving the factor
(Fearnside, 1990b). These methodological problems invalidate principal basis for the carbon
calculations mentioned earlier. As of now there is no reliable way to measure directly the areas
burning using an image from a single year (as was attempted in the thermal AVHRR studies):
to estimate deforestation one still must have images from two years in the same place, and
calculate by difference the increase in cleared area.

3. BIOMASS OF AMAZONIAN FORESTS

The initial biomass of the vegetation is an important factor affecting the magnitude of
greenhouse emissions from deforestation. Estimates of this have been evolving ove: time. The
controversy over biomass is summarized in Table 3. The biomass estimate used in the present
paper (372 MT/ha total biomass for forests cleared in 1990) is based on much more data than
the earlier estimates. It also indicates a substantial increase in the biomass per hectare estimated
for the locations currently the focus of deforestation activity in Amazonia. It is higher by a
factor of two than the 155.1 MT/ha value for total biomass derived by Brown and Lugo (1984)
from FAO forest volume surveys for "tropical] American undisturbed productive broadleafed
forests" that has been used in recent global carbon balance calculations (e.g., Detwiler and Hall,
1988). 1t is also much higher than the 169.6 MT/ha above-ground estimate by Brown er al.
(1989) used as total biomass by Houghton (1991) for carbon emission estimates. The estimate
is also higher than the 211 MT/ha total biomass estimated for areas cleared in 1988 for
emissions calculations (Fearnside, 1991); a major reason for the increase is better data for
biomass in the southern portion of the region where deforestation activity is concentrated.

The rate of deforestation, together with the biomass of forest being cleared, affects the
current (as opposed to potential) contribution of deforestation to the greenhouse effect. The rate
of clearing has been calculated for each state (Table 2), and is apportioned between various
forest types within each state by assuming that, within each state, each forest type is cleared in
proportion to the area in which it occurs outside of protected areas.



Table 3. Amazon forest biomass controversy

Total Biomass Total biomass equivalent  Source
Reported (MT/ha) (including components
omitted in published value)
(MT/ha)

155.1 171 Brown and Lugo, 1984

362 362 Fearnside, 1985a

254 254 Fearnside, 1986b, 19874

169.6 251 Brown et al., 1989
247/211° 247*211° Feamnside, 1991 nd-a
227°/289¢ Brown and Lugo, 1992
2724/320° 2724320 Fearnside, 1992
372/394* 372/394* This estimate

Notes: (a) All forests in Brazilian Legal Amazon.
(b) Forests being cleared in 1988 in Brazilian Legal Amazon.
(c) From RADAMBRASIL data.
(d) From FAO data.
(e) Dense forests only.
(f) Forests being cleared in 1990 in the Brazilian Legal Amazon.



The different types of vegetation present in the Legal Amazon are summarized in Table
4 and the area of each is given by state in Table 5. These areas have been measured (Fearnside
and Ferraz, nd) from a digitized version of the 1:5,000,000 scale vegetation map of Brazil
published by the Brazilian Institute for Forestry Development (IBDF -- since incorporated into
the Brazilian Institute for the Environment and Renewable Natural Resources - IBAMA) and the
Brazilian Institute for Geography and Statistics (IBGE) (Brazil, IBDF and IBGE, 1988). The
IBDF/IBGE (IBAMA) map code used indicates 29 vegetation types within the Brazilian Legal
Amazon, of which 19 are considered here to be forest. This is a liberal definition of forest,
including all ecotones between a forest and a non-forest vegetation type such as cerrado. So
defined, the area of forest present according to the map totals 3.7 X 10% km?, or 74% of the 5
X 10° km? Legal Amazon. The area originally forested totals 4.3 X 10° km?. The areas that
were originally forest and non-forest using this definition are mapped in Figure 2.®

Because the Legal Amazon is so big, each of its nine states being the size of countries
in many parts of the world, vegetation with the same map code in different states cannot be
assumed to have the same biomass. Considering each vegetation type in each state as a separate
unit, here designated "ecosystems," there are a total of 112 different ecosystems in the Legal
Amazon, of which 78 are "forest."

In order to estimate the area of each forest type being cleared annually in 1990, it was
assumed that forests within each state are cleared in proportion to the area of each type outside
of parks and other legally protected areas. Although protected areas are not immune to
deforestation, the small amount of clearing activity currently taking place inside these areas is
undoubtedly insignificant from the standpoint of greenhouse emissions. Table 6 presents the
areas of each vegetation type inside of protected areas, which have been subtracted from the
areas of the vegetation types present for the purpose of apportioning the deforestation activity.
The resulting estimate of the approximate 1990 clearing rate in each ecosystem type is presented
in Table 7.

Biomass loading (biomass per hectare) of the different forest types is estimated from
forest volume inventories in two major surveys, one carried out by the RADAMBRASIL project
in the 1970s and one by the Food and Agriculture Organization of the United Nations (FAO)
in the 1950s. A total of 2892 ha of usable data have been extracted from these studies for
vegetation types classified as forest. Almost 90% of this is surveys by RADAMBRASIL with
measurements of trees to a minimum diameter at breast height (DBH) of 31.8 cm; the remainder
is from FAO surveys with measurements to a minimum diameter of 25 cm DBH. Almost all
of the data are from one-hectare sample plots. The original data are scattered through the over
50 volumes and annexes that comprise these studies. The RADAMBRASIL study is a veritable
labyrinth, with its vegetation key changing from one volume to the next. The RADAMBRASIL
vegetation maps were drawn at a scale of 1:250,000 and published at a scale of 1:1,000,000;
the vegetation classification for these maps is more detailed than that for the 1:5,000,000
IBDF/IBGE (IBAMA) map used here (Table 4). The RADAMBRASIL and FAO vegetation
classifications were translated to the IBAMA code, and data with unresolved inconsistencies
were discarded (Fearnside and Bliss, nd).
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All biomass values given here and elsewhere in this paper refer to oven dry weight
biomass. Unless otherwise noted, the values are for total biomass, including both above and
below ground portions, and including dead vegetation (but not soil carbon). All biomass
fractions are included (leaves, small trees, vines, understory, etc.). Values are expressed in
terms of biomass, rather than carbon (carbon content of biomass is 50%).

The parameters used for deriving the biomass estimates are given in Table 8. It should
be noted that these parameters lead to estimated biomass values substantially higher than those
derived by Brown and Lugo (1992) from the FAO dataset and from a summary of a portion of
the RADAMBRASIL dataset covering the northern part of the region. The difference is largely
because of biomass components omitted from the Brown and Lugo estimates, including palms,
vines, trees smaller than the 10 cm DBH, dead biomass and below-ground biomass (see
Fearnside, 1992). All of these components must be added to the estimates for use in estimating
carbon stocks for greenhouse calculations.

Direct measurements of above-ground forest biomass partitioning are necessary to derive
factors for estimating components such as vines, understory, litter and dead wood. Available
data are presented in Table 9. Below-ground biomass is derived from the available studies
presented in Table 10.

The total biomass iz derived for each of the approximately 2900 samples, and the average
for each ecosystem type is calculated. Sample sizes in hectares are given in Table 11. Of the
78 forested ecosystem types, 45 (58%) have forest volume data available in the
RADAMBRASIL or FAO datasets, and 33 (62%) do not. Fortunately, most of the ecosystem
types without data are relatively minor in importance from the standpoint of current greenhouse
emissions. Of estimated biomass cleared in 1990, they total only 21%. Of this, 60% is
represented by only three ecosystem types: As-0 in Mato Grosso, As-0 in Ronddnia and SN-0
in Tocantins.® For the ecosystems with no forest volume measurements, the mean biomass for
the areas sampled in the same vegetation type (in the other states) is used as a substitute. For
five of the 19 forest types, no measurement exists for any state. Seven of the 33 ecosystems
without data fall into this category. All of these are in the "non-dense" forest category, and,
fortunately, none represents a major ecosystem from an emissions standpoint. The mean for
sampled areas in non-dense forests was used as a substitute for these seven values. Vegetation
types with no sample in any state represent only 0.9% of the estimated biomass cleared in 1990;
of this small amount, 73.4% is in one vegetation type (Pf-0). The mean biomass per hectare
in each of the 78 forest types, including the values substituted as described above, are presented
in Table 12. 1Tt is evident that significant variation exists between states and between forest
types.
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Table 10. Below-ground biomass in Amazonian forests

Location

e

Manaus,
Amazonas

Jari, Pard

Paragominas,
Pard

Mean

Sources:

Above-ground  Above-ground  Below-groun Total Root/shoot Percent Source
live total d biomass biomass ratio below-
(MT/ha) (MT/ha) (MT/ha) (MT/ha) ground
(live +dead)

— - sttt e
—— —— T ————

357.0 390.0 122.5 512.5 0.31 23.90 ®
368.91 393.24 56.96 450.2 0.14 12.65 ®)
365.0 428.0 32.0 440.0 0.07 7.27 ©
363.64 403.75 70.49 461.57 0.17 15.08

(a) Klinge et al., 1975; Klinge and Rodrigues, 1973.

