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SUMMARY

Current and future carbon cmissions from land-usc change and energy consumption
were analyzed for Sub-Saharan Africa. The encrgy sector analysis was based on UN encergy
data tapes while the land-usc analysis was based on a spatially-explicit land-use model
developed specifically for this project. The impacts of different energy and land-use strategics
on future carbon emissions were considered. (A review of anthropogenic emissions of
mecthane, nitrous oxides, and chlorofluorocarbons in Sub-Saharan Africa indicated that they
weie probably minor in both a global and a regional context. The study therefore was focused
on cmissions of carbon dioxide.)

The land-use model predicts carbon emissions from land use change and the amount
of carbon stored in vegetation (carbon inventory) on a yearly basis between 1985 and 2001,
Emissions and inventory are modeled at 9000 regularly-spaced point locations in Sub-Saharan
Africa using location-specific information on vegetation type, soils, climate, and deforestation.
Vegetation, soils, and climate information were derived from contincntal-scale maps whilc
relative deforestation rates (% of forest land lost each year) were developed from country-

~specific forest and deforestation statistics (FAO Tropical Forest Resources Asscssment for

Africa, 1980). Point estimates were aggregated to make country estimates and in some cascs
subcountry cstimates.  All emissions of carbon sequestering per unit hectare were assumed to
accrue the year of land-use conversion. The temporal dynamics of plantation growth or
decomposition were not modeled. This simplification facilitated comparison between different
land-usc stratcgics. The carbon emissions under different land use strategics in Sub-Saharan
Alrica were analyzed by modifying deforestation rates and altering the amount of carbon
stored under different land uses. The considered sirategies were: preservation of existing
forests, implementation of agroforestry, and establishment of industrial tree plantations.
These three management options were chosen to addres the root causes of deforestation in
Sub-Saharan Afric: — agricultural encroachment, fuclwood demand, and logging. The validity
of the model was cvaluated by comparing the model cmission predictions, assuming current
land usc trends, wita current emission values predicted by other studies. The modcl
predictions were within the bounded estimates of the other studics.

Using current land-use trends, the land-use modcl results show that three countrics
(Ivory Coast, Zairc, and Nigeria) alone contributed over 50% of 1985 carbon cmissions from
land usc change in Sub-Saharan Africa. The Ivory Coast and Nigeria emissions arc predicted
to decline rapidly over time as their rapid rates of deforestation (7% and 3% loss per year)
deplete their forest base. Emissions from Zaire do not decline rapidly because of its vast
forest arcas and its current low rate of deforestation (only 0.2% loss per year). Angola, the
Central African Republic, Congo, and Gabon arce also similar to Zaire, having low e¢mission
rates (respectively, 0.18%, (.15%, 0.1% and 0.07% loss per ycar) with sizable forest arcas.
For all of the Sub-Saharan countrics cxamined, total carbon emissions from dcforestation arc
estimated at approximately 200 million tonnes in 1985. This total is projccted to decline Lo
about 140 million tonnes in 2001 assuming no change in deforestation rates — a result of
continued deforestation and reduction in forest arca. Over the 1985 to 2001 study period,
carbon cmissions are projected to average approximately 165 million tonnes per year. These
land-bascd emissions represent only a small fraction of current total global ecmissions of carbon
but a significant fraction (about 20%) of carbon cmissions from global tropical dcforestation.

Xi
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If deforestation accelerated in Zaire and the other countrics of the Congo basin, land-
based cmissions from Sub-Saharan Africa could become much more significant in a global
context.  For example, a tripling of Zaire's deforestation rate to 0.6%/ycar, still far below that
of the Ivory Coast or Nigeria, would causc carbon emissions from Sub-Saharan Africa to
increasc by 30%. If Zairc’s deforestation rate was the same as the Ivory Coast, cmissions
would be 500 million tonnes of carbon per year or about a tenth the current global fossil fucl
emissions. The current deforestation statistics for Zaire arc old (pre-1980) and based on
incomplete information. If timber extraction increases significantly, as it may duc to reduced
logging in Brazil and Asia, then emissions from Zaire could increase substantially. Quality
information and statistics on land-use and land-use trends arc badly needed to ascertain the
rcal risk in this region. Current emissions from land-use change must also be considered in
their historic comext. Considerable loss of forest land has alrcady occurred in Sub-Saharan
Africa. The closed forests that banded western Africa are now largely gone. The only
remaining cxtensive tracts of intact forest are in central Africa.

Of the three land use options for reducing carbon cmissions, aggressive forest
protection (total halt of deforestation in conjunction with recovery of degraded forest) yiclded
the greatest carbon beneflit. Under this option, average annual carbon emissions between
1991 and 2001 change from 152 million tonnes to a ne! «cquestering of 62 million tonnes cach
year as degraded forests put on new growth and sequester new carbon. Halving current
deforestation rates but allowing the existing forest to recover would reduce net emissions to
21 million tonnes per year. The estimate of carbon sequestering potential with forest
preservation is conservative as the estimates of both the extent of degraded forest and the
degree of degradation are conservative. More carbon, perhaps as much as 2 or 3 times more,
could be sequestered during the recovery of degraded forests. Unfortunately, the potential to
store carbon in new tree growth quickly diminishes as the forests reach full recovery and
would disappear within a few decades. It should also be noted that the preservation scenario
is not a restoration scenario. That is, cxisting forest is preserved but former forest-land is not
restored to forest.

Widespread adoption of agroforestry also yiclded significant reductions in carbon
cmissions. Assuming a high level of adoption (4% of the agricultural land was converted to
agroforestry cach ycar) and assuming the agroforestry site contained 40% of the trec biomass
that would be encountered in an industrial plantation, the model predicted that Sub-Saharan
carbon cmissions would drop from an average of 152 to 20.2 million tonnes per year. A morc
realistic, but still optimistic, adoption ratc of 2% per year and a lower tree biomass
assumption (20% of the biomass of an industrial plantation) reduced emissions to 114 million
tonnes per year.

Establishment of industrial plantation forests, assuming implementation rates
comparable to those recommended by the Tropical Forestry Action Plan, arc predicted to
reduce regional carbon emissions by 5 million tonnes per year.  Assuming that 0.1% of all land
biologically capable of supporting industrial plantations (this includes the agricultural land
basc but excludes current forest land) was converted to plantation annually, the annual carbon
savings were predicted to be about 10 million tonnes per year. Offsctting all industrial
roundwood removals with plantations would save about 18 million tonnes of carbon annually.
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The minimum costs for implementing these options were estimated to range between
$25 and $115/ha for preservation, $50 and $150/ha for agroforestry, and $560 and $1,060/ha
for industrial plantations. These costs are for direct expenses (c.g., scedlings, extension,
management) and do not account for institutional constraints (c.g., land tenure arrangements);
the need (> purchase land; and other location specific factors. In comparing among the three
land-use options, industrial reforestation is perhaps the most casily implemented, although the
cost per tonne of sequestered carbon is higher ($.1 to $22/tonne) than for preservation ($3 to
$15/tonne) and agroforestry ($2 to $10/tonne). However, implementing any of these land-use
options will depend on population density and rates of population growth (natural growth,
migration, or rescttlement) as well on other factors, such as customs and policics affccting the
allocation of land and tenure, access to markets (i.c., infrastrncture), foreign debt, government
policies designed to generate foreign exchange from cash crops and timber exports, the
availability of inputs and local technical skills for intensifying agriculture, and the adequacy of
institutions to manage these problems. ‘ : :

Several general land-use policy recommendations can be made on the basis of these
findings, although specific policy reccommendations are not appropriate given the very broad
and general scope of this study.  First, the Congo basin of Central Africa shelters an
cnormous pool of carbon in vegetation. The countrics of Zaire, Gabon, Angola, Central
Africa Republic, Cameroon, and Congo contain over half the forest carbon of Sub-Saharan
Africa - about 30,000 million tonnes of carbon. Due to inaccessibility and fairly low
population pressures, this pool is still largely intact. However, it could suffer the fate of the
Amazon basin with similar carbon emissions if transportation access improves and
governments do not reevaluate their overly lenient timber concession policies.  Policics that
promote the maintenance of this carbon pool, such as controlled logging, reforestation,
reduction of agricultural and fuclwood pressures, should be pursucd. Sccond, the information
basc upon which to develop sound specific policies is extremely limited for Central Africa,
Development of that information base should take high priority. Finally, as clsewhcere in the
tropics, deforestation in Sub-Saharan Africa is driven by agriculture, fuclwood nceds, and
international wood markets. These issucs must be addressed if deforestation is to be
successfully controlled and reforestation or afforestation implemented.

The analysis of the energy scctor in Sub-Saharan Africa indicates that fossil fucl
carbon emissions do not and probably will not play a major role in global carbon inventory
changes. However, it is also apparent that emissions could be reduced through a variety of
energy conservation and fuel substitution programs. While cnergy conscrvation and efficiency
programs could not be justificd in terms of reducing global carbon emissions, these programs
often represent sound financial and economic investments for energy sector institutions.
Investments in power-plant rehabilitation, line-loss reduction, and end-use conscrvation may
have the effect of reducing fuel costs, reducing outlays for capital equipment, and, of course,
concurrently reducing emissions from utilitics and large industrics.

Similarly, transportation efficiency programs reduce the amount of exhaust gas
emissions per passenger mile. Stove efficiency programs may provide a deforestation credit, as
well as reduce houschold cmissions of carbon. Power sector development programs with
greater emphasis on hydropower and renewable fuels may have significant impacts on future
cmissions, but it should be noted that overall power sector reliability will require a fixed
percentage of firm capacity. As demand grows for electric energy and as consumer needs and

xiii
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expectations evolve with respect to reliability, electric power utilities will be forced to invest in
both thermal and hydro resources. Investments in hydroelectric power generation appear to
be the most attractive non-fossil technology option, from a resource availability perspective.
Power generation from biomass resources could be pursued in selected arcas where waste
products are abundant, but with respect to global emissions, these options are relatively
insignificant. : ‘
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1. INTRODUCTION

This study addresses Sub-Saharan Africa’s potential to reduce greenhouse gas fluxes,
principally carton dioxide. Management of vegetation and fossil fuel trends are evaluated,
with the former receiving the major emphasis. The study also estimates the costs of land-use
management options for reducing carben emissions and increasing inventories of carbon from
vegetation. Specific land-use management optiors that are analyzed include preservation
(decreasing deforestation and degradation), agroforestry and fuelwood, and industrial wood
plantations. In general, this study addresses the magnitude «nd context of Sub-Saharan
carbon emissions .rom vegetation and the energy scctor, the effect of land-use management
options on reducing carbon emissions and the likely effectiveness of these options, and the
implementation costs of various mitigation strategics.

1.1 DESCRIPTION OF THE STUDY AREA

Sub-Saharan Africa (Fig. 1) is more than two and onc-half times larger than the

United States and is occupicd by many nations, ccological zonces, and sociocconomic regions.!
Development concerns are enormous — 15 out of the world’s top 20 poorest countrics in per
capita income are found in the arca. Sub-Saharan Alrica is not only complex but dynamic.
Important changes involve population, rural land usc, urbanization, and cnergy development.
The region is also one of the most poorly understood areas of the world with respecet to land-
use change, degree and quality of vegetative cover, and natural resource depletion. With the
world’s third largest area of moist tropica! forest and the world’s largest arca of open forest
and savanna-woodland, it is imperative to better quantily the trends and risks associated with
changes in vegetative cover and carbon dicxide emissions.

1.2 JUSTIFICATION FOR CARBON DIOXIDE EMPHASIS

Current estimates of greenhouse gas emissions from Africa strongly suggest that
anthropogenic emissions of methane, nitrous oxides, and chlorofluorocarbons arc minor in
both a global and a regional context. This study, therclore, concentrates on the most
significant of the region’s greenhouse gases, carbon dioxide, which is relcased when land with
a high carbon inventory (i.e., forest) is converted to a land usc with a low carbon inventory
(i.c., agriculture) or when fossil fuels are burned. Burning of savannas was not analyzed
because, although annual burning of savannas and grasslands rcleases enormous amounts of
CO.,, this CO, is presumably taken out of the atmosphere as vegetation grows back. Thus,
savanna burning is not a net carbon emitter unless the repeated burnings or excessive grazing
greatly reduce the average carbon inventory. Since savannas do not store large amounts of
carben per unit arca of land, degradation would have to be quite extreme for the carbon loss
to be significant.

'The geographic area included in the study is all of continental Africa and Madagascar
except the North African countries of West Sahara, Morocco, Tunisia, Algeria, Libya, and
Egypt. Because of data limitations, some countrics were excluded from spe :ific analyses.

1
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Fig. 1. Countries included in this study.




1.3 GENERAL APPROACH

The methodology and scope of the land-use (vegetation) analysis explicitly ‘ies carbon
emissions to land-use change {vegetation change).* By linking the carvon storage vilue of
different land-use types to changes in the extent of those types, nct carbon fluxes from land-
use change are calculated. Three land-uvse categories (forest, forest-fallow agriculture, and
nonforest) and their associated carbon storage are traced from 1985 to 2001 at 9000 point
locations in Sub-Sarahan Africa. At each point, carbon emissions from changes in the extent
of the different land-use classes arc calculated as the difference in carbon storage over time.
From thesc point values of carbon storage and cmissions, total changes in carbon storage and
emissions are compiled by country and zones within countrics. Current land-use change is
characw . zed by Food and Agriculture Organization of the United Nations (FAO) statistics on
country-specific deforestation rates. Current land use is characterized by FAO vegetation
maps and FAO country-specific statistics on forest and forcst-fallow area. Carbon storage
values are characterized by algorithms relating carbon storage value to vegetation type, soil
fertility, annual rainfall, and likelihood of degradation. Soil fertility, annual rainfall, and
likelihnod of degradation are characterized by FAO maps of climate, soil types, and
vegetation. To spatially synthesize the many data sources, a geographic information system
(GIS) is used. Becausc of the great importance of the Congo Basin moist tropical forest,
remote sensing imagery is analyzed to examine deforestation processes in a few locations in
Zaire and the Central African Republic.

Scale is one issuc that is key to evaluating land-use management options to control
~arbon cmissions and increase carbon inventory. Carbon inventory and land use must be
linked to the local factors controlling them. National or continental statistics on land use or
carbon storage are of little help in appreciating land tradc-offs and management options
unless they are linked with specific processes and characteristics of change at the local level.
By modafing land-use change at thousands of locations, the methodology employed to analyze
biomass carbon balances explicitly incorporates this concern.

I.. addition to the land-use analysis, an energy-scctor analysis is made for all countrics
in Sub-Sahzran Africa including South Africa. United Nations data of national fossi] fucl

*Vegetation can play two distinct roles with regard to the control of atmospheric carbor.
The first is vegetation’s role in storing or sequestering atmospheric carbon.  Because
vegetation contains carbon and obtains carbon from the atmosphere, vegetation changes affect
atmospheric carbon. If the amount of vegetation increascs, carbon is lost from the
atmosphere, i.e., the vegetation is sequestering carbon from the atmospheric carbon. Even if
the amount of vegetation does not change, vegetation still stores carbon. 'The second role is
the use of vegetation-derived fucls to displace fossil fuel use, thereby reducing fossil fucl
carbon emissions. The burning of vegetation-derived fucls (biomass fucls) such as {velwood
or charcoal has no net cffect on atmospheric carbon concentrations as long as the b.omass
fuel is replaced by new vegetation of an cquivalent carbon content. This study addresscs the
first role, that of sequestering carbon. Because fossil fucl usc is relatively minor in developing
countrics in Sub-Saharan Africa, its displacement with biomass fucl holds little immediate
benefit.  Also, virtually all fossil fucls are in the transportation and power scctors, which arc
very unlikely to substitute biomass as a fuel source.
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emissions for 1987 are assessed and preliminary projections are developed to determine the
region’s relative role for fossil fuel emissions.

1.4 STUDY TEAM ORGANIZATION

Oak Ridge National Laboratory (ORNL) managed ard directed the rescarch effort,
with other institutions playing major roles due to the multidisciplinary nature of the study. The
Africa Burcau of the U.S. Agency for International Development (A.LLD.) provided financial
and technical support, and Miami University (of Ohio) provided land-use analysis support.
ORNL conducted the carbon inventory and land-usc and economic analysis, contributed
expertise from the U.S. Department of Energy’s Biomass Production Program, and provided
greenhouse gas emission data from the U.S. Department of Energy’s Carbon Dioxide
Information Center. The biomass carbon balance portion of the study was accomplished with
the assistance of subcontracts with the University of Maryland (Dr. Chris Justice); Indiana
State University (Drs. Paul Mauscl, Susan Berta, and John Harrington, Jr.); and ESRI
Company. Dr. Justice provided the vegetation map of Africa and provided information on the
extent and boundaries of the closed forest of central equatorial Africa using AVHRR satcllite
imagery. Dr. Justice also assisted in developing the strategy for using satellitc imagery and
provided the SPOT imagery used in analyzing land-usc change in Zaire, Drs. Paul Mauscl,
Susan Berta, and John Harrington were responsible for the forest-change analysis of’ Landsat
imagery in the Central African Republic and Zaire. ESRI Company provided the GIS files of
political boundarics of Africa and point locations, the flat files containing the rainfall, and the
soil unit classes extracted from digital versions of the FAO maps of climate and soil units.
ESRI had developed these digital files for FAO in 1985 (ESRI 1985).

1.5 REPORT ORGANIZATION

This report is divided into topical chapters starting witin a bricf description of
greenhouse gas emissions, climate change, the carbon cycle and land use as they relate to Sub-
Saharan Africa. The study region’s fossil fuel and fuclwood emissions arc prescnted in the
next chapter. The analysis of energy-scctor emissions is followed by a detailed chapter on
biomass carbon balances. This chapter dzscribes the methodology, data, and modeling
techniques used in defining land-use dynamics in the Sub-Saharan region, discusses land-use
and cconomic factors influencing carbon emissions and their related costs, and rclates the
findings of the imagery analyses. The final chapter presents conclusions and discusses study
limitations. Within the appendixes are energy conversion factors, tables on country encrgy-
sector statistics and a comparison of FAO and AVHRR-based vegetation maps.



2. GREENHOUSE GASES AND VEGETATION IN
SUB-SAHARAN AFRICA

2.1 THE GREENHOUSE CONCEPT

Greenhouse gases act like a semipermeable membrane in the atmosphere that allows
energy from the sun to pass through the atmosphere almost uninhibited (except for some
reflectivity from clouds and the carth itself). As this energy warms the carth’s surface, heat is
reradiated back into the atmosphere as infrared radiation. Greenhouse gases absorb much of
this infrared radiation, building up the heat in the atmosphere and preventing its escape into
space (Solomon et al. 1985). This concept is real and has been verified on a global basis by
the atmospheric temperatures of Venus, Earth, and Mars. Without the greenhouse effect, the

teraperature of Earth would be 33°C colder, preventing the development of most life forms
(Schncider 1989).

While there is unanimity among the scientists that an incrcased concentration of
greenhouse gases will result in a warmer climate, uncertainty exists in predicting the
magnitude and timing of the warming. General circulation models (GCMs) indicate that a
doubling of carbon dioxide, or an cquivalent total increase of all other greenhouse gascs,
would warm the carth’s average surface temperature by 3.0 to 5.5°C (Schneider 1989).
However, the current ability of GCMs to accurately predict climatic change is debatable. The
coarse spatial resolution of GCMs grossly simplifics or ignores important atmospheric
processes such as turbulence; cloud formation, and precipitation that occur on a scale of tens
to hundreds of kilometers. The coarse scale of the GCMs may hide the nature of feedback
loops that could cither amplify or moderate the climatic change. Also, the trcatment of
oceans (important regulators of climate) by the GCMs is not sufficiently rigorous (Schneider
1989).

The atmospheric concentrations of the carth s greenhouse gascs have been increasing
at a rate faster than in the geologic past. The gases of main concern are carbon dioxide,
chlorofluorocarbons (CFCs), methane, and nitrous oxide. Table 1 summarizes the relative
importance of cach of these gases and the rate at which cach is incrcasing in the atmosphere.
Table 2 summarizes the current anthropogenic emissions of cach of these gascs. These
cmissions arc above and beyond the natural cycling of greenhouse gasces, which can be large as
with carbon dioxide (over 50 billion tonnes Clyear)! or nonexistent as with
chlorofluorocarbons.® These anthropogenic sources of gases are believed to be causing the
changes in atmospheric concentrations.

*GCMs model global climate by simulating climate in large grid cells. Each grid cell
encompasses thousands of squarc kilometers of the carth’s surface.

*In this study the term tonne always denotes metric tonne (10%g).
*Each scasonal cycle of vegetation growth and death causes large positive and ncgative

fluxcs of atmospheric CO,. What is of interest, of course, is the anthropogenic flux which,
although smaller, is always positive.
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Table 1. Characteristics of the major greenhousc gases

Atmospheric Annual
concentration increase Life span® Relative effect®
Gas (ppm) (%) (yr) (CO2 = 1)
CO, 3513 0.4 250° 1
CFCs 00022 5 10-120 22,000
CH, 1.7 1 10 30
NO 0.31 0.3 150 200

*Life span is the average residence time in the atmosphere of a single molecule.
*Relative cffect is the relative heat trapping capability of one molccule of a gas comparced to CO,.

For instance a CFC molecule has 22,000 times the warming effect of one molecule of CO,.

Laboratory Climate Change Committee. Lewis Publishers, Chclsea, Michigan.
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‘Carbon dioxide is a stable molecule in the atmosphere, in contrast with the other, more chemically
reactive, greenhouse gases listed here. Rather than being removed by chemical reactions in the atmosphere,
CO, is removed by exchanges with the oceans and terrestrial biosphere. While Ramanathan ct al. (1985) and
Flavin (1989) estimate the average residence time of atmospheric CO, to be 2-4 years, recent carbon-cycle
modeling [unpublished data from William R. Emanuel of Oak Ridge National Laboratory, based on the model
described in Killough and Emanuel (1981] indicates that, following the cessation of anthropogenic CO,
emissions, it would take approximately 250 years for the concentration of CO, to be reduced by two-thirds,

as a result of transfer to the oceans.

Source: Modificd from Flavin, DOE. 1990. Energy and Climate Change: Report of the DOE Mullti-
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Table 2. Annual global emissions budget estimates for four radiatively important gases
CO, CH, N,0 CFCs
Source (10% 1ennes C) (16° tonnes (2) (10 tonnes N) (10° tonnes)
Fnergy (total)  4846° 50 4.0° "
Production |
Gas | 96 | 20 - -
“Coal - _ 10 . -
Storage | - ‘ : } . -
End use ‘ : -
| Residentialjcommercial 20 04 .
Industrial ‘ 3400 - 1.2 -
Transport - - .
Utilities 1350 - 2.4 .
Land-usc changes 1300 20 0.5 -
Agriculture (total) ' - 175 2.7 -
Savanna burning - 30 0.4 -
Rice - ‘ 70 - "
Fertilizer - - 0.8 -
Cultivated soils - - 1.5 -
Cattle - 75
Chemical manufacture - - - 0.77
(total)
Refrigeration - . - 0.25
Foam-blowing uscs - - - 0.24
Acrosol spray uscs - - - 0.24
Miscellancous uscs - - 0.05
Grand Total 6146 245 7.2 -0.77

*Dashes denote zero or not significant.

*The total (4846) is probably an underestimate. Current fossil fuel carbon emissions are ™ 550 10% tonnes Chpr.
“This valuc is based on erroncous sampling techniques and is probably much lower (sec discussion).
dResidential, Commercial, and Industrial sources are aggregared,

Source: Modified from Darmstadtcer, J., aad J. Edmonds, Human Development and CO, missions: Current
Picture and Long-Term Prospects. In N. J. Rosenbserg et al. (eds.), Greenhouse Warming: Abatement and Adaplation, | )88.




