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FOREWORD

Climate change and the carbon cycle are in strong interaction with forests. Forestry
operations impact on the climate, and vice versa. This study, which is based on the
UNU/WIDER project on the Forest in the South and the North—Transition from
Deforestation to Sustainable Forest Policies in Redressing Global Warming, discusses
the scenarios and policies on how the deforestation of natural forests and the expansion
of forest plantations influence the global carbon cycle through emissions and
sequestration.

This publication constitutes a part of the research output from the above mentioned
project. The editor of this report, Professor Matti Palo of the Finnish Forest Research
Institute in Helsinki, was the External Director of the project, and Mr Eustaquio J. Reis
in Rio de Janeiro was the External Project Coordinator. In addition to this publication, a
policy-focused summary report of the findings entitled Forests in Global Warming was
published by UNU/WIDER in 1998.

Launched during a three-day workshop in Nurmes (Finland) in June 1994, the project
was divided into three sub-projects and has been fortunate in having the collaboration of
other well-known research institutes. The case study on Brazil, under the guidance of
Eustaquio J. Reis, was carried out with the assistance of the Institute of Applied
Economic Research (IPEA/DIPES) in Rio de Janeiro. The Norwegian case study was
conducted at the European Forest Institute in Joensuu, Finland, under the leadership of
Birger Solberg. The study on tropical deforestation and the Chile sub-project were
implemented at the Finnish Forest Research Institute (METLA) in Helsinki with Matti
Palo as project director. In January 1996, a second workshop was organized jointly with
the Center for International Forest Research (CIFOR) in Western Java, Indonesia.
Focussing on theoretical and methodological aspects, the second workshop also
reviewed the mid-term progress made in the three sub-projects. The concluding session
of the project was held in October 1996 in Helsinki, Finland.

The theme of this publication has become most timely in the global political agenda in
view of the follow-up of the Climate Change Convention ratified at UNCED in Rio de
Janeiro in 1992 In the aftermath of the Kyoto, Buenos Aires and Bonn meetings, the role
of forests as stocks, sinks and sources of carbon is still under considerable debate and
controversy.

Giovanni Andrea Cornia
Director, UNU/WIDER
Helsinki, December 1999
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ABSTRACT

Forests as stocks, sinks and sources of carbon have become a vital issue in global
politics, along with the Kyoto Protocol of the Framework Convention on Climate
Change. This publication, encompassing nine chapters by twelve authors from six
countries, is the outcome of the respective research project conducted at UNU/WIDER.

As this study indicates, a very cost-efficient carbon conservation could be achieved by
slowing down tropical deforestation and forest degradation. In this study, deforestation
and carbon flux scenarios are modelled at the pantropical and continental levels, with
special focus on Brazil, the country with the largest forest biomass of all countries of the
world. Also afforestation and reforestation provide remarkable options as carbon sinks
and stocks both in the south and north, as are illustrated by the case studies on Chile,
Indonesia and Norway. The report also undertakes to analyse forest expansion and
carbon fluxes in Europe and North America. The economics of tropical forestland use
and global warming is also studied and, last but not least, international policy issues on
carbon fluxes and forests in the south are reviewed. Replacing fossil fuels with
woodfuels provides one policy option. Other options, including economic instruments
such as taxes, offsets, and tradable permits, are also analysed.

Keywords: global forests, carbon emissions, carbon sequestration, carbon stocks,
deforestation scenarios, carbon flux scenarios, forest expansion, international policy,
north, south, tropics, tropical deforestation, plantation forests, Brazil, Chile, Indonesia,
Norway
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CHAPTER 1

GLOBAL SCENARIOS AND POLICIES ON FORESTS AND CARBON

Matti Palo and Birger Solberg!

1. INTRODUCTION

1.1 Purpose

This publication presents a part of the results from the UNU/WIDER research project
"The Forest in the South and the North—Transition from Deforestation to Sustainable
Forest Policies in Redressing Global Warming', which was initiated in June 1994. The
project focused on issues relevant for the follow-up of the process initiated by the UN
Conference on Environment and Development (UNCED) in Rio de Janeiro in 1992. The
specific research tasks of the project were:

o To provide causal explanations on the transition from deforestation towards
sustainable forest management;

o To make scenarios of forest changes and carbon fluxes in the south and north in the
short range (10-30 years) and the long range (50—100 years);

o To evaluate the effectiveness and cost efficiency of different forestry management
options in sequestering CO, and in decelerating deforestation; and,

o To discuss the potential of tradable CO; permits in view of south-north cooperation
on development and environment.

Nine papers commissioned within the project focused on the three last tasks, and are
presented in this UNU/WIDER World Development Series report. The first task was
addressed by another ten papers and these are being published by Kluwer Academic
Publishers in their World Forests-series (Palo and Vanhanen, forthcoming).

This chapter gives an overview of the contents of the book, as well as our opinion on
what are the major policy implications of the findings. In addition, the chapter presents
the background for the research project.

1.2 Background

Policies for sustainable economic development require a more comprehensive
understanding of global environmental change and its driving forces.



Man and forests have long lived together in harmony, with forests providing man with a
wide range of goods and services. However, already for several millennia, clearing land
for agriculture as well as setting deliberate fires to promote hunting and increase pasture
have depleted forests as the global population has been growing.

As industrialization advanced, man began several centuries ago to subject the forests in
the north to large-scale pressures. In the south, the same struggle appeared much later,
during the second half of the twentieth century. Thus the large-scale and rapid
deforestation, primarily in the tropics, has awakened the global community and forests
became a part of the international political agenda from the 1980s.

At present, world forests extend to 3,400 million hectares (34 million km?) which
corresponds to 27 per cent of the world's total land area. Forests in the south and north
are at different development stages. In the south, either in conjunction with dominating
agriculture or early industrialization, deforestation of the natural forests is advancing at
an annual rate of about 14 million hectares. In the post-industrial north, however, total
forest area is increasing slightly, at about two million hectares annually (FAO 1997).

Global forests produce both marketed and non-marketed goods and services. The value
of wood-based forest products is estimated at 2 per cent of the global GDP (FAO 1993).
Forestry dominates in the south with fuelwood as the principal product, whereas in the
north, forest industries generate more, relying primarily on various commercial
products.

The total growing stock of global forests amounts to 384 billion m3 and the
corresponding biomass to 440 billion tons, of which (in dry mass equivalent) about half
is composed of carbon. Furthermore, double that amount of carbon is sequestered in
humus and soil as underground reservoirs. Thus, forest transitions have a major impact
on global carbon fluxes. The average annual net release of carbon into the atmosphere
from global forests due to deforestation is estimated at 0.9 £ 0.4 Pg (Pg = 10 in power of
15 or billion tons). This emission equals to about 16 per cent of the world's total carbon
emissions from combusting fuels (IPCC 1996).

In addition to carbon, biodiversity within forests is another source of a global common
good. It is approximated that some 13-14 million plants, animals and other living
species exist on earth; of these, 50-90 per cent are assumed to be endemic only to
tropical forests. As tropical deforestation continues, the risk of extinction of additional
genes, species and ecosystems is increasing (UNEP 1995). Globalization of business,
policy and culture appears to be one of the megatrends of this third millennium.

In the mid 1980s, UNCTAD influenced global forestry through the establishment of an
international tropical timber agreement (ITTA), and its respective agency, the ITTO. In
addition the tropical forestry action plan (TFAP) was created by the World Resources
Institute, the World Bank, and FAO. The convention of International Trade in
Endangered Species (CITES) was already ratified in 1975 but started to express concern
over some tree species in the 1980s.



Particularly after the 1992 Rio de Janeiro UNCED-Conference, we see evidence of the
introduction and strengthening of global forest policies. The Conference was a
breakthrough with a number of documents concerning the forest sector, even though a
global forestry convention never materialized despite time-consuming negotiations on
the proposal. The most important UNCED forestry documents signed in Rio by the
heads of states are:

o United Nations Framework Convention on Climate Change (UN 1992);
« Convention on Biological Diversity;

e Non-legally binding Statement on Principles for Global Consensus on the
Management, Conservation and Sustainable Development of all types of Forests;

e Agenda 21, Chapter 11; and

e Rio Declaration.

The United Nations established a specific UN Commission of Sustainable Development
(UNCSD) to follow-up on the implementation of the Rio agreements. UNCSD, in turn,
set up the Intergovernmental Panel on Forests (IPF) which held four sessions during
1995-97, reporting the findings to its main body, UNCSD. UNCSD reviewed these
findings in April 1997, and based on its recommendations, the United Nations' General
Assembly Special Session (UNGASS) urged the international community in June of that
year to establish an ad hoc, open-ended Intergovernmental Forum on Forests (IFF).
Under the aegis of UNCSD, IFF was to promote and facilitate the implementation of the
IPF's proposals for action. UNGASS also charged the Forum to identify possible
elements of agreement on international arrangements and mechanisms, for example, a
legally binding instrument to cover all types of forests in the south and north (UNCSD
1997), and to work towards achieving these goals. IFF will produce its policy
recommendations in February 2000.

1.3 South-North challenges

During 1980-95, natural forests, despite the substantial global policy efforts described
above, were depleted in the south by about 223 million hectares, while tree plantations
increased forest area by 41 million hectares. Plantations are not, however, full
substitutes for natural forests, particularly with regard to biodiversity and carbon
reservoirs. But, plantations work well in producing fuelwood and pulpwood. China and
India have by far the largest plantation forests and these have been primarily established
as shelter belts against desertification and erosion, and for fuelwood production. Brazil,
Indonesia and Chile have the largest commercial plantations, which have successfully
been used for industrial purposes (FAO 1997).

Contrary to the south, forests in the north have been expanding throughout the second
half of the twentithg century. From 1980 to 1995, forest expansion totalled 7 million
hectares, but this is only a fraction of deforested areas of the south (FAO 1997).
Traditionally the north has dominated the international trade of forest products with



Canada, Finland, and Sweden the biggest net exporters. Only a few countries in the
south have been able to develop large-scale forest industries with comparative
advantages in world markets. Malaysia and Indonesia provide examples of countries
where sawmilling and plywood industries have been based so far primarily on natural
forests. Brazil and Chile, to the contrary, have created viable pulp, paper and sawmilling
industries based on plantation forests with exotic tree species (Palo and Mery 1996).
However, in these four countries, deforestation of natural forests continues.

2. OVERVIEW OF THE PUBLICATION

2.1 Forest transitions, carbon fluxes and scenarios

Matti Palo, Erkki Lehto, and Raija-Riitta Enroth (Chapter 2) conduct scenario analyses
on tropical deforestation and its consequences for carbon fluxes up to the years 2025 and
2050. The analysis comprises all natural tropical forests. The trend scenarios give the
extreme limits assuming that deforestation will follow the development of the 1970s and
1980s. Practically all deforestation will take place in the period prior to 2025 according
to the scenarios based on the three estimated regression models. The scenario models
are constructed on the basis of causal modelling results to include population, income,
forest data reliability, and ecological zones.

The regression scenarios project the total accumulated pantropical deforestation from
1990 to 2025 to be in the magnitude of 550-700 million hectares. This translates into an
annual average rate of 16-20 million hectares of deforestation, compared to the 13-15
million hectares recently estimated by FAO. Forest area is expected to decrease up to the
year 2025 in tropical America by 29-39, in tropical Africa by 37-41, and in tropical Asia
by 31-36 per cent. A deceleration of deforestation is assumed to take place during the
2020s.

In typical tropical deforestation processes, forest is cleared for agricultural purposes by
burning most tree-cover, after which the remaining dead biomass decays. During these
processes, carbon dioxide is released into the atmosphere from both the biomass and
soil. The carbon flux scenarios due to tropical deforestation are in the order of 70-100
gigatons of accumulated carbon emitted into the atmosphere, or 2.2-2.7 gigatons as an
annual average over the period 1990-2025. These are higher than earlier scenarios
(Chapter 2).

'Forest expansion and carbon fluxes in the north' are studied by Pekka E. Kauppi in
Chapter 3. Direct and conclusive empirical evidence shows that the amount of
vegetation biomass has increased in the forests of western Europe and the US, and has
added to the sequestration of carbon dioxide from the atmosphere. According to indirect
evidence, the amount of carbon in the soil has also increased in these northern forests,
thus amplifying sequestration. However, the increase of carbon in the northern forests
comprises only a fraction of the carbon decrease in the forests of the south. Moreover,



the amount of carbon in wood products and landfills is on the rise, but in a lesser extent
than the global carbon budget.

Chapter 4 by Eustaquio J. Reis concerns the modelling of 'carbon emissions scenarios
for the Brazilian Amazon'. Deforestation of the Brazilian Amazon is recently estimated
at 1.5 million hectares annually, and this generates about 2 per cent of the world's total
carbon emissions.

The models designed by Reis consist of two main parts: the first describes the socio-
economic interactions between infrastructure, population, land use, and deforestation,
and the second describes the dynamics of carbon stock in the Amazon vegetation and
soils related to different land uses. The socioeconomic interactions are estimated with
econometric techniques applied to a panel of data on Amazon municipalities from 1975
to 1985.

Simulations of growth trajectories for the 1985-2010 period are made in the reference
and counterfactual scenarios for the most important endogenous variables: urban and
rural population, urban output, land uses, land yields, output in major rural activities,
deforested areas, fallow areas, and carbon emissions.

In the reference scenario, deforestation in Legal Amazonia expands from 1985 to 2010
at a rate of 3.2 per cent per annum, compared to the rate of 9.5 per cent per annum
observed in the 1980s. The slowdown is largely explained by the urbanization process
and the increased turnover of fallow areas. Deforestation, as a per cent of the geographic
area, increases from 8.7 per cent in 1985 to 19.8 per cent in 2010. Carbon emissions in
the reference scenario decelerate significantly in the simulation period. Starting with 345
million tons per year in the 1985-90 period, they decline to 167 million tons per year by
2005-2010.

The estimated benefits per unit of carbon emissions are mch higher than the US$ 4/tC
usually mentioned in the literature. This result holds even when benefits are measured
exclusively by rural activity GDP. Finally, the growth of GDP per unit of carbon emitted
is high. The main reasons are the increasing share of urban activities coupled to their
higher productivity levels, the increase in agricultural productivity and the growing

importance of biomass recomposition in secondary vegetation in fallow areas (Chapter
4).

'Plantation forests and carbon sequestration in Chile' with scenarios are investigated by
Gerardo Mery and Markku Kanninen in Chapter 5. The Chilean forest sector has grown
rapidly during the last 25 years, and currently plays an important economic role. This
development has been based on the establishment of fast growing monocultures of
radiata pine and eucalyptus plantations, which today extend close to 2 million hectares.
The Chilean forestry is characterized by efficient wood production from forest
plantations and the neglect of sustainable management of natural forests. During the last
two decades, plantations have been established mostly on lands previously used for
agriculture.



The role of plantation forests as a sink of atmospheric carbon dioxide is analysed by
Mery and Kanninen, and a quantitative estimation is carried out to determine the current
carbon pools and the annual fluxes. In the estimation of carbon sequestration, two
essential factors are considered to influence volume increment: age distribution and
latitudinal variation.

The amount of carbon sequestration of the Chilean forest plantations until the end of
1995 is estimated at 91.8 Tg and the annual flux for 1996 at 13.3 Tg yr'\. It is stated that
the annual carbon flux to forest plantations in 1996 exceeds annual carbon emissions
from fossil fuels for that year. Five scenarios are constructed for simulating the carbon
pool in radiata pine plantations between 1995 and 2025 under different management
regimes. In these scenarios, the carbon pool increased by 47-98 per cent, depending on
the management option and the annual planted area, thus emphasizing the need for a
more balanced forest policy for promoting sustainable management of both natural
forests and plantations. The policy for carbon management should be integrated into
sustainable forest management as one of its basic criteria (Chapter 5).