(b) Russell, 1983:29; root mat (12.49 MT/ha) considered as below-ground. Litter (5.66 MT/ha) and

"vines & surface roots” (3.46 MT/ha) considered as above-ground.

(c) Uhl et al., 1988 for above-ground components except above-ground roots (30 MT/ha) (D. Nepstad,

pers. comm., 1991 cited by Brown ez al., nd); Below-ground from Nepstad, 1989 cited by Brown et al., nd.
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The biomass stock in each ecosystem type can be calculated by multiplying the per-
hectare biomass (Table 12) by the area in hectares (values from Table 5 multiplied by 100
ha/km?). Table 13 gives the approximate biomass stock cleared in 10% metric tons (MT) for each
ecosystem in the Legal Amazon. For the region’s forests as a whole, the mean biomass loading
(MT/ha) for biomass present (weighted by the area of each ecosystem present) is estimated at
394 MT/ha. In Table 12 the loading for biomass cleared in 1990 (weighted by the deforestation
rate in each state) is calculated at 372 MT/ha. The forest areas cleared in 1990 are concentrated
in lower biomass vegetation types along the southern fringe of the region (Table 13). The
biomass in the region as a whole is about 6% higher than the average in the areas cleared in
1990, a difference equivalent to over 800 km? of forest clearing.

The above biomass calculations apply only to forest. Clearing in the non-forest areas is
assumed to be in cerrado or equivalent biomass vegetation, Cerrado biomass is not derived
from the 120 ha of RADAMBRASIL forest volume information available (Table 11), but rather
from firewood volume surveys (Table 14). The mean of the three available estimates
corresponds to a total biomass of 45 MT/ha.

4. TRANSFORMATIONS OF GROSS CARBON STOCKS
4.1, Land Uses Replacing the Forest

Estimates of the impact of deforestation have usually assumed that all deforested land is
converted to cattle pasture (the dominant land use in deforested areas in Brazilian Amazonia).
Some have even assumed that the forest is replaced with bare ground. Pasture has been assumed
to remain indefinitely as the replacement for forest in estimates of net greenhouse emissions
(e.g., Fearnside, 1985a, 1987a, nd-a), and in simulations of impact on the water cycle (e.g.,
Shukla er al., 1990) and of the less threatening changes in surface albedo (Dickinson and
Henderson-Sellers, 1988). The results of such calculations are useful in identifying potential
consequences of continued deforestation, but are unrealistic as quantitative predictions of
contributions to climatic changes. The principal reason for using cattle pasture as the
replacement vegetation has been the lack of more realistic scenarios of the evolution of the
landscape after its initial conversion from forest to pasture. Here a first approximation is made
using a simple first order Markov model of transition probabilities between land use classes
(Fearnside, nd-b).

The fate of land that is cleared can be approximated using information on the behavior
of farmers and ranchers in Amazonia today. The consequences of continuation of the same
patterns can be calculated using a Markov matrix of transfer probabilities between states. The
annual probabilities of transfer between farmland, productive pasture, degraded pasture and

secondary forest are summarized in Figure 3 for land that is deforested (based on Fearnside,
1989a).

21



(33ed 8mmofroj wo panunTOd)

$18330)
768'T ¥ zt L£ 1ZE‘1 s9T 81 860°1 Lg e
mogng
889 0 173 (73 zil i3 0 oIt 0 woIqns
6t 0 0 0 VT 3 2 0 00§
w 0 z 0 z 99 0 z 0-NS
0 0 0-WS
0 0 0 0 03d
el (74 1 0 101 0 0-NO
1 z 61z oot
0 0 0-#1
0 0 24!
0 0 0-*1
113 0 0 6 w 084
L L o-%d
I 0 0 1 0 050
6 0 0 0 o8 0 8 o8V
% u £ 14 0-qv LS04
8¢ 0 0 9 2 ooV ISNIA-NON
W' 3 88 s 60Z°1 33 81 $8L 13 moiqns
Tav ¥ v 0 ¥91 13 0 VLl of i 0
I 4 0 4 0 ouq
9ty°l ot 0 820°1 81 £9€ 9 1 o-9a
474 0 9 $ Lt b 0 6bT 1 0*d  LsIVO4 ASNAA
—— = alﬁmlu
moL sylop/unuEc0),  wwiRioy smopuoy  gIvg oW osuuuy  swozvwy  ydvwy Ay 9pod 103918

2 Jo eass pafaaing 11 IqEL

<®Ep apNmod M ¥y > uozeUTy [639°] UEIZEIY o) BT

22



‘uonwIs220Jop

3533 0 onp $9550] 193] J0u Op seE ML (6861 ‘VNVEI ‘Tizeig) dvw vonwadaA 000 000°S: | WOIJ PINSTAHT Y Ul £33y (®  :ss0N

To‘e » - A3 LE 171 £8€ 81 6601 3 - oL

ozl 0 0 0 0 811 0 | 1 e01qns

0 0 ¢-d],

0 0 £-PL

0 0 0-IS

1 0 0 0 ] 0 0 0 1 ods -

0 0 0 0 0 0 03s

6 0 0 6 0 oS

601 0 ] 0 601 ] 0 o%s

0 0 o-u

1 0 0 0 ] 1 (] o

0 0 043 1STI01-NON

— = = TOIH

oL SYI0D/SUNURI0L, oy wugpuoy oL ol ovyuelwy  seuozewy  pdvwy vy 3poD f108ae)

%ll

<®1ep 9PNmod Mk BY> Bozemy [637] UBHIELg o Ul S3dA) WRISLS09 Jo BATE pasaaing (panumuOd) [] AQTL

23



us sze 89¢ 6ve L6€ 8€€ 6L€ uy 66  86E a.ae
1®
phE e 89¢ 8vE £€€ Lg€ 6vE 1z wE  0Op swaa0
ssusp-uou
153 e e e She S0¢ 66v Tve 00S
0s€ wre uz phe sty £vE whE 99¢ o-NS
08¢ 08¢ oWs
08¢ 08¢ 0s€ 08¢ 03d
e ove 28y zse 6€€ zs¢ 0-NO
Lip 6Ls gev 001
o8¢ 08¢ 051
08¢ 08€ o1
08¢ 08¢ 0*1
e e Tig ¥ip ¥SE 0-+4
sze sze o-vd
Ls€ Lge Les Lg€ Leg 052
9z¢ ose oge ose 6i¢ ose yhb oSV
08¢ 1€ yob Tov 0-qv kww“wum
86€ s6¢ 6b 66€ 06€ 0=V -NON
ozy we 69¢ 09¢ 9tv 8ve 96€ L0b »os 98¢ swa10
asuaq
$1F 06 SoE 09% (733 733 09% 733 AT T3 o+d
6Ls 18¢ 18¢ 867 18¢ owa
8ep vog 19% say 00b oob L0s s8¢ L S
pLE vev 99¢ s1z 09€ 97 vED ovp 1y o*a FSNIA
= 0 )
porStom-vary syoopunueso],  wwmioy  vmgpuoy  BIvd ow owuuny  swozemy  gdwwy  asy opoy  Aiofawd

sssworg “71 QL

24



!