Of the four leading greenhouse gases, only CFCs arc man-made chemicals with no
natural emissions source. CFCs are used primarily in refrigerants and acrosols (Table 2).
Presently, CFCs come predominately from developed countries, although the potential cxists
for greater emissions of CFCs {rom developing countries in response (o wider use of
refrigerants and acrosols (Fig. 2). Methanc comes from a wide variety of natural, scminatural,
and anthropogenic sources. Of the anthropogenic sources, ruminants (cattle), rice production,
fossil F.els, and biomass burning are the most important (EPA 1989, DOE 1990). As might
be expected, given many diffuse sources of methane, statistics on methane production are
quite imprecise. The values listed in Table 2 have uncertainty estimates of + 40 to 50%
(DOE 1990). Approximatcly 50% of these emissions arc from developing countrics (EPA
1989). Atmospheric nitrous oxides originatc from the burning of fossil fuels, soil cultivation,
usc of fertilizers, biomass burning, and land clcaring. Again, these emission estimates are

fraught with large uncertaintics (# 50 to 100%). Fossil fucl combustion has been traditionally

cited as the dominant source of nitrous oxide emissions (EPA 1989), but morc recent work
(Cicerone 1989) indicates that the fossil-fucl contribution and the contribution from biomass
burning may be much less than previously thought because the technique formerly used to
sample nitrous oxide concentrations had an artifact that caused concentrations to be grossly
over estimated. ‘

Global carbon dioxide emissions arc an order of magnitude larger than the emissions
of any other greenhouse gas. Carbon dioxide accounts for approximatcly half the anticipated
atmospheric warming {rom greenhouse gases. Even though the gas is the least active per
molccule of the gases mentioned, the large quantitics produced by fossil fucl combustion,
cement manufacturing, gas flaring, and deforestation make this gas predominant in
atmospheric warming. The concentration of CO, has increased from about 280 parts per
million (ppm) in 1750 to about 350 ppm at present (DOE 1990). It is estimated that
atmospheric concentration of CO, will reach about 600 ppm ncar the end of the 21st century.
As might be expected, deforestation contributions are almost entirely from developing
countrics. Northern temperate and boreal forest may be actually scquestering carbon dioxide
(Detwiler and Hall 1988). Fossil fucl emissions are largely from developed countrics (EPA
1989). The cstimate of carbon cmissions from fossil fucl is rcasonably accurate, within + 10%
(EPA 1989). The estimate of carbon dioxide emissions from deforestation (i.c., land-usc
change) is much less certain. Recent estimates range from a high of 4200 million tonnes of
carbon to 400 million tonnes (Houghton ct al. 1985a, Houghton ct al. 1987, Detwiler and Hall
1988). The most recent report states that carbon dioxide emissions from tropical
deforestation are at lcast 400 million tonnes Clyear but not more than 1600 million tonncs
(Dctwiler and Hall 1988). The wide range cxists because of uncertaintics about the following
factors: the current extent of tropical forests, the rate of deforestation, the extent of
permanent conversion (many logged forests revert to secondary forests), the rate at which
fallow vegetation is reverting to sccondary forest, the fate of cleared vegetation, the amount
of soil carbon released, the carbon content of the various types of tropical forests, and the
amount of wood burned while clearing.
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2.2 GREENHOUSE GASES FROM SUB-SAHARAN AFRICA

With the exception of fossii fuel consumption, CFC use, and deforestation, very little
geographically explicit information exists on the sources and quantitics of greenhousc gas
emissions from Sub-Saharan Africa. Thus, a quantitatively accurate assessment of Sub-
Saharan greenhouse gas emissions is difficult. The sources of some greenhousc emissions do,
howwver, shed light on the relative importance of different greenhouse gas emissions from
Cub-Saharan Africa. |

Because Sub-Saharan Africa (with the exception of South Africa) is largely rural and
has comparatively little industrial development, greenhouse gas emissions from energy and
industrial sources are low. Thus, from a global perspective, Sub-Saharan CFC emissions arc
negligible. As will be documented later in greater detail, fossil fuel use in Sub-Saharan Africa
is ncgligible in a global context (Fig. 2). Conscquently, nitrous oxide and mcthanc emissions
from fossil fuel use and production arce also extremely low.  As urban populations arc rapidly
increasing, the use of fossil fucls particularly for transportation may increase greenhouse gas
cmissions. However, even future Alrican usc of {ussil fucl will be quite small relative to
global use. Nitrous oxide and methane emissions from savanna burning may be significant, but
quantitative information is extremely scarce (DOE 1990). Presumably, the only way to reduce
such emissions is through climination of savanna burning. Mcthane production by ruminants
could be significant on a continental basis but probably not on a global basis since ruminant
populations arc not as high in Africa as clsewhere.® Rice production, another significant
global source of methane, is not grown in large quantitics in Africa.

Excluding South Africa and taking the recent estimates of carbon emissions from fossil
fucl burning and deforestation in tropical Africa, it is estimated that approximatcly 411 million
tonnes of carbon arc emitted annually from Sub-Saharan Africa (Houghton ct al. 1987,
Mariand ct al. 1989). Of this, 91% is from deforestation. Of the deforestation losscs, about
40% arc attributable to the destruction of closed forest, 33% to the destruction of open forest
or woodlands, and the rest to the conversion of forest fallow agriculture to permancent
agriculture (Houghton ct al. 1987). Data on grassland carbon dynamics arc insulficicnt to
estimate grassland contributions to carbon flux. The biomass carbon in grasslands and savanna
is suflicicntly low, that unless degradation was quite severe net carbon losses from thesc
ccosystems should be small.

2.3 CARBON CYCLING AND TERRESTRIAL VEGETATION

In general, vegetation can affect atmospheric carbon dioxide in three ways.  First,
vegetation can grow and accumulate carbon from the atmosphere and thus cffectively
sequester atmospheric carbon dioxide (provided the biomass on-site continues to increasce).
Sccond, vegetation can be a source of atmospheric carbon dioxide when the biomass on a site
is reduced throngh land-usc change or degradation, Third, vegetation can be used as a

SCattle in Sub-Saharan Africa, excluding South Africa, account for 12% of the world
ruminant population. Within Sub-Saharan Africa, Ethiopia, Sudan, Tanzania, Nigeria, and
Madagascar account for 56% of the cattle (WRI/IIED 1988).
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renewable fucel to displace fossil fuel and in effect recycle carbon dioxide continuously through
the vegetation rather than contribute fossil fuel carbon to the atmosphere. In a region as
large as Sub-Saharan Africa, all these processes can occur at once.

The relationship between carbon (carbon dioxide) and vegetation requires more
explanation since not all relationships are readily apparent. These relationships are central to
Africa’s nct carbon dioxide emissions. Different phenomena are involved at many levels.
These include the individual plant level (e.g., growth and death), the stand and ccosystem
level (e.g., biomass inventory equilibria and productivity rate), and the landscape or regional
level (e.g., land-use change). ‘

23.1 Plant-Level Carbon Dynamics

At the plant level, vegetation draws carbon from carbon dioxide in the atmosphere to.
produce carbohydrates through the process of photosynthesis. A substantial amount of that
carbon is rcturned back to the atmosphere through plant respiration. The rest is used to
produce biomass approximately 50% carbon by weight. Of this biomass, a considerable
fraction is lost cach year in the form of litter (dead icaves. branches, roots, flowcers, cte).
Thus, the net carbon stored in a plant (or annual growth) is a function of the amount taken in
by photosynthesis minus the amount respired and the amount lost in the form of litter. As a
plant maturcs growth slows down, conscquently a young tree sequesters more carbon cach
year than an older tree (but the older tree contains more carbon).

2.3.2 Ecosystem-Level Carbon Dynamics

Like plants, ccosystems accumulate and store carbon. Likewise, for a given ccosystem
type, younger ccosystems accumulate carbon at a faster rate than older ones, whercas older
ones contain more carbon. Thus, in controlling atmospheric carbon, young ccosystems are
uscful because they sequester atmospheric carbon at a very high rate, while old or mature
ccosystems arc uscful because they store carbon that would otherwise be in the atmosphere.
Ecosystems do not accrue carbon in biomass indefinitely; eventually, respiration and mortality
cqual photosynthesis and the ecosystem stops accumulating more carbon.  Although this point
is obvious, it is also important because it limits the utility of growing vegetation (i.c., trees) for
storing carbon cmitted by fossil fucl burning. Eventually, the trees will mature and no longer
continue to draw carbon dioxide out of the atmosphere on a net basis.” Harvesting the site
and replanting will not help unless the harvested material is stored in a way that it never
decomposes.

The growth rate and carbon storage of any ccosystem is determined largely by the age
of the ccosystem, genotypes (species present), climate, and soil qualitics. To the extent that
humans altcr any of these variables, so will they alter the ccosystem growth rate and carbon

"The trees will, of course, photosynthesize, but release of carbon from respiration and
mortality will be equivalent.
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storage. Of all the ecosystem types, forests store the most carbon.f Thus the conversion of
forest to any other land-use results in a net loss of carbon in vegetation and a net release of
carbon to the atmosphere. Converscly, the establishment of [orests on land not formerly
occupicd by forest is a net removal of carbon from the atmosphere.

2.3.3 Landscapc and Regional Carbon Dynamics

Regional carbon dynamics arc controlled by land usce and change in land use. The
conversion of high carbon storage land use to low carbon storage land usc (as usually occurs
with any conversion to agriculture) yiclds carbon to the atmosphere. This carbon is not
necessarily released to the atmosphere at the time of land-use change. Burping will cause an
immediate release of carbon dioxide, but it will also convert some of the carbon in plant
matter to charcoal, which is essentially incrt unless it too is burned. Material not burned will
decompose into carbon dioxide at a rate dependent on the end use of the material. Plant
malerial Il on site in a tropical climate will decompose quite rapidly (days to a few years).
Woody plant material used in building construction in temperate zones is estimated to take
200 years to revert to carbon dioxide (Harmon ct al. 1989). 'In tropical countrics, this reversal
rate is undoubtedly much faster. Harvested forests contribute only a portion of their
inventory to long-lived end products; the pereentages of bark, saw kerf, and wastes that revert
to carbon dioxide quickly are high. The conversion of mature, undisturbed, well-stocked
forests to commercial plantations on a sustained yicld basis will also result in a net release of
carbon (Harmon ct al. 1989). This process is a conscquence of the carbon storage differences
between undisturbed primary forests and plantations. The latter stores carbon at a much
faster rate than the former but does not store as much. In summary, landscape carbon
emissions from vegetation are determined by land usce, land-use change, and the current and
potential carbon storage of the vegetation of those land uscs.

Soil carbon dynamics may be quite important vis-a-vis CO, cmissions. Emanual ct al.
(1984) and Killough and Emanual (1981) cstimated 560 billion tonncs of carbon to be globally
ticd up in vegetation and 1500 billion tonnes in soil. However, soil carbon storage per unit
land is generally low in the tropics. Alicn (1985) analyzed the limited data on soil changes
following deforestation in the tropics. She found that soil organic carbon deercased with
deforestation especially in soils derived from old parent materials. Using a regression model,
shc estimated that 50% of the soil carbon in the upper 30 ¢m of such soils is lost with
deforestation. This is quite significant yct from a carbon flux perspective the information
must be tempered with the fact that such soils contain comparatively little carbon in the first
place. Some deforestation models assume that about 30 tonnes of soil carbon are lost per

#Tropical forests contain more carbon than cither temperate or boreal.  Estimated carbon
storege (tonnes/ha) in forest ccosystems arc: boreal forests-110 tonnes/ha, borcal woodlands-
80 tonnes/ha, temperate broadleaf forests-100 tonnes/ha, temperate mixed woods-100
tonnes/ha, temperate conifer forests-168 tonnes/ha, temperate forest/field complex-50
tonnes/ha, tropical wet evergreen equatorial forest 200 tonnes/ha, tropical moist
deciduous/cvergreen forest - 140 tonnes/ha, tropical dry forest-70 tonnes/ha, tropical montane
forests-90 tonnes/ha, and tropical savanna and woodland-30 tonnes/ha (derived from Olson ct
al 1985).
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hectare with the conversion of tropical forests to cropland (Houghton ct al. 1987). But soil
carbon dynamics are so poorly known, especially for tropical soils and in relationship to land
use, that accurate modeling of soil carbon losses due to land use or land-use change is
problematic. Much rescarch is nceded on this topic.

23.4 Vegetation and the Global Carbon Cycle

Sinks exist for carbon in both terrestrial and marine systems. The nct exchange of
atmospheric carbon with terrestrial ccosystems depends on the balance between carbon
rclease from living and dead material (including releases due to human activity) and carbon
assimilated by photosynthesis or accumulated in marine deposits. The net exchange between
the atmosphere and the occans depands on marine biological processcs, turbulent mixing,
ocean circulation currents that transport carbon to deeper waters, and temperature-controlled
cquilibrium between carbonates and bicarbonates (Solomon ct al. 1985).

Long-term studics on atmospheric CO, indicate that 55% ol the CO, released from
industrial activitics remains in the atmosphere. According to the oceanic models, 35% is
absorbed by the occans. The most likely sink for the remaining 10% is vegetation. This is
problematic since strong evidence exists that the present tropical deforestation is a large
sourcc of carbon (Detwiler and Hall 1988). It is nol yet clear whether global vegetation as a
whole is acting as a source or sink (Sedjo 1988). Some of the reasons for this uncertainty arce
the degree of forest recovery and regrowth in other areas (especially in the temperate
regions) and the possibility of CO, fertilization (the process of increased CO, concentration in
atmosphere lcading to increased rates of photosynthesis and carbon storage) (Houghton ct al.
1985b).

2.4 FORESTS AND LAND USE IN SUB-SAHARAN AFRICA
2.4.1 Sub-Saharan Forcsts

Sub-Saharan Africa contains the world’s largest arca of savanna and open woodland
(an cstimated 4.9 million square kilomelers or 68% of the world’s total) and the world’s third
largest closcd tropical forest region (2.1 million square kilometers or 18% of the world’s total)
although, like clsewhere in the tropics, the original extent of the forest has been reduced.
Ghana, Ivory Coast, Liberia, Madagascar, and Nigeria formerly contained sizable amounts of
closed forest. But today most of their forests have been fragmented and are in various states
of degradation due to commercial, agricultural, and fuclwood pressures.

The situation in central Africa is somewhat better, The countries of Cameroon,
Gabon, Congo, and Zaire have large arcas of intact closed forests. Most of the forest regions
of these countrics are sparsely populated, and, even though shifting cultivation takes place,
fallow cycles arc long cnough to allow adequate forest regencration in most areas (Lanly
1982). However, since population is increasing and these forests are becoming more
commereialized, these forests may encounter a fate similar to that of West African forests. In
the remainder of the Sub-Saharan countries, closed forest does not occur in broad continuous
belts but in isolated patches, on mountain slopes, and along some coastal regions. Except for
those on inaccessible terrain, these forests have been heavily disturbed (White 1983).
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Closed-forest deforestation takes many forms in Sub-Saharan Africa. Sometimes
deforestation is associated with permanent agriculture or pasturc and settlement along
transportation corridors as it is in Brazil. However, other times Sub-Saharan deforestation
occurs as a gradual removal of forest at the forest/savanna boundary due to savanna fircs and
fuel wood removal. In other places it is the loss of riparian forest corridors within a savanna
grassland matrix. While in still other places, it appears more as degradation, as when forests
are thinned and cash crops such as tobacco or coffce are grown under a remnant trce canopy.
Li: yet other places, it is the shortening of fallow periods in forest fallow agriculture duc to
population pressures. In even other places it may occur as a consequence of logging road
construction and timber harvest with no forest regeneration. Thus developing accurate rates
of hectares of closed forest cleared cach year and the assocxdtcd vegetation loss is complicated
in Sub-Saharan Africa.

The woodlands of South-Central Africa and the wooded savanna arcas of West Alfrica
and East Africa have been severely degraded duc to agricultural and fuelwood pressurcs
(Anderson 1984, 1987). Circular deforested belts can be scen around major urban centers
and are caused by demand for fuclwood, charcoal, {urniture, and construction (Kalapula
1989). Quantifying the loss and degradation of woodland is extremely difficult, since it is a
much more subtle change than the complete removal of closed forest (which can be readily
identificd in aerial photography and with finc-resolution satellite imagery) (Green and
Sussman 1990).

2.4.2 Land Use Options in Sub-Saharan Africa

Pure shifting cultivation is no longer the dominant form of agriculturc in much of Sub-
Saharan Africa. Permanent cultivation is now extensively practiced in the highland areas of
Burundi, Ethiopia, Kenya, Malawi, Rwanda, Tanzania, Zambia, and near towns and villages in
the Zaire basin. In West Africa, one finds rural populations supplementing their shifting
agriculture with permanent plantmgq of rice and/or tree crops (c.g., oil palm). Shifting
cultivation is only dominant in the middle belt of West Africa between the coastal tree belt
and the permanently farmed northern savanna and in the sparscly populated arcas of
Tanzania, Zambia, Mocambiquc and Zaire. Where conditions are such that population
density precludes carrying on sustainable shifting cultivation or a further shoriening of the
fallow, subsistence farmers must adopt alternatives.” According to the FAO (1987), a priority
must be sct to improve and intensify agricultural production on land suited for dgnculturc
thercby lessening the need to clear new lands and relieving the pressure on forests'

’Ruthenberg calculates that no more than 56 pcople per square kilometer can be
supported by shifting cultivation in Benin. In the Ivory Coast, population density is currently
as high as 83 people per square kilometer and that as many as 123 people per square
kilometer could be supported by shilting cultivation (FAO 1984a).

Africa’s current population growth rate of about 3% per year exceeds its growth in food
production by 1.2% (Office of Technology Assessment 1984). The FAO (1981) projects that,
given present agricultural technology and population growth rates, there will be approximately
127 million seriously undernourished people in Africa by the year 2000.
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An emerging consensus suggests that the most appropriate (land-use) options lie with
technologies that account for the particular needs and constraints faced by subsistence farmers
(OTA 1984, FAO 1987). Given that the majority of Africa’s population is rural and
predominantly subsistence producers, the most appropriate technologies must be low risk,
resource conserving, small-scale, noncapital i:itensive, adapted to the availability of local labor,
and consistent with traditional agricultural methods. For these subsistence producers, the
adoption of agroforestry practices, which take advantage of the complementary role trees have
on crops, are particularly relevant.!!

- Agroforestry approaches that integrate trees into cropping patterns can enhance
organic matter and maintain fertility, reduce erosion, conserve soil moisture, and create a
more favorable microclimate conducive to sustainable agriculture (Raintree 1985). Moreover,
these approaches can yield a host of valuable and useful by-products, such as fuelwood and
animal fodder. Under a lower land-use intensity (population density), the frequency of
cropping on shifting agricultural lands (i.e., intensifying shifting cultivation) can be incrcased.
Normally, shortening of the fallow results in soil degradation and reduced yiclds; however,
short fallow agriculture can be madc sustainable by planting woody legumes and cash-valued
trees in licu of natural bush regeneration. Woody legumes that fix nitrogen, grow rapidly, and
establish easily can regenerate soil fertility in a reduced time period more consistent with
shortened fallow shifting cultivation.'> At highcr land-use intensities, short fallow, annual
cropping, and multiple cropping can be improved by spatially intcgrating trees in cropping
patterns (c.g., alley cropping, multistory intercropping, and interstitial plantings).” It is also
practical to integrate trees into the landscape in the drier pastoral regions of Africa. . In these
regions, trees can help to conserve soil moisture, control wind erosion, yield fodder for
livestock, and piovide a source of fuelwood and cther useful products. For example, Raintree
(1986) summarizes an analysis that showed that, if all interstitial locations (e.g., boundarics,
pathways, watcrcourses, ete.) were planted -vith trees and shrubs, some 50% of the fuclwood
and 40% of the fodder requirements could be met with very little competition with
agriculture.

In addition ‘o promoting sustainable agriculture systems, land-use policies are required
to protect and conserve remaining natural forests, to implement better management
techniques for forests being exploited for timber and wood products, and, where appropriate,

HConfronting the food crisis in Africa must also involve making policies that increase
production on lands already in permanent cultivation (i.e., modernization). Modernized
agricultural systems usually take the form of developing infrastructure for pumped irrigation,
increasing the efficiency of sced and fertilizer technology in dryland farming areas, adopting
greater use of mechanization, and more efficiently managing rainfed systems to conserve soil
moisture and fertility (Okigbo 1984).

2Raintree (1986) contrasts two forms of improved fallow: economically enriched and
biologically enriched. Economiraliy enriched fallows would value trees for their ability to
generate additional cash, whereas biologically enriched fallow would value trees for their
ability to accelerate the regeneration of scil nutrients and control of weeds.

BAlternatively, taungya systems incorporate farmers into forests.
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to reforest areas for timber and fuelwood needs. Beyond reducing development pressures
(i.e., intensifying agriculture, incorporating trees into agriculture, and establishing plantations),
natural forests can be better protected as a store of carbon by designating and enlarging
protected areas. Greater use of multiple-use zoning on public lands and the offering of
ﬁnanciaﬁ incentives on private land could be used to protect and expand areas of natural
forests.

Governments can also evaluate their policies on overlenient timber concessions, which
would encourage more sustainable management of natural forests. Natural forests that are
being exploited commercially can be better managed by examining the terms of concession
agreements (length of agreement, logging practices, royaltics, etc.) and by requiring or making
provisions for reforestation. More appropriate policies could lessen logging-induced
deforestation as well as reduce access to subsistence farmers in search of agricultural land.
However, government ownership of most forest land in Africa creates certain problems
relative to establishment of new forests. For example, industry may have no long-term right
to the trees it plants. Where there are privately held forest lands, governments can provide
incentives to encourage tree planting, ranging from favorable tax policics to subsidics for
seedling production and planting.

Improved management of productive forests can also reduce deforestation pressure
and help maintain stores of carbon by increasing the annual productivity of natural forests.
Greater wood production is possible with improved forest management practices (Maitre
1987); for example, selective felling and thinning to climinate uncconomic species, mandatory
replanting with fast-growing specics in logged-over areas, rotation of extraction areas to
promote regeneration, and promotion of markets for lesser-known species (i.e., greater
utilization).

Reforestation of selected arcas where development pressures and population densitics
arc not high is another option for sequestering carbon. Although reforestation for fuelwood
has not been consistently successful, many instances exist of government-sponsored plantings
of trees for timber and pulpwood needs. Projects to encourage individual farmers to plant
trees have not succeeded, owing to a lack of financial incentives (French 1986, Elkan
1988).1% Instead, agroforestry approaches that place a greater emphasis on multipurpose
trees that yield a variety of products (building poles, fruit, fodder, and timber) arc more
promising. This latter approach encourages the development of markets for tree products and

MWilkinson (1985) cautions that the use of legislation designed to protect forest areas has
been ineffective, because these areas have not been adequately defended against
encroachment.

1One option for forestry departments to reduce the costs of plantation establishment is
through the taungya system, in which food crops are planted in the early years of forestry
plantation establishment. Typically, farmers are required to plant trees in exchange for the
right to cultivate food crops between the trees for 1 to 3 yr. The prime advantage of taungya
is that it allows forestry departments to establish and maintain tree plantations at very low
cost.
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offers free or low-cost seedlings to remove investment cost and risk barriers and may also
stimulate more farmers to plant trees.
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3. ENERGY-SECTOR EMISSIONS

3.1 ENERGY-SECTOR OVERVIEW

The energy sector of Sub-Saharan Africa is underdeveloped, with the lowest gross and
per capita energy consumption in the world. On a sectoral basis, hydroclectric power
production provides 8% of the total energy demand; 64% of cnergy is supplied by biomass
resources for domestic consumption; and 28% of the gross cnergy demand is met by
petroleum products, coal, natural gas for transportation, agriculture, and industry (United
Nations 1989).'6 :

Wood and charcoal are the most commonly used biomass fuels in African houscholds.
Coal, peat, and animal dung are also used but are a very small fraction of total houschold
energy consumption. Whereas cconomic and encrgy growth in scveral countries is high, the
commercial energy consumption (energy intensity relative to industrialized countrices) is very
low."” Thus, energy consumption by Sub-Saharan Africa is dominated by houschold usc of
biomass fucls.

Growth of energy demand depends on many factors. Assuming that growth is not
supply constrained, biomass fuel consumption should grow concomitantly with population, if
there are no changes in thic availability of biomass fucls (i.c., due to increasing scarcity and
relative prices) or in the adoption of new and more eflicient conversion technologics.
Dcmand for fossil fuels and electricity should grow as a function of cconomic growth.
However, data describing the relative level of biomass fuel consumption to that of fossil fucls
and clectricity arc inadequate.

From an cnvironmental perspective, one of the most scrious issucs is the growing usc
of biomass fucls for domestic cooking due to rapidly expanding populations. There is a dircct
linkage of consumption of wood and charcoal fuel to deforestation, aithough studizs have
indicated that agricultural clearing is the major causc of deforestation. A strong casc can be
made that fucl conservation and technology transfer can and should be a part of forest
preservation strategics (A.LD. 1988).

This chapter explores the extent to which the energy sector contributes to carbon
emissions in Africa. Estimates of energy use (by fucl type and scctor), carbon emissions from
fucl conversion, consumption patterns by country and time frame, and projcctions of future
consumption will be provided. Finally, options to improve energy cfficicncy will be described,
with an estimation of their effect on future carbon emissions. The discussion closes with
comments regarding the institutional and political sensitivities that may be involved in
mitigation strategics.

Unless noted otherwise, Sub-Saharan values in this chapter include South Africa.

1"Bagasse is used in sugar mills for on-site thermal loads and to satisfy on-site power
demands. In some cases, bagasse power generation could provide power to surrounding areas,
but this is by no means the norm.



3.2 CARBON EMISSIONS FROM ENERGY CONVERSION

Several data sources were reviewed to estimate the level of encrgy use and the
corresponding level of carbon dioxide emissions in Sub-Saharan Africa. However, the primary
data source was the United Nations Data Tape, a data basc of statistics compiled for all.
cooperating countries that is updated annually and provides energy consumption by fuel type,
country, region, and sector for all recorded years dating back to 1950. Although this is a
comprchensive source of information, it must be used with caution. Data provided by many
developing countries can only be used to estimate general patterns of energy consumption,'®
since data arc fraught with crrors and inconsistencics or may not have been updated or
confirmed for many years. The quantitative accuracy of the data is especially problematic for
biomass energy estimates.'