2.2 Policy analyses

The substudy (Chapter 6) by Paula Horne covers 'the economics of tropical forest
land use and global warming', primarily from a theoretical perspective. Tropical
deforestation is of international concern, mainly because of the function of forests in
safeguarding biodiversity and serving as carbon reservoirs. Less attention is paid to the
needs of local people who might benefit from forest conversion, and this chapter focuses
on extensive cultivation of land. It is one of the driving forces of deforestation, and
characterizes the institutional and market failures that hamper the transition to more
sustainable land use.

The optimization model presents a simplification of decision-making with regard to land
use in tropical forests from the point of view of different interest groups. It shows how
the optimization of land use under different property rights and different levels of
internalization of externalities results in diverse preferences for the development of
forest conversion. The possibilities to integrate global deforestation concerns to land-use
practices which would benefit tropical nations and marginalized farmers are discussed in
this chapter by Horne.

In Chapter 7, Hans Fredrik Hoen and Birger Solberg review the 'policy options in carbon
sequestration via sustainable forest management in the north', with the purpose of
presenting a detailed analysis of economic efficiency and potential of carbon
sequestration of a boreal forest area. The analysis is based on data from the Norwegian
national forest inventory for a region comprising of 695,000 hectares of productive
forest.

Optimal forest management scenarios focusing on the first 30 years are calculated and
production possibilities for commercial timber and carbon sequestration are
investigated. Compared to earlier studies, this is based on a far more detailed



representation of the forest data, a more realistic modelling of regeneration and natural
mortality and a sensitivity analysis of the effects of an increase in natural mortality for
old, dense stands. A major conclusion is that there are significant differences in carbon
sequestration between a strategy of maximization of discounted timber profits and that
of discounted net carbon dioxide sequestration (Chapter 7).

'Cost efficiency, environmental impacts and potential of carbon sequestration in
Indonesia' are analysed by Birger Solberg and Boen Poernama in Chapter 8. By
considering these three criteria jointly, the analysis shows that mixed plantations on
grassland (alang alang) with Paraserianthes falcataria and Acacia mangium in short
rotations (10 years) get high priority. Also, plantations of long-term rotations (60 years)
of Shorea spp. give high carbon sequestration and economic returns. Both of these
alternatives are the so-called 'no-regret' options, which means that they are profitable
even if benefits of the carbon sequestration are discounted, e.g. the internal rates of
return are respectively about 14 per cent per annum and 20 per cent per annum when
alternative land-use values are assumed zero.

By comparison, monoculture plantations of Paraserianthes falcataria (10-year rotation)
have about 40 per cent per annum higher carbon sequestration and 29 per cent per
annum internal rate of return, but lower environmental score than the alternative
mentioned above. The average annual carbon sequestration potential is about 55 million
tons CO; for the 10-year rotation alternatives, and about 25 million tons CO; for the
60-year rotation alternatives, assuming that 10 per cent of the land available for the
alternatives is utilized.

Although containing some uncertainty, the results indicate that the Indonesian forestry
offers promising carbon sequestration possibilities. The challenge is to get international
institutional arrangements organized so that these possibilities are optimally utilized
(Chapter 8).

'International policy issues on carbon fluxes and forests in the south' are analysed by
Carlos Young in Chapter 9. It is argued that global warming is a problem for everybody:
the rich and the poor, the north and the south. Cooperation and participation
endeavouring to control carbon emissions are vital, and solutions should not be
restricted to a specific group of countries. But, equity principles cannot be overlooked
either, and the north-south agenda for cooperation has to be based on fairness.
Controlling the problem of greenhouse gases at the cost of increasing disparity between
developed and developing countries is not a positive achievement.

Economic instruments have a crucial role in an efficient cooperation between developed
and developing countries. The use of these economic instruments (carbon taxes, offsets
and tradable permits) in the control of CO, emissions is analysed in Chapter 9. The
preservation of tropical forests as carbon pools can be encouraged if industrialized
countries provide economic incentives to 'import' these environmental services which
today are given for free.

However, there are many issues that still need to be addressed. Allocation of emission
rights, definition of compensation values, the possibility of free riding by non-



cooperative countries, enforcement, settlement of disputes and other concrete problems
are important institutional difficulties in the implementation of multilateral programmes.
Even though there have been considerable advances in recent times, research in these
topics remains important.

One specific research topic was developed more carefully—the proper evaluation of
forest. To be effective, any compensation instrument should be based on a realistic
valuation of the economic potential of the forests to be preserved. Nevertheless, some of
the current proposals are based on the hypothesis that land prices reflect the true
opportunity cost of land. One important finding of this study is that this procedure does
not respect the principle of equity. The implementation of compensations based on
actual land prices will induce the benefits accruing to the industrialized world to exceed
the benefits of the countries that work effectively to control carbon emissions. This is
shown in the exercises carried out for the Amazon. The risk of such a situation is that,
instead of a true win-win solution, the wealth concentration problem is perpetuated to a
global scale (Chapter 9).

3.  POLICY PROPOSALS

3.1 Global cooperation

Globalization trends and a shift in forestry activities and forest industry investments
from the north to the south bring new challenges to both hemispheres. Countries of the
south and north are rather diverse, and are faced with different challenges. The diverging
interests of the hemispheres with regard to global forest policy were first highlighted in
the lengthy negotiations preceding the forestry principles of the Rio UNCED
Conference in 1992.

At that time, the main theme was the control of tropical deforestation via a legally
binding global forest convention. But as is pointed out in this study, instead of a global
forest convention, the Rio meeting finally agreed upon voluntary forestry principles.
Nevertheless, the consensus achieved on these principles has already had a strong effect
on forestry paradigms and on practical applications of sustainable forest management,
especially in the north but gradually also in the south.

The IPF and IFF processes have witnessed some shifting in the political arena, as is
evidenced by the willingness on the part of previously reluctant countries to consider
and to support an international convention. The resistance seen earlier to efforts to
extend international forest policy is still strong. National sovereignty, and financial and
trade-related issues still stand between the international community and a consensus on
forests.

This research project has shown that there are a number of global forest policy-related
options to promote the aims of both the Framework Convention on Climate Change and
the Forestry Principles of Rio (UNCED). Moreover, the national sovereignty of



individual nations to exploit their own natural resources and to implement national
forest and environmental policies is also recognized. However, this report indicates that
unless significant policy reforms are made, tropical deforestation continues and,
according to our scenarios, such global commons as carbon reservoirs and sinks as well
as the range of biodiversity are threatened. Even though most of the causes underlying
deforestation rest in the hands of governments, the political will of national
governments for large-scale deceleration of deforestation seems to be missing.

Efforts were made during the 1990s for a global forest convention, but so far without
success. A few draft conventions, however, have been created (Humphreys 1996:
Annexes A, D). A specific study was also prepared for the European Community on
'Options for strengthening the international legal regime for forests' (Gliick ef al. 1997).
In addition to IFF's proposals which are expected by February 2000, the
Intergovernmental Panel on Climate Change (IPCC) is working to clarify state of the art
assessments regarding the impacts of land-use changes and forestry on the carbon cycle.
Moreover, IPCC has an important global role with regard to the future and should, in
our opinion, strive to support more research on the functions of the world forests in
global warming.

3.2 Carbon balance control

The essential message of the two scientific assessments by IPCC (1990 and 1995) is that
carbon dioxide remains the most important anthropogenic contributor to climate change.
In IPCC's second assessment, forestry practices are mentioned as a means of promoting
sustainable management of forests and, at the same time, of conserving and sequestering
carbon. Among the practices recommended were various management approaches for
conservation (emissions prevention), for carbon storage (short-range measures over the
next 50 years or so) and for substitution (long-term measures).

It has been stated that the most cost-efficient carbon conservation would occur by
reducing the rate of tropical deforestation and forest degradation. This can be done with
storage management which means increasing the amount of carbon stored in vegetation,
soil, and durable wood products. One complementary approach is to establish
plantations. Substitution management, on the other hand, involves extending the use of
forests for wood products and fuels. In the long range (more than 50 years or so), this
would offer a more efficient strategy than terrestrial carbon storage, which in time
reaches a saturation point. However, forestery regimes to conserve and increase carbon
storage offer an effective mitigatory option during a transition period that can take many
decades to stabilize atmospheric concentration of carbon.

Solberg (1997) shows the potentially high economic value of increased carbon
sequestration of boreal forests. Equally important, he points to an argument which is
often forgotten in this debate: that, given the uncertainties regarding the impact of global
warming, the increased forest stocks of carbon provide flexibility. If man's activities are
ultimately proven to cause global climate change, increased stocks of carbon in wood
biomass (as trees and/or forest industry products) will have a long-range positive effect



in lowering the quantities of atmospheric CO, This provides extra time to introduce
new energy technologies or other measures to decrease the emission of greenhouse
gases. In addition, the increased stocks of roundwood will most likely lower the price of
wood, thereby adding demand for bioenergy and wood products, and thus contributing
to a society based on renewable energy resources instead of fossil fuels.

But in transforming the present rapid rate of deforestation to sustainable forestry
management, a controversy of global versus national interests exists. The benefits of
carbon sequestration and biodiversity sustainability are primarily global, but the costs
are national and local. Such countries as Guyana, Surinam, Papua New Guinea and
Gabon which are still almost entirely under forest cover, may have specific land-use
policies to decrease their forest areas for conversion to some other land uses. If the
global community wants to prevent the implementation of such national policies,
effective compensation programmes need to be created.

Some international bodies, for example FAO and the World Bank, could be motivated
to organize policy workshops where scenario-making researchers would meet policy
makers. Various scenarios, such as the ones introduced in this publication, could be
discussed and evaluated by policy makers and new scenarios with alternative
assumptions could be produced. Such workshops could be useful learning processes for
all parties and improve both future research and policies.

3.3 Plantation forests

Mery and Kanninen (in this volume) describe how the development path followed by
Chile has led to a two-faced forest sector: on the one side, dynamic development of the
plantation-based forest industries is evident, while on the other, the country is hampered
by its backward perception of natural forests and its less-than-efficient industry based on
these forests. Whether this strategy constitutes a sustainable approach to development is
a matter of debate. At least on the part of natural forest management, this development
in recent years clearly is not sustainable. But unfortunately a number of countries are
following a similar path. This issue, having global relevance, should be studied more.

The Chilean scenarios of radiata pine show that plantation forestry, where the main
objective is to produce material for forest industries, has a positive effect on carbon
balance. Under the 'silvicultural optimum' and 'conservative management' scenarios, in
which relatively long rotations are used, the carbon pool in 2015 is approximately twice
the 1995 level. Even under the 'aggressive' forest management scenarios with shorter
rotations and extraction of raw material in greater quantities, the carbon pool increases
by approximately 50 per cent. This case illustrates the 'base-line' problem in carbon
accounting, an issue which also needs more research.
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3.4 Sustainable forest management

The forest sector offers major opportunities for sustainable development. The first
priority should be to adopt a more balanced approach in which the potential of
plantation forestry and rational management and utilization of natural forests could be
combined and complemented. Carbon policy to promote the mitigation of the build-up
of atmospheric carbon dioxide needs to be integrated in forest sector strategy for
sustainable development.

This integration is central because it is unrealistic to expect forests to be managed solely
for carbon sequestration purposes. On the contrary, forests must also be managed—
albeit sustainably—for their traditional economic rewards. The transition towards
sustainable forestry is expected to contribute not only to increasing the carbon sink
effects, but also to halting significant net additions of carbon into the atmosphere caused
by deforestation and other non-sustainable forestry practices.

The results of this study illustrate that tropical forestry offers a number of interesting
carbon sequestration options that are environmentally acceptable and that, in addition to
their carbon offsetting benefits, also produce high economic returns. One main
challenge is to set up the institutional arrangements at the international level so that
these options are optimally implemented, to the benefit of all main interested groups
involved. We recommend that these 'mo-regret' forestry options be prioritized for
implementation in both tropical and non-tropical countries.

Joint implementation of these options by the north and south produces an international
win-win solution. Tradable permits and other financial instruments are examples of
potentially effective policy measures available for global use in the control of carbon
dioxide. The follow-up of the international conventions of climate change
implementation in Kyoto, Buenos Aires and Bonn has not specified and adequately
validated the various policy instruments available. For the next meeting, however, more
research findings and policy proposals will be accessible.

NOTES

I The authors which to acknowledge Alexander Horst (Germany) and Fergal Mulloy (Ireland) for their
helpful comments.
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CHAPTER 2

SCENARIOS ON TROPICAL DEFORESTATION AND CARBON FLUXES

Matti Palo, Erkki Lehto and Raija-Riitta Enroth*

1. INTRODUCTION

1.1 The problem

The atmospheric concentrations of greenhouse gases, with carbon dioxide (CO,) and
methane (CHy) as principal components, have been increasing steadily over the last
century or so with the likely consequence of changes in global climate through the so-
called greenhouse effect. Increases in these gases are the direct result of combusting
fossil fuels, certain industrial processes, and interventions in the global carbon cycle
such as deforestation or other changes in land cover.

Tropical forests have been proven to be relatively large net carbon sources. Carbon
fluxes in 1990 from tropical deforestation are estimated to be 1.65+0.4 GT/a
(1 GT =billion tons = 1Pg = 10'"°g). This is equivalent to almost 30 per cent of the
annual emissions resulting from the use of fossil fuels (Brown 1996). There are many
reasons to assume that this estimate may be even larger because of uncertainties in
determining the rates of deforestation and forest degradation, and the fate of deforested
land, which subsequently results in the carbon pools of forests being eliminated (Brown
et al. 1993).

Uncertainty in the global assessment of the impacts of deforestation for CO, emissions
and biodiversity loss, for example, is partially caused by the lack of comprehensive data
on the rate of deforestation itself. Tropical deforestation is a diverse phenomenon.
Causes and consequences are interlinked, and it is difficult to assess the relative effect of
the various agents on deforestation. However, since the 1980s more research has been
focused on the causes of deforestation as well as on the impacts of the process (e.g.
Brown and Pearce 1994; Lambin 1994; Palo and Mery 1996; Kaimowitz and Angelsen
1998).

1.2 Purpose of this study

The purpose of this study is to make scenario analyses on tropical deforestation and its
consequences to carbon fluxes. The time horizon of our scenario models in the short
range will be to the year 2025 and to 2050 in the long range. The research problem is
divided into three closely interrelated tasks as follows:
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i) estimating trend models and multiple regression models on deforestation
separately for tropical Africa, Asia and Latin America;

i)  producing scenarios on tropical deforestation, as based on trends and multiple
regression models; and

iii)  with the aid of these scenarios, producing scenarios on carbon fluxes as a
consequence of tropical deforestation.

We have restricted our analysis to cover natural forests, which are defined as ecosystems
with a minimum of 10 per cent crown cover of trees and/or bamboo on a particular land
area. Natural forests are generally associated with indigenous wild flora, fauna, and
natural soil conditions, and they are not subject to agricultural practices (FAO 1993 and
1995).

Forest plantations constitute about 2.5 per cent of all tropical natural forest areas (FAO
1993) and are not included in the analysis, because they are not full substitutes for
natural forests and because their transition process follows different causal mechanisms.
Also excluded from this study are trees outside the forest and in plots smaller than 100
hectares as well as other wooded land.

We limit the definition 'deforestation' to those changes in land cover which deplete the
crown cover of natural forests to less than 10 per cent of forest land. Accordingly, on the
other hand, deforestation is not applied to forest degradation, which reduces the growing
tree stock, alters the distribution of species, or may degrade the soil of a forest for which
the definition of 'natural forest' would still apply. Typically, forest degradation
transforms closed forest into open forest (FAO 1993).

Forest area is used in the deforestation modelling instead of tree biomass or volume
because of greater reliability. Later in the carbon flux scenarios, we have applied the
same average biomass and carbon contents per hectare as in some earlier studies in order
to maintain a basis for comparison. Thus, forest degradation has also been incorporated
in the study (Section 4.3).