ue 743 89€ 6vE L6€E 8£€ 6LE Uy 66v 86€ nv
sEI0r
rre e 89¢ svE £€€ LEE 6vE €42 the ooy suap-tou QIAVITO
0] VH/SSYWOIg
oTy 174 69€ 09€ 134 8vE 96€ Loy #0S 98¢ ssuoqg FOVHEIAY
nrazer
£99°€1S 660°61 T€6°S pLY'8S 878°p61 #96°SE1 TET'TY 0vs°1Z s90‘cl  0£T'TT 1
woqns
T00°€0E 182°91 LT 616°1S 997°19 oLZ'6zZ1 £0E°+1 L8LL $6T £v9°61 woiqns
000°LZ 6¥S'y 1€l 61€9 6£8'6 pLE'S 80§ 697 00s
T6'T9 ss1°01 w S19°1 699°S £51°8¢€ WL st ONS
oLy oLy oS
¥8T'E oL 955°T ¥ oM
uo'sy 6 897'T 10§ 90T'sy 4 0-NO
SISE us £S'T 001
£€E ££€ 081
LSE LSE 01
€€ €€ 0¥l
u9‘ol 089 s€ 9ET‘E 778'9 0sd
916 916 o*
9IS 6L 98 L61 986°€ 05D
69€°101 818 05T 68S'€T 005°€Y £09°TE 019 osv
ZST'SE iR gl pEr's 800'81 0-qv amﬂmmmm
189°¢ 88 881 9L6 S€9°'1 0Ty -NON
199°01C LI8‘T soL‘E s¥s‘e Z95°'€EL $69°9 628°LT £ST°P1 69L°Tt 985‘C moiqns
ESHIl 19 £95°T 96 ope'es 8SH'9 L0€T 65T 8911 L9 o-¢d
L6E°T 869 619 oL ot owa
SSL'YL pEE €6 £0§'9€ 9LE'ST 8€8°s 1474 61$°T 0-9d 1sTH04
#L6°61 95T°T 601 69 001°€l 174 14 $$9°T £28 o*a asNId
 EEEEE -
Pl SYI0D/SUNUBOL wrioy rluQpuOY g ol owquwely  swozewry  ydswy sy 3paD K108

3 065 U 0661 I PIEID SO IFBLIX

v

e
13kl LIN 0]) uozeuwry [€397] UBHIZRAG 9 UL

‘€1 3qeL

25



Jable 14, Cerradobiomass

Location Firewood Firewood dry Above-ground Total Firewood vol.

volume weight (MT/ha) biomass (MT/ha) biomass source (page #)

(steres/ha) ®) ) (MT/ha) (d)
Grande 120 47 52 82 ¢(70)
Carajas
Central Mato
Grosso 25 10 11 17 1(445)
Southern
Mato Grosso 54 21 24 37 §(363)

Notes:  (a) steres are m® of stacked firewood, including air spaces between pieces.
(b) 390 kg dry weight/siere for Cerrado in Carajas (Brazil, PGC/CODEBAR/SUDAM, 1986:70).

(c) Assumes 1.12 multiplier for 0-10 cm fraction used for forest and that firewood is > 10 cm diameter,

(d) Assumes underground biomass = 64% of total biomass (value used by Seciler and Crutzen, 1980:212
for "scrubland”)

(¢) Brazil, PGC/CODEBAR/SUDAM, 1986.

(f) Brazil, Projecto RADAMBRASIL, Vol. 26, 1982,

(g) Brazil, Projecto RADAMBRASIL, Vol. 27, 1982,
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The transfer probabilities in the diagram and accompanying matrix are approximate,
based on the following general observations.® Annual crops are usually cultivated for only two
years in a cropping cycle. Of th= areas cleared from forest, about 20% are planted to annual
crops and 80% directly to pasture. Of farmland reaching the end of a cropping period, about
20% is allowed to revert to secondary forest and 80% is planted to pasture. Pastures last about
15 years on average before degrading either to woody secondary forest (60%) or unproductive
grassland (40%). Woody secondary forest stands (capoeira) are cleared after an average of
about ten years (they are not left for the 20-30 year fallow periods that characterize traditional
shifting cultivation: see Fearnside, 1985b). Assumption of a ten year average fallow is
optimistic, given that colonists in the first six years of settlement on the Transamazon Highway
cleared secondary forests of two years age or less with such high frequency that ten-year fallows
would be a rarity were the farmers’ behavior to remain unchanged (Fearnside, 1984).
"Reclaiming” of degraded grasslands to reform pastures takes place in about 10% of an area
over a period of approximately 15 years (based on histories in the Paragominas area surveyed
by Uhl et al., 1988): this corresponds to a 75-year mean transformation time from degraded
grassland to pasture. A degraded grassland would take an average of about 50 years to be
transformed to secondary forest. The combination of pasture recovery and reversion to
secondary forest implies a mean residence time in the "degraded pasture” category of about 30
years. After 100 years a secondary forest is considered primary forest again (from the point of
view of biomass). This is conservative, given that very old secondary forest in Venezuela that
did not start as degraded pasture is estimated to take 140-200 years to recover the biomass stock
of primary forest (Saldarriaga et al., 1986: 122).

I emphasize that several of the above values represent only informed guesses about
quantities for which no quantitative data exist. Grouping land uses into only five categories
(forest, farmland, productive pasture, degraded pasture and secondary forest) represents a
simplification of the successional path following clearing (see Fearnside, 1990c,d), but is
valuable as a first approximation. Changes in the region’s rainfall regime as a result of
deforestation could worsen the replacement vegetation scenario from the carbon storage point
of view by favoring savannaization (Fearnside, 1985c, 1988; Shukla et al., 1990).

Markov matrices carry the assumption that the transfer probabilities remain unaltered
over time--something for which there is no guarantee in practice. However, in most agricultural
systems the tendency of increased population pressure and increased use intensity over time has
been to shorten periods in secondary forest, with resulting lower average biomass for the
landscape (e.g., Vermeer, 1970; UNESCO/UNEP/FAQ, 1978). The assumption of constant
transfer probabilities therefore is conservative from the point of view of greenhouse emissions.
The assumption of constant transition probabilities is also optimistic because degradation of soil
under pasture, combined with rainfall changes expected should the scale of deforestation greatly
expand, are likely to make low-biomass dysclimaxes, including grassy formations, the dominant
land cover in a deforested Amazon.
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Exponentiation of the matrix of transfer probabilities yields a vector representing the
proportion of land in each category after establishment of equilibrium (Jeffers, 1978: 92-97).
Performing these calculations indicates that the equilibrium landscape would contain 0.01%
forest, 0.04% farmland, 35.6% productive pasture, 43.4% degraded pasture and 20.5%
secondary forest (Table 15). A weighted average of the biomass of vegetation in this
equilibrium landscape (27 MT/ha) is calculated in Table 16.

The above calculations only refer to land that is cleared for agriculture and ranching.
Hydroelectric development also removes forest land.

4.2, Fate of Biomass Carbon Stocks

The carbon stocks in the forest will change over a period of years to approach those in
the equilibrium landscape, with the quantities in each pool increasing or decreasing at a different
pace. The initial burn releases carbon immediately, while subsequent burns will do so over a
period of about 10 years. Bacterial decomposition and termite activity will also be largely over
the first decade. Soil carbon pools will change relatively quickly at the surface, but may take
much longer for deeper pools (only carbon to 20 cm is considered in the current calculation).
Charcoal is a very long term pool, considered to be permanently sequestered in the analysis.
The carbon calculations in the present paper represent “committed carbon," or the carbon
released over a period of years as the carbon stock in each hectare deforested approaches a new
equilibrium in the landscape that replaces the original forest. To the extent that deforestation
rates have remained constant, releases from the areas deforested in previous years will be equal
to the future releases from the areas being cleared now. In fact, deforestation rates increased
over the 1970-1987 period, and declined over the 1987-1991 period.

Char formed in burning is one way that carbon can be transferred to a long-term pool
from which it cannot enter the atmosphere. A burn of forest being converted to cattle pasture
near Manaus resulted in 2.6% of above-ground carbon being converted to char (Fearnside et al.,
nd-d). This is substantially lower than the 15-23% assumed by Seiler and Crutzen (1980: 236)
when they identified charcoal formation as a potentially important carbon sink (more recent
calculations have used 5-10% charcoal yield: Crutzen and Andreae, 1990: 1672). Using the
observed lower rate of charcoal formation would make global carbon cycle models indicate a
larger contribution of greenhouse gases from tropical deforestation than has been the case using
the higher rates of carbon transfer to long term pools (e.g., Goudriaan and Ketner, 1984).