The methodology employed for this analysis was fairly straightforward. The 1987 U.N.
Encrgy Statistics Data Tapc was accessed through the Carbon Dioxide Information and
Analysis Center (CDIAC) at ORNL. A SAS® program was usced to access the tape and to
perform the following two analyses. First, the production of carbon dioxide from fossil fucls
and cement production was calculated and ranked in descending order. These data were
calculated from fucl production data and converted to thousand metric tonnes of carbon
cquivalent. Analyses were performed for years including 1977, 1982, and 1987.

Sccond, the consumption of renewable fuels, including fuclwood and bagasse, was
calculated using an 11-year time scrics from 1977 through 1987. These values were then
converted to equivalent carbon dioxide emissions, in million mctric tonnes of carbon.

These two analyses were combined to form a uniform spreadsheet of carbon dioxide
cmissions for biomass and fossil fuel consumption in Africa for 3 years (including 1977, 1982,
and 1987) for cach country. The sprecadsheets were modificd, deleting Saharan nations
(Morocco, Tunisia, Algeria, Libya, and Egypt) and South Africa. The South Africa fucl
consumption totals are so drastically different from other Sub-Saharan African countrics that
it was deemed important to illustrate the energy-use levels with and without this country.

An attempt was made to perform a comparative scctoral analysis with information
from World Bank Encrgy/Stratcgy Management and Assessment Program reports, but the
information available in these reports was insufficient to complete the analysis for the selected
countries. The reports were used, however, to provide information on characteristics of
scctoral energy demand.

BFossil fuel production and consumption figures are thought to be reasonably accurate.
Biomass fucl consumption is much more problematic, due to the nature of informal trade
patterns between suppliers and consumers. The degree of uncertainty in data estimates is
thought to be as high as 400%.

There is no single source of dependable, accurate data for biomass fuel consumption in
Africa. In a number of cases, surveys have been completed within countries that have been

well received by development agencies (for countries such as Kenya and Ivory Coast), but this
certainly has not been done on a continental or regional basis (Jones 1989).
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A final review of power-sector statistics was performed to characterize electricity
supply in each respective country by reviewing information provided in the U.N. Energy
Statistics Yearbook. The U.N. Energy Statistics Data Tapc is thc source of this information,
but the yearbook alrcady has the information formatted in casy-to-usc form (it was clearly
easicr to use this than to writc a scparate SAS® program to access power sector information).

Dimensions describing energy values provided by the tape vary by fucl type. For
example, fuel wood consumption is provided in cubic meters, whereas bagasse is provided in
tonnes. As a part of the analysis performed for this study, all cnergy values were converted
from base dimensions used in the data tape to tonnes oil cquivalent (TOE); all carbon values
are presented in tonnes. Conversion factors used are provided in Appendix 1.

33 FINDINGS

Table 3 summarizes energy consumption for the countrics included in this study for
1977, 1982, and 1987. The data reveal that South Africa uses approximately 38% of the total
cnergy consumed by all Sub-Saharan African nations. However, South Africa consumes only
5% of the total biomass encrgy used in Sub-Saharan Africa. This is, of course, duc to the size
and more advanced nature of the South African cconomy compared to that of many other
African cconomics. Comprehensive data listing encrgy consumption for all ¢ suntries included
in the study are provided in Appendix 2.

Table 3 illustrates that the nations using the most commercial energy include Nigeria
(29,564,000 TOE) and Ethiopia, Kenya, Zaire, and Zimbabwe, all using between 7,600,(KK)
and 5,300,000 TOE. All other countrics consume an aggregate 56,700,000 TOE.

Table 4 summarizes power-scctor characteristics {or the major encrgy-producing
countrics. Note the relative roles played by hydro and thermal resources in the energy
production mix: hydro supplies at least 56% of the clectric energy gencration (a high
percentage of the sclf-generated energy is also hydro), whercas thermal energy contributes
slightly more than 30% of clectric encrgy in the power scctor.

Another revealing statistic is the average capacity factor shown in Table 4. While the
average capacity factor perhaps provides an oversimplifiecd measure of utility-resource
management, it does provide a means of drawing a gross comparison between different
systcms. The world average capacity factor is 47%; Sub-Saharan African countrics, cxcluding
South Africa, have an average capacity factor of 31%. This low capacity factor implics that
capital plant is utilized over 50% less cffcctively than in all other countries in the world.  This
is due in part to the prominent role played by hydroclectric gencration in the capacity mix and
the seasonal effcets of rainfall distribution on hydroclectric capacity. In contrast, the overall
capacity factor of South Africa is 56% (with a thermally bascd capacity mix), much closer to
that expected from a western industrialized nation.
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Table S summarizes the carbon emissions from energy conversion processes in Africa.
The countries contributing most significantly include Nigerla (40 million tonnes of carbon),
Kenya (10 million tonnes of carbon), Ethiopia (10 million tonnes of carbon), and Zaire (8
million tonnes of carbon). In contrast, South Africa emitted 82 million tonnes of carbon in
1987, over one-half the carbon released by all Sub-Saharan African countrics. The data show
that biomass-derived fucls emit the lacgest {raction of carbon to the atmosphere, and the truc
figure could be much higher or lower®. Fossil fucls contribute a significant fraction with
respect to the carbon emitted from Africa but a relatively small fraction of total world carbon
emissions. Fossil fucl global emissions were cstimated in 1987 to be 5,500 million tonnes of
carbon, or approximately 48 times the total fossil fuel emissions by Sub-Saharan Africa in that
same year and 146 times the fossil fucl emissions by developing Sub-Saharan countrics.

Figure 3 illustrates the growth rate of energy consumption for the period studicd and
the concurrent rate of growth of carbon emissions, with- projections for future emissions if the
present growth rate is sustained. For illustrative purposes, a lincar growth rate was assumed
for energy consumption over the projected period to the year 2010. South African energy
consumption is not included in this figure.

This graph demonstrates the importance of biomass emissions relative to fossil fucl
cmissions. This simplificd projection assumes that demand will not be supply constrained duc
to population levels, or that the cconomic growth rates will not cause an appreciable shift to
increased usc of clectricity, petroleum, natural gas, and/or coal. Typically, one would expect
increased consumption of fossil fuels relative to biomass fucls with increasing cconomic
growth,

Figurc 4 provides a constrained growth scenario governed by the introduction of
conscrvation programs. Again, South African cnergy consumption is not included.
Introduction of conservation programs would theoretically allow cconomic growth rates to be
sustained, with lower encrgy consumption. In this scenario, it is assumed that commercial,
industrial, and power-scctor conservation programs would require a S-yr period to be designed
and implemented and that 10% savings could be realized in the first 10 yr of the program,
increasing to 20% in the following 10 yr.

For biomass fuel consumption, it was assumed that the introduction of encrgy-cfficicnt
stoves and charcoal kilns would result in 50% savings (from 20 to 30% cfficicncy for improved
stoves and from 15 to 25% from carthen to steel or brick kilns). A conservative 10% market
penetration was assumed in the first decade, rising to 20% in the second decade (ALD. 1988,
Leach and Gowen 1987).

2Note that biomass emissions listed in the U.N. data basc arc gross cmissions; the data
basc docs not account for the absorptive capacity of the forest and grasslands in the biological
carbon cycle. Presumably, most of the carbon cmissions duc to biomass burning are included
in the estimates of carbon emissions from deforestation. It must be noted that although the
fossil fuel figures presented can be verified by a varicty of means, the biomass fucl figurcs
cannot.
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Fig. 3. Annual energy consumption in Sub-Saharan Africa

assuming unconstrained growth.
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ENERGY CONSERVATION SCENARIO
SUBSAHARAN AFRICA
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Fig. 4. Annual energy consumption in Sub-Saharan Africa
excluding South Africa assuming implementation of
energy conservation program.
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The power-sector demand for this scenario is slightly nugative. This result reflects a
very flat demand curve for the last 10-ycar period and the fact that the increases in efficiency
could very well make up for power-scctor expansion in many countries. If cconomies grow
mote quickly than during the report period, the fossil fuel consumption curve will turn
upwards, albeit with a modest slope.

Introduction of renewable encrgy conversion devices will also have the effect of
constraining demand. Renewable energy conversion devices, such as wind turbines, biomass
combustion equipment, and photovoltaic encrgy systems, are presently competitive for
relatively small-scale power applications. If utility-scale applications arc introduced, the
maximum perceentage of capacity likely to be replaced would be 15%.2' However, over a 20-
year time {rame, it is unlikely that rencwables will represent more than 5% of total installed
capacity under the best of conditions. For this reason, renewables do not factor significantly
into a 20-year demand/supply forccast.

Figure 5 provides a comparison of energy-scctor carbon emission projections for Sub-
Saharan Africa relative to global projections. As this figure illustrates, Sub-Saharan Africa is
not a major contributor to atmospheric carbon, nor is it likely to be in the next 20 year.
Again, South African carbon emissions are not included in the Sub-Sarahan emissions.

3.4 EMISSION-REDUCTION OPPORTUNITIES

Whereas the findings presented above are not cause for alarm (considering the relative
unimportance of Sub-Saharan African countrics with respect to global carbon emissions)
reduction opportunities do cxist that could prove beneficial to participating cconomies along
scveral associated fronts. These opportunities vary according to each sector of the cconomy
affected but have a common denominator in terms of economic efficiency.

As implicd in Fig. 4, conservation opportunitics can contribute significantly to
reduction of carbon emissions in Africa. The greatest opportunities exist in domestic cooking
devices. Typical charcoal stove elficiencies approximate 20% overall thermal efficiency
(A.LD. 1988), whereas cfficicncies ¢ - open three-stone fires have been estimated between 7
and 15%, depending upon the cooking utensil employed (Leach and Gowen 1987). Use of
improved stove technology has the potential of improving cfficiency to 30-35%, an increase of
over 50%.

It is clcar, however, that improvements in domestic cooking patterns will be difficult to
accomplish. Institutional vehicles need to be developed, the private sector must be mobilized,
and the cooking devices must present a clear and financially attractive advantage over existing
devices and be consistent with local sociocultural factors. To date, there have been very few
documented, successful stove programs (World Bank 1984).

M Experience in the United States has shown that use of renewable cnergy sysiems to
deliver grid power has resulted in significant control challenges for electric power utilities.
This has led to the assumption that no more than 15% of installed capacity should be
dedicated to rencwable cnergy resources.
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Fig. 5. Energy sector carbon emissions in Sub-Saharan Africa
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Fuel substitution is another alternative that could be addressed to domestic-sector

“energy use, transportation, power, and industry. Fuel substitution in the power industry could

yield a net gain (reduction of carbon emissions), but it has been shown that this sector is a
very low contributor to carbon emissions in Africa. However, it has been noted that as little
as 2.5% of the hydroelectric potential has been developed thus far, and, with the growth of
international cooperation, power sales from countries with significant hydro resources (i.c.,
those in West and Central Africa) could result in reduced reliance on fossil fuels for electric
power production. It should also be noted that many of the fossil-fired plants in Sub-Saharan
Africa serve isolated systv s, so these plants in all probability would not be affected by a shift
towards hydroelectric power production. In all likelihood, new loads could be served by

- hydro, whereas existing loads served by thermal plants would continue to be served in this

way.

Energy savings in transportation may be the most difficult to cffect through fuel
substitution or conservation. It can be argued that this sector is already very fuel efficicnt,
due to high occupancy rates (relative to western standards) of passenger and public service
vchicles. Introduction of fuel substitutes, such as ethanol or methanol, is unlikely to have a
dramatic effect on fossil consumption for transportation. With rather questionable economics
and the complication of logistics and management, biomass-derived liquid fuels probably will
not play a significant role in carbon emission reduction.,

Encrgy conservation opportunitics in industrial processes abound in Africa, but again,
initiating conservation programs is management and capital intensive. Many so-called encrgy
management measurcs (measures directed at how processes are conducted) can provide
significant energy savings at no or at low cost. Energy conscrvation measures, including
equipment retrofits and fucl substitution, arc gencrally more capital intensive but can provide
very attractive investment options for industrial users. However, the difficulty lies both in
identifying and in sclling these conservation opportunities to end uscrs; it requires
commitment, strong policy support, and financial support.

Fuel substitution in the domestic sector is gaining increased attention. This is a topic
of some controversy and certainly one not sufficiently well understood. As mentioncd above,
reductions as high as 50% can be achieved if improved stove technologies are adopted
(cfficiency increases from 20 to 35% for improved charcoal stoves).” Some schools of
thought argue that it may in fact be more advantageous to switch from charcoal or fuclwood
to a conventional fossil fuel. Efficiencics of conversion for conventional gas stoves range up
1o 50%, and although use of biomass fuels thea:rctically will result in "no net carbon
emissions," this is a difficult argument to support in view of the extent of deforestation that
has occurred from agricultural clearing and fuel pressures. Many, therefore, feel that fuel
substitution from biomass (wood or charcoal) to liquified petrolcum gas (LPG), bottled gas
(usually propane), and/or coal, will have to occur in the future and that it may as well be

ZEstimating cfficiency inprovements of wood stoves is complicated by the moisture
content of the fuel, the stove type (high or low thermal mass), and the user patterns. While
wood stoves potentially can save more energy than charcoal stoves (taking into account the
inefficiencies of conversion of ihe pyrolysis proccss), acceptance of these devices may in fact
be more problematic.
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encouraged in the near term.? It has been argued that this conversion could have a doubled
effect of reducing pressures on threatened forests as well as directly reducing emissions.

However, such a change can be very costly to the end user, as well as to the national
economy; petroleum fuels require hard currency, and biomass does not. Ultimately, if
sustainable biomass production is not achieved, this may be the most attractive alternative
available to policy makers and national planners.

BMajor lending institutions have recently taken this position in Niger and provide
financial inceniives 1o cncourage the conversion from biomass fuels io kerosene.
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4. BIOLOGICAL CARBON ESTIMATES AND IMPACTS

4.1 INTRODUCTION
4.1.1 Objectives

The estimation of biological carbon balances has two primary objectives: to develop
predictions of Sub-Saharan Africa’s carbon inventory and cmissions between 1985 and 2001
assuming no change in the pattern of land-use trends and to determine the potential impact
on carbon inventory and emissions from various land-use options to conserve carbon.” The
first half of this chapter outlines and explains the basic prediction methodology and presents
model predictions of carbon inventory and emissions assuming continuation of current land
use to the year 2001 (the base case). The second half of the chapter considers various land-
use options for conserving carbon and discusses the results of two remote sensing activities.
Model adaptions to predict carbon savings from various land-use options are explained, and
option costs and carbon savings are presented.

4.1.2 General Overview
The principal focus of the biological carbon balance analysis was to formulate a

regional-scale model capable of predicting the impact of various land-use options on carbon
inventory and emissions. To accomplish this, the following model propertics were essential:

e The model output must be geographically specific, at least to a subcountry level in
large countries.
. The model must incorporate, to the extent possible, environmental and social factors

that control both carbon inventory and emissions as well as land-usc dynamics. These
factors include climate, soil quality, current vegetation type, human degradation, and
agricultural systems (e.g., permanent or forest fallow).

° The modeling of land-use dynamics must be as geographically precise as possible but
consistent over the entire region.

A supporting analysis was performed to improve knowledge of current land use and
land-use change in central equatorial Africa through the use of satellite imagery. This region
of Africa, with its vast forests, dominates the overall carbon inventory of the continent, yet it
is the most poorly understood.

Remotely-sensed data were used in two distinct but complementary ways. Coarse-
resolution 1987-1988 NOAA AVHRR imagery was used to examine the current pattern of
closed forest and to evaluate the accuracy of the continental vegetation map used as daia
input for the carbon inventory and emission model. Finc-resolution Landsat MSS and SPOT
data from four Incations and two dates (early 1970s and late 1980s) were used to examine the

*For the biological carbon analysis, Sub-Saharan Africa included all African countrics
except those bordering the Mediterranean, Mauritania, South Africa, Gambia, Westcrn
Sahara, Lesotho, and Swaziland.
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pattern and rate of deforestation at the boundary of the closed forest and open woodland.
Remote sensing analyses were performed in parallel with the modcling exercise and addressed
. only a portion of Sub-Saharan Africa. Therefore, the results of the analyses were not
incorporated directly into the larger modeling cffort. Rather, they were used to evaluate the
reliability of the data driving the model and to examine sources of error in the modeling
approach. The remainder of this chapter will discuss in the following order:

) approach and data sources for the basc-case carbon inventory and emission model,

] basc-case model predictions and comparison to other estimates of carbon emissions
from Sub-Saharan Africa,

) modeling and cost analysis of threc land-use management options (preservation of
existing forest lands, agroforestry, and plantation forestry), and

] general results of remote sensing studics.

4.2 MODELING BACKGROUND
4.2.1 Basc-Casc Modcling Approach

The approach chosen to model carbon inventnry and cmissions was shaped by a need
to capture coarsc-scale geographical variation in inventory and emissions; to link carbon
inventory values to the factors controlling current and potential land use — current vegetation,
climate, soil fertility, likelihood of human degradation, and agricultural systems; and to link
carbon emissions with land-use change. In developing the model, the focus was on carbon
cmissions resulting from the conversion of forest land to agriculture. Carbon emission
calculations took into account carbon losses from vegetation but not soil. Developing reliable
values on carbon loss from the many soils that occur on the continent of Africa was beyond
the scope of this project.

All carbon transfers (from the land to the atmosphere or vice versa) resulting {rom
land-use change were assumed to accrue the year of land-use conversion; the real multiyear
process of carbon storage due to plant growth or carbon release duc to decomposition was
not modeled. This simplification allowed comparison of land-use options with varying carbon
conservation time scales. If the short-term temporal dynamics of carbon emissions or
scquestering were predicted, it would be extremely difficult to compare the long-term, ovcerall
impacts to changes in atmospheric carbon due to deforestation, plantation establishment,
agroforestry or any other land use.

For example, the carbon benefits from plantation establishment change yearly as the
carbon balance shifts between the growth of the plantation of the current rotation and the
decomposition of material harvested from the previous rotation. There will be years of
sequestering carbon and years of rcleasing carbon. Thus, if one wants to know the nct carbon
benefit to the atmosphere of converting cropland into plantation, one nceds to know the
average amount of carbon stored on land as a consequence of plantation forestry — not the
time scquence of that carbon storage.



422 Data Sources

The primary data sources used in the model for calculating carbon emissions and
inventory are listed in Table 6. Continental data bases were employed due to the scope and
scale of the project. Use of local or subcontinental data bascs was ruled out duc to the
inconsistencies in quality, coverage, and classifications of soil and vegetation that would have
been encountered if a "patchwork” of data sources were constructed. There was ncither
sufficient time nor resources to create new data bases.

In contrast to the other data bases used, the FAO map of African vegetation is not yet

in final form. The objcctive of the map is to depict actual vegetation and land use on the
African continent. The FAO map differs from the most recent map of African vegetation —
The Vegetation of Africa, UNESCO (White 1983) — which is a floristic map depicting
potential native vegetation rather than current land use. To illustrate the difference, the FAO
map would depict the vegetation in Kansas as "cropland,” while the White map would depict it
as "prairic." Although the FAO map is the most up-to-date contincntal map of African
vegelation, it still may not be accurate in all locations. The results of the remote sensing
analysis suggested that the FAO map erred in defining the forest boundarics of the cquatorial
region of Africa (Chapter 4, Scction 4.7.1). Of all the regions in Sub-Saharan Africa, onc
would expect errors in this region as the geography of this region is so poorly understood.
The FAO forest boundarics in this region were in some cases developed from a 50-ycar-old
map as this was the only one available. Thus, it is not surprising that satellite images might
disagree with the mapped forest boundarics. The FAO map vegetation boundaries of most
other regions of Sub-Saharan Africa were developed from much more reeent maps and thus
they arc more likely to be accurate.

The FAO vegetation map defines 66 unique vegetation classes on the basis of 13
different vegetation types (see Table 7). Most of the vegetation classes are an amalgamation
of two or three vegetation types. For example, there is a vegetation class that is described as
a mixturc of dense forest, tree savanna, and crops. Although this amalgamation [cature poscd
some problems, it was also uscful as it indicated where humans were most likely to have
impacted the native vegetation. In the modeling approach it was assumed that native
vegetation types (such as woodland-miombo) in classes which included either "cropland,”
“savanna fallow," or "forest fallow" vegetation types werce likely to be heavily used by people
and therefore to be "degraded” and contain less carbon. At times it was nccessary o assume
onc of the vegetation types within a class was dominant. In such cascs it was assumed that
the first type listed in the class was the dominant type.

With the exception of the dense forest vegetation type, the upper range of Olson ct
al.’s (1985) ccosystem biomass values was used to define the maximum amount of carbon that
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Table 6. Data bases used in modeling carbon inventory and
emissions in Sub-Saharan Africa

Data base Use
FAO/Unesco soil Determination of potential site carbon inventory
map of Africal® Determination of potential site productivity
FAO climate Determination of potential site carbon inventory
map of Africa® Determination of potential site productivity
Determination of rainfall-vegetation type
relationship
FAO vegetation Determination of potential site carbon inventory
map of Africa® Dctermination of site degradation status

Determination of site land use ‘
Determination of rainfall-vegetation type

relationship
FAO/UNEP Tropical Determination of deforestation rates
Forest Inventory! Determination of site land use
Carbon content Determination of maximum carbon of vegetation
of vegetation® type under ideal soil and rainfall
Political boundaries Dctermination of country
of Africa boundary map’

*FAO-Uncsco, 1977. Soii Map of the World, Vol. VI, Africa,

PFAO 1983. FAO Map of Mcan Annual Rainfall and General Climate Zoncs for P/PET for Africa.
Prcpared by Todor Boyadgiev, Soil Resources Management and Conservation Service, FAO, Rome.

“Lavenu, F. 1987. Digitized Vegetation map of Africa - Descriptive memoir and map prepared for the
Department of Forestry Resources, FAO, Rome.

‘FAO/UNEP 1981. Forest resources of tropical Africa, 1981. Tropical Forest Resources Assessment
Project, Vol.1 & 2, Rome.

Olson et al. 1985. Major world ecosystem complexes ranked by carbon in live vegetation: A database.
Oak Ridge National Laboratory. Brown, Sandra and Ariel E. Lugo, 1984. Biomass of Tropical Forests: A New
Estimate Based on Forest Volumes. Science, Vol. 223, 1290-1293.

‘Rand-McNally, 1982. The New International Atlas, Chicago. FAO, 1983. FAO Maps and Statistical
Data on Population and Crops by Administrative Units. FAO, Rome.
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Table 7. Dominant vegetation types in the Sub-Saharan portion of the FAO/UNEP vegetation
map of Africa. The maximum carbon storage potential and "ideal" annual rainfall for these
types arc also listed. ("Savanna fallow" vegetation type was also present but never dominant.
In addition, 2 of the 13 dominant
vegetation types were not present in the
Sub-Saharan portion of the map.)
‘ Maximum carbon | "Idcal" rainfall
Vegetation type (tonne C/ha) (mm/yr)
Decnse forest 180 2500
Dcnse thicket 54 1250
Woodland/miombo 81 1250
Discontinuous thicket 45 1250
Tree savanna 36 1750
Shrub savanna 27 950
Grass savanna® 18 1750
Grass steppe/pseudosteppe - 4.5 325
Desert 2.25 250
Forest fallow ) !
Cropland 5.0 b

*Maximum carbon of forest fallow is a function of length of fallow cycle which is zone specific.
As no vegetation class consisted solely of the forest fallow type, the ideal rainfall for forest fallow at
any point is the ideal rainfall for the native vegetation type which also occurs at that point.

*It was assumed that casbon storage of cropland is independent of rainfall.

‘Grasslands in Africa {requently occur in areas of high rainfall. Such grasslands arc believed
to be duc to edaphic and anthropogenic factors (White 1983).
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could be stored in an ccosystem with a given vegetation type.” Olson ct al.’s biomass values
were global rather than Africa specific (i.e., they were derived from worldwide rather than just
African data). Forest biomass data from Brown and Lugo (1984) suggest that the biomass of
African forests is on the low end of the range for tropical forests. Therefore, Olson’s median
(400 tonnes of biomass/ha) rather than high value was used as the maximum ccosystem
biomass value for the dense forest vegetation type. Olson et al.’s data were chosen because
(1) the biomass values included all carbon other than soil carbon for a particular vegetation
type (i.e., litter, roots, dead branches, and understory were included); (2) the data basce
encompassced almost all the vegetation types listed in the FAO vegeiation map; and (3) the
biomass valucs were generally in the median range reported by other rescarchers for specific
vegelation types.