Our study includes 90 tropical countries (FAO 1993) of which 40 are located in Africa,
17 in Asia (and Pacific), and 33 countries in Latin America (and the Caribbean). In
1990, they comprised 1,756 million hectares of tropical natural forests or 98.0 per cent
of the total forest area in all the world's 115 tropical countries. Our empirical data are
based on the FORIS database of the Tropical 1990 Forest Resources Assessment (FAO
1993) while the 'Global Synthesis' of two years later (FAO 1995a) included another 25
small tropical countries with a total additional natural forest area of 36 million hectares.

2. PREVIOUS STUDIES

We found diverging results on the role of population pressure on deforestation. On the
one hand, some researchers say that no convincing evidence has been found which
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would indicate that population pressure increases deforestation (Brown and Pearce
1994; IPF 1996). On the other hand, certain studies support the theory that population
and deforestation are related (Reis and Guzman 1994; Palo and Lehto 1996; Palo and
Vanhanen, forthcoming) and population pressure is frequently cited as a cause of
deforestation. Population growth, by increasing the demand for food and other
agricultural products, promotes the conversion of forest land to other uses. Similarly,
population growth also increases the demand for forest products and various
infrastructure services that hasten deforestation.

Changes in farming systems are an important mediating variable between demographic
changes and deforestation or forest degradation. The agrarian change can be categorized
as agricultural extensification, agricultural intensification, and agricultural involution
(e.g. Lambin 1994). According to agricultural extensification models, increased demand
can easily be satisfied by expanding the cultivated area. This is achieved by extending
cultivation into virgin areas or by migrating into unsettled locations. These occur
essentially in regions with a low population density and a high rate of population
growth. Under these conditions, agricultural expansion into open access forest
ecosystems results in deforestation.

Theoretical and empirical studies suggest that in extensive, low-input subsistence
farming systems, added demand in consumption leads to an increase in the frequency of
cultivation and a reduction of the fallow period. This directly causes a larger percentage
of the area to be under forest fallow. Eventually with higher population densities, the
fallow cycle becomes too short to allow natural reforestation to take place. See Horne
(Chapter 6) for the impact of weak tenure and property rights in this extensification
process.

Once all open access land has been utilized either for cultivation or fallow, or access has
been denied, additional food demand caused by the population growth can be satisfied
domestically only by increasing the intensity of agriculture. Despite a high rate of
population growth, the autonomous adjustment mechanisms of technological innovation
and agricultural intensification may be slow to develop—or may not develop at all—
which leads to an overexploitation of soil resources.

It is also possible that fallow periods are reduced without an accompanying
intensification because of the limited knowledge of the population, risk-averting
attitudes, lack of credits or certain other reasons. In this case, overexploitation of the soil
and declining productivity can lead to rising mortality or forced migration. Eventually,
the environment is destroyed through excess utilization and involution, and the third
process of deforestation in relation to agrarian change, becomes evident.

The link between population pressure and deforestation is a complex and indirect issue
that involves interacting variables and processes. Demographic pressure can both create
the need to exploit forests, but it also provides abundant labour to support the
intensification of cultivation under strong and clear tenure conditions, but these are not
common in the tropics. Thus, the influence of population pressure is only one element of
a broader socioeconomic system affecting deforestation (e.g. Palo 1990; Lambin 1994).
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While population pressure contributes to deforestation, economic growth and modern
technology can modify its effects. For instance, take the case of two countries: both with
rapid population growth rates and significant forest resources, but different levels of per
capita income. In all likelihood, deforestation will develop at a slower pace in the
higher-income country with clear and strong tenure conditions, because people, as
income increases, switch to energy sources other than fuelwood and adapt modern
agricultural techniques, thereby reducing pressure for clearing forests for agricultural
purposes (Palo 1990; Cropper and Griffits 1994).

Income and its growth can have varying effects on deforestation: initially, higher
incomes generate greater demand for agricultural and forest products, thus stimulating
deforestation; next, better incomes provide resources for large, capital-intensive projects
and agricultural subsidies that are often associated with deforestation; and finally, higher
incomes and growing economies can lead to better employment opportunities, thus
reducing the incentive of poor families to clear forest land in isolated areas. In
environmental economics, this phenomenon is called the environmental Kuznets curve
or inverted u-shape response of increasing income on the deterioration of the
environment (Palo and Lehto 1996; Palo and Vanhanen, forthcoming).

Accessibility of forests is an important economic factor in deforestation: road
construction and easier access to floating in forest areas increase deforestation (e.g.
Lambin 1994; Reis and Guzman 1994; Panayotou 1994). Demand for tropical
hardwoods, on the other hand, does not directly cause the type of deforestation, as
implied by complete forest removal. Industrial logging, compounded with population
pressure, has an indirect effect because the construction of roads facilitates access to
forest clearing by marginal farmers under open access conditions. Accessibility has been
approximated also by the distance from a metropolis. Furthermore, better soil quality
leads to greater deforestation, while the poorer health environment often prevalent in
rainforests has a tendency to slow down deforestation. Moist ecological zones as a proxy
to inaccessibility have received empirical evidence lately (Palo and Lehto 1996).

Only a few studies on scenarios of pantropical deforestation and its consequences on
carbon fluxes are available. Matsuoka et al. (1994) have estimated the carbon dioxide
flux arising from tropical deforestation. Assuming a dominant role for population
pressure in deforestation, they construct models based solely on the relationship between
deforestation and population growth, and apply deforestation data from the FAO and
UNEP 1980 assessment. With three scenarios for population change, their study
estimates carbon dioxide flux during the 120-year period from 1980 to 2100 in three
regions (Latin America, Africa and Asia).

Trexler and Haugen (1995) have assessed both the deforestation rates by gathering their
own empirical data and the factors assumed to influence future deforestation in 52
selected tropical countries. These parameters include population growth, urbanization,
agricultural trends, land-tenure policies, development of infrastructure, expansion of
cash crops, government and land-use plans, extension programmes, public perceptions
of forest resources, energy needs, laws and regulations. Instead of applying an objective
modelling, Trexler and Haugen preferred to use a Delphi-type technique of inquiry
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addressed to experts in each country. They also estimated the change in carbon
emissions associated with each land-use change.

Jepma (1995) developed a global intersectional policy simulation model based on
system dynamics to analyse possible future processes of tropical forests. The
simulations of forest areas were based on FAQO's Production Yearbook which, according
to Palo and Mery (1996) cannot produce as valid and reliable data on deforestation as
the 1990 FAO assessment (1993).

Nilsson and Schopfhauser (1995) estimated the quantities of carbon which could be
sequestered by a global forestation programme. Using many secondary sources, they
estimated the amount of land likely to be available, feasible annual planting rates and
rotation lengths for different countries and regions. For information on the tropics,
Nilsson and Schoptfhauser also relied on the above-mentioned studies (Trexler and
Haugen 1995; Jepma 1995).

Accordingly, it would seem that earlier studies on pantropical deforestation and carbon
flux scenarios, have been based on other data sources than the latest FAO assessment
(1993) which forms the foundation for the empirical data of the scenario analyses given
here.

3. MODEL SPECIFICATION AND DATA

3.1 Model specification

The model specification here is based on a previous causal modelling research by Palo
and Lehto (1996) and Palo and Vanhanen (forthcoming). First, we experimented
successfully with five different variations of dependent variables. Thus becoming
familiar with the functioning of the different function forms and transformations of the
independent variables, it convinced us of the validity of the expected signs in the model
specification. The identification of the model is explained in Palo and Vanhanen
(forthcoming)

Given the interdependence between the various factors of deforestation described above
(Section 2), we assume that deforestation is primarily a function of forest land demand
for other uses, primarily for agriculture. Also, the demand for forest products, especially
for industrial logs and fuelwood, plays a role in this process. Accordingly, we assume
that changes in both population and income affect deforestation. However, we also
assume that ecological conditions and economic accessibility of forests are determinants
of deforestation.

Because of the paucity of reliable data on roads, the economic accessibility of forests is
measured according to ecological zones (wet or dry). The wettest zone is assumed to be
the least accessible because of increased closed forests and biomass characteristics as
well as limited infrastructure and deteriorating health conditions. The dry ecological
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zone, on the contrary, is assumed to be the most accessible due to diametrically opposite
conditions (Palo 1987).

In addition, it is hypothesized that the quality of information affects deforestation. Better
information on forest resources can induce great usage of forests and subsequently more
deforestation. Also the general level of statistical data may measure the same
phenomenon and have the same kind of effect. Our assumption here is based on the
hypothesis that imperfect information increases the risk to the economic agents of
deforestation. However, the quality of information may be context-bound so that better
data on the scale and pace of deforestation at a later stage of the process may start to
limit deforestation by creating counterbalancing forces (Palo and Lehto 1996; Palo and
Vanhanen, forthcoming).

When causal models are transformed into scenario models, it is important to specify the
rather simple models which consist of lagged variables and/or variables for which
predictions are already available. Approximated lagged data forms for constructing trend
models are also available for forest areas. Variables for population and economic growth
projections exist at the national level, or if unavailable, it is plausible, based on past
trends, to estimate the alternative future scenarios for them.

The dependent variable of the specified models here is forest cover, which is specified
both as logarithmic and logistic functions (Palo and Vanhanen, forthcoming). The
former is defined as forest area per land area (per cent), while the latter is measured as
forest area per nonforest area (per cent) which describes deforestation as a process that
tends toward saturation within a given geographic area or as a decreasing s-function. In
most countries, there usually are inaccessible forest areas and/or in a later phase, some
policy instruments are taken to decelerate deforestation (Palo 1987; Scotti forthcoming).

3.2 Constructing scenarios

It should be kept in mind that while the purpose of this study is to construct alternative
scenarios, these are not predictions but are intended to merely provide an alternative
image of a possible future and thus a conditional prediction to the question: What will
happen if? For example, if population and GNP per capita were to change as assumed,
then deforestation will follow a certain scenario. In order to map the future, a few
alternative scenarios are created to describe not only the end points, but also the pathway
to reach them.

We first produced scenarios based on the hypothesis of 'business as usual' according to
which no major policy shift or radical changes in the causal system will affect
deforestation rates and subsequent carbon releases. Next, we assumed future changes in
population growth scenarios based on an authoritative UN (1995, 1996 and 1998)
source, and GNP/capita (FORIS-database) based on national trends for 1981-90.
Consequently, our deforestation scenarios are based on the most recent empirical data
on forest areas, trends, and modelling of the factors, which affect future forest area
changes and thus deforestation.
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One major aim in our scenario modelling is to simulate possible future paths of
deforestation in order to provide policy makers with effective tools in their efforts to
advert the realization of the scenarios projected in this chapter.

3.3 Empirical data

The lack of reliable and valid data is the most difficult problem in modelling
deforestation. Reliable time-series data on forest cover or deforestation are not available
(Palo and Mery 1996). Also, the socioeconomic data of the developing countries may be
inaccurate (Lambin 1994). Due to data limitations, many studies use cross-sectional data
and forest cover as the dependent variable.

The forest cover (percentage or absolute) existing in a particular area is the function of
two factors: amount of the original forest cover and the forest cover lost since the start
of the deforestation process. In other words, the forest cover existing today is the result
of natural factors and a history that may cover six thousand years of deforesting activity
by man, as in some parts of China (Zhang, forthcoming), or a couple of months. On the
other hand, Palo (1987) and Reis and Guzman (1994) argue that the countries or
municipalities used in these analyses deviate from each other with regard to the stage of
their development and can represent a long time-dimension of decades or centuries. This
indicates that a time-dimension is necessary and has been included in our study.

Deforested area is perhaps the most valid dependent variable, but measurement errors
are more common in this variable than in the variable of forest cover, because
deforestation can be gauged only as an estimate of change which, to be fully analysed,
would require two inventories to be conducted at different intervals with similar
methods and degrees of accuracy. In a previous causal modelling (Palo and Lehto 1996;
Palo and Vanhanen, forthcoming) which forms the basis of this scenario design, we
were able to model the forest cover, the deforestation rate and three other relevant
alternatives as dependent variables and found quite similar explanatory variables.

The primary data source for this study is the Tropical Forest Resource 1990 Assessment
(FAO 1993) which provides data on forest area and its reliability, land area, ecological
zones, GNP and demographic information for 90 tropical countries. Respective data for
the modelling is drawn from the FORIS-database, primarily from the subnational level
of 578 geographical units as well as partially from the national level (Palo and
Vanhanen, forthcoming).

Deforestation in the tropics has advanced from 1981 to 1990 at an average annual rate of
15 million hectares and on each continent according to the scale of total forest areas
(Figure 2.1). Loss of forest biomass has progressed approximately at a similar pace
(Figure 2.2), with some variation by continent.
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FIGURE 2.1
NATURAL FOREST AREA BY CONTINENTS
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Data source: FAO (1995a).

FIGURE 2.2
REDUCTION IN NATURAL FOREST AREA AND TOTAL ABOVE-GROUND BIOMASS
IN THE TROPICS, 1980-90 (%)
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The UN (1995, 1996 and 1998) provides estimates and projections for the total global
population. The projection horizon was extended to the year 2050 in order to present a
demographic history and projection for an entire century (1950-2050), and three fertility
variants and one fertility scenario of population projections were prepared for the period
1990-2050: the high-, medium-, and low-fertility variants; and the constant-fertility
scenario. In our scenarios, we use the medium-fertility variant.

The world population was estimated at 2.5 billion people in 1950 and 5.6 billion in
1994. The medium variant scenarios project 8.2 and 9.8 billion people for 2025 and
2050, respectively (UN 1995). By 2100, world population may total 10.3 billion people
but estimates range from 3.9 to 22.7 billion (Lutz 1996: 500).! Most of the anticipated
increase will take place in the developing world and these prospects cause concern with
regard to tropical deforestation. By 2050, the population of Africa will be about three
times the current level, and population is projected to slightly less than double in Asia
and Latin America, although relative growth rates will continue to decline.

Past national trends over the period 1981-90 are used to estimate the future development
of GNP. The annual GNP/capita growth rates by continent range between 3.1 per cent
for Asia and -1.1 per cent for Africa. The figures are rather pessimistic but we consider
these more realistic than other available projections to the year 2050 according to
continent only (Nakicenovic and Jefferson 1995). Low growth rate variants of GDP are
estimated at 4.0 per cent after 2010 for all continents and high growth rate variants
between 4.0-5.0 per cent. In any case, should there be need to apply different
assumptions on GNP, population and forest area reliability scenarios, it is possible to
recalculate the scenarios.

4. ESTIMATION AND RESULTS

4.1 Trend scenarios on deforestation

As the first approach, we estimated trend scenarios based on the assumption that the
decrease of forest area can be proportional, linear, accelerating proportional or
accelerating linear (Table 2.1). With this method, we endeavoured to map all possible
future scenarios inherent in the internal empirical forest cover data.

The four scenarios differ, depending on the different assumptions of the nature of
decrease. Results were computed for both the continental level and subnational level
(Table 2.2). The decrease at the continental level is usually greater. Proportional
decrease gives the smallest reduction in all continents. Accelerating linear decrease
produces the largest reduction in Africa, Latin America and in the tropics as a whole. In
Asia, the reduction is largest when linear decrease is assumed.
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TABLE 2.1
DESCRIPTION OF TREND SCENARIOS 1a-4b

PROPORTIONAL TREND

Assumption: Annual average deforestation rate % remains the same as between 1981-90.

(a) Continental decrease
FA; = FAgq * el(t-1990)/10]*Ln(FAgo/FAg0)
where FA;= Forestarea in yeart
FAgg = Forest area in year 1990
FAgqn = Forest area in year 1980.

(b) As sum of subnational units
FA'[ = X FAQO * e[(t-1990)/10]*Ln(FA90/FA80).

LINEAR TREND

Assumption: Annual average deforested area remains the same as between 1981-90.
€) FA;= FAogn - [(t-1990)/10]*(FAqn - FAqn)-

®)  FA= T Max{FAgq - [(t-1990)/10]*(FAgq - FAgg), O}.