The burning behavior of ranchers can alter the amount of carbon passing into a long-term
pool as charcoal. Carbon budget calculations generally assume that forest is only burned once,
and that all unburned biomass subsequently decomposes (e.g., Bogdonoff et al., 1985). This
is not the typical pattern in cattle pastures that dominate land use in deforested areas in the
Brazilian Amazon. Ranchers reburn pastures at intervals of 2-3 years to combat invasion of
inedible woody vegetation. Logs lying on the ground when these reburnings occur are often
burned. Some char formed in earlier burns can be expected to be combusted as well. A typical
scenario of three reburnings over a ten-year period would raise the percentage of above-ground
C converted to charcoal from 2.6% to 3.2% (Table 18), using the parameters for
transformations of gross carbon stocks given in Table 17. The carbon transformations over a
typical 10-year sequence are shown diagrammatically in Figure 4.
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Carbon content of
biomass

Above-ground fraction

Combustion efficiency in
initial bum

Char C fraction in

initial burn

Fraction of char on
biomass following

initial burn

Exposed to soil char ¢
transfer fraction during
1t interval

Fraction surviving decay
in 1t interval
Combustion efficiency in
1st rebum

Fraction converted to
char in 1st return

Char C combustion
fraction in 1st rebumn
Fraction surviving decay
in 2nd interval
Combustion efficiency in
2nd reburn

Fraction of C converted
to char in 2nd reburn
Exposed to soil char C
transfer fraction during
2nd interval

Char C combusted
fraction in 2nd reburn
Fraction of char on
biomass afler 2nd rebum
Exposed to soil char C
transfer fraction during
3rd interval

Fraction surviving decay
in 3rd interval
Combustion efficiency in
3rd return

Fraction of C to char in
3rd reburn

Char C combustion
fraction in 3rd rebum

Soil C release from top
20 cm

Replacement vegetation
biomass

0.809

0.275

0.026

0.89

0.3

0.41

0.145

0.011

0.57

0.011

0.89

0.3

0.89

03

0.77

0.145

0.011

3.92
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fraction of
dry weight

fraction of C
relcased

fraction of C
relcased

fraction of
wood C
released

MT/ha

MT/ha

Table 13

Brown & Lugo 1984
Table 8

Fearnside et al. nd-c
Fearnside et al. nd-c

preliminary data from
Fearnside ef al. nd-d

gucss

Calculated from Uhl and
Saldarriaga nd (a)

Preliminary data from
Fearnside et al. nd-f

Preliminary data from
Fearnside et al. nd-f

Assumed zero b/c char
converstion value is net

Calculated from Uhl and
Se'darriaga nd (b)

Assumed equal to 1st
reburn

Assumed equal to initial
burmn

guess

Assumed z:ro b/c char
conversion value is net

Assumed equal to initial
bumn

gucss

Calculated from Uhl and
Saldarriaga nd (b)

Assumed equal to lst
reburn

Assumed equal to 1st
reburn

Assumed zero b/c char
conversion value is net

Fearnside 1985a, 1987a

Table 17

Weighted mean for
arcas being cleared
in 1990

Average at Manaus,
Jari and Paragomi
Near Manaus,
Amazonas

Necar Manaus,
Amazonas

Near Altamira, Pard

Ist interval = 4
years

Burn in Apiau,
Roraima

Burn in Apiau,
Roraima (NB:
includes charcoal
from capoeira)

2nd interval = 3
years

3rd interval = 3
years

Weighted average for
equilibrium land
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Notes: (a) Uhl and Saldarriaga (nd) report an average of 97.3 MT of above ground dry weight biomass
remaining 3-4 years after clearing a Venezuelan forest whose original above-ground biomass was
believed to be 290 MT/ha based on estimates in the area by Stark and Spratt (1977). Assuming
the combustion efficiency (0.275) and charcoal formation fraction (0.026) measured in Brazil
(Fearnside et al., nd-b), the post-burn above-ground biomass exposed to decay in Venezuela
would be reduced to 200 MT/ha. Loss to decay over the 3.5 year interval (using the midpoints
of the range of site ages) would therefore be 51%. Loss in a 4-year interval following the initial
burn would be 59%.

(b) Uhl and Saldarriaga (nd) report average biomass as 56 MT/ha for 6-7 year-old sites; 45.3
MT/ha for 8-10 year old sites, 22.7 MT/ha for 12-20 year old sites and 7 MT/ha for 3040 year
old sites. Assuming a linear decline in wood mass within each age interval (and using midpoints
of age ranges as the limits of the intervals), the loss per year as a percentage of the wood mass
at the beginning of each interval would be 14.7% for 0-3.5 years, 14.2% for 3.5-6.5 years, 7.6%
for 6.5-9 years, 7.2% for 9-16 years and 3.6% for 16-35 years. These loss rates have been used
to calculate loss values for the intervals used in the present calculation (0-4 years, 4-7 years and
7-10 years).
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Table 16. Markov matrix of transition probabilities

Initial state Later state
Forest  Agriculture Productive Degraded  Secondary

pasture pasture forest

Forest 0 0.167 0.833 0 0

Agriculture 0 0.500 0.400 0 0.100

Productive 0 0 0.930 0.028 0.042

pasture

Degraded 0 0 0.009 0.977 0.014

pasture

Secondary 0.005 0.010 0.090 0 0.895

forest

Equilibium 0.01% 0.04% 356% 43.4% 20.5%

proportions
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5. SOURCES AND SINKS OF GREENHOUSE GASES

5.1. Burning

Biomass carbon not converted to charcoal is released through combustion and decay, the
relative importance of each affecting the gases emitted. If an area were burned only once,
28.4% of the pre-burn above-ground carbon would be released through combustion and 69.0%
through decay. With a typical scenario of three reburnings 35.0% would be released through
combustion and 61.9% through decay. Both combustion and decay release other trace gases
such as methane.

The parameters for carbon emissions (CO,, CH, and CO) from the different burning and
decay transformations of biomass are given in Table 18. Two sets of parameters are given: a
"low methane” and a "high methane" scenario, reflecting the range of values appearing in the
literature for releases from such sources as termites and flaming and smoldering burns. Carbon
emissions as CO,, CH, and CO are diagrammed in Figure 5 with parameters for the low-
methane scenario. The low and high scenarios might more accurately be designated "trace gas"
rather than "methane," as other gases are also included. Parameters for other sources of

greenhouse gases from land-use change are given in Table 19, and trace gas release parameters
are given in Table 20.

The amount of methane released is heavily dependent on the ratio of smoldering to
flaming combustion; smoldering releases substantially more CH,. Aircraft sampling over fires
(mostly from virgin forest clearing) indicates that a substantial fraction of combustion is in
smoldering form (Andreae et al., 1988). Logs consumed by reburning of cattle pastures are
virtually all burned through smoldering rather than flaming combustion (personal observation).

Carbon monoxide (CO) is also produced by burning. This gas contributes indirectly to
the greenhouse effect by impeding natural cleansing processes in the atmosphere that remove a
number of greenhouse gases, including methane. Carbon monoxide removes hydroxyl radicals
(OB), which react with CH, and other gases, including various chlorofluorocarbons (CFCs) that
provoke stratospheric ozone depletion, in addition to the greenhouse effect.

Burning also releases some nitrous oxide (N,0), which contributes both to the greenhouse
effect and to the degradation of stratospheric ozone. A sampling artifact has made measurements
prior to 1989 unusable (Muzio and Kramlich, 1988). Estimates after discovery of the artifact
indicate N,O emissions from biomass burning are substantially lower than had previously been

thought (Crutzen, 1990). The parameters used in the present estimate (Table 20) are unaffected
by the artifact.
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Table 17. Replacement vegetation weighted biomass calculation

Category Equilibrium Biomass total = Biomass Residence time  Transition time
proportion {mt/ha) source (years) source

Forest 0.001 394 (a) 1 (a)
Farmland 0.004 10 ) 2 (e)
Productive 0.356 10.67 (©) 15 )
pasture
Degraded 0.434 27 ) 30 ()]
pasture
Secondary 0.205 53 (d) 10 @
forest
Weighted 26.82
mean:

Sources: (a) Table 12; Secondary forest is assumed to be equivalent to original

forest from the standpoint of biomass after 100 years. Saldariaga et al.

(1986:96) calculated recovery in 144-189 years in Venezuela.

(b) guess

(c) Fearnside et al., nd-d; see Fearnside, 1989e.

(d) Fearnside, 1987a

(e) general observation (see Fearnside, 1985b).

(f) based on study of large ranchers in Paragominas, Pard (Uhl et al., 1988).