Data {rom the 1981 FAO/UNEP’s Forest Resources of Tropical Africa Report were
used to characterize land-usce conversion and forest arcas. These data on forest arca and
deforestation rates are country specific and based on country forestry surveys and, in a few
cascs, on satellitc imagery. They are the only regional data on tropical deforestation and
forest arca currently available. Within the FAO/UNEP report, projections arc made for
forest arca and deforestation in 1985. These projections were used to characterize initial 1985
conditions in the modcl runs,

4.2.3 Modecling with Geographical Specificity

To capture the vast geographical differences in inventory and emissions over Sub-
Saharan Africa, carbon emissions and inventory were modeled at approximately 9000 regularly
spaced point locations across the continent (sce Fig. 6). To associate the point carbon
cmissions and inventory values with a geographic arca more environmentally significant than
"country,” a map was created to divide most African countrics into two or three zones on the
basis of likely within-country variations in overall carbon inventory (sce Fig. 7). For example,
Zairc was divided into two zones — a zone for the closed forest and a zone for the woodland
arca bounding the closed forest. Smaller countries without significant vegetational
heterogencity were treated as a single zone. Thus cach point had not only a country identity
but also a zonal identity. Zones became the smallest geographic unit with which points were
associated.

To convert these point valucs of carbon inventory or emissions, which had units of
tonnes of carbon per hiectare or tonnes of carbon per hectare per year, to zonal cstimates
(tonnes of carbon per zone or tonnes of carbon per zone per year), the point values within a
zonce of a country were averaged and the resulting value multiplicd by zonal arca. Country
and regional emissions and inventorics were calculated by summing the zonal values within a
country or the country values within the region. This point-bascd approach can be likened to
taking many point samples of soil in a ficld to characterize the overall fertility of the ficld.

BBiomass was assumed to be 45% carbon; thus biomass values were converted to carbon
values using a multiplicr of 0.45 (Houghton et al. 1983).
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Fig. 6. lllustration of point sampling strategy used in characterizing
geographic variability in carbon emissions and inventory
in Sub-Saharan Africa.

39

|



RNt TR T | TR T heow o T ‘

Wl WL
\'l i
I" |ll
.....
[ i . 4
. , ]
AX}

Fig. 7. Country zone map. Zones differentiate within country variations in
carbon inventory. Zone 1 has the greatest carbon inventory per
unit area and Zone 3 the least. Zones are not comparable among
countries. For example, Zone 1 of Zaire has much more carbon
than Zone 1 of Chad.
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Data needed for modeling carbon inventory and emissions — soil fertility, annual
rainfull, current vegetation class, zone, and country — were extracted from the
FAO/UNEP/Uncsco maps and the zone map using a geographic information system (GIS)
(scc Fig. 8). The GIS was used in conjunction with digltal versions of the maps to
systematically extract the map values for soll unit, average rainfall, cte., at 0.4° intervals in
latitude and longitude. The extracted values were used to ereate a HXK-record data basc,
cach record of which provides soil fertility, annual rainfall, vegetation class, zone, and
country oceurring at specific point locations. This data base was then processed using SAS®
programs, outside of the GIS, to model carbon inventory and emission dynamics at cach point
and to aggregale the point predictions into zone, country, and reglon estimates, Figure 9
outlines and explains the major steps involved in the methodology for predicting carbon
inventory and emissions; Fig, 10 outlines the general flow of the carbon inventory and
emission model. The following text deseribes the major components of the model — land-use
modeling, modeling ol carbon inventory, and caleulation of carbon emissions,

4.3 COMPONENTS OF THE CARBON INVENTORY AND EMISSION MODEL
4.3.1 Modcling Land-Use Dynamics

All land was assigned to onc of three land-use categories — "forest," "forest fallow,"
and "other." "Forest" included closed and open forest.?” "Forest [allow" was land that was in
some form of forest-fallow agriculture; that is, the land was cropped 1 1o 3 year then fallow
for 3 to 20 year, then cropped again, "Other” included both permanent agriculture and native
vegetation that was not forest land == such as grassland. The percentage of land in three land-
use classes was tracked ycarly between 1985 and 2001 at cach point location. Changes in the
amount of land in cach class al cach point were a function of the relative rate of
deforestation®  Each year the forest land was reduced according to the relative
deforestation rate, and the amounts of "forest fallow" and "other" land increased accordingly.
The land-use dynamics involved arc illustrated in Fig, 11. Total land arca in "forest,” "forest
fallow," or "other" in any zone was determined by averaging the point values within a zone
within a country and multiplying by the arca within the zonc.

%S0il unit type values extracted [rom the soil map were translated into soil fertility class
values (high = 1, medium = 2, low = 3) on the basis of background information on soil
fertility associated with soil units (FAO-UNESCO 1977),

TThe terms "closed" and "open" refer to the canopy structure of a forest. “Closed” forest
has a sulficicntly dense canopy that little light penetrates to the forest floor and there is no
grass in the understory (crown cover is greater than 50%). "Open” forest in contrast has an
open canopy which allows enough light to penetrate to the ground to support a grass
understory (crown cover is greater than 10% but less than 50%).

BRelative rate of deforestation” is the percentage of the forest which is deforested cach
year; it has units of pereent per year, "Absolute rate of deforestation” is the actual arce

deforested cach year; it has units of hectares per year,
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Percentage of land area in each country that was in "forest" or "forest-fallow" land use
in 1985 (at the beginning of the model run) was calculated using FAO/UNEP’s Forest
Resources of Tropical Africa report (FAO/UNEP 1981) values on land area in forest or forest
fallow and country values for total land area. The estimate of percent land arca in "forest"
included FAO/UNEP’s "closed" and "open" and "productive” and "unproductive” forest classes
but did not include FAO/UNEP’s "shrub" class. The estimate of percent land in forest fallow
included FAO/UNEP’s "closed" and "open" forest fallow. The "forest-fallow" land-use ‘
designation encompasses that land in the crop portion of the forest-fallow crop cycle. This is
in agrecment with FAQ’s definition of forest-fallow land.”® As noted before, all land that
was neither in forest nor in forest fallow was defined as "other" land.

Relative rates of annual deforestation (the permanent conversion of forest land to
forest-fallow agriculture or to permanent agriculture) were developed using country-specific
estimates of the amount of land deforested in 1985 and the total amount of forested land in
1985 (FAO/UNEP 1981). The relative rate of overall deforestation was calculated as the
ratio of the acreage deforested in 1985 to the acreage in forest in 1985. The FAO/UNEP
values for deforested land do not include forest land which has been harvested but maintained
as forest land. Thus the rate is for land-use conversion and not for the arca harvested. The
rate of deforestation that was duc to conversion to forest-fallow agriculture rather than
permanent agriculture was assumed to be 50% of the overall rate (Houghton ct al. 1983)
unless there was country-specific information in FAO/UNEP’s report to indicate otherwise.
Within a country, the relative rates of deforestation were assumed to be the same at all points
and for all forest typcs.

In the basc-casc model, the relative rate of deforestation is assumed 1o be constant
over time.® It is also assumed that there is no conversion of (1) forest-fallow land usc to
permancnt agriculture land use, (2) agricultural land to forest or forest fallow land, or (3)
forest-fallow land to forest: that is, these conversion rates are assumed cqual to zero in the
basc case. This is clearly not the casc in the real world, but continentally consistent data arc
unavailable for deriving rates for these conversions (Detwiler and Hall 1988). However, the
model is constructed such that if values for these rates were available, they could readily be
incorporated. Likewise, when deforestation rates from the 1990 FAO/UNEP’s Tropical
Forest Resources Assessment Project become available, these may also be incorporated into
the modcl.

At the start of a model run, a certain fraction of the land at each point is assigned to
cach land-use class. These fractional values are assigned according to the point’s vegetation
class, the country in which the point falls, and the nercent "forest," percent "forest-fallow," and
percent "other" land within that country in 1985 (as given by the FAO/UNEP Tropical Forest
Resources of Tropical Africa). The point fractions are assigned such that the average point

K. D. Siugh, FAO, Rome, personal communication to Robin L. Graham, September
1989.

“’I'he reiative deforesiation raic was alicicd when cxamining land options for conserving
carbon.



fraction for a land-use class within a country corresponds to the FAO/UNEP’s country-level
value for that class in 1985.

This approach of using land-use fractions was developed to reconcile the
FAO/UNEP’s Forest Resources of Tropical Africa’s estimates of forest arca with forest arca
indicated on FAO's vege!ation map. The model is dependent on the former data base for
dcforestation rates and on the latter for calculating initial carbon inventory. In a given
country, thc amount of land designated on the FAO vegetation map to be forest or some
blend of forest and some other vegetation type was not necessarily the same amount as
reported by FAO/UNEP's Forest Resources of Tropical Africa. For example, FAO/UNEP’s
Forest Resources of Tropical Africa reported that 68% of the land in Cameroon was either in
forest or forest fallow while only 54% of the Cameroon points sampled off the FAO
vegetation map had vegetation class values that indicated the presence of some forest or
forest fallow agriculturce. In other countries the reverse was true. Thus development of the
algorithms for assignation of initial land-usc fractions to points with a specific vegetation class
required considerable judgment and interpretation.  Individual algorithms for assigning land-
usc fractions had to be developed for cach vegetation class that occurred in each country.

Annual changes in land use were modeled at cach point. Each year, a percentage of
the forest land (the overall relative deforestation rate) was converted to forest fallow land or
permanent agriculture. The fraction of land in forest fallow or permanent agriculture was
then updated to reflect this conversion (Fig. 10). Thus points that were high in forest lost
more forest than points that were low. However, as noted before the relative rate of
deforestation was uniform within a country. Dcforestation is unlikely to be uniform within a
country. Arcas of high population density most likely have higher rates of deforestation than
do arcas of low population density. The existing deforestation statistics however, are country-
level statistics thus there is no way to account for within country variation in relative
deforestation rates. This problem may be solved in the future as the upcoming 1990 Tropical
Forest Resource Assessment by FAO/UNEP will develop region-specific algorithms relating
dcforestation to population density.!

4.3.2 Modcling Carbon Inventory

Carbon inventory was calculated for every other year from 1985 to 2001 for each zonc
within cach country. At the beginning of a model run, the carbon storage value of cach land-
usc class at cach point location was determined. The carbon storage values for cach land-usc
class represent the amount of carbon (excluding soil, animal, and fungal carbon but including
carbon in belowground vegetation and dead vegetation) that would be found on one hectare
in that land-use class at that location. Thereafter, biannual carbon inventory calculations were
a two stage process — (1) calculation of each point carbon inventory from the weighted (by
land-use fraction) carbon storage valucs of the three land-use classes (Fig. 12) and (2)
calculation of carbon inventory for cach of the zones (Fig. 10). The following text claborates
on the carbon inventory model and calculations.

*'K.D. Singh, director of the 1990 Tropical Forest Resource Assessment Project, personal
communication to K.L. Graham.
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Modeling carbon storage values for each of the three land-use classes. The carbon
storage values of each land-usc class at each point were determined in a two-step process.
First, the amount of carbon that would be stored in native, undegraded ecosystems, forest-
fallow agriculture ccosystems, or permanent agriculture ecosystems at that point was
determined. These values along with information on the land-use classcs occurring at that
point in 1985 and the likelihood of the native vegetation having been degraded were then
uscd to assign carbon storage values for the land-use classcs.

A different algorithm for predicting carbon storage was uscd for cach ecosystem type.
The carbon storage of a native undisturbed ecosystem at a particular point was predicted on
the basis of dominant vegetation type, annual rainfall, and soil fertility class. Each vegetation
type was assigned a maximum carbon storage value that would occur under situations of high
soil fertility and optimal rainfall. Table 7 lists the maximum carbon storage and optimal
annual rainfall associated with cach vegetation type. As noted before, the maximum carbon
storage valuc comes from Olson ct al. (1985). The optimal rainfall was dctermined using the
rainfall valucs associated with cach of the vegetation types.* Optimal rainfall was defined as
that amount of rain bclow which 95% of the vegetation type is found growing. To adjust the
carbon storage value of a native undegraded ccosystem to the local point conditions, the
maximum carbon storage potential of the dominant vegetation type was reduced if the soil
fertility or rainfall at that point were less than the "optimal.” Thc algorithm for making those
reductions is as follows:

BN, = BNMax,_ * (RAIN,/RAINMax,) * (2*SOIL,/(3*SOIL, - 1))
where:

BN, = actual carbon storage in native vegetation at point,

BNMax,= thc maximum carbon storage associated with vegetation type Q,

RAINMax, = the optimal rainfall associated with vegetation type Q,

SOIL, = soil fertility class at point ("1" = high, "2" = modcrate, "3" = low),

RAIN, = annual rainfall at point (Il RAIN, > RAINMax,, then
RAIN,=RAINMAX)),

z = point location,

q = vegetation type at point.

This relationship is based on observations of carbon storage relative o soil fertility in
temperate forest plantations as well as data suggesting a lincar relationship between rainfall
and tropical ccosystem biomass (Houghton ct al. 1985b, Lugo et al. 1988). A morc complex
algorithm could casily be substituted into the model if a more thorough analysis of the
relationship between tropical ccosystem biomass, soils, and rainfall indicated a more complex
algorithm was warrantcd.

The carbon storage of a forest fallow agriculture ccosystem at a site was predicted on
the basis of potential carbon of a native ccosystem at that site and the numbers of crop and

®The relationship between annual rainfall and vegetation type at a point was developed
using the databasc created by sampling the rainfall and vegetation maps.
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fallow years in a single crop fallow cycle. The crop and fallow years are country and zone
specific and are summarized in Table 8. The forest-fallow carbon value represents the
average carbon that would be stored on site over the entire fallow-crop cycle. The algorithm
for computing carbon storage of forest fallow agriculture at a site is as follows:

BFAVG,= {(((BN,*FALLYR,/50)/2)*FALLYR,) + (CROPYR,*CROP)}/
(CROPYR, + FALLYR,)

where:
BFAVG, = average carbon storage over an entire fallow rotation cycle,
BN, = actual carbon storage in native vegetation at point,
CROPYR, = number of years in crop portion of cycle,
FALLYR,= number of years in fallow portion of cycle,.
CROP= average biomass storage during the crop phasc of the cycle.
(crop = 5.0 tonnes C/ha),
z = point location.

The algorithm assumes that carbon storage in biomass increases linearly with each year in the
fallow portion of the cycle and that it would take 50 fallow years to achieve the carbon
storage present in native vegetation at that site. A lincar increasc in carbon storage during
the forest regrowth phase of the fallow forest agriculture system is a first approximation used
by others in modeling carbon storage in fallow forest agriculture (Houghton ct al. 1985a).
Fifty years was sclected as a typical interval for forest recovery (Houghton et al. 1985a). The
data are quite limited on this topic as it is difficult to age tropical forests. The carbon storage
of permanent agriculture was assumed to be 5.0 tonnes/ha regardless of site attributes
(Houghton et al. 1985a).

If the vegetation class (as opposed to land-usc class or vegetation type) at the point
was onc that included "cropland," "forest fallow," or "savanna fallow," then it was assumed that
the native vegetation at that point would be degraded and its carbon-storage biomass was
reduced by 35%.

Land-use carbon values were derived from the three ecosystem-type carbon-storage
values according to the rules outlined in Table 9. The resulting land-usc carbon values ranged
considerably. The arca-weighted average forest carbon land use value for the entire region
was 65.7 tonnes/ha. The low average reflects the dry woodlands with an open canopy that
characterize much of Africa’s forested area. The value lies halfway between the estimates of
carbon storage of closed forest (90 tonnes/ha) and open forests (30 tonnes/ha) used in the
most recent estimation of carbon loss from global tropical deforestation (Detwiler and Hall
1988). The average {allow-forest land-use carbon value was 5.9 tonnes C/ha. This value is
lower than the fallow forest carbon storage values used in other estimates of carbon loss from
tropical deforestation (Houghton et al. 1987). Nonforest land-usc carbon values averaged
8.05 tonnes/ha on sites initially classed as 100% nonforest land use. Once the carbon valies
for cach land-use class were determined at the beginning of the model run (1985), they did
not change and were used in all subsequent yearly calculations of carbon inventory.
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Table 8. Assumed crop and fallow years for cach country and zone

Country Zone Crop year Fallow ycar
Angola 1,2,3 2 20
Benin , 1 2 6
Botswana : | 1,2 2 10
Burkina Faso 1 2 10
‘ 2 2 6
Burundi 1 3 3
Cameroon 1 2 6
2,3 2 10
Central African Rep. 1,2 2 10
Chad 1 2 10
2 2 6
3 2 20
Congo 1,2,3 2 10
Eq. Guinca 1 2 10
Ethiopia 1 2 6
2 2 10
Gabon 1,2 2 10
Gambia ‘ 1 3 3
Ghana 1 2 6
2 2 10
3 1 0
Guinca 1 2 6
2 2 10
Ivory Coast 1 2 6
2 2 10
Kcnya 1,2 2 6
Liberia 1 2 6
Madagascar 1 2 6
2,3 2 10
Malawi 1 3 3
Mali 1 2 10
2 2 6
3 2 20
Mozambique 1,2,3 2 6
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Table 8. Assumed crop and fallow years for each country and zone

Country Zone Crop year Fallow ycar
Namibia 1,2 2 20
Niger 1 2 10
2 2 6
3 2 20
Nigeria 1 3 3
2 2 6
3 2 10
Rwanda 1 3 3
Scnegal 1 2 10
2 2 6
Sierra Leone 1 2 6
Somalia 1 2 10
2 2 20
Sudan 1 2 10
2 2 6
3 2 10
Tanzania 1,23 2 6
Togo 1 2 6
Uganda 1 3 3
2 2 6
Zaire 1,2 2 10
Zambia 1,2 2 10
Zimbabwe 1,2 2 6
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Table 9. Rules used to assign carbon values to land-usc classes at cach
point on the basis of initial (1985) point land use

1985 Land-usc status at a point:

If "Forest Fallow" land use is present

Then "Forest" carbon storage = storage of native ccosystem;
Then "Forest fallow" carbon storage = storage of forest fallow vegetation;
Then "Other" carbon storage = 1.5 tonnes/ha.

If "Forest" but not "Forest Fallow" land use is present?

Then "Forest" carbon storage = storage of native ccosystem;
Then "Forest Fallow” carbon storage = storage of forest fallow vegetation;
Then "Other" carbon storage = 5% of carbon value for native ccosystem.

Il only "Other" land usc is present and vegetation class is not "Cropland”

Then "Other" carbon storage = carbon storage of native ccosystem.

If only "Other" land use is present and vegetation class is "Cropland”

Then "Other” carbon storage = 1.5 tonnes/ha.

*Although no forest fallow is present initially in 1985, forest fallow land use will oceur in
subscquent years as a conscquence of deforestation of the original forest. Thus a forest fallow carbon
valuc is assigned to that site for application in futurc years.




Calculating point carbon inventory. To caleulate the carbon inventory at any point at
any year, the carbon value of each land-use class was weighted by the fraction of land in that
land-use class at that year, and the welghted carbon values were summed. Table 10 gives an
example of such a calculation for a typical point in a forested reglon of Zaire.

Calculating zonal and country values for carbon inventory. To dctermine the zonal
carbon inventory value, the overall average carbon inventory for all points within a zone was
calculuted, This value was then multiplicd by the number of hectares within that zone. In
summatry, zonal carbon inventorics were a function of the land use in the zone and the carbon
values associated with those land-use classes. The carbon values in turn were a function of
the soils, climate, and vegetation classes found within the zonc.

4.3.3 Modcling Annual Carbon Emissions

Calculation of carbon emissions was straightforward. Annual emissions were simply
the difference between carbon inventorics one year and the next (Fig. 12). As noted carlier,
this method of calculation of carbon emissions implicitly assumes that loss or gain of any
carbon duc to land-use conversion occurs the year of the conversion, In the basc-case model,
yearly carbon inventorics differed only as a consequence of annual changes in the relative
amount of land in cach of the land-usc classes. The carbon values associated with cach of the
land-usc classes at cach point did not change. Furthermore, land-use change was solcly a
function ol country-specific relative deforestation rates, which also did not change over the
1985-2001 time interval, Of course, because relative rather than absolute deforestation rates
were used, the emissions rates were not constant over time arca, nor were inventorics.

4.4 BASE-CASE MODELING RESULTS

Three countrics (Ivory Coast, Zaire, and Nigeria) are the most significant contributors
of carbon cmissions in 1985, contributing 48.9, 33.4, and 24.4 million tonnes, respectively
(Table 11). Ivory Coast’s and Nigeria's initial high values arc not sustained; by 2001 their
values drop to 15.3 and 14.7 million tonnes Clyr, respectively (Fig. 13). This is becausce their
relative rate of deforestation is so high that it rapidly depletes the forest inventory (from 870
million tonnes in 1985 to 390 million tonnes in 2001 for Ivory Coast and from 1730 million
tonnes to 1420 million tonnes for Nigeria over the same period).  Conscquently, there is much
less forest to deforest in later years, If the model had used absolute rates of deforestation
rather than relative rates, the drop in carbon inventory would have been much more
precipitous. Zaire differs in that it has a fairly low relative rate ol dcforestation but a very
large inventory; consequently, its emissions drop very little between 1985 and 2001 (from 33.4
to 32.2 million tonnes). Thus, Zaire takes on a more important role in regional carbon
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Table 10, Example of point calculation of carbon inventory for a partially forested point in Zaire in

1991
Land-use
Land-use Land-use fraction in Weighted carbon
class carbon value 1991 valuc in 1991

Forest 144.0 tonnes C/ha 0,80 | 1152 tonnes C

Forest fallow 15.2 tonnes C/ha 0,15 | 2.28 tonnes C

Other 3 tonnes C/ha 0,05 | 0.15 tonnes C

Carbon {nventory in

1991 at point 82.85 tonnes Crha
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‘T'atdo 11, Hase-case mode! predictions of carbon emisslon and iaventory (millions of tunce) in Sub-Sabaran
Afcica {u 1985, 1993, and 2001

LO8S 1993 2001
Clountry Emlisslons nventary imisslons Inventoty Hmlaslons [uventory
Ivory Coast 48.9 870 214 560 153 300
Zalre BRI 17390 ne 17120 w2 {6860
Nlgeria 244 1730 18,9 1550 14,7 1420
Madagasear 9.3 1230 8.5 1160 17 11k
Malawl 1.6 200 5.4 220 38 180
(‘ameroon 13 200 A 2060 6.8 2AK0
Gulnea 6.6 N 6.1 940 5.7 800
Sudan 6.) 1180 2.6 {150 [} 1130
fithlopla 5.9 20%0 57 2040 5.6 2600
Tanzanla 57 2480 5.6 2430 54 239%
[ dberia S0 280 4.6 240 kN 210
Angaola 53 4240 52 4200 s 4160
Maozambligque S 1580 4.8 1540 4.5 1500
(thana 4.4 1o 4.1 680 8 650
Zambla 35 1980 3.5 1950 3.4 1020
Zimbabwe 21 830 2.0 820 2.0 800
Congo 2.0 2340 20 2320 20 2300
Central African Republle 1.9 1560 1.9 1540 L8 1530
Kenya 19 620 1.6 600 14 590
Henln 1.7 170 1.5 160 1.3 150
Gabon 1.6 2540 1.6 2520 1.6 2510
Burkina Faso 1.6 380 1.6 370 1.5 360
Sengal 14 380 1.3 370 1.3 360
Uganda 1.0 220 1.0 210 1.0 200
Mali 0.9 550 0.9 540 0.8 530
Chad 0.8 430 0.8 430 0.7 420
Tago 0.8 160 0.7 150 0.7 140
Slerra Teone 0.0 250 0.5 250 0.5 240
Rwanda 0.4 30 0.4 30 03 20
Niger 0.4 220 0.4 220 0.3 220
Namibfa 0.3 190 0.3 490 03 480
Equatorfal Chuinea 0.3 130 0.2 130 0.2 130
Botswana 0.2 430 0.2 430 0.2 430
Somalia 12 320 0.2 320 0.1 310
Burundi <01 20 <01 20 <01 20
‘Total 199.1 51810 161.4 50360 1368 49140
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emissions over the years. A compaiison ol the average carbon emissions from 1991 to 2001,
ranked by the top ten countries, reveals that Cameroon, Madagascar, Guinea, Ethiopia,
Tanzanin, and Malawi also have sizable carbon emissions due to deforestation (Table 12).
Within thesc countries different zones are more or less important, If country emissions arc
compared in terms of tonnes of carbon per hecetare, the relative ranking of countries changes
drastically — Malawi, Liberia, Guinea, and Nigerla are all quite high in thelr emission rates per
unit of land (Table 13).

Current carbon emissions from land-use change in Sub-Saharan Africa arc about 5
times greater than emissions from fossil-fucl use (excluding South Africa), However, in a
global context, carbon emissions from Sub-Suharan land-use change represent less than 5% of
current global carbon emissions {rom fossl} fuel and less than 20% of U.S, fossil-fucl
cmissions.