ACCELERATING PROPORTIONAL TREND

Assumption: Change in the proportional forest area change remains the same as between
1971-80 and 1981-90.

(a) FA( = FA(by proportional trend 1a.) * e([(t-1990)/10]*[((t-1990)/10)+1]/2)*Ln[(FAgg/FAgo)/(F
A80/FA70)f/

— FAqq * el(-1990)/101"Ln(FAqo/FAgy) + ([(--1990)/101(((+-1990)/10)+1)2) L n[(FAgo/F
Ag0)(FROFA70)]

(b) FA; = 2 Min{FA(by proportional trend 1b.) * e([(t-1990)/101*[((t-1990)/10)+1}/2)*Ln[(FAgp/F
Ago)/(FAgo/FA70)l. Fagy}

ACCELERATING LINEAR TREND

Assumption: Change in the linear forest area change remains the same as between 1971-80 and
1981-90

(@) FA; = FA(by linear trend 2a) - ([(t-1990)/10]*[((t-1990)/10)+1)/2)*[(FAgo-FAgQ)-(FA7q-
FAg0)

= FAg - [(t-1990)/10]*(FAgq - FAgQ) - ([(t-1990)/10]*[((t-1990)/10)+1]/2)*[(FAgg-FAgQ)-
(FA70-FAgp)]

)  FA; = I Min{Max{FA(by linear trend 2b.) - ([(t-1990)/10]((t-1990)/10)+1]/2) * [(FAgo-
FAg0)-(FA70-FAg0)], 0}, FAgo}
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According to our trend scenario results (Table 2.2 below), total tropical forest area could
drop from the 1990 level of 1,756 million hectares to 802-1,170 million hectares by
2050. The relative average annual decrease (per cent) for the period 1990-2050 is the
fastest in Asia, then Latin America and finally Africa. It is interesting to note that the
maximum decreasing rates of deforestation according to continents run parallel to the
GNP per capita development of each continent. Average annual growth rates for GNP
per capita have been +2.0/+3.1 per cent in Asia, +1.8/-0.2 per cent in Latin America and
0/-1.1 per cent in Africa as measured trends during 1961-92 and 1981-90.

4.2 Regression scenarios on deforestation

4.2.1 Model estimation

We discovered the statistically best regression models for constructing deforestation
scenarios by continents by applying stepwise regression analysis with subnational and
national data (Table 2.3). The regression equations are estimated using logarithmic
variables and ordinary least squares. All coefficients produced the expected signs, and
the coefficients of wet ecological zone areas and national land areas were statistically
significant in all models. We assumed the increase in deforestation to parallel increasing
incomes at low levels. After a certain income level, increasing incomes will start to
reduce deforestation (Palo and Vanhanen, forthcoming). In Africa and Asia, which have
low income levels, the coefficients of GNP are, as expected, negative while in Latin
America where the income level is high, the respective coefficients are positive.

The coefficients of population, GNP and reliability of forest data are mostly statistically
significant in the models for Latin America and Africa. In Asia, however, the
coefficients of population and GNP are not significant at the 10 per cent probability
level. The risks, however, are not very high and range between 23 and 42 per cent. The
reason for Asia's nonsignificance may be the fact that the number of observations for
Asia is much smaller than for the other two continents examined. For example, in Asia
there are 78 subnational units and 17 countries, and the corresponding numbers in
Africa are 329 and 40, respectively. Population and GNP are also variables, which we
modelled only at the national level for scenario construction.

However, our models 5-6 for Asia have higher adjusted R-squares (45-43 per cent) than
comparable models 1-3 for Latin America and Africa (28-39 per cent). Asian model 5
also has the smallest standard error among the six models for the three continents (Table
2.3). All models have relatively strong multicollinearity (bottom row). Distribution of
residuals may need some further analysis (cf. Palo and Vanhanen, forthcoming).
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TABLE 2.2

TREND SCENARIOS FOR LATIN AMERICA, AFRICA, ASIA, AND TOTAL TROPICS TO THE YEARS 2025 AND 2050

Reduction from 1990

Remaining forest area in: Total Annual
Scenario assumptions millions ha % of land area millions ha % millions ha %
Kinds of decreases 1990 2025 2050 1990 2025 2050 2025 2050 2025 2050 2025 2050 2025 2050
— Proportional 0.8%/a (1981-90) 1A 918 700 576 56 42 35 218 342 24 37 6.2 57 0.8 08
b 1B 918 732 642 56 44 39 186 276 20 30 53 46 0.6 0.6 Min.
Z Linear 7.4 m. ha/a (1981-90) 2A 918 656 474 56 40 29 262 444 28 48 74 74 09 1.1
:‘é 2B 918 678 548 56 41 33 240 370 26 40 69 6.2 09 09
I Accelerating proportional 0.11%/a/10a (1971-90) 3A 918 643 460 56 39 28 275 458 30 50 79 76 1.0 1.1
:C:Q 3B 918 661 513 56 40 31 257 405 28 44 73 6.8 09 1.0
Accelerating linear 0.54 m. ha/a/10a (1971-90) 4A 918 616 360 56 37 22 302 558 33 61 86 93 1.1 1.5 Max
4B 918 617 437 56 37 26 301 481 33 52 86 8.0 11 1.2
Proportional 0.7%/a (1981-90) 1A 528 406 337 24 18 15 122 191 23 36 35 32 0.7 07
1B 528 409 347 24 18 16 119 181 22 34 34 3.0 0.7 0.7 Min
& Linear 4.1 m. ha/a (1981-90) 2A 528 384 282 24 17 13 144 246 27 47 41 41 09 1.0
% 2B 528 381 287 24 17 13 147 241 28 46 42 40 09 1.0
> Accelerating proportional 0.05%/a/10a (1971-90) 3A 528 390 302 24 17 14 138 226 26 43 39 38 09 09
3B 528 389 312 24 17 14 139 216 26 41 40 36 09 09
Accelerating linear -0.02 m. ha/a/10a (1971-90) 4A 528 386 286 24 17 13 142 242 27 46 41 40 09 1.0
4B 528 374 278 24 17 12 154 250 29 47 44 42 1.0 1.1 Max
Proportional 1.2/%/a (1981-90) 1A 311 205 153 35 23 17 106 158 34 51 3.0 26 12 12
1B 311 220 181 35 25 20 91 130 29 42 26 22 1.0 0.9 Min
Linear 3.9 m. ha/a (1981-90) 2A 311 174 76 35 19 9 137 235 44 75 39 39 1.6 2.3 Max
ip 2B 311 188 140 35 21 16 123 171 40 55 35 29 14 13
> Accelerating proportional 0.02%/a/10a (1971-90) 3A 311 202 146 35 23 16 109 165 35 53 31 28 12 12
3B 311 209 167 35 23 19 102 144 33 46 29 24 1.1 1.0
Accelerating linear -0.38 m. ha/a/10a (1971-90) 4A 311 204 156 35 23 18 107 155 34 50 31 26 1.2 11
4B 311 208 174 35 23 19 103 137 33 44 29 23 1.1 1.0
_, Proportional 0.8%/a (1981-90) 1A 1756 1308 1060 37 271 22 448 696 26 40 128 116 0.8 08
9 1B 1756 1362 1170 37 29 24 394 586 22 33 113 98 0.7 0.7 Min
Z Linear 15.4 m. ha/a (1981-90) 2A 1756 1217 832 37 25 17 539 924 31 53 154 154 1.0 12
4 2B 1756 1247 975 37 26 20 509 781 29 44 145 130 1.0 1.0
% Accelerating proportional 0.07%/a/10a (1971-90) 3A 1756 1236 911 37 26 19 520 845 30 48 149 141 1.0 11
o 3B 1756 1259 992 37 26 21 497 764 28 44 142 127 09 09
% Accelerating linear 0.14 m. ha/a/10a (1971-90) 4A 1756 1206 802 37 25 17 550 954 31 54 157 159 1.1 1.3 Max
4B 1756 1199 889 37 25 19 557 867 32 49 159 145 1.1 1.1

Note: A - continental level; B - sum of subnational units



TABLE 2.3
SCENARIO REGRESSION MODELS BY SUBNATIONAL UNITS
OF TROPICAL LATIN AMERICA, AFRICA, AND ASIA

Region Latin America Africa Asia
Model 1  Model 2 Model 3  Model 4 Model 5  Model 6
Forest Forest Forest Forest Forest Forest
area  area (% of area  area (% of area  area (% of
(% of land nonforest (% of land nonforest (% of land nonforest
Dependent variable area) area) area) area) area) area)
Independent variables Coefficient (standard error in parenthesis)
Intercept 2.74 ¥ D52 3.03 = X 2.30 ** 252 **
(0.39) (0.73) (0.54) (0.65) (1.05)
National population g (total) 071 % 2134 ** -0.12 -0.31 ** -0.20 -0.32
(0.20) (0.37) (0.09) (0.13) (0.17) (0.27)
Gross national product g (total) 0.30 ** 0.54 ** -020 = 024~ -0.11 -0.16
(0.15) (0.27) (0.08) (0.12) (0.12) (0.20)
Wet area ecological zone (ha) 0.15 **  0.34 *** 0.07 **  0.12 ** 0.13 ***  0.20 ***
(0.02) (0.04) (0.02) (0.04) (0.03) (0.04)
Dry area ecological zone (ha) X X -0.07 *** -0.10 *** X X
(0.02) (0.02)
Reliability of forest data high (0.1) -0.62 ¥ 122 *** -0.37 **  -0.68 ** X X
(0.14) (0.27) (0.18) (0.28)
Reliability of forest data low (0.1) X X -0.53 ***  -0.75 *** X X
0.11) (0.17)
Population data from 1960 (0.1) X X -0.32 ***  -0.60 *** X X
(0.11) (0.16)
National land area (ha) 0.36 ***  0.77 =~ 0.30 **  0.40 =~ 0.31 **  0.50 =**
(0.08) (0.16) (0.06) (0.08) 0.11) (0.17)
Countries 33 33 40 40 17 17
Subnational units 171 171 329 329 78 78
Observations 167 167 305 305 75 75
Adjusted R square 0.30 0.39 0.28 0.61 0.45 043
R square 0.32 0.41 0.30 0.62 0.48 0.46
Standard error 0.86 1.60 0.83 1.31 0.65 1.05
F-statistic 15.3 22.0 15.6 59.3 16.3 14.7
Significance of F 0.00 0.00 0.00 0.00 0.00 0.00
Maximum pairwise Pearson correlationt  0.87 0.87 0.76 0.76 0.87 0.87
(between independent variables in (1.2) (1.2) (1.2) (1.2) (1.2) (1.2)
parenthesis)
Notes:

*** = gignificance level under 1%

** = significance level under 5%

* = significance level under 10%

x = statistically nonsignificant variable excluded in order to minimize standard error.

Models estimated from FORIS database (FAO 1993), forest area as dependent variable by subnational units
of tropical Latin America, Africa and Asia (all variables in natural logatirthms; OLS estimation).

4.2.2  Deforestation scenarios

Next we introduce the deforestation scenarios based on the regression models (Table
2.4). By the year 2050, the total pantropical forest area is estimated to be between
1,070-1,200 million hectares. This scenario range matches the upper sector of the trend
fork (Table 2.2, Figure 2.4). The essential difference between the trend scenarios and
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regression model scenarios is that deforestation in the latter scenarios is estimated to
occur during the 1990-2025 period, which means a more rapid process of early
deforestation, which we regard as the realistic alternative. In fact, the whole scenario
range lies just below our trend fork by 2025 (Figure 2.4).

TABLE 2.4
SCENARIO MODEL ASSUMPTIONS AND RESULTS FOR LATIN AMERICA, AFRICA, AND ASIA

Latin America Africa Asia Total tropics
Sumof  Sum of

Model 1 Model 2 Model 3Model 4 Model 5Model 6 models models
1,4, &5 2,3, &6

Population growth rate (annual %)

1990-2025 14 14 26 26 1.4 1.4 1.7 1.7

2025-2050 0.7 0.7 1.6 1.6 0.7 0.7 1.0 1.0
GNP/capita growth rate (annual %)

1990-2050 -0.2 -0.2 -1.1 -1.1 3.1 3.1 0.9 0.9
Reliability

2025 A A C C D D

2050 B B B B D D
Forest area remaining, million ha

1990 918 918 528 528 311 31 1756 1756

2025 556 654 330 313 199 214 1068 1198

2050 556 654 330 313 199 214 1068 1198
Forest area remaining, % of land area

1990 56 56 24 24 35 35 37 37

2025 34 40 15 14 22 24 22 25

2050 34 40 15 14 22 24 22 25
Total reduction 1990-2025

million ha 362 264 198 214 112 97 688 559

% 39 29 37 41 36 31 39 32
Annual reduction over 1990-2025

million ha 10.3 7.6 5.7 6.2 3.2 2.8 19.7 16.0

% 1.4 1.0 1.3 1.5 1.3 11 1.4 1.1
Note: High dummy=0.5 if High dummy=0 in 1990

A
B Dummies excluded

C High dummy=0.5 if High dummy=0 in 1990; Low dummy=0.5 if Low dummy=1 in 199(
D No dummies

The continental deforestation scenarios produced by the two approaches are also
compared (Figures 2.3-2.4). A faster rate of deforestation to the year 2025, based on
regression modelling scenarios as compared to the trend scenario fork, will develop in
Africa and partly in Latin America. By 2050, the regression scenarios in Asia appear
even slightly above the respective trend scenario fork whereas in Africa and Latin
America, the match of the two types of scenarios is fairly good.
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FIGURE 2.3
NATURAL FOREST AREA SCENARIOS FOR TROPICAL LATIN AMERICA, AFRICA, AND ASIA
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Note: The cut line indicates low and high trend scenario, the asterisk and the cross low and high
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FIGURE 2.4
NATURAL FOREST AREA SCENARIOS FOR TOTAL TROPICS
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4.3 Scenarios on carbon fluxes

4.3.1 Assessing carbon fluxes

Human-induced net releases of carbon from forests to the atmosphere through changes
in forest cover depend on the quantities of carbon stored within the vegetation and the
soil, rate and form of deforestation, forest degradation, and the intensity of soil
disturbance. The amount of vegetation carbon in a hectare of natural forest can vary
significantly, according to temperature, precipitation, soil regimes, land form, forest
management, and other human or natural intervention. Thus, carbon estimates per
hectare can deviate considerably even within a given country or district. Using
approximations found in the literature, Trexler and Haugen (1995) have converted
hectare estimates of biomass carbon densities for three tropical climatic zones. Given as
tons per hectare, these are: 35-75 for dry, 75-125 for moist, and 125-225 for wet climatic

types.

In this study, the estimates for carbon stored in vegetation per unit of forest area are
based on the carbon pool and flux analyses conducted by Dixon et al. (1994), who
classify the world's forests into three latitudinal belts: low-, mid-, and high-latitude
forests that are located between 0 to 25, 25 to 50, and 50 to 75 latitudes, respectively.
Nations or regions are grouped by latitude on the basis of the approximate geographic
location of their forests. The estimated area-weighted carbon densities for forest
vegetation and soil densities vary considerably within the continent (Table 2.5). As
Dixon et al. (1994) point out, uncertainties exist for all forest groups, but major
inconsistencies are in the low-latitude forests. Spatial variation in vegetation carbon
density estimates may be up to 90 per cent of mean values. Although estimates of
biomass carbon densities have been improved, these are in need of constant refinement
to reflect the continuous forest degradation.