(g) based on study of small farmers on Transamazon Highway (Fearnside, 1984, 1986a).
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Table 19. Parameters for other sources of greenhouse gases from land-use change

Factor Units Value Reference Note

Soil carbon from top 20 cm MT C/ha 3.92 Fearnside, 1985a (a)

Cerrado biomass carbon MT C/ha 32.33 Table 14 )

Hydroelectric dams CH4 mg CH4/m?/day 43 Aselmann and (©)
Crutzen, 1990: 446

Cattle CH4 kg CH4/head/year 55 Ahuja, 1989

Cattle stocking rate head/ha 0.3 Fearnside, 1979 (d)

Pasture soil N20 kg N20/ha/year 3.8 Luizao et al, 1989 (e)

b

Notes: (a) For conversion to pasture at Paragominas, based on Falesi (1976: 31 and 42) for carbon
contents and Hecht (1981:95) for soil densities.

(b) Based on conversion to pasture (total biomass 10.7 MT/ha) of Cerrado with average total
biomass of 45 MT/ha.

(c) Global average for lakes.
(d) Feeding capacity after 3 years.
(e) Full annual cycle under pasture and forest at Manaus.
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5.2. Soil Carbon

Release of soil carbon would be expected when forest is converted to pasture because soil
temperatures increase when forest cover is removed, thus shifting the balance between organic
carbon formation and degradation to a lower equilibrium level (Cunningham, 1963; Nye and
Greenland, 1960). A number of studies have found lower carbon stocks under pasture than
forest (reviewed in Fearnside, 1980). For the same reason, naturally occurring tropical
grasslands also have much smaller soil carbon stocks per hectare than do forests (Post et al.,
1982). Lugo er al. (1986), however, have found increases in carbon storage in pasture soils in
Puerto Rico, especially in drier sites, and suggest that tropical pastures may be a carbon sink.
The present study treats soils as a source of carbon when forests are converted to pasture. All
carbon released from soils is assumed to be in the form of CO,.

Soil carbon in pasture is taken to be that in a profile equivalent to what is compacted
from a 20 cm profile in the forest. Parameters used in deriving soil carbon changes are given
in Table 21. The layer compacted from the top 20 cm of forest soil releases 3.92 MT/ha of
carbon (the value used in the current calculations).

The 3.92 MT/ha release from the top 20 cm of soil represents 38% of the pre-conversion
carbon present in this layer. This is higher than the 20% of pre-conversion carbon in the top
40 cm of soil that Detwiler (1986) concluded is released, on average, from conversion to
pasture. The difference is not so great as it might seem: since carbon release is greatest nearest
the surface, considering soil to 40 cm would thereby reduce the percentage released. One factor
acting to compensate for any overestimation possibly caused by using a higher percentage of soil
carbon release is the low bias introduced by having considered only the top 20 cm.

If soil to one m depth is considered (the usual practice), and the same 38% of pre-
conversion carbon is released, then the release would be increased to 9.33 MT/ha (Table 21).
The calculation to one m depth considers that the top 20 cm of soil contains 42% of the carbon
in a one m profile (based on samples near Manaus: Fearnside, 1987a). Brown and Lugo (1982:
183) have used a similar relationship to estimate carbon stocks to a depth of one m from samples

of the top 20 cm, considering 45% of the carbon in a one m profile to be located in the top 20
cm.

5.3. Termites and Decay

Termites are the major agent of decay for unburned wood (Uhi and Saldarriaga, nd).
No measurement exists of the percentage of felled biomass that is ingested by termites in
Amazonian clearings. Termite populations increase to a peak approximately 5-6 years after
clearing, and subsequently decline as the available wood disappears (A.G. Pandeira, personal
communication, 1990). It is assumed that none of the below-ground wood is ingested by
termites: a conservative assumption given that termite species that eat buried wood are known
to occur (Bandeira and Macambira, 1988) and termites consume underground biomass in other
regions, such as Africa (e.g., Wood et al., 1977). A lively controversy surrounds the question
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Table 21. Soil carbon parameters and calculations

e —___—_____~°~ o ———————— — ———————

_ Units Value Source
PARAMETERS )
Soil density in forest g/em? 0.56 Hecht 1981:95
Carbon in forest soil % by wt. 0.91 Falesi 1976:31 & 42
Carbon in pasture soil % by wt. 0.56 Falesi 1976:31 & 42
Top 20 cm C as fraction of 1 m C % by wt. 42 Fearnside 1987
CALCULATED VALUES
Top 20 cm of soil:
Soil dry weight MT/ha 1120
Carbon in forest soil MT/ha 10.19
Carbon in pasture soil compacted from top MT/ha 6.27
20 cm of forest soil
Release from top 20 cm MT/ha 3.92
Release fraction of pre-conversion soil C % by wt. 38

Top meter of soil:

Soil dry weight MT/ha 5,600
Carbon in forest soil MT/ha 24.27
Carbon in pasture soil MT/ha 14.93
Release from top meter MT/ha 9.33
Release fraction of pre-conversion soil C % by wt. 38
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of how much methane is produced by termites (Collins and Wood, 1984; Fraser et al., 1986;
Rasmussen and Khalil, 1983; Zimmerman et al., 1982, 1984). Support for substantial emission
potential from termites in deforested areas in the Amazon is provided by high population
densities in fields in Pard where forest biomass remains present (Bandeira and Torres, 1985),
and high methane emissions from termite mounds near Manaus (Goreau and de Mello, 1987).
The low-methane scenario in the present paper assumes that 0.2% of the carbon ingested by
termites is transformed into methane (Seiler er al., 1984), while the high-methane scenario
assumes that 0.77% of the carbon is converted to methane (calculated from Goreau and de
Mello, 1987). The values of Zimmerman et al. (1982, 1984) are not used. The billions of
metric tons of wood that these insects would devour as Amazonia is deforested cannot help
producing substantial contributions of methane regardless of which production rates prove to be
correct.

5.4. Cattle and Pasture

Methane is produced in the rumens of the cattle that occupy pastures in deforested areas.
The portion of the area considered to be maintained under pasture is that derived from the
equilibrium landscape (Tables 16 and 17). Parameters used to derive methane emissions from
cattle are included in Table 19.

Pasture soils in Amazonia emit N,O in quantities substantially higher than forest soils
when measurements are made over a full annual cycle (Luizdo er al., 1989). Most emissions
are in the wet season, and are not reflected in measurements restricted to the dry season (e.g.,
Goreau and de Mello, 1987).

Unlike the emissions from the initial burning, conversion of a given hectare to pasture
does not result a one-time release of greenhouse gas, but rather a continuous additional flux at
this rate for as long as the area is maintained under this land use.

One factor not included in the calculation is the production of trace gases by the
reburning of pasture and secondary forest. The combustion of logs remaining from the original
forest is included. The burning of the biomass of the pasture itself and of secondary forest does
not contribute to net release of carbon dioxide, as the same amount of carbon is reabsorbed when
the vegetation regrows. However, CH,, CO, N,0 and NO, do increase as a result of the
reburnings as these gases do not enter photosynthetic reactions. Methane degrades to CO, after
an average of 10 years (Shine et al., 1990: 60), and CO degrades after a few months (Thompson
and Cicerone, 1986: 10,857), after which the carbon can return to the vegetation. The trace gas
inputs of reburning the replacement vegetation represent one of several factors not included in
the current calculation, but which are hoped to be included in more refined versions in the
future. A number of factors not included in the present calculation are summarized in Table 22.
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Reburning pasture CO, CH4, N20, NOx
Reburning secondary forest CO, CH4, N20, NOx
Emissions from intact replacement vegetation =~ CH4, NOx, NMHC

Soil release below 20 cm Cco2
Forest degradation (logging, etc.) Co2
Cerrado buming frequency acceleration CO, CH4, N20, NOx
Graphitic C in soot Cc0o2

——— ________—___ —_— _— ———————~——— ———
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5.5. Removal of intact forest sources and sinks

Deforestation makes an additional contribution to methane by removing a CH, sink in the
soil of intact forest (Table 20). Removal of intact forest sources and sinks also affect the
contribution of deforestation to a variety of compounds of nitrogen and oxygen (NO,) and to
non-methane hydrocarbons (NMHC), especially isoprenes. In the case of NMHC, the net effect
of deforestation is to decrease this greenhouse gas source over the 20-year period used in the
current calculation, canceling 4-5% of the impact of other emissions. The effects of removing
intact forest sources are included in the parameters for trace gases (Table 20). No forest sink
is explicitly included for N,O because the emission values used for this gas represent the net
difference between forest and pasture emissions.

