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Preface

Agroforestry ranks high among the significant initiatives in improving land man-
agement that have occurred the world over during the past few decades. The esta-
blishment of ICRAF (World Agroforestry Centre) in 1977 signified the beginning
of organized global efforts to transform the age-old forms of agroforestry from
a “set of practices in search of science” to its present status as a science-based,
integrated approach that is vigorously addressing many of the world’s most serious
land-management challenges. The developments in the discipline during this period
have been quite substantial. Today, agroforestry has carved out a distinct niche as a
robust land-management discipline, and it is now recognized as being at the heart of
the global community’s commitment to banish hunger and poverty and rebuild
resilient rural environments. This is not surprising given that nearly a billion hectares
of agricultural landscapes already have more than 10 % tree cover, and an estimated
total of 1.6 billion ha of land worldwide has the potential to be under agroforestry
management in the foreseeable future. The drivers underpinning such a transformation
are increasingly favorable.

An important set of events that stand out in the impressive developmental pathway
of agroforestry is the World Congress of Agroforestry (WCA) series. The inaugural
congress (WCAT1) was held in Florida, USA, in 2004. It was a highly successful
event in terms of the numbers of participants (nearly 600), countries (82), and
organizations represented, and in the breadth and scope of presentations and
discussions. The 2nd World Congress (WCA2) was held in Nairobi, Kenya, in 2009
(http://www.worldagroforestry.org/wca2009/). It eclipsed WCA1 in every aspect,
with the participation of about 1,200 delegates from 96 countries.

Significant outputs from these world congresses include many professional
publications on different aspects of agroforestry, including high-quality books and
special issues of peer-reviewed, international scientific journals. For example, four
such books and journal special issues have been published out of presentations at
WCAZ2. Although outstanding in their disciplinary merits, these publications do not
fully represent all the deliberations at the congress. For example, keynote speeches
by world leaders and comprehensive reviews covering a variety of subjects related
agroforestry with a regional focus do not fit well into the thematic mode and style
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of disciplinary journals. We, the congress organizers, felt the need for a book to
encompass the above topics and outputs of the congress. This book was developed
to meet that need.

This volume is organized into three parts: an Introduction part consisting of the
summaries of six keynote speeches at WCA2, followed by two parts of thematic
chapters grouped as “Global Perspectives” (seven chapters) and “Regional
Perspectives” (11 chapters). Finally, there is a Conclusion chapter, in which we, the
editors, present some forward-looking thoughts about the pathways and directions
to be pursued for realizing the promise of agroforestry in the future.

We want to record our deep sense of gratitude and respect to Nobel Laureate
Professor Wangari Maathai, who unfortunately passed away in September 2011
before this book was finalized. She was a tireless champion of tree planting and natu-
ral resource conservation, and we were fortunate to have her with us during the
congress and to witness her inspiring keynote address calling for accelerated efforts
of everyone to turn the tables on the path of environmental destruction that the
world is following today.

All other chapters were specifically commissioned for the book. We requested
the lead organizers of the various WCA2 symposia to each prepare a comprehensive
chapter, with the input and cooperation of other presenters in their respective
symposia. These required updating and expansion of contents, to make each chapter
a state-of-the-art review on the subject. Additionally, we requested a group of leading
professionals currently spearheading significant agroforestry-related initiatives
worldwide to contribute similar comprehensive chapters on the developments in
their domain of activities. We are very pleased that many of these professional leaders
could undertake the task in spite of their busy work schedules. The chapters in these
two major parts, all of which were rigorously peer-reviewed by high-caliber profes-
sionals in the respective fields, deal with issues of a global nature or regional focus,
as their headings indicate. The specific regions of focus included parts of Africa, the
Amazon basin, and other parts of Latin America, South Asia, Japan, Latin America,
Canada, Europe, and the United States. The chapters cover a range of aspects related
to agroforestry development within those regions. A total of 98 professionals repre-
senting institutions located in 27 countries contributed as authors, and 41 from insti-
tutions in 23 countries served as reviewers. Accounting for some authors who also
served as reviewers, a total of 130 professionals from institutions in 33 countries
around the world contributed to the book as chapter authors and reviewers. With the
inclusion of chapters from both the developing countries and the industrialized tem-
perate regions, the book presents a global picture of the status of agroforestry. Thus,
although the book originates from WCAZ2, it does not constitute the proceedings of
the congress or any of its sections; instead, it contains a solid body of the current state
of knowledge on the various themes and activities in agroforestry worldwide com-
piled by distinguished leaders in their respective areas of expertise.