TABLE 2.5
ESTIMATED AREA-WEIGHTED CARBON DENSITIES IN FOREST VEGETATION AND SOILS

Total (vegetation

Vegetation Soil and soil)
Carbon density  Reduction Carbon density ~ Reduction Carbon flux
(Mg/ha) % (Mg/ha) % (Mg/ha)
Africa 99 70 120 30 105.3
Asia 132-174 70 139 35 155.75
Latin America 130 80 120 40 152

Source: Dixon et al. (1994); Brown et al. (1993); Houghton et al. (1987); FAO (1996)

Forest degradation often advances faster in tropical rainforests than deforestation. For
example, the primary forests of the Malaysia Peninsular were reduced in area by 12 per
cent, but lost about 35 per cent of their biomass carbon density during 1972-82 as a
result of harvesting large-diameter trees. These estimates are based on two subsequent
national forest inventories (Dixon et al. 1994). Also Trexler and Haugen (1995) point
out that information is sketchy on the magnitude and patterns of degraded tropical
forests which are not yet fully deforested, and the impact of these on carbon flows.
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There are also wide variations in estimates of the organic-matter content of tropical
forest soils. However in general, the range of guesstimates on soil carbon content is not
as wide as for the estimates for living biomass (Nilsson and Schopthauser 1995).

The amount of carbon flux during a deforestation process is determined by the type of
land-use conversion and the length of time after deforestation. The absolute proportion
of carbon lost varies considerably, depending on the circumstances, for example,
whether land has been cleared for cultivation or pasture purposes. The pattern of loss
over time—for example, biomass burning versus trees cut and left to decay—also
affects carbon flux. When a tropical forest is converted to pasture or permanent
agriculture, the amount of carbon stored in the secondary vegetation is equivalent to the
carbon content of the biomass of planted crops, or grass grown on pasture. When a
secondary forest is allowed to grow, carbon accumulates, and maximum biomass
density is attained after a relatively short time. The greatest loss of carbon occurs during
land-use transformation from a primary closed forest to permanent agriculture.

Various estimates have been made of the net amount of carbon released from the soils in
conjunction with tropical land-use changes. According to these estimates, biomass
carbon losses range from approximately 60 per cent as a result of shifting cultivation to
nearly 100 per cent as a result of permanent agriculture. Soil carbon losses after forest
clearance are in the range of 20-50 per cent, depending on the land-use conversion
(Brown et al. 1993; Houghton et al. 1987; Trexler and Haugen 1995; Nilsson and
Schopfhauser 1995).

Much of the clearing of forests for agriculture in the tropics is cyclic because the
practice of shifting cultivation enables reforestation to develop on fallow lands during
and after food crop harvests. The period of fallow, after which the forest may be burned
and cleared again, may last from 3 to 80 years, according to cultural and environmental
conditions. Over the long term, the constant rate of deforestation resulting from shifting
cultivation will not contribute to a net flux of carbon into the atmosphere, because the
amounts released during burning are offset by carbon accumulation achieved through
regrowth (Houghton ez al. 1987).

In the assessment by FAO (1996), it was estimated that the most common transition of
forest cover during 1981-90 was to other land cover, mainly to accommodate cattle
ranching and permanent agriculture (49 per cent), followed by short fallow for
subsistence agriculture (17 percent) and fragmented forest consisting of a
forest/non-forest mosaic (10 per cent).

These results were based on a quantitative study of pantropical forest cover changes as
analysed with a remote sensing survey of the same 118 sample plots from 1980 and
1990 (FAO 1996). The study indicated not only quantitative differences among the three
tropical continents, but also strong regional characteristics in the process of change.
Tropical forests in Africa are characterized by the transition from closed forests to short
fallow. These are defined as temporal agricultural areas with short fallow periods, and
thus do not comply with the forest definition. Tropical forests in Latin America are
dominated by conversion from closed forests to other land cover. This type of change
appears to be the result of centrally-planned operations such as government resettlement
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schemes, large-scale cattle ranching and hydroelectric projects. Asian tropical forests
show two primary conversions: from closed forests to other land use or to short fallow,
the former resulting from government resettlement schemes and large plantation
programmes (FAO 1996.)

The examination of carbon flows during a land conversion process varies among
different studies. For example, Trexler and Haugen (1995), basing their selection on the
literature, used the figure of 80 per cent for each continent to represent the biomass
carbon released during land clearing. This study is based on the assumption that the
characteristic land-use changes within the regions (and subsequent carbon fluxes) given
in FAO's Tropical Forest Assessment (1996) will continue over time.

In calculating carbon fluxes, it is important to determine whether fallow forest is
permanently taken over as cultivated land or reverted to woodland. In Asia, for instance,
this type of change generally follows the sequence—closed forest, long fallow, other
land cover and closed forest, short fallow, and other land cover—which reflects the
expansion and intensification of shifting cultivation. The assumption here is that most
fallow forests are eventually transformed to permanent agriculture or degraded lands.
However, as forest areas cleared annually for shifting cultivation have increased (FAO
1996), the areas of fallow forest may not necessarily decrease.

4.3.2 Scenario results

The carbon loss figures for the continents were calculated according to FAQ's estimates
of the percentage conversion of closed forests to different land cover types? and the
compiled approximations of carbon losses resulting from these conversions (Brown et
al. 1993; Houghton et al. 1987; FAO 1996). It is estimated that carbon fluxes released
from vegetation will amount to 70 per cent of the original quantity in Africa and Asia,
and 80 per cent in Latin America, and as a result of deforestation, carbon fluxes from the
soil will be 30, 35 and 40 per cent of the original amount, respectively (Table 2.5). The
figures are, of course, rough average estimates of actual variations, as no reliable
empirical data exist for these variations. However, for this type of aggregate analysis,
these are fairly illustrative. Because carbon releases extend over a long timeframe, a
constant rate of release was assumed until 2050, totalling 70-80 per cent from vegetation
and 30-40 from the soil.

These trends can be regarded as the base scenarios, based on the assumption that the
causal mechanism of deforestation prevailing in 1980-90 will continue until 2050.
According to the trend scenarios, total tropical forest area could decrease by 590-1,040
million hectares by 2025. This implies carbon fluxes in the range of 80-150 GT (Table
2.6 and Figure 2.4). On the other hand, trend computations produced an interesting
result: pantropical deforestation has accelerated slightly from the 1970s to the 1980s
(Tables 2.1 and 2.2). In order to be able to calculate trends 3-4, we computed backwards
to 1970 from the original year observations with the Chapman-Richard-model, as FAO
(1993) had used this model for the 1980 and 1990 updates.
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Based on our regression scenarios on deforestation for 1990-2025, some 560-690
million hectares are projected to become deforested and 70-100 GT of carbon to be
emitted into the atmosphere (Table 2.6). This analysis indicates that if deforestation
could be prevented and the existing tropical forest cover sustained over the same period,
the cumulative conserved amount of carbon would match carbon emissions given above.
Tropical carbon conservation potential is the greatest in tropical America (40-55 GT C),
followed by Africa (21-23 GT C) and Asia (15-17 GT C).

TABLE 2.6
CUMULATIVE DEFORESTATION (MILLION HA) AND CARBON FLUXES (GT C), 1990-2025
This study
Trexler & Haugen (¢ Matsuoka et al. (2 Trends Regression models
Deforest- Deforest- Deforest- Deforest-

ation Cflux @ ation C flux 2 ation C flux ation C flux
Africa 196 12.0-20.6 290 25 181-250 19.0-26.3 198-214  20.8-22.5
Asia 148 11.6-20.4 106 15 130-235 20.2-36.6 97-112 15.1-17.4
Latin America 305 17.4-35.7 304 28 276-558 42.0-84.8 264-362  40.1-55.0

Total tropics 648 41.0-76.7 701 68 587-1043 81-148 559-688  76-95

Notes: (1 1990-2045;

(2 Medium scenario;
(3 Low and high estimates of carbon.

TABLE 2.7
EFFECT OF POPULATION ESTIMATE CHANGE ON FOREST COVER, 2025 (AND 2050)
Region  Latin America Africa Asia Total tropics
Sum of  Sum of
Model Model Model Model Model Model models models
Kind of decrease 1 2 3 4 5 6 1,4,5 2,3,6
Population coefficient -0.71  -1.34 -0.12  -0.31 -0.20 -0.32
Population change 2015
millions ( -17 -17 -26 -26 -92 -92 -134 -134
% (@ -2.9 -2.9 -2.7 -2.7 -3.8 -3.8 -3.4 -3.4
Dependent change
2025 (%) +2.1 +3.9 +0.3 +0.8 +0.8 +1.2
Forest area change
2025
% +2.1 +2.3 +0.3 +0.5 +0.8 +0.9 +1.4 +1.5
million ha +11 +15 +1 +2 +2 +2 +15 +18
% of land area +0.7 +0.9 +0.0 +0.1 +0.2 +0.2 +0.3 +0.4

Note: (1 Change from 1994 edition estimate to 1996 edition estimate in UN World Population
Prospects Medium Variant.

Our regression models were calculated on the basis of the 1994 revision of the world
population prospects (UN 1995). The 1996 revisions (UN 1998) became available just
before the completion of this study and projected a 2.7-3.8 per cent lower population
growth by 2015 respectively for the three tropical continents. The sensitivity analysis
accordingly reflects the effects of this change on tropical deforestation scenarios. In
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Africa, the effects are negligible and in Asia rather modest, but by 2025 (and in 2050)
the remaining forest area in Latin America would be 2.1-2.3 per cent higher than
reported in Tables 2.4 and 2.7). The deforestation impacts deviate from the percentage
declines of population growth prospects due to the variation in the regression
coefficients (Table 2.3, row 1).

S.  DISCUSSION

5.1 Evaluation of our results

In our opinion, an expansion in natural forest covers during 2025-50 is unlikely,
although most tropical forests regenerate naturally (e.g. Kuchli 1997) and successful
reforestation may occur without excessive human effort. The scale within which this
may be feasible, however, has been exaggerated (e.g. Kuchli 1997). The only
pantropical quantitative analysis which we are familiar with, does not indicate any
overall natural reforestation, but does suggest a slight increase in Asia with a rather high
sampling error (FAO 1996).

Forest plantations in developing countries have doubled from 1980 to 1995, and now
total 80-100 million hectares. About half of these are located in the tropics. According
to an outlook by FAO (1997), plantation area will increase at least until 2010. However,
in our scenarios we are concerned with natural forests only, and it is important to
remember that natural and plantation forests are so different in most respects that they
cannot compensate each other or maintain similar benefit streams. Plantations have only
about half the amount of carbon in their biomass, as compared to natural tropical forests
(FAO 1996). Carbon contents of the soil are most likely even lower, because of erosion
risk on plantation sites.

We believe that the regression modelling produced sounder scenarios than the trend
modelling. This is based on the fact that the regression models have eight independent
variables to control the deforestation process, and external scenarios were available for
five of these. In the regression modelling, a scientific basis was used to select the future
alternatives for the independent variables. If there are deviating views on these
prospects, it is possible to rerun the modelling with amended values, whereas the trend
scenarios are fixed according to the choice of equation.

The regression scenarios show that deforestation will stagnate after 2025. Economic
grounds also support the assumption that deforestation will eventually slow down. As
each forest hectare is destroyed, the value of the remaining regions will slowly increase
since the agriculturally more productive and accessible areas are converted first, making
the conversion of additional hectares less profitable (e.g. Byron and Perez 1996). In the
scenarios, economic growth is expected to continue relatively fast (+3.1 per cent per
annum; Table 2.4) in Asia, where the critical threshold of US$ 1,500 in Kuznets
hypothesis will be surpassed by 2025.
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In Latin America, the income threshold point has been already passed. This means that
if instead of the zero growth trend (1980-90) assumed here, the ongoing economic
growth continues at about 3 per cent per annum which is the 1991-96 average level, this
would decrease deforestation pressures (Table 2.3). On the other hand, our assumption
of an economic growth in Africa of -1.1 per cent per annum supports the slowing down
of deforestation because the income threshold point has not yet been passed in Africa.
However, the regression coefficient of GNP is so low (-0.20 in Table 2.3) that the effect
of increased deforestation resulting from positive economic growth expectations of 3-4
per cent would remain rather low (Della Senta and Park 1999). In this study, the annual
reduction of forest area in Africa is 6.2 million hectares, while a more recent paper on
scenarios of African deforestation by Palo and Lehto (1997) with the same logistic
function indicated 5.3 million hectares. However, the range of the sensitivity analysis is
from 4.9 to 8.1 million hectares. In the 1997 study, the modeling was expanded to 16
independent variables instead of the eight used in this analysis, and also used original
year variables instead of updated 1980 and 1990 variables as primary input data. More
comprehensive sensitivity analysis on the effects of three alternatives of population and
income growth were also conducted.

In another more recent African study (Gaston ef al. 1998) a more detailed survey and
estimation of carbon densities for biomass for both above and below ground were made.
They arrived at somewhat lower carbon densities, 82 Mg per ha than the 99 Mg per ha
of our study. If this figure by Gaston is the more reliable estimation, it would seem that
we have used 17 per cent too high input carbon density.

The Brazilian Amazonian deforestation scenarios calculated by Reis (in this volume)
produced a diminishing rate of deforestation already by the year 2010. The result is
based on the fact that government policies—for instance, credit subsidies and
colonization programmes—have changed. While recognizing the importance of these
policy instruments, it was not possible to include these in our modelling. In addition, the
recent great fires in Brazil, Mexico, and Indonesia have increased deforestation.

It is interesting to compare the present results to some conclusions from pioneering
studies. For instance, Palo and Mery (1986) produced five different trend scenarios for
tropical deforestation in 72 countries. The three non-linear scenarios of this 1986
analysis show that by 2025, the remaining forest area will be in the range of 960-1,280
million hectares, an outcome which compares favourably with the present results of
1,070-1,200. The linear scenarios show less dramatic declines in forest areas
(1,580-1,620) but Palo and Mery were convinced that the 1986 results were more
realistic in relation to the provisional theory of deforestation they launched already in
the early stages in the history of deforestation modelling.

It is evident that our carbon flux scenarios, in comparison with estimates by Matsuoka et
al. (1994), are rather similar for Asia, but somewhat lower for Africa. However, the
approximations for Latin America are higher in our study, although deforestation
scenarios are in the same fork. The Matsuoka ef al. study is based the 1980 FAO/UNEP
tropical forest resources assessment data (Lanly 1982: 106). However, according to
FAO (1995a: 22) the 1980 assessment, as compared to the 1990 assessment, had
overestimated total tropical natural forest area by 9.4 per cent. In addition, the scenarios
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by Matsuoka et al. are based on modeling which utilizes only population scenarios while
this examination applies eight independent variables, five of which are provided with
external scenarios.

The carbon flux estimates by Trexler and Haugen (1995) are low compared with the
scenarios conducted here, perhaps because Trexler and Haugen include only vegetation
carbon, a fact which underestimates the outcome (Table 2.6). Preferring to use a kind of
Delphi-technique, Trexler and Haugen did not apply an objective modelling in their
scenario making. They sent about 600 questionnaires to relevant experts in 52 countries
in order to assess how a number of relevant deforestation-determining factors would
possibly change in the future. A similar questionnaire approach was used by FAO until
the 1970s when it was abandoned as unreliable (Persson 1977).

Compared to earlier works by other researchers (Table 2.6), this analysis utilizes the
most reliable and up-to-date forest resources data given in the 1990 FAO assessment
(1993) and we thus believe that the regression scenarios applied produce very realistic
indications of options available to future decision makers. Similarly, our trend forks also
map the potential future as base scenarios founded on the assumption that there will be
no changes in causal factors. The 1990 assessment also facilitated the use of a large
number of observations (578 subnational units in all the tropics) from FORIS-database
(FAO 1993).

Our scenario-oriented regression modelling is also quite explicit and the independent
variables were selected on the basis of the theoretical considerations in our previous
causal modelling of tropical deforestation (Palo and Lehto 1996; Palo and Vanhanen,
forthcoming). Our models cope reasonably well with the standard quality criteria (Table
2.3).