4.5 COMPARISON OF METHODOLOGY AND RESULTS WITH OTHER
APPROACHES

Continental-scale carbon accounting models have been developed by Houghton ct al,
(1983, 1985, 1987) and Dctwiler and Hall (1988). Both models arc bookkeeping models and
do not include factors controlling land use or determining carbon inventory. Thus the models
can predict current and past emissions and are well suited for modeling global carbon cycles
but arc not well suited for examining land management options for carbon storage. Further,
both models predict emissions at a continental scale,™ although the Houghton et al. model
partitions the regional predictions into country emissions. Like the model presented in this
paper (for this discussion referred to as the A.LD. model), both models use the FAO/UNEP
data on deforestation and forest inventory to describe rates of land-use change and land-usc
arcas, Carbon storage values are forest type specific rather than geographically specific. For
example, the Houghton model calculates an annual carbon emission value for Africa but
differentiates three forest types — moist . scasonal, and dry {orests. Two scts of carbon values
arc associated with these types. One set of carbon storage valucs was based on continental
growing stock volumes as reported by FAO/UNEP, while the other was based on an
ceosystem biomass data base developed by Brown and Lugo (1984). The FAO-based carbon
storage values arc considerably lower than the ceosystem-based values and are considered to
be more representative of reality (Brown 1988); they arce also more similar to the values used
in the A.LD. model.

The Houghton model partitions the regional estimate of carbon cmission among
different countrics on the basis of an index developed using the country-specific rates of
deforestation and arca of forest as given in the 1980 FAO/UNEP Forest Resources of
Tropical Africa Report, The Houghton model accounts for the temporal dynamics of both
decomposition and forest fallow regrowth and makes some very general caleulations of soil
carbon loss and carbon loss due to the conversion of forest fallow agriculture to

¥The Detwiler and Hall model has been used to model individual country emissions in
some cases (Detwiler and Hall 1988).
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Table 12. Base-case model predictions of carbon emissions from 1991 to 2001 in the 10 largest carbon-emitting countries of Sub-
Saharan Africa. The countries selected below had emissions > 5.0 million tonnes of carbon in 1985, The emissions arc
unevenly distributed among the country as is evident from the table.

Carbon emissions Proportion of emission
(10 tonnes C) among zones

Country 1991 1993 1995 1997 1999 2001 Mecan Zonel Zonc2 l Zone3
Zaire 329 328 326 325 323 322 326 0.56 0.43
Ivory Coast 317 274 237 20.5 17.7 15.3 22,7 0.86 0.14
Nigeria ‘ 20.2 18.9 178 16.7 15.6 14.7 17.3 0.54 0.42 0.04
Madagascar 8.7 8.5 83 81 79 7.7 8.2 0.37 0.63 *
Camcroon 7.1 71 7.0 6.9 6.9 6.8 7.0 085 0.12 0.03
Guinea 6.2 6.1 6.0 5.9 58 5.7 6.0 0.38 0.62
Ethiopia 5.7 5.7 57 5.6 5.6 56 5.6 0.88 0.12
‘Tanzania 5.6 5.6 5.5 5.5 5.5 5.4 5.5 0.00 0.86 0.14
Malawi I 58 54 4.9 4.5 4.1 38 48 1.00 - -
Sudan 33 2.6 2.1 17 14 11 21 0.64 0.33 0.13
Sum of top ten 127.2 120.0 113.6 107.9 102.9 98.3 111.6
countries
Sum of all countries | 169.1 161.2 154.1 147.7 142.0 136.9 151.8

*There were no sampled points in zone 3 of Madagascar.
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| Table 13, Comparison and ranking of carbon emissions (tonnes /ha) among the countries of Sub-Saharan Africa
in 1985, 1993, and 2001,
1985 1993 2001
Country ﬁmissions Country Emissions Country Emissions

Ivory Coast 1.54 Ivory Coast 0.86 Ivory Coast 0.48
Malawi 0.81 Malawia 0.57 Malawi 0.40_
Liberia 0.58 Liberia 0.48 Liberia 0.:8
Guinea 029 Guinea 027 | Guinea 025
Nigeria 0.27 Nigcri;'a 0.21 Ghana 0.17
Ghana 010 Ghana 018 Nigerta 0.16
Rwanda 0.16 Rwanda 0.16 Cameroon 0.15
Madagascar 0.16 Cameroon - 0.15 Zaire 0.14
Cameroon 0.16 Madagascar 0.15 Madagascar 013
‘Benin 0.15 Zaire 0.14 Togo 0.13
Zaire 0.15 Benin 0.14 Rwanda 0.12
Togo 0.14 Togo 0.13 Benin 0.12
Equatorial Guinea 0.09 Sierra Leone 0.08 Sierra Leone 0.07

‘J_§inrra Leone 0.08 Equatorial Guinea 0.07 [iquatorial Guinca 0.07
Senegal 0.07 Senegal 0.07 Senegal 0.07
Mozambique 0.07 Tanzania 0.06 (GGabon 0.06
Tanzania 0.06 Gabon 0.06 ‘Tanzania 0.06
Gabon 0.06 Mozambique 0.06 Congo 0.06
Congo 0.06 Congo 0.06 Mozambique 0.06
Burkina Faso 0.06 Burkina Faso 0.06 Burkina Faso 0.05
Zimbabwe 0.05 Zimbabwe 0.05 Zimbabwe 0.08
Ethiopia 0.05 Ethiopia 0.05 Ethiopia 0.05
Uganda 0.05 Uganda 0.05 Uganda 0.05
Zambia 0.05 Zambia 0.05 Zambia 0.05
Angola 0.04 Angola 0.04 Angola 0.04
Kenya 0.03 Central African Rep. 0.03 Central African Rep. 0.03
Central African Rep. 0.03 Kenya 0.03 Kenya 0.02
Sudan 0.03 Sudan 0.01 Mali 0.01
Mali 0.01 Mali 0.01 Chad 0.01
Chad 0.01 Chad 0.01 Sudan 0.00
Namibia 0.00 Namibia 0.00 Namibia 0.00
Botswana 0.00 Botswana .00 Botowana 0.00
Somalia 0.00 Somalia 0.00 Niger 0.00
Niger 0.00 Niger 0.00 Somalia 0.00
Burundi 0.00 Burundi 0.00 Burundi 0.00
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permanent agriculture. In general, carbon losses from soil carbon losses are predicted to be
about 10 to 30% of the carbon losses due to vegetation carbon loss. Carbon losses from
conversion of forest fallow agriculture to permanent agriculture are based on Meyer’s regional
estimates of forest fallow to agricuiture conversion (Meyer 1980, 1984). Meyer’s cstimates
would predict that the global area of forest-fallow agriculture is decreasing rapidly, while FAO
indicates that it is increasing (Detwiler and Hall 1988, Houghton ct al. 1987). The A.LD.
model does not usc Meyer’s data to address the conversion of forest fallow to permanent
agriculture in part because of this confusion.

Estimates of 1980 country-level carbon cmissions predicted by Houghton et al.
(1987) arc compared with the A.LD. basc-case model results for 1985 in Table 14. In spite of
the very fundamental differenees between the two models, their carbon emission predictions
arc fairly similar. The tep nine carbon-cmitting countries arc the same in both the studics,

and thc Houghton model predictions using the low sct of storage values are just slightly higher

than the country emission values predicted by the ALD. model. Discrepancics tend to arise
with those countries for which Houghton ct al. predicted significant carbon losses duc to
forest fallow conversion to permanent agriculture (Table 14). Because Houghton ct al.
considered soil carbon losses and the conversion of forest fallow to permanent agriculture,
ncither of which were considered in the A.LD. model, one might expect Houghton predictions
to be generally higher, The reason their predictions are not always higher may be hecause of
the higher storage carbon values used for forest fallow in the Houghton model.
Conscquently, the carbon release from the conversion of forest fo forest fallow in the
Houghton model may not be as large a release as in the A.LD. model. Although it is not
completely clear from the desceription of the Houghton modcl, it would appear that most of
the deforestation in the model is attributed to the conversion of forest to forest fallow rather
than to permanent agriculture. This assumption would also reduce the carbon emissions
relative to the AJLD. model.

The predictions of the Detwiler and Hall model cannot be compared with the ALD.
base case model results because Detwiler and Hall present their model predictions in terms of
the entire tropical region of the world. 1t should be noted, however, that they estimate lower
losses of carbon duc to deforestation in the tropics than does Houghton ct al. (1987).
Detwiler and Hall present a range of 400 to 1600 million tonnes of carbon emitted in 1980
from land-use change in the tropics, while Houghton ct al. predict 900 to 2500 million tonnes.
The difference can be mainly attributed to the carbon values assigned the different forest
types and the modeling of forest fallow agriculture. The extent, carbon content, and rate of
loss or creation of forest fallow agriculture are poorly understood. It is one of the main
factors contributing to the uncertainty surrounding carbon emissions from land-usc change in
tropical countrics.

Because of the subject of the A.LD. model, a rigorous validation is impossible.
However, confidence in the A.LD. model’s ability to correctly model land-use dynamics and
carbon emission is strengthened by the similarity of various models’ predictions.
Conscquently, the model appears to be both a useiul and appropriate vehicle for evaluating
carbon emission resulting from different land-use scenarios.
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Table 14, Comparison and ranking of carbon emissions predicted by AID model and Houghton model. The Houghton values
are for 1980, whereas the AID values are for 1985,
AID model Houghton ct al.'s model
: Emissions Emissions
Country (million tonnes C) Country (million tonnes C)
Low Mid High
Ivory Coast 48.9 | Ivory Coast® 62.1 100.5 138.5
Zaire 334 | Nigeria® 36.8 59.5 82.0
Nigeria 24,4 | Zaire 21.6 35.0 48.2
Madagascar 9.3 | Sudan 16.4 26.6 36.7
Malawi 7.6 | Madagascar® 143 232 320
Cameroon 73 | Malawi 9.7 15.7 21.6
Guinea 6.6 | Cameroon 9.6 15.6 21.5
Sudan 6.1 | Guinca® 54 8.8 o121
Ethiopia 5.9 | Ethiopia 48 7.8 10.7
Tanzania 5.7 | Liberia® 48 7.8 10.7
Liberia 5.6 | Ghana® 48 1.1 10.6
Angola 5.3 | Mozambique 43 7.0 9.6
Mozambique 5.1 | Angola 34 55 7.6
Ghana 4.4 | Tanzania 3.0 49 68
Zambia 3.5 | Zimbabwe 2.6 42 5.8
Zimbabwe 2.1 | Zambia 2.6 4.2 58
Congo 2.0 | Chad 26 4.2 5.8
Central African Rep. 1.9 | Burkina Faso 2.6 - 42 58
Kenya . 19 | Central African Rep. 22 36 5.0
Benin 1.7 1 Congo 24 34 4.7
Gaben 1.6 | Senegal 18 2.9 4.0
Burkina Faso 1.6 | Benin® 1.5 25 34
Senegal 14 | Gabon 14 22 30
Uganda 1.0 | Uganda 14 22 30
Mali 0.9 | Mali 13 2.1 29
Chad 08 | Kenya 1.1 1.7 23
Togo 0.8 | Niger 1.0 16 22
Sierra Icone 0.6 { Namibia ‘ 0.6 1.0 14
Rwanda 0.4 | Somalia 0.6 1.0 14
Niger 04 | Sierra Leonc® 0.6 1.0 14
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Table 14. Comparison and ranking of carbon emissions predicted by AID model and Houghton model. 'The Toughton values
arc for 1980, whereas the AlD values are for 1985,
AlID model Houghton et 4l.'s model
| Emissions : Emissions
Country 1 (million tonnes C) Country (million tonnes C)
Low Mid Iigh
Namibia 0.3 | Togo® | 0.4 0.7 10
Iiquatorial Guinca 0.3 | Botswana 0.4 0.7 1.0
Botswana 0.2 | Rwanda 0.2 0.3 0.4
Somalia 0.2 | Equatorial Guinea 0.2 0.3 04
Burundi <0.1 | Burundi 0.0 <0.01 0.0
TOTAL 199.1 ‘ o 228.6 369.6 509.3

Mimission value includes emissions from the conversion of fallow forest agriculture to permanent agriculture, For Ivory Coast
42% of the total emissions are duce to this fand-use conversion; for Nigeria, 45%; Madagascar, 47%; and Togo, 33%.
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4.6 EVALUATION OF LAND-USE MANAGEMENT OPTIONS

Land-usc management options that are analyzed in the context of sequestering and
preserving stores of carbon include (1) preservation of natural forests, (2) agroforestry and
fuclwood, and (3) reforestation for industrial wood production. The first option is concerned
with identifying areas of natural forest for protection and improved management (reducing the
deforestation rates). Greater preservation of natural forest arcas would not only continue to
store carbon but would also serve to protect watersheds and limit crosion, provide buffers
against desertification, and maintain biodiversity and habitat. The latter two options arc more
specific land-use alternatives designed to mitigate development pressures and spontancous
encroachment as well as to sequester carbon. For each land-use option, the basc-case modcl
was modified. The modifications to the base-case model, the carbon results, and the estimated
costs of the specilic land-use option are discussed in the remainder of this section.

4.6.1 Prescrvation of Natural Forests

The demand for agricultural land is a principal cause of delorestation in Sub-Saharan
Africa. Without any external pressure to adopt more sustainable and productive agricultural
systems, rural populations are forced to clear new forest arcas and to use more marginal land
that may not be suitable for cultivation.® Rural populations also invade the forests and
open woodlands in search of fuclwood. As noted carlier, fuclwood (firewood and wood for
charcoal production) accounts for over 60% of total energy consumption in Sub-Saharan
Africa. Fuclwood is gathered to satisly onc’s own energy nceds as well as to satisty the
charcoal demands of rapidly growing urban populations.”® Charcoal production is
particularly destructive since it usually involves the use of whole trees and not the use of
scavenged limbs and branches. In more arid regions, the removal of forest vegetation
incrcagcs runoff and crosion and exacerbates problems of crratic rainfall common to these
arcas.”

Sccondary to the demand for new agricultural land and fuclwood, the demand for
timber products also contributes to the loss of forest arca. Many governments compelled to
generale foreign exchange carnings and employment have looked toward the forests as a

MProblems of low-productivity agriculture and declining soil fertility are exacerbated by
patterns of land tenure. Because many subsistence farmers do not own their land or do not
have long-term land rights beyond current-use rights, they lack the incentive to protect fallow
land and to practice soil-conserving measures.

3Urban encrgy consumption is growing at an annual rate of over 5% (Armitage and
Schramm 1989).

%In the Sahclian and Sudanian zones of Africa, consumption of wood now greatly exceeds
natural regeneration and threatens the arca with desertification (Anderson and Fishwick
1984).
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resource that can readily be exploited (Repetto and Gillis 1988).*” Favorable concessions as
well as policies to stimulate the growth of wood processing industrics have been used. These
policies, which open up the forest to logging, also create and accelerate access, enabling
subsistence [armers to incorporate these arcas into the cycle of forest fallow cultivation and,
as population density increases, into bush and short fallow agriculture,

To investigate this land-usc option in terms of carbon storage and emissions, a range
of preservation scenarios is evaluated in which deforestation rates are reduced and/or
degraded native forest is protected and allowed to recover.  The base-case model was
modificd to (1) change the relative rates of deforestation and/or (2) allow the existing
degraded forests to recover their biomass (i.c., the carbon storage value of forest land at
points that had been degraded was gradually increased cach year at a rate defined by the
potential productivity of that site until the carbon storage value of the forest equaled that of
undegraded forest). Scven additional runs of the model were made, setting the deforestation
rates to cither 0 (none), 75% (low), 50% (moderate) or 100% ol the current rate and
allowing the existing degraded forest to recover or not recover. Of course, 100% of the
current deforestation rate with no biomass recovery is the basc-case run discussed carlier. For
cach of the applicable scenarios, the rate of recovery (ic., the annual increase in carbon
storage) was delined as follows:

il

GROW, = 5 * (RAIN,/3000)*SOIL,/(2*SOIL, - 1)

where

GROW, = unit of annual incrcase in carbon storage of recovering forest at point ¢,
SOIL, = soil fertility class at point z,
RAIN, = annual rainfall in millimeters at point z.

This cquation assumes the maximum rate of recovery would be 5 tonnes C/ha/yr under
conditions of good soils and rainfall of 3000 mm/yr. This upper limit is then reduced by loss
rainfall or less than idcal soils.

Figure 14 summarizes carbon cmissions assuming no change {rom the current situation
and a complete halt of all deforestation and the recovery of degraded forests beginning in
1990. The cstimated mean annual carbon emissions arc approximately 152 million tonnces
between 1991 and 2001 without forest preservation. With preservation (a complete halt to
deforestation), the emissions become negative (mean annual sequestering rate of 62.5 million
tonnes) because the degraded forests serve as a carbon sink as they recover their original
biomass. However, the magnitude of the sink will become smaller and cventually reach zero
as the degraded forests reach their maximum biomass and are no longer increasing in siz¢ and
storing carbon. Of course, the degree to which degraded forests will act as a sink and store

The export of forest products, a major source of forcign exchange for some Sub-Saharan
countries, is expected to decline in the future because of inadequate attention and
management of the forest iesource base (WRIIIED 1985). In Sub-Saharan Africa, four West
Alfrican countrics (Gabon, Ghana, Ivory Coast, and Liberia) account for ncarly all of timber
exports from the continent (Repetto and Gillis 1988).
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carbon depends on what portions of forests arce considered degraded, the extent to which they
arc degraded, and the rate at which the forest can recover.® To place these emissions in
perspecetive, the carbon-sequestering potential of completely halting deforestation in Sub-
Saharan {rica is cquivalent to about 5% of current annual fossil fucl carbon cmissions {rom
the United States. Morcover, the scquestering potential of these recovered forests are short-
lived. Once the trees are fully mature, they will no longer continue to sequester carbon,
scrving only to store carbon.

The mean annual savings in carbon emissions between 1991 and 2001 for all
preservation scenarios (deforestation rates st to 0, 25%, 50%, and 100% of the current rate
and with and without biomass recovery) and the base case (152 million tonnes) is summarized
in Fig. 15. Reducing country deforestation rates to zero and allowing recovery results in a
mean yearly scquestering of 62.5 million tonnes (0 tonnes if no recovery) over the 10-yr time
frame. The change in carbon emissions from this scenario would be approximately 154 million
tonnes cach year. Reducing deforestation rates by 75 and 50% results in a mean annual
scquestering of 19 million tonnes (cmissions of 43 million tonnes if no recovery) and emissions
of 21 million tonnes (emissions of 83 million tonnes if' no recovery), respectively. The change
in carbon emissions relative to the base case is 110 million tonnes for the 75% reduction
scenario and 70 million tonnes for the 50% reduction scenario.

Prescervation of tropical forests depends largely on the possibility and feasibility of
managing them as a sustainable system through natural regencration, while providing the raw
matcrial for a large-scale, rurally located, viable forest-products industry (Leslic 1987, Maitre
1987, FAO 1987). That is, forests must be managed to satisfy the needs ol local populations
where cconomic production and local industrics are dependent on a sustainable yicld of forest
products and the success of the protected arca and its enforcement is a matter of local
concern (Wilkinson 1985). At a minimum, the costs of controlling deforestation and
preserving existing forests would include dircet management and protection expenses, as well
as the costs of programs for addressing the causes of forest encroachment and destruction,
Onc very broad range of cost estimates for preserving a naturally managed forest was reported
to vary from $20 to $100/ha, with annual recurring expenses for administration and
management of $0.50 to $1.50/ha (Leslic 1987).* Using these estimates, life-cycle costs of
preservation for cach hectare of land would range between $25 and $115, assuming a 10%
real discount rate. It should be stressed that these cost estimates are just the direct expenscs
for oversecing the managed forest area and do not include the costs of concomitant policics
to deal with or to remove development and encroachment pressures (e.g., development of
sustainable agricultural systems, promotion of local forest products industrics).

The additional forest arca preserved in year 2001 under a complete cessation of
deforestation, a 75% reduction in deforestation, and a 50% reduction in deforestation
beginning in 19%) is shown in Table 15. Using the above cost estimatcs, the direct

¥t was assumed that a degraded forest had 65% of the biomass of an undegraded forest.
¥The costs of direct management and protection expenses are highly site-specific.
Developing more precise estimates would require inclusion of considerable local information.

Morcover, this added detail would be inconsistent with the precision of the carbon estimates.
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Table 15, Additjonal fand (milllons of hectares) n forest in 2001 under different deforestation
reduction scenarlos, NONE = deforestation rate set to zero In 1990, LOW = deforestation rate set to
25% of CURRENT, MODERATE = dcforestation rate set 1o 50% of CURRENT, CURRENT =
deforestation rate set to 1985 FAO/UNEP valucs,

NONE LOW MODERATE

compuared 1o compared o compared to

Country CURRENT CURRENT CURREN'T
Angola 1,18 (.88 .58
Benin 0.70 (.51 0,33
Botswana 0,40 0.30 0.20
Burundi 0.01 0.01 0.01
Cameroon 107 (.80 (0,53
Central African Rep, 0.63 (.49 (31
Chad 0.74 (.54 .36
Congo .26 0.20 0,13
Equatorial Guinea 0.04 0.03 (.02
Ethiopla 0.97 .72 (.48
Gubon 0.7 0.13 0.09
Gihana 0.66 0.49 0.32
Ciuinea .98 0.73 0.49
Ivory Coast 3.60 242 1.44
Kenya 0.39 .28 0.19
Liberia (.43 (.31 (.20
Madagascar 1.54 .14 .75
Malawl 1.25 (.88 0.55
Mali (.36 0.27 0.18
Mozambique 1.25 .92 0.61
Namibia 0.63 0.47 0.31
Niger 0.44 (.32 0.20
Nigerla 3.01 2,29 1.37
Rwanda 0.06 0.04 0.02
Senegal 0.47 (1.35 00,23
Sierra Leone 0.07 0,06 0.04
Somalla 0.16 0.12 0,08
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Table 15, Additional land (mitllons of hectares) In forest in 2001 under different deforestation
reduction scenarlos, NONE = deforestation rate set 1o zero in 1990, LOW = deforestation rate set (o
25% of CURRENT, MODERATE = deforestation rate set to 50% of CURRENT, CURRENT' =
deforestation rate set to 1985 FAO/UNEP values,

NONE LOW MODERATE

compuared to compared to compared to

Country CURRENT CURRENT CURRENT
Sudan 1,75 111 0.63
Tunzania 1.57 117 078
Togo 0.14 0.10 0.06
Uganda 0.57 0.42 0.28
| Rwanda 0.06 0.04 0.02
Zalre 4.50 337 2.24
Zambiy 0.86 0.64 0.43
Zimbabwe 0.80 0.60 (.40
TOTAL 3221 23.52 15.11
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prescervation costs can be approximated for cach of the preservation scenarlos, For example,
{f 0 50% reductlon in deforestation rates {s considered within the realm of possibility (le., an
all-out concerted cflort), the Impact [n terms of carbon emlisslons would be abouat 70 million
tonnes annually or about 1.5% of current world emisslons. The total direet prescrvation costs
would lic between $380 and $1690 million for the 15.1 millon heetares with a cost for cach
tonne of carbon stored of $3 to $15/tonne, As noted carller, approximately one half of
cmissions and one third of the preserved land arcas would lie In just three countrics — Zalre,
Ivory Coast, and Nigerln, Focusing preservation efforts on a limited number of countrics
could reduce costs, Costs could be further reduced il only lorest arcas In eminent danger of
cneroachment and exploltation were singled out for preservation, Direet preservation costs
for the 100 and 50% deforestation rate reduction seenarios would be proportionately higher,

4.6.2 Agroforestry and Fuclwood

‘The agrolorestry land-use optlons that are most relevant 1o this study are those that
pertain o the humid and subhumid tropics and (o the tropical highlands* For these higher
blomass productivily arcas, alley cropping and other spatial tree crop arrangements (e.g.,
interstitinl plantings) have the potential to sequester carbon und/or slow the rate of
agriculturally induced deforestation, and Lo provide a wide range of by-products (L., [ruit,
fodder, and fuclwood). Morcover, il feguminous trees are planted, they are a potential source
ol nitrogen and other nutrients for crops.*

Since trees are considered a permanent feature of the landscape, there is a potential
for sequestering carbon in direet proportion Lo the spatial arrangement of the trees, Although
there are many possible spatial arrangements for trees and crops, a typical arrangement is (o
have a closer in-row spacing (1 to 2.5 m) and a wider belween-row spacing (2 to 5 m) to allow
for crops. Under the closest spacings (1 m x 2 m), trees would oceupy approximately hall of
the planted arca, which would contain about S000 trees per heetare assuming a tree row width
ol about T m. There would be approximately 800 trees per heetare under the wider spatial
arrangements,

A tenet of agroforestry is sustainability — improving soil structure and fertility, creating
a more lavorable macroclimate and microclimate, reducing the rate of decline in soil
productivily, and providing a renewable source of fuclwood and fodder. 1t can be argued that
increasing or at least maintaining agricultural productivity ol a given land arca would have a

W Agrosilvopastoral and silvopastoral systems, although important for controlling crosion
and providing windbreaks and shelier in the Sudano/Sahcelian zones, are not key options for
carbon sequestering, given their low inherent biomass productivity.