5.6. Hydroelectric Dams

The calculations presented above consider only emissions from conversion of natural
vegetation to cattle pasture -- the dominant trend in Brazilian Amazonia today. Another form
of conversion with great potential impacts is construction of hydroelectric dams in rain forest
areas. These release greenhouse gases both by the decomposition of the dead forest left standing
in the reservoirs and by the continuing release of methane from the flooded areas (especially in
the portions that are alternately dried and flooded).

Hydroelectric dams are commonly believed to have no impact on the greenhouse effect,
in contrast to fossil fuel use. The validity of this conclusion, however, depends heavily on the
biomass of the vegetation in the flooded areas and on the power output of the dams. In
Amazonia, dams are frequently worse than petroleum from the point of view of greenhouse
emissions. The worst case is the Balbina Dam, which was closed in 1987. Located on
relatively flat terrain, Balbina's shallow 2360 km? reservoir can only generate enough power to
deliver an average of 109 megawatts to Manaus (Fearnside, 1989b). The biomass of the flooded
forest is now decomposing, releasing its carbon to the atmosphere. Generating the same energy
from petroleum would take 250 years to equal the carbon release from flooding the Balbina
reservoir (based on Junk and de Mello, 1987; see Fearnside, 1989b).

The Amazonian vdrzea (white water floodplain) has been identified as one of the world’s
major sources of atmospheric methane (Mooney et al., 1987). The vdrzea occupies about 2%
of the 5 X 10° km? Legal Amazon, the same percentage that would be flooded if all of the
100,000 km? of reservoirs planned for the region are created (Brazil, ELETROBRAS, 1987:
150). Virtually all of the planned hydroelectric dams are in the forested portion of the region,
of which they would represent approximately 2.5-2.9%. Were these reservoirs to contribute an
output of methane per hectare on the same order as that produced by the vdrzea, they would
together represent a significant contribution to the greenhouse effect. Like biogenic release of
N,O, this would be a permanent addition to greenhouse gas sources, rather than a one-time
input. The parameter for methane emissions from hydroelectric dams included in Table 19 (43
mg CH,/m?/day) is a mean for lakes of the world, and is undoubtedly conservative for the
anoxic conditions that characterize the bottoms of Amazonian reservoirs like Balbina.
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Measurements in natural vdrzea lakes indicate emissions ranging from 5-60 mg CH,/m?/day in
permanent aquatic portions of the lakes free of macrophytes, to 15-200 mg CH,/m%day in
flooded forest (Wassmann and Thein, 1989). In 1990, no new reservoirs were filled in the
Legal Amazon. The emissions can be significant, however: for reservoirs filled in 1988, 20
X 10° MT of CO,-equivalent carbon were emitted (Fearnside, nd-a, using global warming
potentials at 5% discount rate from Lashof and \huja, 1990).

The quantities of gases released by each source and absorbed by each sink are given in
Table 23 for the low-methane scenario. Table 24 presents the corresponding results for the high
methane scenario. Although the emissions of CO, dwarf the absolute quantities of the other
gases, the greater greenhouse impact per ton of the latter gives them a significant role in
deforestation’s contribution to global warming.

6. GLOBAL WARMING IMPACT OF EMISSIONS

The effect of trace gases such as methane and carbon monoxide is to raise the impact of
each ton of carbon released by Amazonian deforestation. Fossil fuel burning, in contrast,
releases almost only CO,. The technical uncertainties between the low and high methane
scenarios have much less effect than does the policy framework used to interpret the results,
which determines the time horizon of the calculation -- or, alternatively, the discount rate
(Fearnside, nd-a).

The global warming potentials used in the current calculation are those derived by the
Intergovernmental Panel on Climate Change (IPCC) for its 20-year scenario, including indirect
effects (Shine er al., 1990: 60). These are presented in Table 25. The 20-year time horizon is
justified by IPCC as that reflecting the likely time period for climatic impacts on rainfall regimes
in temperate regions, one of the major global consequences of global warming. The IPCC also
made calculations with 100 and with 500 year time horizons. The 100-year horizon is justified
as that corresponding to major changes in sea levels (Shine et al., 1990: 58). The IPCC gives
no justification for the 500-year horizon, and, indeed, it is difficult to explain why this
calculation was made other than to direct attention to the 100-year values as a form of "middle"
estimate. Although the IPCC notes that "these three different time horizons are presented as
candidates for discussion and should not be considered as having any special significance” (Shine
et al., 1990: 59), the more extensive and graphic presentation of results from the 100-year
integration, including those in the IPCC report’s executive summary, tends to draw attention to
this set of parameters. However, for a variety of reasons both legitimate and not, the events of
the next 20 years are of much more concern to the world’s population today than are events 80-
100 years in the future. The longer the time horizon used in greenhouse calculations, the less

the impact of short-lived but highly absorbing gases like methane that are produced by tropical
deforestation.
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Table 25. Global warming potential of trace gases

b — ________________________________]

Gas Atmospheric life Global warming potential (a) including indirect
(years) effects (per ton of gas relative to carbon
dioxide)
20-year 100-year 500-year
cutoff cutoff cutoff
L
Cco2 120 1 1 1
CH4 10 63 21 9
Cco 7 3 2
N20 150 270 290 190
NOx 150 40 14
NMHC 31 11 6

Indirect Effects included in above totals:

Source gas  Greenhouse

gas affected
CH4 Tropospheric 03 24 8 3
CH4 Cc0o2 3 3 3
CH4 Stratospheric H20 10 4 1
co Tropospheric 03 5 1 0
co co2 2 2 2
NOx Tropospheric 03 150 40 14
NMHC Tropospheric 03 28 8 3
NMHC (60 7) 3 3 3

Note:  (a) Shire et al., 1990:60; includes indirect effects.

48



*(SZ 7iqeL) 3 jo Iyuopainbo 13 70D Jo 3w p dxa *gooy 1anpur Fupnjous ‘sajea 183407 J0d] (¢ 210N

98¢ 6¢ LrE 343 Lg 20¢ (LW vonTw) vogIes juapsambo-z70)

IS 6508 6V 909 06'95T  ES¥ST eMS_ 0001 S w1 1zl st (13 A (W vofpw) se33uowambo-z0) (WOl
vE SS e W WIS wl- S008I I¥6S  b6T 999 wT- 600 #I'T I OHIWN

¥ $E  OE8F 89S W L0 $00 820 oEsy 89§ ww 0 $00 820 oSl XON

Ly 9 €599 8S'€CC  S6Tr  STO 600 910 Wy K 80€C L1 80C 600 0L OIN

00Cl 56 %0 SL0 9Tl 68 &€l vIl 666l LEST T9081 008 0T OF'ST eSSl 9Tl el W@ sl W L 00
N &4 't 910 100 €61 160 ST 0L SIOLT  §9€l €S9 08T wo  sst 8 €19 1S°18 661 010  6Z'1 13 $HO
WLST 1002 I VST I6EMT LWL Y63  LBL  S9IB6  IELB  EEP68  SYIB6  TELB  EEH6B L0066 SS'TL6  LV'L6B 0066 SST6  L¥WLSR 1 200

SWH i SW1 SHH SWI1 SWH ~SK1 SKH SK1 ™oL W Wiy woL W) wwog moL 320 04 moyL W) w0

(%) o359 (o (4/m3 (whreed Jo 1IN (3wa4/we8 jo (3w w8 j0 1IN ®
™oL ) wog anigpe  J0IN TW)wREambozo)  Gorjim) poRED mnowy I vofrm) ywspambo 20D TOTII) PoRUI TUNOUrY d
Jouonngixuo) M
TOQIND S80I OLISTOS JUSR Auﬂ& OUPUIOS JUNPIW MO 3] 85)

f

UOIISIAUOJIP 0661 WO SUONSTID HNOYUIRALL) 9T QUL

49



The IPCC is currently in the process of revising its approach to deriving equivalents for each
gas in terms of CO,. A series of integrations will allow allocation of responsibility for the past
emissions of each country. However, the greater radiative forcing and broader absorption
spectrum of CH, as compared to CO, will undoubtedly maintain the greater relative impact of
carbon in the form of methane under the revised criteria.

The choice of the 20-year horizon gives more emphasis to trace gases than does the 5%
annual discount rate used by US-Environmental Protection Agency (EPA) (Lashof and Ahuja,
1990), which has been used in previous calculations of the impact of Amazonian deforestation
(Fearnside, nd-a). The 5% discount rate is roughly equivalent to the 30-year horizon used by
the World Bank (Arrhenius and Waltz, 1990).