5.2 Comparison of deforestation estimates

The most challenging issue regarding the reliability of our results concerns a comparison
of values produced by FAO (1997) which re-estimated annual deforestation of tropical
natural forests over 1980-90 at 14.6 million hectares and a new respective estimate for
1990-95 at 12.9 million hectares. This would indicate a decelerating pace of
deforestation. On the other hand, our data source identified an annual average
deforestation rate of 15.4 million hectares for all tropical forests over 1980-90 (FAO
1993). Our regression scenarios produced a respective variable in the range of 16.0-19.7
million hectares from 1990 to 2025 (Table 2.4). Our results indicate higher
deforestation than FAQO's findings. However, both models indicate a gradual slowing-
down of deforestation.

In two subsequent reports, FAO (1997: 10) explains the deviating results for 1980-90 as
follows: 'A revised figure of forest cover in 1990 is based on updated population figures
for 1990 and some new inventory reports which were available in 1996'. This
amendment which could not be considered in our computations may have produced
overestimations of a maximum of five per cent compared to the 1990 base year for our
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scenarios. By reducing our scenario range by five per cent, we arrive at 15.2-18.7 as the
annual average for 1990-2025. This is still higher than the FAO approximation of 12.9
for 1990-95 (FAO 1997).

It is possible that the final answer will remain unresolved, but some argumentation can
be put forward. FAO computed the 1980, 1990, and 1995 forest area estimates from the
original random year national inventory data by means of the so-called Chapman-
Richards model (FAO 1993; Scotti, forthcoming). The asymptotic function form will
have a stronger decelerating effect the longer the time span in the calculations. The FAO
model also uses relative population growth data and it is true that in Latin America and
Asia relative population growth rates have been progressively decreasing, while in
Africa these have been successively increasing (UN 1998).

In our calculations, we have applied logistic and logarithmic functions (Table 2.3), the
form of which deviates from the Chapman-Richards model. The effect of the two
function forms appears as 2.6 million hectares as the annual average deforestation
scenario from 1990 to 2025 (Table 2.4). We also applied absolute population growth
data as the number of inhabitants, which has increased—and will successively continue
to do so until 2050 (UN 1998). Both models apply ecological zones, albeit in somewhat
different ways: FAO applied lagged forest cover as a third independent variable, which
most likely has a prevailing effect, while our examination used GNP and data reliability
variables. Consequently in our study, increasing values of these variables are considered
to contribute to expanding deforestation until 2025.

The most reliable assessment of pantropical forests and their deforestation were
executed as a multi-date satellite image sample survey by FAO (1996). Both this study
and the FORIS-database (utilized here), produce almost identical guesstimates on the
total 1980 and 1990 tropical forest areas (FAO 1996: 78-9). The simple Pearson
correlation coefficient for the two area estimates was 0.969. The respective correlation
for the deforestation estimates was clearly only 0.793. From this aspect, it would seem
that no strong empirical evidence supports FAQ's (1997) calculation of a five per cent
reduction in the 1990 forest area, compared to their earlier assessment (1993). It is
possible that, if the multi-date satellite survey were to be repeated, the World Forest
Resources 2000 Assessment could bring new empirical light to this front, but as of
November 1998, this special study had not been fully funded (Palo's interview at the
Forestry Department of FAO).

5.3 Future research

The weakest aspect of the present analysis is the transformation of deforestation
scenarios into carbon flux scenarios, particularly on the part of Africa. These could be
improved by integrating the results of the study by Gaston et al. (1998) as inputs into
our modelling. Similar studies could also be extended to the other parts of the tropics.

Future research could also include modelling by forest ecosystems. The future of
tropical rainforests is the focus of acute international interest, but the present FORIS-
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database provides information only at the national level, which limits the quality of
modelling.

We aim to expand our modelling from the 90 countries included in this analysis to all
115 tropical countries and all 28 nontropical developing countries included in the newly
available enlarged version of FORIS-database from FAO. This would include an
additional one million hectares of annual average deforestation in our modelling over
the period 1981-90. Natural forests and forest plantations should be separately modelled
(FAO 1995a, b). Also, we propose to focus future modelling specifically on the ten
largest tropical countries with regard to forest area: Brazil, Democratic Republic of the
Congo (Zaire), Indonesia, Peru, Colombia, India, Bolivia, Mexico, Venezuela, and
Sudan which together cover 65 per cent of all tropical natural forests. Brazil, Indonesia,
and the Democratic Republic of the Congo together account for 45 per cent of all
tropical forests (FAO 1993). As Brazil and Indonesia have been individually studied
(Reis in this volume; Reis and Blanco, forthcoming; Young, as well as Solberg and
Purnama in this volume), would be the next relevant country for an individual modelling
analysis.

Modelling of deforestation could also be improved from the present examination by
expanding the methodology of African deforestation scenarios (Palo and Lehto 1997) to
cover the other tropical continents. After a closer residual analysis, instead of the two
different models of the current analysis, we would apply only the logistic function form
(models 2, 4, 6 in Table 2.3). Also modelling would start from the original random year
national forest inventory data, instead of the updated base years' data as in this study.
The number of independent variables would also be increased.

Naturally, the modelling of forest transitions and carbon fluxes should be expanded to
include all the 179 countries of the world that are covered by FAO's Global Synthesis
Assessment (1995a and 1997). This would provide an integrated basis for global forest
transition, carbon flux scenarios, and policies. A pilot study has been carried out on this
front by Palo and Lehto (1998).

NOTES

* We wish to thank Pekka Kauppi for his advice on carbon flux data sources.

1 However, there are expectations that some stabilization of the world population could happen after 2080
(Lutz 1996: 500).

2 These include plantation, open forest, long fallow, fragmented forest, scrubs, short fallow, other land
cover.
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CHAPTER 3

FOREST EXPANSION AND CARBON FLUXES IN THE NORTH

Pekka E. Kauppi

1. INTRODUCTION

Forestry affects the fluxes of carbon dioxide between the atmosphere, vegetation, soils
and forest products, and is a potential agent both in contributing to and in controlling the
emissions of carbon dioxide. Tans et al. (1990), Quay et al. (1992) and Keeling et al.
(1996) have concluded, based on flux measurements of atmospheric gases, that there has
been a net flux of carbon dioxide from the atmosphere to land ecosystems in the
northern hemisphere. In other words, terrestrial ecosystems in the north have
sequestered carbon dioxide from the atmosphere. The land area of China, Europe, Japan,
former USSR, and North America totals 5.5 billion hectares. Although forests and other
wooded land cover only 2.1 billion hectares of this area (FAO 1995), they can be very
significant in the global carbon budget. The carbon pool per unit of land is much larger
in forests than in agroecosystems, in alpine and arctic regions, or in deserts.

Dewar (1990) has shown that when forests are managed for the maximum yield of
biomass, the contribution to carbon storage from timber products is about 2.5D/T* times
the contribution from living trees, where D is the characteristic decay time for
reconversion of timber products to carbon dioxide, and T* is the rotation period for
maximum sustained yield. When D/T* exceeds a critical value of about 1.0, managed
forests and their products together store more carbon than unmanaged forests alone,
assuming that soil carbon is not affected. The asymptotic, long-term storage of carbon
increases linearly with increasing D.

When forests are converted to agricultural land, the carbon pool is diminished. Also,
when old-growth primary forest is cleared and converted into forest which is managed
for maximum sustained yield, the standing biomass is reduced by about two-thirds or
more (Cooper 1983; Harmon et al. 1993). The ratio D/T* in this case is very low,
assuming that new forests at the end of the rotation would be similar to -growth forest.

Almost all of the old-growth forests in central Europe were cleared already by the
Middle Ages (Kandler 1992). European forests are essentially secondary forests. Also in
the United States, settlers had utilized the eastern forests as well as large areas of the
western forests by the 19th century. Only a small fraction of land remained as old-
growth. After the deforestation phase in the US, forests areas ceased to decline around
1940, and the forests have since then recovered in terms of area, growing stock and the
net annual increment (Clawson 1979).
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The biomass of secondary forests has increased, because the annual drain (cutting
removals plus the boles lost in fellings) has been less than the annual net increment.!
The analysis of this development must address two critical questions: first, why has the
drain (cuttings) been so small?, and second, why has the net annual increment been so
large? The following brief remarks are made as a basis for the carbon analysis.

The drain in industrial countries has not increased very much over the last 50 years
because oil, natural gas and electricity have replaced the use of wood for space heating,
thus reducing demand for firewood. At the same time, forest industries—like all other
large industries—have improved their efficiency. More and more products are drawn
from one unit of raw material (Ausubel 1996) and the recycling of forest products has
been one dimension of this evolution. In conclusion, at least two trends have contributed
to a decrease of harvesting: i) replacement of wood by non-renewable materials; and ii)
efficiency improvements in forest industry and recycling.

The net increment of North American and European forests has increased in the second
half of the twentith century (Clawson 1979; Kuusela 1994). Silvicultural expertise has
been widely used for obtaining high timber yields. The objectives of silviculture have in
particular focussed on the efficient regeneration of new forest stands and the
maintenance of a large growing stock during all phases of stand rotation. All evidence
indicates that forestry has been successful in this respect, and the implications are
manifold on the fluxes and pools of carbon, both in ecological and economic terms
(Hoen and Solberg 1994).

Parallel to the silviculture progress, the prevaling trend in productive agriculture has
concentrated on smaller and most productive areas (Waggoner 1994). Less productive
land has been abandoned to become available for other uses including forestry. Grazing
in particular has become more concentrated, not only because technical efficiency has
improved, but because it has been 'difficult to get fockmasters (shepherds) and their
families to live and work in isolated conditions in remote areas' (UN-ECE/FAO 1986).
Reduced pressures of grazing have promoted forest regeneration and regrowth. In
Europe, air pollution has predominately had a positive effect on the growth rate of
individual trees, that is, pollution has enhanced forest increment, notably because of
nitrogen deposition (Spiecker et al. 1996).

Hence, there have been at least four different trends contributing to the increase in net
forest increment: i) intensive silviculture; ii) expansion of forest land; iii) reduced
grazing pressures; and iv) increased rates of nitrogen deposition.

It follows from this brief analysis that the forest vegetation carbon pool is not in
equilibrium but is expanding. The aim of this chapter is to describe and quantify, based
on recent reports,? this forestry development in western Europe and the US. The general
trends are presented and discussed with specific references to the global northern
forests, thus revisiting the analysis by Sedjo (1992). An outlook is also presented on the
eventual future development of carbon pools.
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2. METHODS AND RESULTS

2.1 Vegetation
2.1.1 Europe

Based on the Forest Resource Assessment of 1990 (FAO 1992), Kauppi and Tomppo
(1993) have estimated the annual C fluxes related to forest vegetation in seventeen west
European countries.3 Net annual increment and drain were converted to carbon flux
estimates by taking into account the density of dry matter in wood, carbon content in dry
matter, and the ratio of stemwood to total biomass, including crowns and roots.

The data were based on the official statistics of each country and focused on the year
1990. At the end of the 1980s, only three countries in Europe, notably Austria, Finland
and Sweden, monitored net forest increment directly by taking statistically
representative measurements of forest growth in the field. The other fourteen countries
relied on yield tables and other methods to estimate the net increment. The analysis
aimed for the year 1990 but in most cases primary measurements had been conducted
during 1985-88. In certain extreme cases, measurements were 10-15 years old, thus
referring to forests existing in 1975-80. The estimations of drain were based on
industrial and other statistics which were more recent and more comparable between
countries.

In all countries the drain was less than the net annual increment indicating an
accumulation of vegetation biomass in the forests. The total area of forest and other
wooded land in these seventeen countries is 91.2 million hectares. The carbon pool in
vegetation is estimated to increase at a rate of 40-60 Tg yr-! (= Teragrams per year =
1012 g yr-1 = million tons per year). This implies an accumulation of 0.45-0.65 Mg C
ha-lyr-1, or 45-65 g C m-=2yr-l. The extremes were Greece and Ireland where the
accumulation rates were about + 0 and + 150 g C m-2yr-1, respectively. In Ireland, where
the forests are mainly young and fast-growing conifer plantations, the drain has been
only about one-half of the net annual increment (Kuusela 1994).

2.1.2  The United States

In their analysis Turner et al. (1995) refer to conterminous US, excluding Alaska. The
data are from forest inventories and are statistically representative (Heath and Birdsey
1993). Methods within the different regions of the US are less heterogeneous than
between the seventeen European countries. The landbase in Turner ef al. (1995) is 200.7
million hectares of timberland, that is, more than twice the size of the area of the west
European study. Turner ef al. (1995) include only forest land, which is defined as land
capable of producing 1.4 m3 ha-lyr-! of industrial wood. The US has a total area of 296
million hectares of forests and other wooded land (FAO 1996).

Living trees in the conterminous United States, according to Turner ef al. (1995),
contain 12,100 Tg carbon. This pool is increasing at rate of 65 Tg yr-1. This implies an
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average accumulation rate of 32 g C m-2 yr-1, which is slightly less than the rate reported
for western Europe. The highest accumulation rate within the US is in the northeast
region (New England) on private lands.

2.1.3  Russia and Canada

Large areas of forests in Russia and Canada have remained in a state of unmanaged
wilderness, a situation different from Europe. In Russia, for example, measures to
provide protection against fires and pests cover only 60 per cent of the forests (Nilsson
and Shvidenko 1997). Even in the protected zone, large areas are sparsely populated and
fires in high forests in these areas are a more common occurrence than in western
Europe. Forest fires and other natural disturbances tend to vary greatly in remote areas
as a result of diverse climate and forest characteristics (Kurz ef al. 1995; Kurz and Apps
1996).

The carbon reservoir per hectare of vegetation in boreal forests is approximately the
same in the wilderness areas of Canada and Russia than in Scandinavia and Finland,
where logging has replaced natural disturbances (Botkin and Simpson 1990; Alexejiev
et al. 1995; Kauppi et al. 1997). Transition from virgin to managed forest may not imply
a decrease of the carbon reservoir, although cases of large reductions have been
documented (Harmon et al. 1990).

2.2 Soil and other forest components

Vegetation carbon as calculated above includes the carbon in roots but excludes the
carbon in the soil, forest floor, woody debris, and understory. In the US, the soil pool is
estimated to contain 18 200 Tg C, an average of 9.1 kg m-2 (Turner ef al. 1995). In the
mature coniferous forests of Finland, the C density in the organic horizon plus mineral
soil layer to a depth of one metre is measured to range from 4.0 to 11.9 kg m-2, and there
is an additional 1.3-2.4 kg m-2 stored in the layer between the one-metre depth and
groundwater (Liski and Westman 1995). According to Turner ef al. (1995), the sum of
the additional pools in forest floors, woody debris and understory is 3.2 kg m-2.

Even though the soil carbon pool and other stores are relatively well documented, the
eventual rates of change of these pools are poorly known. As there are no direct
measurements or statistics on these fluxes, the only way to estimate eventual increases
or decreases is to use ecological models and to have an understanding of the ecological
processes involved.

Mellillo et al. (1993) estimate that the mean net primary production (NPP) of a
coniferous forest is 240 and 460 g C m=2 yr-! in the boreal and temperate zones,
respectively. NPP is the sum of forest increment, mortality, and litter production. In
boreal coniferous forests, the production of needle and fine root litter constitutes
approximately one-half of the NPP (Albrektson 1980; Persson 1983).
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It is reasonable to assume that at least a half of the annual NPP enters the soil in the
form of litterfall mainly from roots, needles and branches, adding 120-230 g C m-2 yr-!
into the soil. An additional accumulation in the order of 70 g C m-2 yr-! is released into
the soil from removals, as only the stem is utilized for industrial and other uses.
Consequently, a total of about 200-300 g C m-2 yr-! annually enters forest soil. The
interesting question is whether the soil carbon pool is in equilibrium, that is, whether
decomposition, leaching, and fire cause a similar flux of 200-300 g C m=2 yr-! to be
removed from the soil (Olson 1963).