The tedious task of putting together such a book would not have been possible
without the cooperation and support of a number of collaborators. First of all, we
thank the chapter authors, who, in spite of being extremely busy with their crowded
schedules, showed the highest level of commitment and professionalism in coping
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with repeated requests for revisions and improvement following rigorous peer
review of their manuscripts. The reviewers (list attached) did a splendid job of
providing insightful comments and valuable suggestions, often at very short notice,
which helped enhance the professional quality of the chapters. We also thank the
publishers and other copyright holders of the original publications for permission to
reproduce some of the tables and figures as indicated in the respective chapters.
Once again, we sincerely thank all the authors, reviewers, and others who directly
or indirectly supported and cooperated with us in bringing out this publication.

Gainesville, Florida, USA P.K. Ramachandran Nair
Nairobi, Kenya Dennis Garrity
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Agroforestry, Climate Change
and Habitat Protection

Wangari Maathai (1940-2011)

Wangari Maathai was awarded the Nobel Peace Prize in 2004 for her work on
community-based tree planting and its role in democratization and peace-
building. The first woman in East and Central Africa to earn a doctorate
degree, Professor Maathai founded the Green Belt Movement in 1986 as a
grassroots organization, whose main focus is poverty reduction and environ-
mental conservation through tree planting. Professor Maathai was interna-
tionally recognized for her persistent struggle for democracy, human rights
and environmental conservation.

Abstract The agricultural systems most vulnerable to climate change are those
already affected by unsustainable management and land and resource degradation.
Trees have an important role to play not only in climate change mitigation but also
in reducing vulnerability to climate-related risks. The value, role and contributions
of agroforestry and the protection of endemic habitats, in the light of current global
environmental challenges, cannot be overemphasized. African negotiators in global
discussions must form a unified position and show how important agroforestry and
indigenous agricultural practices are for climate change mitigation and adaptation
on the continent.

Keywords Habitats « Evergreen agriculture * Green belt movement ¢ Food security
* Carbon credits
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The theme of this Congress “Agroforestry — The Future of Global Land Use” is very
appropriate and timely, especially to Kenya and Africa as a whole. Today, when we
are faced with the grave challenges of climate change, environmental degradation,
food shortages, poverty and global financial downturn, it is important more than
ever before to redouble our efforts to protect and rehabilitate the environment,
reduce emissions of greenhouse gases and provide smallholder farmers with sustainable
ways of increasing their production and meeting their livelihood needs. Expanding
our existing, time-tested, integrated, tree-based practices and promoting rain water
harvesting — in short, combining conservation agriculture and agroforestry to create
an “evergreen agriculture” and promoting it — would make a huge positive impact
on the environment and related global problems. For the past three decades, the
Green Belt Movement, working in collaboration with ICRAF and UNEP, the two
major Nairobi-based international organizations and co-sponsors of this Congress,
has been involved in this area of activity through urging and encouraging citizens to
plant appropriate trees on smallholder farms in Africa. Thus, it is very satisfying for
me to participate in this important global event.

One of the promising areas of research in agroforestry is the domestication of
wild fruit trees. Selecting superior trees from the wild; improving their desirable
characteristics such as early bearing, taste, quality and nutritive value; and popular-
izing them among farmers will go a long way in ensuring food and nutritional secu-
rity of the local people. Smallholder farm families in some countries in Africa have
traditionally been following this approach and benefitting from it. Some small-scale
farmers in Western and Southern Africa are diversifying into higher value enterprises
that involve production, processing and commercialization of fruits from indigenous
fruit trees and their products.

In rural Malawi, lack of food security is directly linked to declining soil fertility,
with nitrogen being the main limiting factor. Thanks to an effort coordinated by the
World Agroforestry Centre in partnership with a consortium of national institutions,
the Malawi Agroforestry Food Security Programme has enabled hundreds of thou-
sands of families to increase food production and enhance nutrition by improving
soil fertility and restoring degraded farmland through incorporation of nitrogen-
fixing trees such as Faidherbia albida and other agroforestry technologies on their
farms. It is also important that as we select trees for fruit, medicine, fodder and soil
services, their adaptation to climate change is taken into consideration. For example,
we need to know how seed sources and tree ecology will be affected by climate
change, and we should be able to assess the carbon sequestration potential of different
agroforestry species under various growing conditions.