The emissions of each gas under the high and low methane scenarios are shown in Table
26, together with the CO, carbon equivalent using the 20-year horizon global warming
potentials. Gross carbon releases are also shown. The effect of trace gases raises impact from
the gross carbon total of 281-282 X 10° MT/year to the CO, equivalent total of 343-386 X 10°
MT/year, an increase of 62-104 X 10° MT/year or 22-37%.

7. BRAZIL’S CONTRIBUTION TO GLOBAL WARMING

Global carbon emissions from deforestation are uncertain, in part because of the
uncertainty associated with Brazil’s large contribution to the total. One study (Houghton, 1989:
60), using the deforestation estimates of Myers (1989), estimates that Brazil contributes 0.454
GT (32.1%) of a global total of 1.398 GT of carbon released from deforestation. Using instead
the comparable figure of 0.281-0.282 GT/year for gross carbon release estimated for Brazil in
the present paper (Table 26), and a deforestation total of 1.402-1.413 GT/year (Tables 28-29)
based on the more conservative clearing rate estimates presented in Table 27, Brazil’s
contribution represents 20% of the deforestation total. Deforestation in the Brazilian Amazon
contributes 4.2% of the combined gross carbon total from fossil fuels and tropical deforestation.
Using the fossil fuel release as the standard of comparison, as is the usual practice, Brazil’s
annual rate of deforestation in Amazonia represents 5.3%. Using the CO, equivalent carbon
release of 0.343-0.386 GT (for the low and high methane scenarios), the contribution represents
4.9-5.4% of the combined deforestation and fossil fuel total or 6.5-7.3% of the global fossil fuel
total (Table 30, assuming the low and high methane scenarios described here for the Brazilian
Amazon apply to the non-Brazilian deforestation estimated in Tables 27-29).  Tropical
deforestation’s contribution to total (deforestation +fossil fuel) greenhouse emissions represents
20.9-21.1% for the low and high methane scenarios in terms of gross carbon, and 24.3-26.5%
in terms of CO,-equivalent carbon (Table 30).

8. DEFORESTATION AND GREENHOUSE POLICY

Deforestation in Brazilian Amazonia already makes a significant contribution to the
greenhouse effect, and continuation of deforestation trends could lead to an even greater potential
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contribution to this global problem. Uncertainties concerning clearing rate, biomass and other
factors do not change this basic conclusion regarding the significance of deforestation.

Brazil emits 50 X 10° MT of carbon annually from burning fossil fuels at 1987 levels
(Graga and Ketoff, nd; see also Flavin, 1989: 26). This contribution to the greenhouse effect
is balanced against the benefits of the country’s industry and transportation powered by oil and
coal, all domestic use of natural gas, etc. In contrast, each year’s clearing of forest and cerrado
in the Brazilian Amazon is now contributing to the atmosphere 281-282 X 10° MT of gross
carbon -- over five times as much as Brazil’s use of fossil fuels (Table 30). Correction for the
relative impact of trace gases releases increases the global warming stemming from deforestation
to 343-386 X 106 MT, or 7-8 times Brazil's fossil fuel emissions. The benefits of
deforestation, however, are minimal: it leaves in its wake only destroyed rain forests and
degraded cattle pastures.

The contrast between costs and benefits of biomass burning and fossil fuel combustion
are also tremendous on a per-capita basis. Discussing greenhouse emissions in terms of the per-
capita average for rural Amazonia as a whole does a great injustice to the poor small farmers
who make up the majority of the population. This is because most of the deforestation is done
by a tiny minority of large ranches. For example, a single rancher who clears 2,000 ha of
forest (with an average biomass of 372 MT/ha, releasing 221-251 MT/ha of C ~ O,-equivalent
C) is emitting as much carbon as a city of over 1 million people burning fossil fuels (calculation
patterned after I.F. Brown, 1988).

Reliable data are not available on how much of the clearing is taking place on large
ranches as opposed to small holdings. Even a very rough estimate is better, however, than the
alternative of assuming that the 13.8 X 10° km? of 1990 deforestation was divided evenly among
the region’s approximately 8 X 10° rural residents. The distribution of 1990 clearing among the
region’s nine states (Table 2) indicates well over half in states that are dominated by large
ranchers: 29% was in Mato Grosso, 35.5% in Pard (especially southern Pard where large
ranchers predominate). By contrast, Rond6nia -- a state that has become famous for its
deforestation by small farmers -- had only 12.1% of the total, and Acre had 4%. Recognizing
that predominantly small-farmer states also have large ranchers, and vice versa, an estimate of
approximately 60-70% of the clearing being the work of large ranchers appears reasonable. At
the time of the 1985 agricultural census, 1.7% of the rural establishments covered by the census
had areas of 1000 ha or more, but these accounted for 62.3% of the total area of private
property in the region (calculated from Brazil, IBGE, 1989: 297, considering half of the areas
reported for Maranhdo and Goids to be within the Legal Amazon). The 1985 agricultural
census information (Table 31) has been used in Table 32 for apportioning the 1990 emissions
(remembering that the deforestation rate in 1990 was lower than that in 1985). Comparisons
of per-capita emissions are shown for different property sizes and for the rural Amazonian
population, Brazil as a whole, the United States and the world. It is apparent that the emissions

from a tiny population of ranchers dominates the statistics not only for Amazonia but for Brazil
as a whole.
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The gulf between the costs and benefits of deforestation compared to fossil fuel use
makes slowing forest loss an obvious place for Brazil to start reducing its contribution to global
warming. The world’s 400 X 10° automobiles release 550 X 10° MT of carbon annually
(Flavin, 1989: 35); the 343-386 X 10° MT of CO,-equivalent carbon released by Brazil’s 1990
deforestation in Amazonia is therefore equivalent to the 367 X 10° MT reduction that could be
achieved by tripling the fuel efficiency of all the cars in the world. Other nations searching for
ways to best apply their funds to reduce global warming would be wise to contribute financially
to helping Brazil reduce its forest loss.

Slowing forest loss is possible because the process of deforestation in Brazil is largely
driven by factors that are subject to government decisions. Separate discussions have been
published treating deforestation’s causes in Brazil (Fearnside, 1987b), its meager benefits
(Fearnside, 1985b, 1986a), heavy environmental costs (Fearnside, 1985c, 1988), and irrationality
from the perspective of the long-term interests of the country (Fearnside, 1989¢,d). Measures
that would help slow forest loss in Brazilian Amazonia have been reviewed both from the
perspective of what the Brazilian government could do (Fearnside, 1989¢) and that of possible
contributions from other countries (Fearnside, 1990e). It cannot be overemphasized that slowing
deforestation in Brazil is in Brazil’s own best interest independent of its implications for global
warming: even if deforestation were beneficial from a greenhouse standpoint, Brazil would be
foolish to continue clearing its Amazonian forests.

The contrast between costs and benefits of the biomass burning and the combustion of
fossil fuels are also tremendous on a per capita basis. Discussing greenhouse emissions in terms
of the per capita average for rural Amazonia as a whole does a great injustice to the poor small
farmers who make up the majority of the population. Most of the deforestation is done by a tiny
minority of large ranches. For example, a single rancher who clears 2,000 ha of forest (with
an average biomass of 372 t/ha) is emitting as much carbon as a city of almost 1 million people
burning fossil fuels (calculation patterned after I.F. Brown 1988).

Reliable data are not available on how much of the clearing is taking place on large
ranches as opposed to small holdings. Even a very rough estimate is better, however, than the
alternative of assuming that the 13.8 x 10° km? of 1990 deforestation was divided evenly among
the region’s approximately 8 x 10° rural residents. The distribution of 1990 clearings among
the region’s nine states (Table 2) indicates well over half in states that are dominated by large
ranchers: 29 percent was in Mato Grosso and 35.5 percent in Pard (especially southern Par4
where large ranchers predominate). In contrast, Ronddnia -- a state that has become famous for
its deforestation by small farmers -- had only 12.1 percent of the total, and Acre had 4 percent.
Recognizing that predominantly small-farmer states also have large ranchers, and vice versa, an
estimate of approximately 60-70 percent of the clearing being the work of large ranchers appears
reasonable. At the time of the 1985 agricultural census, 1.7 percent of the rural establishments
had areas of 1000 ha or more, but these accounted for 62.3 percent of the total area of private
property in the region (calculated from Brazil, IBGE 1989, 297, considering half of the areas
reported for Maranhdo and Goids to be within the Legal Amazon). The 1985 agricultural census
information (Table 31) has been used in Table 32 for apportioning the 1990 emissions
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(remembering that the deforestation rate in 1990 was lower than that in 1985). Comparisons of
per capita emissions are shown for different property sizes and for the rural Amazonian
population, Brazil as a whole, the United States and the world. It is apparent that the emissions
from a tiny population of ranchers dominates the statistics not only for Amazonia but for Brazil
as a whole.