Qualitatively it would appear logical that if the carbon pool in vegetation is increasing
and subsequently vegetation sequesters increasing amounts of carbon, then also the
carbon pool of the soil must increase and sequester additional carbon. Currently, there is
no direct evidence available which could show that this is actually occurring. Let us
assume that forest soils in western Europe and the US can accumulate carbon at the
same rate as vegetation: 45-65 and 32 g C m-2 yr-! in Europe and the US, respectively.
The annual input of carbon into the soils is estimated above at 200-300 g C m-2 yr-1. An
accumulation of 45-65 g C m-2 yr-! would imply an output flux from the soil of 140-240
g C m=2 yr-1. Ecologically, such a disequilibrium seems reasonable, and an even higher
disequilibrium is possible, corresponding to a sequestration rate of, say, 50-100 g C m-2

yr-l.

For the landbase of the European study, a rate of 45-65 g C m-2 yr-! implies an annual
sequestration of 40-60 Tg carbon into the forest soil. Assuming a rate of 32 g C m-=2 yr-1
would yield a slightly greater sequestration in the US, 65 Tg yr-1, because the landbase is
larger. However, these estimates are based on ecological reasoning and indirect
evidence, without such direct measurements as estimates of forest vegetation.

2.3 Products and landfills

Statistics on wood removal indicate a harvest of about 300 million cubic metres in the
seventeen west European countries (FAO 1992). This flux of wood contains about 60
Tg carbon. About one-third is lost during the industrial processes and 40 Tg is
transferred annually to the products (Pingoud et al. 1996). Removals in the US in 1990
totalled 620 million cubic metres, which on assuming similar technology as in Finland,
would imply about 120 Tg being removed from the forests and about 80 Tg being
transferred into products annually.

These production figures refer to the input of carbon to the product pool. The output
from the pool is the balancing process, that is, degradation and retirement of old
product. Changes in carbon stock can be estimated as the difference between input and
output. Increases/decreases in the stock can be determined through the collection of data
for consecutive years. Based on statistics on Finnish products, Pingoud et al. (1996)
estimate that the stock in 1990 increased only by 0.6 Tg C yr-1, although the input rate
was ten times as high. Landfills are effective accumulators of carbon: the inflow rate is
estimated at 3.6 Tg C yr-1, and the net change of the storage at 2.8 Tg C yr-1.
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For a sequestration transfer of 0.6 Tg C yr-! to products, the Finnish industry used a flux
of 10.5 Tg C yr-1 as timber removals. The ratio of product sequestration/removals was
0.6/10.5 = 0.057. Similarly, the ratio of landfill sequestration/removals was 2.8/10.5 =
0.267. Removal estimates are available for western Europe and the US, and an
extrapolation is possible, based on the assumption that the Finnish data are a fair
representation of western Europe and the US in terms of product mix and usage of
products.

Removals in the seventeen west European countries contained annually about 60 Tg
carbon (Kauppi and Tomppo 1993). This would imply an accumulation of the product
pool of 0.057 x 60 = 3.4 Tg C yr-1; and an accumulation of landfill pool of 0.267 x 60 =
16 Tg C yr-1. In the US with an annual removal of 120 Tg, the respective accumulation
would be about 7 and 32 Tg C yr-! in products and landfills, respectively. Additional
carbon is imported, especially into the US, as wood products. In the 1980s the fellings in
Canada were about 150-170 million cubic metres, of which about two-thirds were
exported, mainly into the US. A total of 20 and 50 Tg C yr-! can thus be sequestered in
west Europe and the US, respectively, in forest products and as retired forest products in
landfills. The results are summarized in Table 3.1

TABLE 3.1
RATES OF CHANGE OF THE MAJOR CARBON POOLS IN WEST EUROPE
AND THE UNITED STATES

Western Europe United States

Carbon reservoir gCm2yrl TgCyrl gCm2yrl TgCyrl
Living trees 45-65 40-60 32 65
Soil 45-65 40-60 32 65
Other forest components - - -
Products 3.4 10
Landfill 16 50
Total 100-140 190
Note: See text for definitions of the area and other explanations. Estimates for living trees are based

on direct measurements; other estimates are indirect evaluations based on expert opinion.

3.  DISCUSSION

The forest histories of west Europe and of the US are similar in that land clearance for
pasture and agriculture, and the utilization of firewood and other non-industrial wood
had earlier resulted in a substantial decline of forest resources. Old-growth forests were
mainly harvested during that period. These trends have reversed dramatically, and forest
resources, in terms of land area, average growing stock, and net annual increment have
increased during the second half of this century at an accelerating rate. The secondary
forests are regrowing vigorously, and sequestering a considerable flux of carbon from
the atmosphere.
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Forest areas in western Europe and in the US total about 0.3 billion hectares, or about 15
per cent of the area constitutes northern forests in the boreal and temperate zone. It can
be firmly established from direct observations that the carbon pool of living trees is
expanding and sequestering carbon at a rate of about 100-120 Tg yr-1. It is possible that
this is an underestimation. Forest inventories are incomplete, and a part of the data dates
from the 1970s and the 1980s, and can be lower than for the 1990s.

Based on indirect evidence and ecological reasoning, it is estimated, albeit with
uncertainty, that the forest soil of this area can sequester a similar or slightly larger level
of atmospheric carbon to the ecosystem than that sequestered by living vegetation. In
addition, the carbon pool of forest products and landfills is increasing at a rate of about
50-100 Tg yr-1. Total sequestration, including vegetation, soil, products and landfills in
west Europe and the US, can be in the magnitude of 300-350 Tg C yr-1. This is more
than Sedjo (1992) estimated for these areas for the years 1985-86.

Critical in this estimate is the uncertainty about the rate of soil carbon sequestration
which is believed to be as high or higher than vegetation sequestration. This soil flux,
which appears reasonable from an ecological perspective, would imply an annual
growth rate of 0.5-1 per cent of the soil carbon pool. This would be about the same as
the rate of increase of CO, concentrations in the atmosphere. Keeling et al. (1995)
observe that during the past four decades, there has been a proportionality between
rising concentrations of CO, in the atmosphere and CO, emissions. This implies that as
a long-term average, a proportionality also exists between the rate of sequestration and
emissions.

If only 15 per cent of the northern forests sequestered as much as 300-350 Tg C
annually, the rest would probably sequester less on a per hectare basis. The forest history
in Canada and large parts of Russia differs substantially from the one in west Europe
and the US; most, if not all, of the trends discussed in this study are lacking. However,
fire suppression has been introduced into large areas of these forests, and this may have
carbon implications.

On a global scale, it is calculated that afforestation of 460 million hectares could
stabilize atmospheric CO, concentrations over a period of several decades (Sedjo 1989).
Planting new forests, however, is only one of many potential activities within the forest
sector (Hoen and Solberg 1994).

Assuming continuity and considering the long-term dynamics of the forest sector, it is
easy to predict that the sequestration of carbon will remain effective in the forests of
west Europe and the US for at least another 5 to 10 years. However, the sink will
probably disappear within 50 to 100 years at the latest because the growing stock cannot
expand indefinitely. According to this estimate, forests in west Europe and the US
would have compensated for 10-15 per cent of the CO, emissions of the area (c.f.
Marland et al. 1993). Forests have stored carbon with no explicit economic cost
attributed to the sequestration.
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NOTES

1 See Kuusela (1994) for western Europe; and Turner et al. (1995) for the United States.
21n particular, see Kauppi and Tomppo (1993); Turner ef al. (1995), and Pingoud ef al. (1996).

3 The countries include Austria, Belgium, Denmark, Finland, France, Germany, Greece, Ireland, Italy,
Luxembourg, the Netherlands, Norway, Spain, Sweden, Switzerland, Portugal and the United Kingdom.
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CHAPTER 4

CARBON EMISSION SCENARIOS FOR THE BRAZILIAN AMAZON

Eustaquio J. Reis

1. INTRODUCTION

The accelerated pace of deforestation of the Brazilian Amazon in recent decades is a
major source of carbon dioxide emissions into the atmosphere (see Table 4.1).
Agriculture in the region represents less than one-fifth of Amazon GDP which, in turn,
is less than one-tenth of the Brazilian GDP. In comparing the region's small contribution
to the world GDP, these figures suggest that slowing down deforestation of the Amazon
can be one of the cheapest alternatives to mitigating the greenhouse effect (Hoeller et al.
1991; Nordhaus 1991; Cline 1993).

TABLE 4.8
AMAZON DEFORESTATION AND CO, EMISSIONS, 1975-94
Area Growth rates p.a. Carbon missions/year
Year 103km? % 103km? % 10% % world
1975 125 2.6 - -
1978 153 3.1 9.3 7.0 0.08 1.1
1988 378 7.7 224 9.5 0.20 2.8
1994 470 9.6 15.3 3.7 0.14 1.9
Source: Deforestation in legal Amazon according to INPE; Carbon content of 90.8 t.C/ha estimated by

the author.

There are, however, considerable uncertainties with respect to both the future rates of
Brazilian Amazon deforestation, and to the costs and benefits of policies to halt it
(Pearce 1990; Schneider 1993; Almeida 1992). In an effort to contribute to reducing
these uncertainties, this chapter proposes and simulates a model of Brazilian Amazon
deforestation and its impact on carbon dioxide emissions to the atmosphere.

To illustrate the potential applications of the model for both projections and policy
assessment purposes, the chapter presents simulations for two alternative scenarios for
the development of the Amazon region for the period 1985-2010. The scenarios are
designed to simulate the effects of the Carajas Investment Programme—a huge mining
and steel producing industrial complex located in the southeast of the Amazon region
which is expected to have overwhelming economic and environmental consequences—
for deforestation and carbon dioxide emissions, in particular (Anderson 1989; Almeida
1986).
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2. THE MODEL

The model consists of two main parts: the first describes the socioeconomic interaction
between infrastructure, population, land use, and deforestation; and the second describes
the dynamics of carbon stocks in the Amazon vegetation and soils in relation to different
land uses.

The socioeconomic interaction was estimated by econometric techniques applied to a
panel of data on Amazon municipalities from 1975 to 1985. The main sources of data
are the agricultural and industrial census of 1975, 1980, and 1985, and the demographic
census of 1970, 1980, and 1990 for all the municipios in Legal Amazonia. Methodology
and estimation results, however, will not be discussed in this chapter.

Basic assumptions of the socioeconomic model include factors such as 1) the sources or
proximate causes of Brazilian Amazon deforestation are the uses of land in agropastoral
activities; the model assumes that logging is a subsidiary or induced activity; ii) the long
run underlying causes of the patterns of land use and deforestation are the expansion of
the road network and the patterns of demographic growth; iii) the expansion of road
network is an exogenous policy variable which, in fact, can be considered as a proxy
variable for government investments in all kinds of infrastructure; iv) the patterns of
demographic growth—rural/urban differentials and differences among municipalities—
are predetermined by demographic and economic characteristics prevailing in previous
periods (Reis and Blanco, forthcoming).

FIGURE 4.5
CARBON CYCLE IN SLASH-AND-BURN AGRICULTURE
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The model on the dynamics of carbon stocks in Brazilian Amazon is based on
specifications and parameter estimates available in secondary sources. Given the
patterns of land use and deforestation, this model quantifies the balance between CO,
emissions from the burning and decomposition of biomass in above-ground vegetation
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and soils, as well as the re-absorption of carbon with the growth of secondary
vegetation.

The basic assumption of the carbon dynamics model is slash-and-burn agriculture in
which three successive phases are distinguished: i) land clearing and forest burning; ii)
agropastoral use of land; iii) soil exhaustion, land abandonment, and the recomposition
of secondary vegetation in fallow area. Figure 4.1 above illustrates the carbon cycle
associated with this pattern of agricultural settlement.

In the following, the whole model is presented in seven sections. The first describes the
exogenous growth of the road network, as well as its composition in terms of paved and
non-paved roads. The second section specifies the dynamics of urban and rural
populations, while the third determines the output of urban activities. The fourth section
specifies the determinants of output and the derived demand for land in agropastoral
activities. The fifth determines deforestation, as well as its distribution among major
types of vegetation as a function of land use in agropastoral activities. The sixth
determines the age structure of fallow areas. Finally, the last section models the effects
of deforestation and land use on CO, emissions from above-ground vegetation and soil.

2.1 Road network expansion

In each municipality, the expansion of federal and state roads are policy variables,
exogenously determined by the government. Policy decisions are expressed as the
quantity of roads planned in 1985 for each municipality. Planned roads are assumed to
be at constant linear rate in time and to be completed within 20 years, that is, up to 2005
(Equation 1 in Appendix).

It should be noted that investments in road network as well as in other kinds of
economic and social infrastructure are, to a large extent, endogenously determined by
economic activity (Binswanger and Khandker 1992; Pitt et al. 1993). To that extent,
roads would expand at rates and in directions very different from those originally
planned.

Given the extension of roads within a municipality, the model determines the
distribution between paved and non-paved roads as function of the geographic density of
rural and urban population and output, as well as of the density of other socioeconomic
and geo-ecological conditions (invariant with time) prevailing within the municipality,
as well as in the neighbouring municipalities (Equation 2 in Appendix).

Thus, road expansion is an exogenous process, but the extension of paved roads is
endogenously determined by the 'demand' derived from the socioeconomic conditions
prevailing in each municipality. This 'demand' for pavement is satisfied by a partial
adjustment process justified by the existence of dynamic costs of adjustment.
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2.2 Population dynamics

The rates of growth of rural and urban population are predetermined by the
socioeconomic conditions observed in the recent past (that is, the previous census year),
both within the municipality and in the neighbouring municipalities. Thus, they are
assumed to be a function of: i) population and income per capita in rural and urban
areas; ii) transport costs or accessibility conditions, as reflected in the distance to major
markets/capitals and in the road network density; iii) socioeconomic infrastructure in
urban areas (the per cent of households with access to electricity, water treatment, and
sanitation) and land tenure conditions in rural areas (described by the extension of free
land available, size of farms, etc.). In addition, they also depend upon the geo-ecological
conditions identified by the areas of different types of vegetation and soil, as well as the
extension of main rivers crossing the municipality (Equations 3-4 in Appendix).

2.3 Urban output

Urban output is determined by a production function with the following arguments: size
of the urban population, socioeconomic infrastructure in urban areas, and accessibility
conditions, both within the municipality and in neighbouring municipalities (Equation 5
in Appendix). In addition, the model assumes the existence of economies of scale of
urban output in relation to urban population and adjustment costs which give rise to a
partial adjustment process (Henderson 1974; Hall 1993; Krugman and Brezis 1993).

2.4 Land use, productivity, and output in agropastoral activities

The model distinguishes the following rural activities or land uses: annual and perennial
crops, cattle raising (planted pastures), fallow lands, and logging. Fallow lands are
assumed to have no output—open access to natural forests justifies this assumption.
Logging is a by-product of agropastoral activities, and therefore is not considered a
cause of land clearing. Output and factor prices for all these activities are assumed to be
€xogenous.

For each agropastoral activity, the derived demand for land and land productivity are
estimated as a function of socioeconomic (output and land prices, wages, population and
income per capita in urban and rural areas), geo-ecological (like soils, vegetation,
geographic area, rivers, etc.), and accessibility conditions (as reflected in road and river
network density, ports, distance to major markets) prevailing in each municipality and
its neighbours (Binswanger ef al. 1987). Furthermore, the model assumes adjustment
costs which give rise to a partial adjustment process (Equations 6-8 in Appendix).

Land-use decisions are assumed to be hierarchical. Thus, the model estimates and
simulates sequentially land-area demand for agropastoral purposes (including both
fallow and cultivated areas), for cultivation (crops and pastures), for cropping (annual
and perennial), and finally for annual crops.
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The output of logging activities is derived from deforestation caused by the expansion of
agropastoral activities. In this way, it does not cause deforestation. The volume of logs
commercially exploited depends on log prices, the number of lumber industry
establishments, road network, urban population (as a proxy for urban activity) and geo-
ecological characteristics (like vegetation, soil, distances, etc.—Equation 9 in
Appendix). The assumption of no reverse effect of logging on deforestation is
particularly justified by the fact that logging data in the IBGE Agricultural Census refer
exclusively to the output of agricultural establishments.