Climate change is increasing inter-annual rainfall variability and the frequency
of extreme events, leading to accelerated rates of degradation of soil and water
resources upon which farming communities depend for their livelihoods. As we all
know, it is the poor people in developing countries who will bear the brunt of cli-
mate change and suffer most from its negative impacts. The agricultural systems
most vulnerable to climate change are those already affected by unsustainable man-
agement and land and resource degradation. Yet, even as the climate changes, food
production, environmental services and rural livelihoods must improve — not just be
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maintained — if we are to meet the demands of the population that is growing at an
exponential rate. Trees have an important role not only in climate change mitigation
but also in reducing vulnerability to climate-related risks. The Green Belt Movement
is working closely with institutions such as the World Agroforestry Centre to
improve the resilience of farming systems and livelihood strategies of smallholder
farmers to current climate variability.

Another important issue to be considered in the context of agroforestry promo-
tion is habitat protection and biodiversity conservation. Agroforestry by its very
nature encompasses integration of diverse plant and to some extent animal commu-
nities, and promotes biodiversity conservation. Here in Kenya, we have been
involved in long-term campaigns to urge farmers and government alike to respect
and protect, conserve and restore biodiversity in forests so that we can benefit from
the environmental services they provide.

If the principles of agroforestry are to be applied to many countries in Africa
through a massive up-scaling with real impact, it will require training and a huge
extension effort with serious donor commitment. Furthermore, by linking farmers
and communities to markets, their capacity to learn and adopt new innovations is
enhanced. These families and communities are in urgent need of the knowledge that
science generates and the policies and practices that governments and technocrats
help legislate and implement. All of us — scientists, extension workers, policymakers,
academicians, students and civil society — have vital roles to play in addressing this
and in providing practical and sustainable solutions to the challenges we face today.
As we work with farmers in Africa, we are also learning a lot about the constraints
to adopting environmentally sustainable ways of farming.

In Kenya, and indeed in many other countries, there is a destructive culture of
removing vegetation, including trees and shrubs, from road reserves, riverine
areas and local green spaces. The potential of road reserves to be reservoirs of
biodiversity, slowing down water run-off and thereby reducing soil erosion and
road destruction, especially during the rainy season, is greatly underestimated. In
areas where land is intensively cultivated, such as in highly populated areas of
Central and Eastern Kenya, road reserves, riverine borders and local hills are the
only areas where wilderness and genetic reservoirs are still available. Protecting
the vegetation and maintaining that wilderness is essential for sustainable agricul-
ture, especially for pollinators, honey production and food security. Therefore,
policymakers need a new education and mindset so that they appreciate and accept
that trees and bushes on road reserves are good for the environment, for the eye
and for mental health. The argument that vegetation in cities promotes insecurity
is unbelievably simplistic and misleading. We cannot turn the country into a des-
ert in the mistaken belief that we shall be safer in a concrete desert! Promotion of
tree planting in both rural and urban areas to the extent possible is vital to the
existence of our society.

The return on investment from trees in agroforestry systems can be substantial but
can also take several years to recoup. Subsistence farmers might be more willing to
invest in trees if it generated short-term revenue through carbon credits. Africa has
long been sidelined in the carbon market, but initiatives such as the Carbon Benefits
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Project, funded by the Global Environment Facility (GEF) and implemented by
UNEP and the World Agroforestry Centre with other partners, bring hope. In many
quarters, where even if agroforestry is accepted as a land management system, it is
conceived mainly as a strategy for increasing food security; its role and importance
in reducing climate-change vulnerability is not adequately appreciated, and, there-
fore, agroforestry does not figure prominently in climate change negotiations.