Hnereases in yields have been demonstrated when trees were planted in association with
agricultural crops. Although the cffect of this association has not been adequately defined,
some resulls suggest a substantial increase in crop yields despite a net loss in land arca
devoted to crops (Leach and Mcearns 1988). For example, Torres (1983) in experiments with
lcucacna, reported that maize yiclds increased from S to 16 kgs for cach kg of organic
nitrogen added. Results of other studics show a neutral effect, and still other studies report
that the arca lost to cropping from the trees is not made up by higher productivity (Lal 1989),
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land-stabilizing presence and lessen the need to clear riew forest lands for cultivation, thereby
reducing forest encroachment and the rate of deforestation. The impact of agroforestry on
reducing the rate of deforestation would be exceedingly difficult to cstimate with any degree
of precisfon. At a minimum, {nformation would be required on local population growth rates,
land tenure and ownership patterns, soclocconomie factors, and stabllization and agricultural
productivity cffects from agroforestry, Determining speedlic estimates of these effeets from
agroforestry {nterventions is beyond the scope of this study and is more appropriately
investigated at a country or specific zonal level. Consequently, no attempt is made to inchide
these effects in the model analysis of agroforestry.

To model the impact of agroforestry, a new land-usc class (called "agroforestry") was
incorporated into the model. This land-use class was created from nonforest land at points
that met the following criteria: ‘

L. The nonlorest vegetation was most likely agriculture rather than native vegetation,
This restriction was acconiplished by excluding points that were 100% nonforest native
vegetation,

2, The point is located in a country and zone targeted for agroforestry.

The countries for which the agroforestry land-use management option is evaluated {or carbon
sequestering are listed in Table 16, These countries are believed to have some of the
nceessary requisites to adopt agroforestry and fuclwood programs (FAO 1982, FAO 1984b,
FAO 1987, de Montalembert and Clement 1983),

For these countries where agroforestry is evaluated as a land-use option, an average
scedling spacing of 4 m between rows, a 1-m in-row spacing, and a tree row width of 1 m is
assumed. This spatial arrangement would correspond to a tree-planting density of
approximately 1000 trees per hectare. It is further assumed that the trees would accumulate
approximately 20 or 40% of the carbon of a mature tree plantation at that site. The carbon
associated with a plantation at a site was a function of the potential [orest plantation
productivity of the site. If the potential site productivity was greater than 8 tonnes C/ha/ycar
(acn the plantation carbon storage was assumed to be 120 tonnes Clha, if less than 8 but
greater than 6 tonnes Crhafyear then 100 tonnes Chha, if less than 6 but greater than 4 tonnes
C/t-alycar then 90 tonnes C/ha, and il less than 4 tonnes C/hafycar then 85 tonnes Crha,
These carbon storage values are based on tropical plantation biomass statistics (Lugo ct al.
1988). Potential productivity of a sitc was caleulated with the following cquation:

PROD,

15%(RAINFALL,/3000)* (SOIL,)/(2*SOIL,-1)

where

It

PROD,
point z,

RAINFALL, = annual rainfall in millimeters at point z,

SOIL, = soil fertility class at point z,

z = location of point.

potential fores’ productivity in tonnes of carbon per hecetare per year at
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Table 16. Countries and zones in which agroforestry was

implemented
Zone
Botswana 1,2
Burkina Faso 1
Burundi 1
Camecroon 1
Chad 1
Ethiopia 1
Gambia 1
Ghana 1,3
Guinca 1
Ivory Coast 1
Kenya i, 2
Madagascar 1
Malawi 1
Mali 1
Mozambique 3
Nigeria | 1, 2,3
__I_livii_n"a 1
Senegal 1
Somalia 1
Sudan 1
Tanzania 1,23
Togo t
| Uganda )
Zairc 2

Zambia

—




.

e e e e s

ik

PO cUn

This equation assumes the maximum potential forest productivity at any site is 15 tonnes
C/ha/ycar and this will only occur if the soils are good and the rainfall is 3000mm/year. This
upper limit is then reduced by less-than-ideal rainfall or soils. Yiclds of 15 tonnes C/ha/ycar
have been observed in highly managed tropical plantations (Lugo et al. 1988).

Four agroforestry scenarios were run ~— two rates of agroforestry adoption and two
amounts of stored carbon. It was assumed that each year cither 2 or 4% of the land that met
the above criteria was converted to agroforestry. It was then assumed that the carbon storage
value associated with the agroforesiry land-use class was the crop carbon storage (S tonnes
C/ha) plus cither 20 or 40% of the carbon storage associated with a mature tree plantation.
These numbers were chosen to reflect the previously described planting densities. They
assume that the trees would be pruned back and thus the carbon storage per unit arca would
be less than if the trees were allowed to grow to full maturity. The model does not trace the
growth of the planted trees; rather, it assumes that the year the option is implemented is the
year the carbon is accrued. There is no additional carbon stored in subsequent years unless
new land is assigned to agroforestry. This simplification allows better comparison of the
overall carbon benefits of agroforestry with other land-use options and the base case.

The total amount of land in agroforestry for cach country and zone in the year 2001
under the two rates of agroforestry adoption is shown in Table 17. The low adoption
(2%/ycar) and the high adoption (4%/ycar) scenarios would result in 26.2 and 47.3 million
hectares in agroforestry by the end of 2001, respectively.  Four countries (Botswana, Chad,
Nigeria and Zambia) would account for over 40% of the agroforestry land arca. The increase
in Sub-Sakaran carbon inventory and the decrease in regional carbon emissions as a
consequence of adopting agroforestry is shown in Table 18 for the four agroforestry scenarios
and the base-case. Relative to the base case, agroforestry has the potential to reduce carbon
emissions by 25 to 87% and incrcase the total carbon inventory by 0.6 to 2.1%.

The minimum costs of implementing a program to encourage agroforestry would
include the costs of developing nurseries to produce tree seedlings, transportation and
distribution expenses to get the scedlings to the farmers, and training and cxtension services
to ensure the scedlings are properly planted and tended. A program could also include
incentive payments to farmers to encourage tree planting and to provide the necessary
maintenance (e.g., weed control) and purchase agreements for wood products (building poles,
charcoal, etc.). However, these latter costs are not considered. Specific costs will be a
function of the availability of seeds of appropriate specics, the technology and material used
in producing seedlings, the number of nurseries, the distribution expenses, and the number of
farmers that are targeted for extension services. Anderson (1987) summarizes farm forestry
costs for Nigeria. His estimates indicate production costs of $0.13 per scedling with training,
extension, and management expenses of $0.12 per secaling. These costs are for a semiarid
zone and thercforc may not be representative of more favorable growing conditions. In
contrast, Leach and Mearns (1988) cite agroforestry project costs of $0.03 to $0.11 per
seedling.*> For this study, the dircct costs for establishing each hectare of agroforestry land .

“Energy sector studies conducted by the UNDP/World Bank generally show similar cost
estimates. Armitage and Schramm (1989) report government fiscal cost of small-farmer
woodlots of about $100 per hectare (198 kwacha) in Malawi.
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Table 17. Land under agroforestry in 2001 in countries and zones of Sub-Saharan Africa.
In the model, land for agroforestry is sct aside from agricultural land from 1990 onwards.
LOW ADOPTION = 2% of agricultural land converted to agroforestry each year, HIGH

ADOPTION = 4% of agricultural land converted 1o agroforestry each year.

Low adoption

High adoption

Zone (million ha) (miltion ha)
Botswana 1 0.02 0.03
2 3.81 6.85
Burkina Faso 1 1.08 1.95
2 - .
Burundi 1 0.47 0.84
Camecroan 1 0.35 0.64
2&3 - -
Chad 1 2.94 5.28
2&3 - -
Ethiopia 1 0.57 1.02
2 - .
Ghana 1 0.02 0.04
2 - -
3 <0.01 <0.01
Guinca 1 0.08 0.15
2 , -
Ivory Coast 1 0.07 0.13
2 - .
Kenya 1 0.10 0.18
2 0.01 0.02
Madagascar 1 0.32 0.58
2&3 - -
Mali 1 1.14 2.05
243 - -
Malawi 1 0.70 1.26
Mozambique 1&2 - -
3 0.01 0.02
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Table 17. Land under agroforestry in 2001 in countries and zones of Sub-Saharan Africa.
In the model, land for agroforestry is sct aside from agricultural land from 1990 onwards.
LOW ADOPTION = 2% of agricultural land converted to agroforestry cach yecar, HIGH
ADOPTION = 4% of agricultural land converted to agroforestry each ycar,

Low adoption

High adoption

Country Zone (million ha) (million ha)
Nigeria 1 0.90 1.63
2 1.09 1.97
3 0.25 0.45
Rwanda 1 0.06 0.11
Somalia 1 1.26 2.27
2 .
Sudan 1 1.73 3.11
2 . .
3 . .
Tanzania 1 0.06 0.11
2 1.03 1.87
3 1.60 2.87
Togo 1 0.15 0.27
Uganda 1 0.77 1.38
2 1.62 2.92
Zaire 1 - -
2 1.71 3.08
Zambia 1 2.30 4.20
2 . .
TOTAL 26,22 47.28
 IO——

76




y3ry/uondope Y31y

mopuondope Y514

ysry/uondope mo]

moyuondope Mo

6’161 0066Y 0T 0c60s 098 [48 4019 9L SHOS (441! 8LI0S uesN
116 00¥66C ¢TIzl 085<0¢t 191I¢ OL¥Z0E 765F 01L20¢ 1689 6L0T0E [B1I0L
69¢1 0916V €LC 0808 1°C8 06661 €LY 0800S 17201 074314 1002
Tyl ovvev S8 74 0L80¢ €8 0108 0L 0Te0s 1901 0¢86Y 6661
SLYT ocLeY 91¢ 07608 L'Y8 0Z¢€0S L'eL 09¢0S L011 0S00S L661
T¥s1 0e00S 8781 09605 1’98 06+0S LLL 0Zs0s 6°ST1 0820S 661
791 05€0S 661 06608 $'88 0L90S ¥'z8 0890S 81T1 0Z50S €661
1691 06905 el 02018 1’16 0S80S 6'L8 05808 (741 0LLOS 1661
wotssty | Aroiuoauy | uoissturg | AToweau] | uoIssiwy | AIOIUSAU] uoISSTUI | AIO1USAU] | UOISSTW | AJOIUSAUJ RN
as80 Iseq SSRUIOIq SSRUIOIq SSeurolq SSeUIOIq

-(Ans210j015® 10 IPISE 19§ SI pUB] OU 1) porswsdurr

%¥ St ‘SSVINOIL MO TNOILLJOQV HOIH ! ‘A1oandadsal

10U §1 A115010§015% “GSVD TSV Ul “A12AN0adsa1 %0¢ PUE %t St 11 ‘SSYINOIE HOTH/NOLLAOQY HOIH Ul pue Ajaanoadsal 9,0z pue

%0F PUE %7 ST U ‘SSYINOIA HOIH/NOILJOAV MOT U] -uonelagoa uoneuerd
3911 JO 207 SI 515210J0I5E JO SSBWOIQ 3Y1 PUE ‘IBIA [Bd Anso10jo13e 01 5903 pue] [RININOLGE 941 JO %7 ‘SSYVINOIA MOTNOILLJOAV

MOT Ul 3580 95eq 91 01 paIeduwiod SOLIBUOS £115310J013® 1USISYIP 1opUN (SOUUOI JO SUOI[[IW) SUOISSIWID PUE A101U9AUI TOQIRD) 8T 9[QEL

77

EE




arc assumed to be between $50 to $150. This estimate is based on a planting density of 1,000
scedlings per hectare and a range in seedling costs (including distribution and extension costs)
of $0.05 to $0.15 each. Any éxpenses incurred after tree establishment (e.g., weed control and
other cultural manageient ;’dciivitics) are assumed to be borne by the individual farmer.

For the 2 and 4% annual adoption scenarios there would be approximately 26.2 and
47.3 million hecta.cs of land in agroforestry, respectively. Based on the $50 to $150/ha
establishment costs and assuming a 10% real discount rate, total investment costs for the low
adoption scenario (26.2 million hectares) would lie between $1310 and $3930 miilion and
between $2360 and $7090 million for the high adoption scenario (47.3 million hectares).
Agroforestry has the potential to reduce emissions by 38 million tonnes cach ycar (low
adoption with low biomass) to over 130 million tonnes cach ycar (high adoption with high
biomass), relative to the base case scenario or current ernissions (Table 18). Costs per tonne
of carbon sequestered would therefore range from a low of about $2 under high biomass to
$10 under low biomass for both the low and high adoption scenarios.

4.6.3 Industrial Reforestation

African countrics generate upproximdtcly $1 billion (U.S.) each year in cxport carnings
from forest pmducls However, these carnings arc more than offsct by approximately $2
biflion cach year in imports, primarily pulp/paper and some wood products. In Sub-

Saharan Africa, there aie only ten countries that have net exports of forest products in excess
of $1 million annually.* For tropical hardwood logs, the Ivory Coast, Ghana, and Nigcria
have just about reached the limit of their production potential because of previous overcutting
and forest management neglect (Ewing and Chalk 1988). Although there is considerable
potential to increase pr()duui()n from Gabon, C()ng,o Liberia, Mozambique, Equatorial
Guineca, and Zaire, there remains a critical need to improve forest management prdctms and
to reforest logged-over arcas to sustain exports and to limit the growth in imports.*

#The consumption of paper and paperboard in Sub-Saharan Africa has incrcased by 50%
or by 0.3 million tonnes between 1970 and 1980. The main factors for this increase arc
population growth, higher income levels, and higher litcracy rates. Virtually all of the Sub-
Saharan countrics are imporlus of pulp and paper; however, these de ‘vdnping countrics arc
becoming more self-sufficient in paper and pdpgrb()ard productlon increasing from 30% in
1970 to meeting 38% of their requircments in 1980 (Lintu 1984). Howcver, Lintu (1984)
notes that the developing countries will have a low rate ol sclf-sufficiency in the nonprinting
and writing papers and in paperboard because production processes require large integrated
mills to be efficient in production and these products require relatively long-fiber feedstocks
that arc not typically found in tropical forests.

“These countrics in order of net export trade valuc arc Ivory Coast, Gabon, Camcroon,
Swaziland, Congo, Liberia, Ghana, Central African Republic, Zaire, and Mozambique.

*SEwing and Chalk (1988) report that annual output of tropical logs from Africa will
increase by about 4 million cubic meters by the year 2000. Current industry removals for the

ciilirc contincnt arc approximately 54 million cubic meters.
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In Africa, there are approximately 161 million hectares of commercial forests. The
vast majority of this arca (156 million hectares) is classificd as natural broadleafed forest, with
an additional 1 million hectares cach of natural coniferous and bamboo forest. These forests
are the source of 96% of all log production. Industrial plantations account for less than 2%
of commercial forest arca. Excluding South Africa, there are about 1.8 million hectares of
industrial forest split cqually bétween coniferous and broadlealed trees in Sub-Saharan Africa.
Ewing and Chalk (1988) asscrt that these plantations have the capacity to produce 20 million
cubic meters of wood annually, assuming an average growth of 12 m'ycar. Current annual
growth from these plantations is cbout 3 m¥ycar.

Three seenarios are examined under industrial reforestation. The first corresponds to
the Tropical Forestry Action Plan (TFAP) agenda for tropical industrial reforestation (FAO
1987). The TFAP industrial reforestation recommendations are based on an analysis of supply
and demand for industrial roundwood and the specific needs of developing countrics.
Morcover, current forest land use and obstacles to improved management were reviewed in
cach country to develop specific annual reforestation strategies. They identified seven
countrics for industrial reforestation: Cameroon — SKK) ha/ycar for a total of 250X); Congo —
6000 ha/ycar for a total of 30000; Ghana — SOKK) ha/year for a total of 25000; Ivory Coast —
25000 ha/year for a total of 125000; Liberia — 3000 ha/ycar for a total of 15000; Nigeria —
50000 ha/ycar for a total of 250K, and Uganda - SKK) ha/ycar for a total of 25(¢X). Ovcer the
S-year plan, a total of 495(X) hectares is targeted for reforestation. Because the 1991 to 2001
time period is ol interest, these annual planting levels will be maintained over a 10-ycar
period, resulting in a total of 990000 planted hectares.

The second scenario is based on the conversion of an annual pereentage of high-and
medium-productivity nonforest land to forest.* The rate of conversion is based on annual
deforestation rates and WRIIIED (1988) estimates of total industrial roundwood removals.
The specilic reforestation amount is the product of industrial roundwood production to total
wood production (fuclwood and industrial) and the annual rate of deforestation (hectares per
year). In ceffect, this scenario assumes that industrial roundwood removals are offsct by
reforestation.*” This specific option may ;rovide an upper limit on what could be expected
from industrial rcforestation.®®

“Industrial reforestation coald be carried out by the logger who would be charged with
the responsibility of planting trees. Typically, governments collect reforestation fees on timber
production and usc their own forestry departments to carry out the planting. In many cascs,
reforestation fees are not used for such purposcs.

“’Plantations could consist of plantings of valuable hardwoods trees or coniferous (long-
fiber) trees appropriate for meeting future domestic pulp and paper needs.

*1n arcas where there has been extensive logging, forests could be poorly stocked, not
well maintained, or otherwise improperly managed.  Improved management practices on these
degraded forests could increase forest growth and lessen the impact on natural forests,
Morcover, reducing saw-milling wastes and developing uses for secondary species could also
lessen the impact on natural forests. These options, however, are not specifically address:d in
this study.
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The third scenario uses the base-case model to determine the total amount of land
that is physically suitable for forest plantations and then assumes that 0.1% of that land would
be planted annually, Suitability was defined as land that had a potential productivity of
greater than 6 tonnes Crha/year and is not in "forest” or "forest-fallow" land use. This scenario
was then modificd to include land with potential productivity greater than 4 tonnes Crha/ycar,

The average amount of carbon that could be stored by cach plantation hectarc over a
rotation was assumed to be half the amount of carbon that would be stored just prior to
harvest. The amount stored at harvest was assumed to be 120 tonnes/ha for plantations on
sitcs whose potential productivity was greater than 8 tonnes/hafycar (high site class), 100
tonnes/ha for plantations on sites with potential productivitics between 8 and 6 tonnes/hafycar
(moderate site class), and 90 tonnes/ha for plantations on sites with potential productivitics
between 4 and 6 tonnes Chafyear (low but feasible site class). As with the agroforestry
option, carbon storage accrucd the year of establishment. Thereafter, the plantation carbon
inventory remained constant, and additional carbon is scquestered only after new plantations
arc cstablished.

To calcutate the amount of carbon that would be stored under cach of the scenarios,
the land arca that would be biologically suitable for plantation forestry (i.c., land use =
nonforest and potential productivity >4 tonnes C/hajyear) was first determined. Suitable land
was further divided into the three siie classes — high, moderate, and low. The relative
amounts of high, moderate, and low site class plantation land in cach zone were multiplied by
their respective carbon storage potential to determine the average amount of carbon that
could be stored in a hectare of plantation in a particular zone. This average amount per
hcetare was then multiplicd by the number of hectares of plantations to determine the carbon
that would be scquestered through plantations. The carbon sequestered under cach scenario
was then compared to average carbon emissions predicted from the base case.

Tablc 19 gives the land arca currently not in forest or forest-fallow agriculture arca
that is biologically suitable for plantations. The total amount of land in cach country that is
"biologically suitable” is, of course, an overestimate of the real land base available for
plantation forestry, as the value includes land alrcady in agriculturc or urban land usc.
Howevcr, the distribution of the land and the relative magnitude of land arca in different
countrics docs indicate where plantation forestry might have the most biological potential.
Camcroon, Congo, Gabon, Guinca, Liberia, Nigeria, and Zaire contain large arcas of land
with high potential for plantations. Several countries, as noted in Table 19, have no suitable
land according to the above biological criteria. Because the sarapling strategy used to develop
the model data basc was regular and fairly wide-spaced, the land arca available in small
countrics may have been underestimated, particularly if it was concentrated in one particular
scction of the country.

The costs for cstablishing plantations are dependent on many site-specific factors, such
as the previous land use, extent of site preparation, availability of scedlings, silvicultural
management, and protection.  Leach and Gowen (1987) report establishment costs ranging
from a low of $200/ha to $2000/ha. Although it is difficult to generalize, higher costs tend to
be associated with more arid and less favorable growing conditions. In addition to
establishment, there will be annual costs for maintenance (c.g., weed control), protection, and
management, Plantation establishment costs for this study were therefore assumed to range

80



L - '}

Table 19. Arca of nonforest land In the three plantation suitabllity classes by country and
zone, Botswana, Gambla, Guinea Bissau, Namibla, Niger, and Somulla were not predicted to have
land sultable for plantations.
Arca (10 ha)
Country ‘ Zone Low Medium High
Angola { 0.02 - -
2 3.02 2.31 -
3 0.62 - -
BBenin | .39 0.01 -
Burkina Faso | 241 0.24 -
2 0.01 - -
Burundi 1 . 0.36
Cameroon 1 1,33 0.24 1.21
2 5.34 091 2.02
3 0.42 . .
Central African Rep. 1 0.21 - -
2 6.49 0.81 -
Chad 1 2.88 1.84 -
2 . .
3
Congo 1 1.83 - 0.04
2 0.42 1.02 -
3 481 0.47 -
Fquatorial Guinea ‘ 1 - 0.35 -
Eithiopia 1 2,51 9.35 1.53
2 0.64 0.21 -
Gabon 1 1.35 0.66 1.34
2 - - .
Ghana 1 0.24 <0.01 -
2 3.41 - .
3 <0.01 - -
Guinca | 0.29 1.87 -
2 457 0.21
Ivory Coast 1 0.97 - ' 0.03
2 - 0.95
Kenya 1 1.77 1.08 0.21
2 . - .
Liberia 1 0.35 1.21 0.66
Madagascar 1 2.38 1.24 0.35
2 11.77 3.39 4.12
3 B - .
Malawi 1 1.08 0.23 -
81
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. 'Table 19, Arca of nonforest land in the three plantation suitability classes by country and
zone, Botswana, Gambia, Guinea Blssau, Namlbia, Niger, and Somalla were not predicted to have
land suitable for plantations.
Arca (10% ha)
Country Zone Low Medium High
3 Mali 1 3.14 1.83 0.30
i 2 ; . .
3
Mozambique 1 12.67 0.24
’ 2 0.02 .
I 3 -
Nigeria 1 2.18 0.44 1.60
2 11.07 2.63 0.00
3 4,68 - -
Rwanda 1.52 - -
Senegal - - -
- 0.29
Sudan 0.92 -
2,97 -
Sierra Teone - 0.9 <0.01
Tanzania 1 0.35 1.75 -
2 4.54 1.73 0.42
3 2.24 0.79 -
Togo 1 1.35 0.43
Uganda 0.42 0.42
1.12 0.19
Zaire 1 3.59 0.98 0.65
2 10.43 4,07 1,96
Zambia 1 0.97 0.52 -
2 1.93 . -
Zimbabwe 0.23
Total 128.64 45,96 16.71
52
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between $250 and $750/ha with annual recurring costs of $50 ha/year. Total life-cycle costs
for plantation establishment with recurring maintenance over the 1991-2001 perlod would
therefore lie between $56(0 and $1060/ha, assuming a 10% real discount rate.

The carbon that might be stored annually in plantations is shown for cach of the three
plantation scenarios and the basc-case in Table 20, The amount of land it would take to
realize these carbon storages for cacli of the three plantation scenarios {s summarized in Table
21, The amount of land that would be planted cach year for cach of the scenarlos ranges
from 62,700 (2 377,600 heetares, The total costs of establishing and maintaining plantations
from a low of $350 to $660 million for the lowest planting scenario (land with a productivity
greater than 6 tonnes hafycar) 1o a high of $2110 to $4000 million for the most aggressive
plantation scenario (olfset of industrial wood removals), The cost of sequestering carbon for
cach of these scenarios is about $11 to $22/tonne.

4.6.4 Comparison of Land-Use Options

When the savings in carbon arc compared for the most ambitious scenario under cach
of the three management strategics to the base-case mean emission of 152 million tonnes/ycar
between 1991 and 2001, preservation (with no deforestation and with recovery of degraded
vegetation) results in net sequestering ol 62.5 million tonnes Clycar (a reduction in emissions
from 152 to -62.5 million tonnes); agroforestry (high adoption/high biomass scenario) reduces
cmissions to 20.2 million tonnes Clyear; and plantations reduce emissions to 134 million
tonnes Clycar. In total, the combination of these three land-use management options wbuld
reduce emissions from 152 to a net average annual scquestering of 212 million tonnes,®
The total change in carbon would be approximately 363 million tonnes.