2.5 Deforestation

Deforestation is defined as the net change in an area of land, including fallow lands,
used for agropastoral purposes. This definition ignores the direct impact on
deforestation by other kinds of land use such as logging or other extractive activities,
urban settlements, mining, road construction, dams, etc. (Equation 10 in Appendix)

Estimates of the impacts of roads, urban settlements, and dams pose no problem. Major
problems, however, arise in the case of logging and placer mining. First, because they
are footloose if not illegal activities, thus making it difficult to obtain reliable data on
their spatial incidence. Moreover, it is to difficult to asses their direct impact on forest
clearing because most of the time they merely degrade forest cover.

Finally, the model allocates deforestation according to two major types of vegetation—
forested areas (which include dense and open forest, ecological transition) and non-
forested sites (which include savannahs, campinaranas, and wetlands)—based on the
amount of deforestation, the area available for different types of vegetation and soils,
land use in agropastoral activities, accessibility, and socioeconomic conditions
(Equation 11 in Appendix).

2.6 The age structure of fallow areas

The absorption of carbon in fallow areas is determined by the biomass recovery
(primary productivity) of secondary vegetation that is conditioned by: i) the fito-
ecological characteristics of pristine vegetation, in particular rates of carbon
accumulation and the climax carbon density; ii) the types of land use the fallow area has
been previously exposed to; and, iii) the 'vintage' or average age of fallow, that is, the
time elapsed since the start of the fallow period.

To determine the 'vintages' of fallow areas, the model assumes a sequential process for
the return of fallow areas to cultivation, according to which older areas are always used
before the younger ones. Thus, fallow areas of the vintage (n-1) are only returned to
cultivation when fallow areas of vintage n are exhausted. In addition, there is a
minimum age required for returning fallow area to cultivation; this is assumed to be the
same across the municipalities examined.
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Estimation of the age structure of fallow areas in the initial period of simulation is based
on two simple arbitrary assumptions: i) the average age of fallow in each municipality is
determined by the share of fallow in total agropastoral areas, and ii) by exogenously
assuming 2.5 years as the average age of the fallow areas in 1975 for the whole Amazon
region.

2.7 Carbon stocks in vegetation and soil

The carbon stock of above-ground vegetation for a given period of time and
municipality depends on the average carbon density of the above-ground vegetation
which is related to the relative size of the areas of different types of land cover (natural
vegetation and agropastoral land uses), as well as to the different 'vintages' of fallow and
planted areas (the latter encompass crop and planted pasture areas, but exclude natural
pastures).

As shown in Figure 4.1, slash-and-burn clearing causes a sudden drop in the carbon
density and is followed by a gradual decomposition of biomass in planted areas and a
gradual recomposition of biomass in fallow areas. Thus biomass and carbon densities
differ according to the age structure of fallow and planted areas.

Estimation of the carbon budget in the soil for a given period and municipality is made
analogously. The only difference in the specification is the absence of the sudden drop
in carbon stocks after forest clearing and burning. The present specification of the model
does not take into account the increase of carbon stocks in the soil immediately after
clearing and burning because this is not relevant in the time unit of the model (five
years).

Table 4.2 presents the estimates of biomass and carbon content used in the model for
different vegetation or land cover. For above-ground pristine vegetation areas, the model
uses estimates compiled by Bohrer (1993) which assume that the dry weight carbon
content is 50 per cent of biomass (Fearnside ef al. 1993; Brown and Lugo 1984). For
cultivated areas, the assumption is 5 tons of carbon per hectare (tC/ha) (Bohrer 1993), a
low value compared to Houghton et al. (1991) who estimate 10 tC/ha for pastures and 5
tC/ha for crops in Latin America.

For forest areas, the model assumes that soil or below-ground! biomass is equivalent to
17 per cent of the amount contained in above-ground vegetation (including litter). This
assumption is based on estimates for tropical rainforests by Brown and Lugo (1992).2
This ratio is also used for secondary forests. For savannahs, the model assumes that
below-ground vegetation is 1.6 times the biomass contained in above-ground vegetation
(Schroeder and Winjum 1994).3 Finally, for crop areas, including pastures, the model
assumes 0.9tC/ha which, according to Sanchez ef al. 1989, corresponds to a ratio of
root/above-ground biomass content of 18 per cent.
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TABLE 4.9
BIOMASS AND CARBON CONTENTS FOR DIFFERENT VEGETATION
OR LAND USES (T/HA)

Above-ground plus

r@ litter (® Soil (€

Vegetation/Land use Biomass  Carbon Biomass  Carbon
Dense forest 0,5 300 150 51 25.5
Seasonal forest 0,4 186 93 31.6 15.8
Savannahs 0,3 75 37.5 120 60

Ecological Transition 0,4 130 65 22.1 111
Wetlands, etc. 0,4 115 57.5 19.6 9.8
Campinarana 0,4 120 60 204 10.2
Agropastoral 10 5 16 0.9
Secondary vegetation (climax) (d 75 37.5 12.8 6.4

Source: (@ Houghton (1992)
(b Bohrer (1993)
(¢ Brown and Lugo (1992); Schroeder and Winjum (1994); Sanchez et al. (1989)
(@ Author's estimate.

Note: Observation: r is the rate of carbon decomposition after burning.

2.8 Carbon dynamics in above-ground vegetation and soil

Based on available evidence,* the model assumes a 30 per cent combustion efficiency in
forest burning. This implies that immediately after burning, 30 per cent of the above-
ground carbon is emitted into the atmosphere.> In a second phase, the remaining carbon
decomposes according to an exponential decay function.

For above-ground vegetation, Houghton et al. (1991) estimate that the rates of carbon
decomposition after first burning at 0.5 in the case of closed forests, and 0.3 for
savannahs (see Table 4.2). These rates imply that 85 per cent and 94 per cent of the
above-ground carbon content of forests and savannahs, respectively, will be emitted
within five years of forest burning; within 15 years more than 99 per cent of carbon will
be emitted in both cases.

Above-ground biomass recomposition in fallow areas is modelled as follows. The
biomass content of vegetation at the time of land abandonment is equivalent to that
found in crop areas, that is, 5tC/ha crop. In the first phase, due to rapid fast growth of
pioneer species, the biomass recomposition of abandoned areas is described by linear
rates of growth (Uhl er al. 1988; Uhl 1987; Houghton ef al. 1983). Over time, the
diversification of species slows down the recomposition of biomass which converges to
a new climax, where the biomass content of the secondary vegetation (forest regrowth)
is supposed to be equal to that found in savannah areas, that is, 37.5 tC/ha. It is assumed
that fallow vegetation takes 40 years to reach this new climax.6
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The model assumes that there is no immediate emission of below-ground carbon when
forest is burned. Carbon decomposition in the second phase is described by an
exponential decay function. The values adopted for the decomposition rates of below-
ground carbon are similar to those used for above-ground carbon, that is, 0.5 for dense
forests and 0.3 for savannahs.

Finally, the dynamics of below-ground carbon in abandoned areas is analogous to the
one assumed for above-ground carbon. Thus, below-ground carbon content starts from
the value observed in crop areas (including planted pastures), that is, 0.9tC/ha, and
gradually converges to the climax of secondary forests which is assumed to be equal to
that of savannah areas, 6.4 tC/ha. This process takes 40 years.”

3. SIMULATIONS

3.1 Scenarios

The model is used to simulate the effects of the Carajas Investment Programme on
deforestation and carbon dioxide emissions in the period 1985-2010. This huge
investment programme includes a three-billion dollar iron ore mining project with a
production capacity of 35 million tons per year of sinter feed and pellets; 900 km of
railroad connection to sea port; a 4.6 billion dollar hydroelectric dam; and six steel mill
projects with a cast-iron production capacity of 800 thousand tons per year.

Carajas is expected to have overwhelming economic and environmental consequences,
which include, among others, deforestation, pollution, and poor sanitary conditions in
urban areas. The simulations presented, however, refer exclusively to deforestation and
the subsequent CO, emissions. Moreover, they do not include the deforestation caused
by the charcoal requirements of the steel mills.

The direct impact of charcoal production on deforestation, although significant, is
presumed to be relatively small and localized when compared to the indirect effects of
the expansion of agropastoral activities throughout the whole region induced by the
investments in Carajas. Furthermore, a large part of the charcoal supplied to the steel
units is residual from logging or agropastoral activities. In 1993, for instance, the share
of these activities in the supply of charcoal was 67 and 17 per cent, respectively. In
terms of area, an estimate of the deforestation caused directly in 1994 by the Carajas
charcoal requirement is 3,857 hectares.

To evaluate the effects of Carajas, simulations of two alternative scenarios—reference
and counterfactual—were simulated and compared for the period 1985-2010. The
counterfactual scenario assumes that the Carajas Investment Programme does not
materialize, implying that the mining, railroad, and steel mill projects will not be
implemented, nor will they be developed any time up to the year 2010. In the reference
scenario, however, Carajas is effectively implemented with the railroad, mining, and
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steel mill operations projected to start in 1990. Production is anticipated to develop
according to the projected targets of the projects (Rezende and Sampaio 1994).

Simulations of the impact of railroads are based upon the assumption that these are
equivalent to the structure of a double extension of paved roads. This is obviously an
arbitrary assumption which is only justified by the lack of better information. In
addition, the impact of iron ore mining and steel mill projects is simulated as an
exogenous increase in the urban GDP of the municipalities of mill locations in
equivalent amounts to the increase they bring to the value of output of iron ore or steel
production.

Both scenarios assume that all planned roads (at state and federal level) are built within
20 years. Thus, for each municipality, the expansion of the road network from 1985 to
2005 will be similar to the roads planned in 1985. Furthermore, road expansion is made
at a constant linear rate and the trend is extrapolated up to the year 2010.

Another important assumption of the counterfactual scenario is that population growth
in each municipality is linearly adjusted to make the population growth of entire Legal
Amazon equal to the exogenous demographic projections made by IPEA (1991) and
Machado (1993). The same parameters are used in the reference scenario but without
constraining total population.

The other exogenous variables of the model are the extension of planned roads in 1985;
price of land, cattle, crops, and logs; the value of agricultural credit in relation to output;
the cumulative value of SUDAM (the regional development agency) investment credits;
the per cent of households with access to electricity, public water and sewerage system;
cities with ports exceeding one million tons of turnover/year in 1985

All of these factors are assumed to be equal and constant in both scenarios. This implies
that the structure of relative prices across sectors and space is kept unchanged during the
simulation period. It also implies that agricultural credit will grow at the same rate as
production, and that SUDAM investment credits are completely halted. Finally, the
implication for government infrastructure is that it will grow at the same rate as total
population.

3.2 Results

Simulations of growth trajectories for the 1985-2010 period for the most important
endogenous variables—urban and rural population, urban output, land uses, land yields,
and output in major rural activities, deforested areas, fallow areas, and carbon
emissions—in the reference and counterfactual scenarios are summarized in Appendix
Table A4.1. To illustrate the differential geographical effects of the Carajas Investment
Programme, the results of Table A4.1 are presented for three encompassing areas: the
'railroad corridor' (RRC), the 'influence area of Carajas' (IAC), and the whole '"Amazonia
Legal' (AML). These are shown in Figure 4.2, together with the location of steel mills.
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FIGURE 4.6
MAP OF LEGAL AMAZONIA

AT RRC Rest of AML

Legend: IAC = Influence area
RRC = Railroad corridor
AML = Amazonia Legal

In the reference scenario, deforestation in AML grows 3.2 per cent per annum from
1985 to 2010, compared with the 9.5 per cent per annum observed in the 1980s. The
slowdown is largely explained by the urbanization process and the increased turnover of
fallow areas. Deforestation, as per cent of geographic area, increases from 8.7 per cent
in 1985 to 19.8 per cent in 2010. The scenarios, although worrisome, are not as
catastrophic as usually implied by media.

Carbon emissions in the reference scenario decelerate significantly in the simulation
period: starting at 345 tons per year in the 1985-90 period, they decline to 167 tons per
year in 2005-2010. Estimates of the value of total GDP per unit of carbon (in 1985
dollars) are US$ 52/tC in 1985 and US$ 221/tC in 2010. Equivalent figures for
agricultural GDP are, respectively, US$ 7/tC and US$ 29/tC.

Estimated benefits per unit of carbon emissions, therefore, are much higher than the
USS$ 4/tC usually mentioned in the literature (Nordhaus 1991; Cline 1993). This result is
true even when benefits are measured exclusively by the GDP of rural activities. The
much higher figures of urban GDP per unit of carbon emitted suggest, however, that the
consideration of feedback between agriculture and urban activities can have a decisive
effect on the evaluation of benefits.
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Finally, the growth of GDP per unit of carbon emitted is impressive. Main reasons
include the increasing share of urban activities compounded by their higher productivity
levels, the increase of agricultural productivity, and the growing importance of biomass
recomposition in secondary vegetation in fallow areas.

Estimates of the effects of Carajas Investment Programme are obtained by comparing
the simulation results in the two scenarios. In terms of population aspects, the impact of
Carajas is surprisingly small. Indeed, the effects are negligible in the 'influence area of
Carajas' (IAC) and Amazonia Legal (AML) while in the 'railroad corridor' (RRC) an
increase of 2.5 per cent is projected for the population of the area by 2010. This small
demographic effect is explained by the increase of income per capita and the closely-
linked the migration to urban areas, as induced by the Carajas Investment Programme.
According to the model, both higher income and urbanization tend to decrease rates of
population growth.

The effects on GDP are spectacular. Average rates of growth over the 1985-2010 period
are 2.3 per cent higher in the 'railroad corridor' (RRC), 1.3 per cent in the 'influence area
of Carajas' (IAC), and 0.3 per cent in the entire Amazonia Legal (AML). Therefore,
GDP per capita in 2010 will be 70 per cent, 30 per cent, and 7 per cent higher in RRC,
IAC, and AML, respectively. But it is important to remember that these are effects on
GDP which do not necessarily translate into income to be appropriated by local
population. This is particularly true because mining and steel production are
capital-intensive activities and most of the profits are remitted outside the region.
Naturally, most of the GDP effects accumulate to the urban sector, and the impact on
agricultural activities is negligible except in the Carajas corridor (RRC). As a
consequence, the deforestation impacts of the programme are relatively small, except in
the RRC area where the deforestation area in 2010 will increase 2.5 per cent compared
to the counterfactual scenario.

Once again, the surprising results are explained by the strong migration and urbanization
process induced by the Carajas Investment Programme. By moving people out of the
rural sector and concentrating them around the Carajas Corridor, the programme will
promote a reduced demand for land, in particular in the more densely forested areas, and
foster the adoption of more labour-intensive techniques.

Finally, in terms of carbon emissions, the impacts of the Carajas Programme are
relatively small. For the whole AML, it implies an increase of 1.36 million tons per year,
that is, 0.34 per cent increase in the average annual emissions projected in the
counterfactual scenario. Compared to GDP this result implies that the Carajas
Investment Programme generates US$ 80 worth of output per each additional ton of
carbon emitted. Thus, the benefits are extremely high. But as per unit of agricultural
GDP, the figure is only US$ 0.15 per ton of carbon emitted.

In concluding, it can be summarized that the simulation shed light on some crucial
aspects for projections and policy evaluation of Amazon deforestation. First of all, they
point to the need of a systemic approach capable of reconciling a broad geographical
perspective with adequate consideration of sector and spatial interactions. Extrapolation
of results obtained from specific areas and/or short periods of time to the whole region
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in the long run should definitely be avoided because effects tend to compensate each
other both in time and space. This is particularly true for the analysis of CO, emissions
where differences both from the diversity of pristine vegetation, as well as from the
growth of secondary vegetation in fallow areas can have significant effects.

APPENDIX - MODEL EQUATIONS

(1) AR, =RP1985* (t —1985) /20, for 1985 <t <2010

where subscripts j (dropped in most of the cases, for convenience) refers to
municipality, t refers to 