The gulf between the costs and benefits of deforestation compared to fossil fuel use
makes slowing forest loss an obvious place for Brazil to start reducing its contribution to global
warming. The world’s 400 x 10° automobiles release 550 x 10° t of carbon annually (Flavin
1989, 35); the 346-376 x 10° t of CO,-equivalent carbon released by Brazil’s 1990 deforestation
in Amazonia is therefore equivalent to the 367 x 10° t reduction that could be achieved by
tripling the fuel efficiency of all the cars in the world. Other nations searching for ways to best
apply their funds to reduce global warming would be wise to contribute financially to helping
Brazil reduce its forest loss.
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Deforestation (1000 ha/yr)

All forests (most

Closed forests

Open forests

AFRICA

Benin
Burundi

Cameroon

Central African Rep.

Congo

Cote d’lvoire
Gabon
Gambia, the
Ghana
Liberia
Madagascar
Nigeria
Rwanda
Sierra Leone
Togo
Uganda
Zaire

CENTRAL AMERICA

(continued on following page)

Belize
Costa Rica
Cuba

Dominican Rep.

El Salvador
Guatemala
Haiti
Honduras
Jamaica
Mexico®
Nicaragua

Panama

Trinidad & Tobago

190
55
22

510

12
1199
370
1404

42

90

90

700

121
36

150.0
300.0
3.0
6.0
2.0
703.0
182.0
963.0
9.0
42.0
2.0
4.0
5.0
90.0
2.0
90.0
2.0
668.0
121.0
36.0
1.0
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50.0
0.0
6.0

100.0
2.0
0.0

10.0

496.0

188.0

325
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

325
0.0
0.0
0.0



Table 27 (continued). Deforestation rates in countries with tropical moist forests
b ————— .

e

Country Deforestation (1000 ha/yr)
All forests (most Closed forests Open forests
recent cstimate) (approximate rate) (approximate rate)
e
SOUTH AMERICA 4673 3285.3 2212.2
Bolivia 117 87.0 30.0
Brazil® 2380 1380.0 1824.5
Colombia 890 820.0 70.0
Ecuador 340 340.0 0.0
Guyana 3 2.0 1.0
Paraguay 450 403.3 46.7
Peru 245 125.0 120.0
Suriname 3 3.0 0.0
Venezucla 245 125.0 120.0
ASIA 2814 2666.0 148.0
India 48 48.0 0.0
Indonesia 1000 967.7 323
Kampuchea, Dem. 30 25.0 5.0
Lao Peoples Dem. Rep. 130 100.0 30.0
Malaysia 270 270.0 0.0
Myanmar 600 600.0 0.0
Nepal 84 84.0 0.0
Pakistan 9 7.0 2.0
Philippines 150 150.0 0.0
Singapore
Sri Lanka 58 58.0 0.0
Thailand 235 156.3 78.7
Vietnam 200 200.0 0.0
OCEANIA 26 25.0 1.0
Australia s
Fiji 2 2.0 0.0
Papua New Guineca 23 22.0 1.0
Solomon Islands 1 1.0 0.0

— e

Notes:  (a) All data from World Resources Report 1991 (WRI, nd), except for those for Mexico and Brazil. Apportioning
between open and closed forests is approximate, based on percentage of existing forests of each type listed in WRI
report, aside for Brazil and Mexico.

(b) Mexico data for closed forests from Masera et al 1992. WRI (nd) gives 957.5 x 10 ha/yr as closed forest rate
in Mexico.
(c) The Brazil rate considers Amazon forests as closed and Cerrado as open (rates as used in this paper).
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30._Coutribution of deforestation in Brazilian Amazonia to glob

REGION Source GROSS CARBON CO2-EQUIVALENT CARBON

Low methane High methane Low methane High methane
—dsepade . _ggepado o xemario  ___gcepario
Million % of Million % of Million % of Million % of
MT global MT global MT global MT global
total total total total
BRAZIL
Deforestation 281 4.2 282 4.2 343 4.9 386 53
fossil fuel 50 0.7 50 0.7 50 0.7 50 0.7
Total 331 49 332 4.9 393 5.6 436 6.0
WORLD
Deforestation 1402 20.9 1413 21.1 1700 243 1915 26.5
fossil fuel §300 79.1 5300 78.9 5300 5.7 $300 7.5
Total 6702 100.0 6713 100.0 7000 100.0 72158 100.0
 — ——
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Table 32. Greenhouse impact per capita

Low methane scenario High methane scenario

Source P((::;;:?;::; Annual Annual Number Annual Annual  Number
Emission = Emission of Emission = Emission of
(million  per capita  people (million per capita  people
MTCO2 (MTCO2 needed MT CO2 (MT needed
equiv. C) equiv.C) to equal equiv.C) co2 to equal
(b) one (b) equiv.C) one
large large

rancher rancher

Large rancher 0.1 213 1565.1 1 240 1761.3 1
population

Amazonia (a)

Medium-sized 0.5 91 190.0 8 103 213.8 8
rancher population

of Amazonia (a)

Small farmer 6.7 38 5.7 273 43 6.5 273
population of

Amazonia (a)

Rural Amazonia 8 343 51.5 30 386 48.2 37
total

Rest of Brazil 132 47 0.4 4396 47 0.4 4947
Brazil total 140 393 2.8 558 436 3.1 566
World 5300 7000 1.3 1185 7215 1.4 1294
United States 210 1060 5.0 310 1060 5.0 349

Notes: (a) "Large ranches” are > 1,000 ha in area, "middle-sized ranches" are 100-1000 ha in area, "small farms"
are < 100 ha in area. The 1990 rural population is apportioned between these categories in proportion to
the number of establishments censused in 1985 (Table 31).
(b) Emissions are allocated among property classes in proportion to the area of the establishments.
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NOTES

(1) Some inconsistency remains in the definition of original forest area used here (Tables 4 and
5), and that used in the deforestation estimate (Tables 1-2). The deferestation estimate used a
line between forest and non-forest drawn by INPE from LANDSAT-TM 1:250,000 scale images
with some reference to the RADAMBRASIL vegetation maps (but without a list of the
vegetation types classified as forest and non-forest). The area so defined has not yet been
measured by INPE, but a compilation by map sheet (using IBGE 1:250,000 scale maps as a
geographical base) was made of the approximate proportions of forest and non-forest in each
sheet. The total from this compilation is 4.0 X 10° km?, lower than the 4.3 X 10° km? measured
from the IBDF/IBGE 1.5,000,000 scale map.

The "present" vegetation is also inconsistent: the IBDF/IBGE mapping totals 3.7 X 10°
km? of forest (circa 1988)(Table 5), whereas the original forest area from the same map, less
the area deforested by 1988 (Table 1), yields a total of 3.9 X 10° km%

(2) Tocantins is a state created by Brazil’s October 1988 constitution from the northern half of
the former state of Goids. The border between Tocantins and the present state of Goids is an
irregular line zig-zagging along the 13th parallel S. latitude, which had previously been the limit
of the "Legal Amazon" in this area. The present state of Tocantins now defines the limit of
Legal Amazonia here. Deforestation data from previous years have been re-interpreted to
conform to the new definition, but the areas of the vegetation types have not yet been adjusted
(referred to in the tables as "Tocantins/Goids"). Of the present state of Goids, 2875 km? lies
north of 13° S. Latitude, and 7411 km? of Tocantins lies south of this parallel (Fearnside et al.,
nd-a). Virtually none of this area was originally forested.

(3) Annual transition probability can be obtained from the mean time to transition by calculating
the number of years needed for the cumulative probability of the event (transition) occurring at
least once to reach 0.5, i.e.,, 0.5 = (1 -P), or P = 1 - 0.5, where "P" is the annual
probability of transition and "t" is the mean time to transition in years.
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