Scenarios involving lower amounts of land would be considerably more tractable to
implement; however, the amount of carbon sequestered would also be less. Consider the
combined option ol reducing current deforestation rates by 50%, converting 2% of
agricultural land to agroforestry, and establishing approximatcly 99,000 heetares cach year for
industrial forestry, This combined option would involve preserving 15 million hectares,
converting 11 million heetares to agrolorestry, and cstablishing approximately 1 million
heetares of new forest lands by the end of 2001, The amount of carbon involved with this
combincd option would lic between 110 and 150 million tonnes cach year with annual costs of
$360 to $920 million, exclusive of any costs associated with institutional, sociocconomic, and
political constraints.

In comparing among the three land use options, agroforestry has the lowest per tonne
carbon cost ($2 to $10). The lower carbon sequestering cost associated with agroforestry is
because governments are only responsible for the start-up costs (c.g., seedlings) and do not
bear the opportunity costs [or land or the anraal costs for tending. These latter costs are
borne by the landholder. The carbon costs for the industrial reforestation option ($11 to $22)
are highest among the three options. However, the costs for reforestation could be offset or

“*This study did not specifically address approaches for increasing the productivity of
natural forests and improved methods of forest regeneration.
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Tuble 20, Amount of carbon (In millions tonnes) thit would be stored annually under
ench of the four platation scenatloy
0.1% of all nonforest tund with productivity
greater thant Offset of Industelal
removils
Country 4 tonneshafyr 6 tonnes/infyr THAPY
Angoln 0,28 012 000 0.79
HBenin ‘ 0,07 (.60 0,00 015
Rurkina Faso 012 0.01 0.00 0.00
Burundl 0,02 0,02 0.00 0.00
Cameroon 0.57 0.25 0.25 1.20
Centrat African Rep, 0,34 0.04 0.00 0,33
Jﬂtf|(l 0,22 0.0 0.00 0.00
Congo 0,40 0,08 0.28 0.36
: Feultorlal Guinea _ 0,02 0.02 0.00 0.04
E Eithlopla 071 0.57 0,00 0.22
; Gabon 0,18 012 0.00 029
i Cihana 017 0.00 0,23 0.0
f Gulnen 0.33 0.1 0,00 0.56
i Ivory Coast 0.10 0.05 1,19 8.25
Kenya 0.18 0.07 0,00 0.10
Liberia 0.12 0,10 0.16 0.29
Madangascar 1.14 0.50 0.00 0,92
Malnwi 0.06 0.01 0,00 0,35
Mali 0.25 011 0.00 0.00
Mozambique 0.59 0.01 0.00 0.33
Nigeria 106 0,26 234 1.50
| Rwanda 0.07 0.00 0.00 0.00
' Senegal 0,02 0.02 0.00 0.00
l Sudan 0.18 0.00 0,00 0.00
Sierra Leone 0.05 0.08 0.00 0.01
Tanzanla 0.56 0.24 0.00 0.37
Togo 09 0.02 - 0.00 0.12
§ Uganda 0.10 0.03 0.23 0.30
! Zaire 1,04 0,41 0.00 1.34
Zambia 0.16 0.03 0.00 0.19
Zlmbabwe ‘ 0.02 0.00 0.00 0.00
TOTAL 9.11 330 4.67 18.00

I
i
f *Troplcal Forestry Action Plan,
i
I
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Tuble 21, Amount of land (i thousands of heetares) that would be planted each year under each plantatlon seenario

0.1% of all nonforest lnnd with
productivity greater thunt

Olfset of

n L " H“\‘“ ey ‘H" ne

fndustelnd

Country 4 tannes/ajyr 6 tonnes *yr! PEAR removals
Angola 5,98 2,81 . 16,4
Benln 1,40 001 a3
Burkinn Faso 2,66 0.24 - -
Burundi 0.36 0.36 - <01
Cameroon 1147 4,38 5.0 253
Central Afriean Rep, 7.51 0.81 - 72
Chad 4,72 1.K4
Congo 8.59 1.53 6.0 7.7
Feultorlal Gulnea 0,38 (UXH - 0.7
Ethlopla 14,24 1109 ) 4.4
CGabon .38 1.99 5.0
Cihana 3.42 0.00 5.0
Gulnea 6.97 211 12,0 B
Ivory Const 6.58 0,98 25.0 173.0
Kenya A6 129 20
Liberin 2,22 1.87 0 5.5
Madagascar 2025 9,10 18,7
Malawi 1.31 0,23 7.5
Mall 5.27 213
Mozambique 1293 0.24 - 7.2
Nigerin 22,67 4,74 50.0 330 ]
Rwanda 1.52 100 -
Senegal 0.73 .29
Slerra Leone 0.9 0.90 -
Sudan 3.89 0.00 0.1
Tanzania 11,82 4.69 18
Togo 178 0.43 2.5
Uganda 215 0.61 5.0 6.5
Zaire 21.68 7.66 - 278 =
Zambla 342 0.52 4.0
Zimbabwe 0.23 0.00
TOTAL 196,43 62,70 94.0 711

*ropical Forestry Action Plan,
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lowered i governments revised concession agreements and opled [or collection of specille
reforestation fees us part of royulty payments,

4,7 REMOTE SENSING RESULTS

471 Comparison of AVHRR Interpretation of Forest and Savanna (Open Land) of
Central Africa and FAO Vegetation Map

LAC AVHRR imagery of central Africa (8°E to 32°F, 7°N to 8°8) for 1988 was
classified into three land cover elasses: closed forest, mixed forest/savanna, and savanna,™
Closed forest has a cool speetral signature duce to the cooling ceffect of forest
cvapotranspiration, while savanna (and grassland) has a warmer speetral signature. This
difterence was used to separate forest from savanna in the imagery. The classified Imagery
wus georegistered using dominate landscape features such as coastline and river bends,
Accuracy of the georegistration was hampered by the lack of good topographic maps of this
region.

The classilied georegistered AVHRR image was then sampled for land cover type at
cach of the point locations that were used to sample the FAO vegelation map used in the
land-use model, Both the value of the pixel within which the point fell and the median value
of a 5 by 5 box of pixcls surrounding the point center were extracted from the AVHRR,
(Later analysis showed that, out of 1875 sampling locations, the exact pixel value and the
median pixel value varied in only 2 instances. Thus possible error duce to slight geographic
misregistration of the AVHRR imagery should not affect the interpretation,)

The 21 FAO vegetation classes that oceurred at points located w'thin this region were
grouped into 3 fand-cover classes analogous to those of the AVHRR classification. Table 22
shows how the original FAO vegetation classes were partitioned among the three broad land
cover clagses: forest, mixed forest/savanna and savanna,

The AVHRR land-cover value (single pixel value) and the FAO grouped land-cover
vilue were compared at cach point, Table 23 shows the correspondence between the grouped
FAO land-cover values and the AVHRR land-cover values. In general, the classifications
corresponded with cach other, The AVHRR classification suggested that there was less
closed forest in the region than indicated in the FAO vegetation map,  As expected, most of
the pixels classified as forest in the AVHRR classilication were also classificd as forest in the
FAO classification. Likewise, savanna pixels tended to be the same in both classifications.
The pixels classificd as "mixed" by the AVHRR analysis were gencerally classificd as forest on
the FAO map, while the piscts classificd as "mixed" by the FAO map were generally elassificd
as savanna by the AVHRR map. Il the AVHRR classification is taken as "true," then one
must conclude that there is less forest in central Africa than the FAO map would indicate,

YLAC AVHRR imagery is collected daily by NOAA weather satellites, The resolution of
the imagery is 1.1 km®, The imagery was classificd using thermal band 3 and thresholding the
band values. Because band values are a continuum, the selection of particular threshold band
values to delincate cach land-cover class is somewhat arbitrary.
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Table 22. Grouping of FAO vegetation classes occurring in central Africa into three land

cover classes

Forest

Mixed forest/savanna

Savanna

Dense forest
Dense forest/
forest fallow

Forest/grass savanna
Forest/trece savanna
Forest/forest fallow/
tree savanna
Forest/woodland
Forest fallow/crops
Forest/forest fallow/
woodland

Tree and shrub savanna
Shrub and grass savanna
Shrub savanna

Grass savanna

Crops

Woodland

Tree savanna

Grass steppe
Crops/savanna fallow
Woodland/tree savanna
Grass savanna/savanna fallow
Tree and grass savanna
Woodland/grass savanna
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Table 23 . Correspondence matrix of AVHRR class values and FAO class values. The valucs
within the matrix are the percentage of the number of points analyzed—in this case, 1868
points. For example, 44.06% of the points were classified as forest in both the AVHRR

analysis and thc FAO vegetation map, whercas 5.84% of the points were classified as forest by

the FAN map and savanna by the AVHRR analysis. Also, 60.01% of the points were

classified as forest with with the FA

O map, whereas 48.13% were classified as forest by the
AVHRR analysis.

AVHRR class

FAO class Forest Mixed Savanna FAO Total
Forest 44.06 10.12 5.84 60.01
Mixed 00.74 2.78 8.67 12.21
Savanna 3.32 412 20.34 27.78
AVHRR Total 48.13 17.02 34.85
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To examine the pattern and location of the classification differences, the point land-
cover valucs were plotted by their latitude and longitude to create "maps" of land-cover class
(Appendix 3). The northern boundarics of the closed forest from cach "map" coincided fairly
well, although the AVHRR map tended to place the boundary about 0.4° further south. The
southern boundaries did not coincide. Along the southern Atlantic coast, the AVHRR map
tended to class the land cover "forest” while the FAO map classed the land cover "savanna.”
However, the AVHRR map tended to class all land south of the Kasai River between the
towns of Bandundu and licbo as savanna, while the FAO map shows pockets of forest within
the savanna. Since the FAO map was based in part on old information in this region (Zaire
vegetation maps dating from 1939 were used in creating the FAO map), the difference
between the up-to-date AVHRR map and the FAO map could be interpreted as a loss of
forest cover. However, both of these conclusions arc quite tenuous. There are undoubtedly
crrors in the AVHRR classification, and the point method of analysis (rather than dircetly
overlaying the FAO map and the AVHRR classificd image) could also induce crrors.
Furthermore, the FAO map might never have been representative of vegetation conditions in
this part of Africa.

This remote sensing exercise tempered confidence in the accuracy of the FAO
vegetation map in this region and consequently carbon inventory and emission predictions that
were based on that map. The exercise also indicated locations within this region where
further image and ground analysis are warranted.

4.7.2 Landsat Analysis of Land-Cover Change in Central Africa

Threce sets of Landsat MSS imagery and one sct of Landsat MSS/SPOT imagery were
uscd to explore land-cover change in central Africa. The location of these images is shown in
Fig. 16a. The d te and location of the images arc shown in Table 24. The scts of imagery
were chosen on the basis of availability, ncarness to the densc forest-savanna/woodland border
(as pereeived from the 1988 AVHRR imagery), and cvidence of fire activity in the arca (again
as pereeived from the 1988 AVHRR imagery).  Effort was focused on the border arcas, on
the premise that land-cover change was most likely to occur in the more accessible border
forest. By examining different portions of this border, the spatial variability in change could
be explored.

Usc of the images clearly illustrated the difficultics associated with use of satcellite
data: cloud-free, haze-free imagery exists for only a limited portion of this region. Scarching
the Landsat Archives, fewer than 30 locations were found with overlapping clear images taken
in the 1970s and the late 1980s during the same month (the requircments necessary for
change detection). In other words, by itsclf existing fine-resolution satellite data arc sufficicnt
to quantify land-cover change on probably less than 5% of this land arca. Including SPOT
imagery taken in the late 1980s does not improve the situation significantly. Nonetheless,
satcllite imagery represents the best and only source in many cases of information on
dcforestation. Extrapolating regional values of deforestation from these local estimates will be
difficult, but methodologics are being developed for doing so (Singh 1989).

Of the four sites evaluated, the Central African Republic (C.A.R.) site received the
most analysis. A quantitative asscssment of landcover change was performed for this sitc;
qualitative assessments were made of the other sitcs. The C.AR site was sclected for detailed

89



ol

T T Tl T —m

Table 24. Date and location of Landsat MSS and SPOT imagery used in land

cover change analysis

Date Path/Row? Location
1/28/73 196/57 Southwest C.A.R.—Carnot, Berberati,
1/17/87 183/57 Amada Gaza, Gamboula. A small section of Camecroon
7/6/73 193/62 Center west Zaire—centered just SEof Kutu. Includes southern
6/2/86 180/62 part of Lac Mai-Ndombe. 400 km NE of Kinshasa
12/15/72 188/58 | NE corner of Zaire—W of Isiro and S of Bwendi (SPOT
1/12/87 116/344 imegery the second date). 450 km W of Uganda and 300 km

N of SE corner of C.AR.

1/13/76 187/58 NE corner of Zaire—entered on Mungbere, just cast of SPOT
1/15/87 174/58 site. 300 km W of Uganda and 150 km N of Sudan

*Path/row changed with between Landsats 1, 2, and 3 and Landsats 4 and 5. Thus scenes
taken in the 1970s and early 1980s with Landsats 1, 2, or 3 do not perfectly overlay scenes taken in

the late 1980s by Landsats 4 or 5 nor are their path/row numbers the same.

There is no

correspondence between SPOT path and row numbers and Landsat path and row numbers.
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analysis as it is the only site for which there are topographic maps at a scale fincr than
1:1,000,000. The two C.A.R scenes were classified into four land-cover classes— forest (closed
forest with the characteristic dark red spectral signature of tropical forest with emergent
trees); degraded forest (spectrally similar to forest but brighter indicating more open and
occurring where forest had been); edge (mixed forest-nonforest, occurring at the edge of
forest patches) and nonforest (vegetated land but with little to no tree clement). These
~classes were developed on the basis of reflectance characteristics and spatial relationships.
Interpretation of the imagery was confounded in some instances because of smoke haze from
savanna/grassland fires and {rom the differential effects of burning. A recently burned
savanna may have a very different spectral signature from a savanna that was burned 3 months
or a ycar before.

Six subsites within the C.ALR. scene were evaluated in detail (Fig. 16b). The original
hope had been to evaluate the entire scene, but widespread fire haze in the 1987 scene, which
was not apparcent until analysis of the image had begun, precluded accurate full-scene analysis.
Full-scene analysis is not such a problem with the Zaire images, which have more cloud cover
but do not have widespread haze. The sclected subsites were relatively haze/smoke free and
typical of the larger scene. Three subsites contained a major city. Two subsites were away
from citics in arcas dominated by shrub savanna according to phytosociological maps of
C.A.R.. The forest in these subsites is limited to riparian corridor forests. Onc subsite is in a
completely forested arca away from any major citics.  The vegetation cover and forest
transition statistics for cach of the six subsites are given in Table 25.

The C.AR. results can be summarized as {ollows:

1. No change was scen within the large tracts (>1000 km?®) of intact forest: that is,
destruction of the dense forest from within was not observed. This contrasts with the
situation in Brazil, where the interior forest is being destroyed from within.

2. Riparian forests experienced significant losses. The edges of the forest were openced
up and the canopics thinned.

3. Forests near urban centers showed major changes. Typically only 50% of the forest
present in 1973 appeared intact and "undisturbed” in 1987. However, complete loss of
forest was uncommon (5% at most). Rather the forests appeared to have been
opened up or partially harvested.

Given the lack of survey ground truth, these conclusions and their associated statistics
must be regarded as preliminary.  Although the images were interpreted with the aid of an
individual who had been in the Carnot arca recently, the forest changes were subtle and
ground survey data are nceded to verify the validity of the "edge and "degraded forest” classcs.
If the "edge" and "degraded forest” classes are correct then riparian forests and forests near
urban arcas have indeed undergone significant changes since 1973, If, however, the "edge and
"degraded forest" classes arce really more aligned with "forest” then none of the forests of the
C.A.R scene have undergone much change. Ground survey data would also help quantify the
loss of biomass associated with a "forest" to "degraded forest” or "cdge" transition.
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The obscrvations made at the C.A.R. sitc arc applicable to the three Zaire sitcs.
There is little or no evidence that interior forest is being converted on a large scale to
agriculturc or to more open woodland at any of the Zaire sites. Loss of forest cover is
cvident around the forest interior town of Mungbere and along the highway that passcs
through the town. The clearing of the forest or opening up of the forest canopy along the
major highway running cast to west across northern Zaire is also apparent in the 1988
AVHRR imagery.

The Landsat analysis provides insight into the pattern and local rates of deforestation.
It suggests that information on deforestation rates for specific forest types would improve the
carbon cmission model. This could be done but would complicate the model considerably.
The imagery results support the low relative rate of deforestation used in the model for
calculating carbon emissions from Zaire. This is significant because Zaire has the greatest
potential for carbon emissions; thus, any inaccuracies with regard to Zaire’s deforestation rates
could influence the validity of the model results.
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Table 25. Vegetation cover and forest change statistics of six C.A.R. subsites. Forest change statistics
arca bascd on the 1973 arca of forest. Degraded forest was not apparent as a spectral class
in the 1973 scene thus it was not-assessed.

A. Urban - Forest border (Amada Gaza) / Total arca=100755 ha

Veg cover class 1973 1987 Forest transitions %
Forest 34.1% 20.0% | Forest to forest 51.9%
Degraded forest na 12.3% | Forest to degraded 36.2%
‘Tidge 1.6% 3.6% | Forest to cdge 9.3%
‘Nonl'()rcst 64.4% 64.1% | Forest 1o nonforest 2.6%
B. Urban - Forest border (Berberati) / Total arca= 99496 ha
Forest 24.6% 13.9% | Forest to forest 51.9%
Degraded forest na 8.9% | Forest to degraded 36.2%
Fdge 2.6% 5.8% | Forest to edge 11.6%
Nonforest 72.8% 71.4% | Forest 1o nonforest 0.3%
C. Urban - (Carnot) / Total arca= 38696 ha
Forest 38.9% 14.7% | Forest to forest 35.10%
Degraded forest na 10.6% | Forest to degraded 21.3%
Fdge 1.1% 12.9% | Forest 1o edge RT%
Nonforest 60.1% 61.7% | Forest to nonforest 4.8%
D. Open arca near Carnot / 'Total arca= 100825 ha
Forest 10.7% 3.6% | Vorest to forest 284%
l)cgradcd forest na 2.0% | Forest to degraded 18.9%
Iidge 0.4% 4.6% | Forest to edge 43.5%
Nunforest 88.9% 89.8% | Lorest to nonforest 9.2%
Ii, Open area cast of Amada Gaza / 'Total arca= 100774 ha
Forest 5.3% 1.4% | Forest to forest 16.6%
Degraded forest na 1.4% | Forest to degraded 26.9%
Edge 03% 1.7% | Yorest to edge 32.5%
Nonforest 94.5% 95.5% 1 Forest 10 nonforest 24.0%
F. Forested arca south of Berberati / Total arca= 204323 ha
Forest 87.3% 88.9% | Forest to forest 96.0%
Degraded forest na 2.4% 1 Forest to degraded 2.8%
Edge 3.8% 1.9% | Forest to edge 1.1%
Nonforest 8.9% 6.7% | Forest to nonforest 0.1%
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5. CONCLUSIONS AND LIMITATIONS

Carbon inventories and emissions were estimated over the 1985 to 2001 time period
using existing FAO deforestation ratcs and vegetation maps. The results from the model are
within the bounded estimates of previously published studics. This consistency provides
credibility to the mcthodology that was developed and employed. Of course, all studies to
date have relied on existing FAO data for many key parameters, such as country-specific rates
of dcforestation. The FAO 1990 Tropical Forest Resources Assessment values, when they
become available, will undoubtedly improve the validity and accuracy of model predictions.
The remainder of this chapter discusses the conclusions of the study as well as limitations
¢ncountered related to data deficicncics and the GIS analysis.

5.1 CONCLUSIONS

Using current land-use trends, the land-use model results show that three countries
(Ivory Coast, Zaire, and Nigeria) contributed over 50% of 1985 carbon emissions from land
usc change in Sub-Saharan Africa. The Ivory Ceast and Nigeria carbon emissions arc
predicted to decline rapidly over time as their rapid rates of deforestation (7% and 3% loss
per year) deplete their forest base. Zaire is the exception because of its vast forest arcas and
its current low rate of deforestation (only 0.2% loss per year). Angola, the Central African
Republic, Congo, and Gabon arc also similar to Zaire, having low deforestation rates
(respectively, 0.18%, 0.15%, (0.10% and 0.07% loss per year) with sizable forest arcas.  For all
of the Sub-Saharan countrics examined, total carbon emissions from deforestation are
estimated at approximately 200 million tonnes «n 1985. This total is projected to decline to
about 140 million tonnes in 2001 assuming no changes in current deforestation rates. Over
the 1985 to 2001 study period, carbon cmissions arc projected to average approximately 165
million tonncs.

The Svb-Saharan land-based carbon emissions represent a small fraction of current
total global ciuissions of carbon, but arc a significant fraction (about 20%) of carbon
cmissions from global tropical deforestation. If all global forests are taken together their
importance relative to world fossil fuel emissions is much more pronounced. A concerted
cffort in reducing deforestation rates, promoting sustainable agricultural systems, and
establishing plantations in Africa and in other tropical forest arcas could significantly reduce
the rate of carbon dioxide buildup. Reducing the rate of carbon dioxide buildup could dciy
the process of globai warming and provide the needed time to wean industrialized countries
away from fossil fucls and find non-fossil fucl paths for the industrialization of developing
countrics. ‘

If deforestation accelerated in Zaire and the other countrics of the Congo basin, land-
based emissions from Sub-Saharan Africa could become much more globally significant. For
example, a tripling of Zaire’s deforestation rate to 0.6%/ycar, still far below that of the Ivory
Coast or Nigeria, would cause carbon emissions from Sub-Saharan Alfrica to incrcasc by 30%.
If Zaire’s deforestation rate was the same as the Ivory Coast's, emissions would be S0 million
tonnes of carbon per year or about a tenth of current global fossil fuel emissions. If timber
extraction increases significantly, as it may due to the closing of other markets in Brazil and
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Asia and the harvested land is not reforested, then emissions from Zaire could increase
substantially. Quality information and statistics on land usc and land-usc trends are badly
nceded to ascertain the real risk in Zaire and the Congo basin. Current emissions from land-
usc change must also be considered in their historic context. Considerable loss of forest land
has alrcady occurred in Sub-Saharan Africa. The closed forests that banded Western Africa
arc now largely gone. The only remaining extensive tracts of intact forest arc in Central
Africa.

Of the three land usc options considered for reducing carbon emissions, aggressive
forest preservation (total halt of deforestation in conjunction with recovery of degraded
forest) yiclded the greatest carbon benefit. Under this option, carbon emissions change from
152 million tonnes to a net sequestering of 62.5 million ‘onnes cach year as the degraded
forests put on new growth, Halving current deforestation rates and allowing the existing
forest to recover would reduce net emissions to 21 million tonnes per year. The estimate of
carbon scquestering potential with forest preservation is conservative as the estimates of both
the extent of degraded forest and the degree of deg. adation are conservative. More carbon,
perhaps as much as 2 or 3 times more, could be scquestered during the recovery of degraded
forests. It should also be noted that the preservation scenario is not a restoration scenario.
That is, existing forest is prescrved but former forest-land is not restored to forest.

Very aggressive agroforestry implementation also yiclded significant reductions in
carbon cmissions. Assuming a high level of adoption (4% of the agricultural land was
converted to agroforestry cach year) and assuming the agroforestry sic contained 40% of the
tree biomass of an industrial plantation, the model predicted that Sub-Saharan carbon
cmissions would drop from an average of 152 to 20.2 million tonnes per year. A more
realistic, but still optimistic, adoption rate of 2% per year and a lower tree biomass
assumption (20% of an industrial trce plantation) reduced cmissions to 114 million tonnes per
year.

Establishment of industrial plantation forests, assuming implementation rates
comparable to those recommended by the Tropical Forestry Action Plan, arc predicted to
reduce regional carbon emission by about 5 million tonnes per year. Assuming that 0.1% of
all land biologically capable of supporting industrial plantations (this includes the agricultural
land basc but excludes current forest land) was converted to plantation annually, the annual
carbon savings were predicted to be about 10 million tonnes per year. Offsetting all industrial
roundwood removals with plantations would save about 18 million tonnes of carbon annually
and require the cstablishment of ncarly 380,000 hectares cach ycar.

The minimum costs for implementing these options were estimated to range between
$25 and $115/ha for preservation, $50 and $150/ha for agroforestry, and $560 and $1,060 for
industrial plantations. Thesc costs are for direct expenses (c.g., scedlings, extension,
management) and do not account for institutional constraints (c.g., land tenuie arrangements);
the need to purchase land; and other location specific factors. In comparing the three land-
usc options, industrial reforestation is perhaps the most casily implemented, although the cost
per tonne of sequestered carbon is higher ($11 to $22/tonine) than for preservation ($3 to
$15/tonne) and agroforestry ($2 to $10/tonne). The viability of implementing any of thesc
land usc options will depend on population density and rates of population growth (natural
growth, migration, or rescttlement) as well on other factors, such as customs and policics
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affecting the allocation of land and tenure, access to markets (i.c., infrastructure), foreign
debt, government policies designed to generate foreign exchange from cash crops and timber
exports, the availability of inputs and local technical skills for intensifying agriculture, and the
adequacy of institutions to manage: these problems.

It is imperative to begin the process of designing policics for protecting existing [orests
and their stores of carbon as well as policies for reducing the development pressures on these
forests. There is also a need to emphasize the full package of benefits derived from intact
forests (e.g., oils, nuts, fibers, etc.) and not just short-tcrm timber and unsustainable
agricultural products. In the agriculture scctor, pricing policics must be changed to encourage
greater output and more cquality between rural and urban arcas.  Policics that serve to reduce
the demand for unskilled labor and favor forest exploitation should also be climinated.
Morcover, the centralization of property rights, which has scrved to remove local incentives
for conscrvation of forest arcas, necds to be reversed to encourage local protection and
management.

Forestry policics in many countrics also need to be reevaluated. Overly lenient timber
concessions with royalty payments below stumpage values have encouraged sclective cutting
and high grading, undermined forest quality, and have yiclded too few revenuces for
governments to consider reforestation and training. There must be royalty reform that serves
to bring up payments more in linc with market stumpage valucs to provide revenues for
reforestation and better forest management. There must also be policies that encourage
natural regenceration of forests and the establishment of plantations for industrial purposcs.
Morcover, governments must lengthen concession periods to provide long-term financial
interest and proper stewardship of forests.

The methodology developed in this study is well suited to analyze a single country (or
subregion, c.g., Congo Basin). If a single country were analyzed, much finer geographic
delineation would be possible. Morcover, specific site recommendations could be made based
on model results as well as information from ground-level and local studics. The purpose of a
single-country analysis could be broadened to include recommendations and land-use
management options for the prescrvation of specific arcas and for the location of plantations
and agroforestry interventions.  For example, the preservation of large intact tropical forests
of Zairc and the protection of critical habitat arcas and upland watcrsheds of Madagascar
could be investigated in detail. In addition, a country-level analysis could include greater
consideration and spccificity of cconomic costs; institutional constraints (c.g., land tenure
arrangements); and political realitics. Land-use management strategics could then be based
on the full range of tropical forest bencfits (i.c., habitat, biodiversity, climate moderation, and
soil stabilization) including carbon storage. Such specificity is not possible at a continental
scale. Ideally, a country-level study would use satellite imagery to develop accurate vegetation
maps and could enlist the assistance ol local technical experts. :

Continuing imagery analysis of Central Africa is nceded to improve the information
basc on these forests. The difficultics in traversing this region and its poverty have hampered
the collection of ground-based information on forest presence and loss. Thus, examination of
older imagery is an important tool for evaluating the condition of forests in the past. Imagery
analysis is also a powerful tool for evaluating current forest condition. Unfortunately, the
cquatorial forests of Central Africa have received scant attention from the remote sensing
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community. Consequently, the remote sensing methodology for cvaluating forest change in
this region is still in the developmental phase. With ground truth information, the analyscs
begun for this study could be refined to produce accurate cstimates of 1orest change in this
region. Such estimates could assist FAO in its 1990 Tropical Forest Resource Asscssment.
FAO is taking an approach to this assessment that includes both national forestry statistics

“and remote imagery analysis. FAO is relying on outside agencics to support the 1990

assessment and would strongly support an initiative to continue ani! refine the reimnote imagery
analysis begun with this study.’!

The carbon emissions from the encrgy sector are relatively minor when compared with
fossil fuel emissions from industrial and industrializing countrics. Increasing energy cfficicney
and thereby lessening the amount of carbon emitted per unit of end-use energy gencrated and
substituting renewable and other encrgy sources for fossil fuels (primarily coal) are policy
initiatives that are vital for controlling global carbon emissions. As noted carlicr, there may
be considerable potential to reduce emissions in the houschold scctor with the dissemination
of morc efficient stoves. Of course, the success of stove programs depends on whether the
technology is consistent with local sociocultural patterns and svhether the user has a distinct
financial incentive to possess the technology. In the rapidly expanding urban arcas of Africa,
the diffusion of fucl-efficient stoves is likely to be much more effective than in rural areas.
Initiating these programs in advance of major demographic shifts that are likely to take place
may be prudent. In the power sector, the substitution of biomass fuels for fossil fucls (i.c.,
diesel fuel) would lessen carbon releases provided the biomass inventory is not reduced in the
process.  The viability of small-scale power gencration with biomass has proven to very cost-
effective in other regions.

In sum, scveral general land-use policy recommendations can be made on the basis of
these findings, although specific policy recommendations arc not appropriate given the very
broad and general scope of the project. First, the Congo basin of Central Africa shelters an
enormous pool of carbon in vegetation. The countrics of Zaire, Angola, Gabon, Central
Africa Republic, Cameroon, and Congo contain half the forest carbon of Sub-Saharan Africa -
about 30,000 million tonnes of carbon. Because of inaccessibility and fairly low population
pressures, this pool is still largely intact. However, it could suffer the fate of the Amazon
basin with similar carbon emissions if transportation access improves and governments do not
recvaluate their overly lenient timber concession policies.  Policies that promote the
maintenance of this carbon pool, such as controlled logging, reforestation, reduction of
agricultural and fuelwood pressures, should be pursued. Sccond, ine information base upon
which to develop sound specific policics is extremely limited for Central Africa. Development
of that information basc should take high priority. Finally, as clsewhere in the tropics,
dcforestation in Sub-Saharan Africa is driven by agriculture, fuclwood nceds, and international
wood markets. These issues must be addressed if deforestation is to be successfully controlled
and reforestation or afforestation implemented. The analysis of the cnergy sector in Sub-
Saharan Africa indicates that fossil fu~l carbon emissions do not and probably will not play a
major role in global carbon inventory changes. However, it is also apparent that savings could

SIK.D. Singh, Dircctor, Forest Resources 1990 Asscssment Project, FAO Forestry
Department, Rome, personal communication to Robin Graham, April 1990.
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be eficcied to reduce levels of emissions through a variety of energy conservation and fuel
substitution programs.

5.2 STUDY LIMITATIONS
5.2.1 Data Deficiencies

The single most challenging problem encountered in this analysis had to do with data
limitations with rege.d io land-use change. In particular, the 1981 Tropical Forest Resource
Assessment d~ta on land-use change are dated, and the original accuracy has been questioned.
Local reports exist for some locations, bui these do not provide regional coverage and often
do not use the same land-use classification schemes. Therefore local reports cannot be
merged to create a continental data base.

Satellite imagery could be used to create such a data base (Booth 1989), but a satellite
imagery analysis of the entire continent was far beyond the scope, time, and fundir. 3 of this
project. Land-use change is inherently difficult to evaluate because it occurs at a fine siale
(hectares) over vast expanses (millions of square kilometers). It is exiremely expensive (o use
fine-scale satellite imagery to evaluate land-use change over large regions; yet inexpensive,
coarse-resolution imagery (1- to 4-km resolution) is difficult to interpret if the land-use change
is occurring at a much finer spatial scale, as it often is in Africa. Quantifying forest
degradation is especially difficult as the spectral changes between intact and degraded forest
are likely to be subtle. Blends of fine- and coarse-scale imagery are needed as are
methodologies for combining different scale imagery (Dale 1939, Iverson et al. 1989). This
limitation is not to say that land-use changes cannot Lc evaluated across large regions using
satellite imagery, but rather that the methodologies for doing so are still not mature and the
statistical accuracy of such evaluations is extremely difficult to assess (Nelson and Holben
1986, Malingreau and Tucker 1988, Nelson et al. 1987a, Nelson et al. 1987b).

Data on carbon storage capacity or productivity of different vegetation types are
scattered and sometimes not comparable. Often only one component of the system is
considered: the large woody component, the overstory, or the aboveground fraction
(Millington et al. 1989, Olson et al. 1985, Brown and Lugo 1984). The numbers are often
scattered across many reports, often in the "gray" literature, and therefore not easily accessed.
The U.S. Department of Energy has been funding a project for the last several years solely to
gather information on the carbon content of tropical forests. Data from this project were
used to determine the maximum carbon that might be stored in closed forests in Africa.

If data on carbon storage in tropical vegetation types are lacking, data with which to
develop empirical relationships between carbon storage and climate or soils are virtually
nonexistent. Although there is an understanding +-f what vegetation types are likely to occur
on differing soils and under various climate regimes (Woodward 1987, Walter 1973),
converting that understanding to definitive empirical models of carbon and growth has not yet
been done. The approach employed by this study to relate carbon storage in a vegetation
type to annual rainfall and soil fertility class is based on puplished research relating tropical
ecosystem biomass to average annual temperature and average precipitation as well as some
professional judgment (Houghton et al. 1985b).
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Data on the carbon storage of fallow forest agricultural systems and agroforestry
systems were not located. In both cases, carbon storage was modeled as a function of the
carbon storage of crops and native vegetation.

Data on the effect of degradation of ecosystem carbon were also not located.
Subsequently, a 35% rcJduction in ecosystem carbon was assumed. Undoubtedly, there are
many areas where depletion has been greater and others where it lias been less. Such
numbers are difficult to obtain in the ficld unless there exists a combination of degraded land
and protected, intact land in the same location with the same soils and local climate.

The accuracy of the vegetation map of Africa, on which much of the analysis depends,
is difficult to quantitatively assess. Some regicns of the map were developed from other
vegetation maps produced as far back as 1932. This is particularly truc of the central
equatoriai region of Africa. The satellite imagery analysis of this region suggests that the map
is generelly correct but that the vegetation class boundaries may not be very accurate.

One of the major problems encountered in any regional-scale resource analysis is data
incompatibilities. In performing a natural-resource analysis, onc must bring together data
from diverse sources—data which were not designed to be meshed with each other. Often the
class definitions used within a particular data file arc found to be imprecise. Fortunately the
two primary data sources (the FAO vegefation map and the FAO/UNEP Forest Resources of
Tropical Africa Report) used in this report were developed by the same agency and the
agency could provide clarification when needed. Nonetheless, there were vegetation classes
for which there were no correspondences between the two data scts even though they were
developed by the same agency.

5.22 GIS Analysis Deficiencics

The study benefitted from the availability of digital continental maps of vegetation, soil
units, and annual rainfall for Africa. Digital maps are not stored in librarics that are readily
accessible. Generally, a map has been digitized by a user or user group (at much expensc and
labor), and access (and even the knowledge of its existence) is largely a matter of personal
contacts. Much of the initial labor in this phase of the project was dedicated to locating such
maps and getting permission to use them. Furthermore, digital data files are uniquely
dependent on the GIS used in developing them. Often there are computer and software
incompatibilities between different systems, and transferring the data becomes difficult and
technically demanding.

Some significant GIS difficulties were encountered with the digitai FAO vegetation
map. The map was poocly documented and its coordinate system was unrelated to the
location of the continent of Africa. Although the digital map created a paper map that was
obviously the continent of Africa, specific latitude or longitudes could not be accurately
identified on the map, making it impossible to point sample the map to create the required
vegetation data base. After exiensive inquiries, a coordinate systcm was forced on to the file
by using the GIS to visually overlay the vegetation map with another digital map of Africa,
then transfer its coordinate system. The significance is that the vegetation point locations may
be off by 5 to 40 km in some places.
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GIS difficultics were also encountered with the zone map, which was created using a
1:5,000,000 scale, Chamberla’a trimetric projection, and the National Geographic map of the
political boundaries ~f Africa as the base map. In sampling this map, numerous cases were
found in which the country identity of a point at a specific I~titude and longitude as identificd
from this map was not the same as the country identity at the same latitude and longitude on
the FAO/UNEP political boundary map. Because there was no way to resolve this
discrepancy between maps, all points that had mismatched country identiiics were deleted
from the analysis. Deleting points from the file meant that the density of points (number of
sampling points per 1000 square kilometers) varied among zones and among countries.
Because a regional analysis was being conducted, the point-sampling methodology tended to
slight very small countrics (i.c., there arc few points in small countrics so the "accuracy" of

e - ons from small countries is more suspect). This was judged acceptable, however, as it is

the larger countries that will dominate land-use carbon cmissions because emissions are a
function of land-use area.
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APPENDIX 1

CONVERSION FACTORS AND ENERGY VALUES USED IN ENERGY ANALYSIS




Renewable Fuels Conversions

Bagasse ‘ .
Energy range 8380-8740 Btu/lb
Value used 8500 Btu/lb
therefore,

or,
1 tonne bagasse = 0.472 TOE

Amount of carbon 44-50%
Value used 46%

therefore,

1 tonne bagasse = 0.46 tonne carbon

Fuel wood
Energy value 3500 kcal/kg
Density 500 kg/m®
therefore,

1 m* fuelwood = 500 Kg/m® x 3500 Kcal/Kg x 1000 cal/l Kcal
or,
1 m® fuel wood = 0.175 TOE
(from Marland)
Amount of carbon  50-52%

therefore,

or,

1 m?® fuel wood = 0.26 tonne carbon
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Energy Table
Fossil Fuels

TOE/tonne

Fuel Btu/b | Btugal | kg | Ibjgal | Fuel
LP gas 21,000 89,000| 48800 424 | 1.19
Residual 18,300| 145,700| 42,500] 7.96 | 1.016
oil
Aviation 21,750| 137,000| 50600| 63 | 1207
- gasoline
Kerosene 19,000 129,600] 44,200 6.82 1.055
Jet Fuel 20,000| 130,000| 46500 6.5 | 1.11
Gasoline 20,000| 123,000| 46500 6.15| 1.1
[?icslcl 18,800| 122,200| 43700] 65 | 1.044
uc

Conversion Factors

1055.04 J = 1 Btu
419x 10°J =1 TOE

0.4536 kgf = 1 Ib

4.186 J = 1 calorie

Sample Conversion of tonnes to TOE
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APPENDIX 2

ENERGY CONSUMPTION BY COUNTRY
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- e KENEWAMLE FOSSIL TOTAL RENEWABLE FOSSIL

COUNTRY TOTAL TOTAL  TOTAL  TOTAL  TOTAL TOTAL  TOTAL TOTAL
NIGERIA 11747 11517 23264 13898 14938 28837 16511 13054 29564
ETHIOPIA 5421 235 5457 6138 331 6469 6977 614 7591
KENYA 4176 1151 5327 5261 1049 6330 6085 1160 7245
ZALRE 3973 793 4771 4571 805 5376 5317 805 6121
2IMBABWE 1283 2137 1420 1610 2026 3636 1781 3524 5305
SOUTH AFRICA 4867 44796 49663 4873 53933 58808 4678 b4TSE 69433
ALL OTHERS 35623 9533 45155 36558 11173 47T 44510 12190 56700
TOTAL 67094 70162 137256 72910 84275 157135 85858 941091 181959
GHANA 4138 483 4821 4202 681 4883 4559 681 5240
SUDAN 2679 840 3519 3258 853 6111 4086 751 4837
TANZANIA 6003 47s b7 3560 4TS 4034 4239 475 4714
UGANDA 1481 179 1660 1743 143 1886 3908 164 4072
CAMEROON 1335 342 1676 1581 1406 2987 1797 1371 3168
COTE DE IVOIRE 1095 847 1942 1514 866 2380 1748 1198 2946
MOZAMB 1 QUE 2426 613 3038 2559 572 3131 2536 267 2803
MALAWI 1805 145 1950 2386 134 2520 2556 112 2668
ZAMBIA 1467 618 2084 1759 618 2377 1849 618 2667
CENTRAL AFR REP 406 30 434 457 32 489 1781 59 1840
ANGOLA 1290 798 2088 689 1053 1742 766 1037 1803
GABON 213 1221 1435 IAAA 1220 1663 489 1150 1638
SIERRA LEONE 1164 113 1277 1270 121 1391 1397 126 1523
MADAGASCAR 1084 185 1269 1112 228 1340 1292 199 1491
MAURITIUS 1089 144 1235 896 114 1010 1135 272 1407
BURKINA FASO 957 57 1014 1093 9 1187 1227 104 1331
SENEGAL 524 474 998 615 538 1153 743 526 1269
RWANDA 919 27 946 854 77 930 984 a3 1069
SOMAL [ A 413 178 790 784 159 943 ass 217 1052
LIBERIA 618 N 929 683 120 803 825 155 980
MALI 672 9% 767 748 a3 a32 879 as 967
SWAZILAND 453 ™ 532 77 101 818 807 101 908
GUINEA 506 200 704 629 220 348 686 220 - 905
BENIN 1580 68 648 669 114 783 785 17 902
NIGER 499 84 582 591 171 762 683 169 853
CONGO 250 48 318 289 129 418 348 198 746
MAURITANTA 1 122 123 1 187 188 1 718 719
CHAD 472 44 514 539 48 587 594 47 640
ROTSWANA 128 130 o7 173 253 426 209 355 563
REUN1ON 339 125 516 384 148 532 353 164 518
T0G0 84 92 176 9 95 192 112 104 218
GAMBIA 161 26 167 116 37 153 147 61 188
GUINEA BISSAU 4! 22 93 74 19 92 74 27 101
EQUATORIAL GUINEA 70 13 a3 77 16 93 78 16 %%
DJIBOUTT 0 38 38 0 47 47 0 60 60
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CARBON EMISSIONS (MT), BY YEAR

Year 1977 Year 1982 Year 1987
RENEWABLES FOSSIL FUEL RENEWABLES FOSSIL FUEL RENEWABLE FOSSIL
COUNTRY TOTAL TOTAL TOTAL TOTAL TOTAL TOTAL TOTAL TOTAL TOTAL
NIGERIA 17421 13793 31213 20633 17890 38523 24494 15633 40127
ETHINPIA 7946 282 8228 8980 397 9377 10213 756 10948
KENYA 6058 1379 7437 7565 1280 8845 8754 1389 10143
ZAIRE 5859 949 6808 6746 964 7709 7841 964 8804
GHANA 6128 818 6946 6239 816 7055 6774 816 7589
TANZANIA 8833 569 9401 5206 569 5775 6209 569 6777
ALL OTHERS 37789 12589 50378 42882 14423 57305 52687 17434 70121
SOUTH AFRICA 5347 53648 59015 5375 64591 69966 5192 77552 82744
TOTAL SSA 95401 84026 179427 103626 100928 204554 122163 115091 237255
SUDAN 3860.86 1005.9 4L866.76 4L627.72 1022.1 5649.82 5657.6 899.6 6557.2
ZIMBABWE 1657.32 2559.39 4216,71 2075 .94 2426.3 4502.24 2285,02 4220 6505,02
UGANDA 2190,24 214.3 2404 .54 2478.08 171.5 2749.58 5791.5 196.1 5987.6
CAMEROON 1955.12 409.4 2364 .52 2293.3 1683.7 3977  2615.5 1641.7  4257.2
MOZAMB 1 QUE 3352.26 733.7 4085.96 3702.16 685.3 4387.46 3747.9 320 4067.9
COTE DE [VOIRE 1597.72 1014.7 ?612.42 2115.24 1037.1 3152.34  2468.2 1434.2  3902.4
MALAWI 2606.4 173.5 2779.9 3400.08 160.8 3560.88  3655.3 134 3789.3
ZAMBIA 2123.86 7640.7 2864 .56 2521.24 740.7 3261.94  2644.2 7640.7  3384.9
ANGOLA 1877.5 955.2 2832.7 995.72 1261.6 2257.32 114.7 1261.7  2356.4
CENTRAL AFR REP 602.94 36 638.94 679.38 38.51 717.89 2285.02 71.1 2356.12
STERRA LEONE 1729.26 134.8 1864 ,06 1884.12 144 .84 2028.96 2071.3 150.71 2222.01
GABON 312.86 1462.8 1775.66 647.38 1460,5 2107.88 711 1376.7  2087.7
MADAGASCAR 1519.2 221.4 1740.6 1583.26 272.9 1856.16 1835.7 237.8  2073.5
BURKINA FASQO 1614.5 67.8 1482.3 1601.6 112.2  1713.8 1303.6 1264.8  1928.4
SENEGAL 763.36 567.4 1330.76 882,96 643.9 1526.86 1047.8 630 1677.8
RWANDA 1365.08 32.3 1397.38 1266.82 91.8 1358.62 1462.5 99.3  1561.8
SOMALIA 894.4 212.66 1107.06 1122.08 190.1 1312.18 1213.08 260.39 1473.47
MAURITIUS 1063.06 174.9 1237.96 875.18 136.4 1011.58 1109.3 326.3  1435.6
LIBERIA 918.84 371.9 1290.74 1013.3 1643.9 1157.2 1223 185.6 1408.6
MAL1 787.14 112.8 1099.94 1107.3 99.9 1207.2 1292.4 106.8 1397.2
BENIN 861.38 81.2 942.58 994 .24 136.6 1130.84 1162.8 139.6  1302.4
GUINEA 742.12 239.5 981.62 916.86 262.9 1179.76 1011 262.9 1273.9
NIGER 741.3 100 841.3 877.5 204.7 1082.2 1015.6 202.9  1218.5
CONGO 359.06 81.1 440,16 416,72 154.4  571.12 490 476.7 966.7
SWAZILAND 485.92 94.5 580.42 748.66 120.9  849.56 837 120.9 957.9
CHAD 689.18 52.75 741.93 780.8 S7.77  838.57 866.3  56.1 922.4
MAURITANIA 1.56 145.9 147.46 1.56 224.48  225.04 1.8 860.1 861.9
BOT SWANA 189.54 215.4 404,94 256.62 303.3  559.92 309.9 424.9 734.8
REUNION 381.62 149.87 531.49 376.92 177.5  554.42 367.1 196.75 543,85
T0G0 125.32 109.7 235.02 143.26 116.2  257.46 166.4 124.7 291.1
GAMBIA 209.82 30,98 240.8 172.12 44,6 216.52 218.7 49,4 2681
GUINEA BISSAU 106.08 25.9 131.98 109.7 22,2 131.9 109.7 32.7 1642.4
EQUATORIAL GUINEA 103.74 15.9 119.64 113.88 19.3  133.18 116.2 19.2 135.4
DJIBOUT! 0 45.2 45,2 0 56.1 56.1 0 72 72
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APPENDIX 3

COMPARISON OF FAO AND AVHRR VEGETATION MAPS
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INTRODUCTION

These plots (or maps) were gencrated using SAS® software in order to compare the
FAO and the AVHRR vegetation maps in the region of Central Africa (Chapter 4). The
FAO vegetation valucs and the AVHRR vegetation valucs at the same point locations were
compared and the values (or differences in values) plotted by point location (i.c., latitude and
longitude). These plots show locations where the two maps agreed, disagreed, and how they
disagreed, with regard to the three vegetation classes, thercby providing a visual means of
comparison between the two maps.
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Fig. A-l. AVHRR Vegetation Map of Central Africa Showing the Location of Forest,

Savanna and Mixed Forest/Savanna.
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_3. Locations where there is Agreement between AVHRR and FAO Maps with regard
, Savanna and Mixed Forest/Savanna.
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‘&' svmbolizes locations where Savanna (as per AVHRR) is indicated as Forest (by FAO), '§’

symbolizes locations where Mixed Forest/Savanna (as per AVHRR) i.s i_ndi.cated as Fo‘rc)st1 (by
FAQO) and "™’ symbolizes locations where Savanna (as per AVHRR) is indicated as Mixed

Fig. A-4. Locations where FAO maps Indicate more Forest than AVHRR Map.
Forest/Savanna (by FAO).
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Fig. A-5. Locations where AVHRR Maps Indicate more Forest than FAO Map.

'#' symbolizes locations where Savanna (as per FAO) is indicated as Forest (by AVHRR), '@’
symbolizes locations where Mixed Forest/Savanna (as per FAO) is indicated as Forest (by
AVHRR), and "%’ symbolizes locations where Savanna (as per FAO) is indicated as
Mixed/Savanna (by FAO). '
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Fig. A-6. Locations where Forest (as per AVHRR) is indicated as Savanna (by FAO) -
symbolized as '#’, and where Savanna (as per AVHRR) is indicated as Forest (by FAO) -

symbolized as '&’.
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LAT

Fig. A-7. Plot Showing Locations of Agreement and Disagreement between the AVHRR and FAO maps.

'F symbolizes Agreement with regard to Forests
"%’ symbolizes Locations where Mixed Forest/Savanna (as per AVHRR) is Indicated as Savanna (by FAO)

'@’ symbolizes Locations where Forest (as per AVHRR) is Indicated as Mixed Forest/Savanna (by FAO)
'&’ symbolizes Locations where Savanna (as per AVHRR) is indicated as Forest (by FAO)

'# symbolizes Locations where Forest (as per AVHRR) is Indicated as Savanna (by FAQO)
"* symbolizes Locations where Savanna (as per AVHRR) is Indicated as Mixed Forest/Savanna (by FAO)

'$* symbolizes Locations where Mixed Forest/Savanna (as per AVHRR) is Indicated as Forest (by FAO)

‘M’ symbolizes Agreement with regard to Mixed Forest/Savanna.

'S* symbolizes Agreement with regard to Savanna
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