We had been told that there were no reliable methods for measuring carbon
stored in trees or soil, particularly if it is stored on small landholdings, such as the
farms typical of the central highlands of Kenya. However, I am happy to note that
things are changing. In May 2009, the Carbon Benefits Project was launched in
Nairobi, as a partnership between UNEP, the World Agroforestry Centre and a range
of other key partners, and it seeks to assist local communities execute projects aimed
at reducing greenhouse gas emissions. This GEF-funded multimillion dollar project
aims to develop tools that will help boost carbon trading in Africa, specifically tar-
geting village communities in Western Kenya, Niger, Nigeria and Western China,
and it could become the key to unlocking the multibillion dollar carbon markets for
millions of farmers, foresters and conservationists across the developing world.
Farming carbon to combat climate change is an exciting prospect, and the consor-
tium of partners involved in the Carbon Benefits Project is developing a cost-effective
and scientifically rigorous system — making use of the latest remote-sensing tech-
nology and analysis, soil carbon modelling, ground-based measurement and statistical
analysis. The implementation of these carbon benefits projects should open the
door to more environmentally friendly types of agriculture, such as agroforestry and
conservation farming.

The African Union should ensure that African governments work together
because climate change has no borders, and countries without forests will be even
greater victims of the effects of climate change. They will find it difficult to adapt or
adopt. A common voice and a common stand are critically important on the road to
progress, and this is an excellent opportunity for us to impact on policy. The pros-
pect of earning revenue from carbon markets can encourage African farmers to
more rapidly adopt sustainable and productive practices — much needed in address-
ing the damaging effects that agriculture can have on the environment. In the lead-
up to future global conventions and negotiations on climate change, it is critical that
Africa comes together in its position on a post-Kyoto climate regime.



Agroforestry for an Evergreen Revolution

M.S. Swaminathan

M. S. Swaminathan, an outstanding agricultural scientist and statesman, is
hailed as the Father of Green Revolution in Asia. Time Magazine recognized
him as one of the 20 most influential persons of Asia in the twentieth century.
A winner of numerous prestigious recognitions and awards including the First
World Food Prize, 1987, Prof. Swaminathan was the chairman of ICRAF
Board of Trustees in the early 1980s.

Abstract Africa needs an “evergreen revolution” that increases productivity in
perpetuity without causing ecological damage. Agroforestry clearly has a key role
to play in this evergreen revolution. Novel solutions and technological advances
must be married with ecological thinking to drive a truly sustainable agricultural
revolution. Building a successful evergreen revolution requires four components:
technology, services, favorable public policies, and farmer enthusiasm.

Keywords Ecological thinking ¢ Africa ¢« Germplasm conservation ¢ Anticipatory
research

Today, African agriculture faces two major challenges. First, farmers need higher
farm productivity to provide them with a marketable surplus and cash income. In
Africa, 80 % of food production is from smallholder farmers, for whom agriculture
is the backbone of their livelihood and food security. The productivity of these farms
has traditionally been very low. Higher productivity must be achieved, but without
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harming the ecological foundations essential for sustainable agriculture. Second,
climate change threatens agriculture in many parts of the world, especially in Africa.
Risks rise rapidly with temperature. Once the temperature increases by about 2 °C,
up to four billion people could be experiencing growing water shortages. Agriculture
could cease to be viable in some parts of the world, particularly in the tropics,
and millions more people will be at risk of hunger. To respond to these challenges
of climate change, food security, and ecosystem degradation, Africa needs an
“evergreen revolution” that increases productivity in perpetuity without causing
ecological damage. Agroforestry clearly has a key role to play in this evergreen
revolution.

Novel solutions and technological advances must be married with ecological
thinking to drive a truly sustainable agricultural revolution. A key aspect of this
effort will be conservation of the germplasm of locally available plant materials and
their genetic diversity. The conservation continuum in the case of annual crops starts
from the field and the farmers and their in situ (on-farm) conservation traditions. For
example, today we have about 140,000 varieties of rice. More than 100,000 of them
are in the IRRI (International Rice Research Institute) Gene Bank. They are all
indigenous land races that farmers had conserved. If these races are lost, we will be
losing a lot in intraspecific variability.

Today, we have various kinds of conservation mechanisms for rice, starting with
on-farm conservation to gene banks of various kinds including the Svalbard Global
Seed Vault, where rice germplasm is retained under permafrost conditions. We need
the same continuum of conservation mechanisms for agroforestry and forestry tree
species, starting with farmers’ conservation complemented by gene banks and other
methods of conservation, including tissue culture and so on.

In some of the program areas of the MS Swaminathan Research Foundation in
India, we assist farm women and men to conserve their own plant genetic materials
because such materials have a high level of resilience and resistance to drought,
flooding, and other natural disasters. The farmers are encouraged to create seed
banks of their own preferred grains such as Pennisetum spp., Setaria spp., and so on.
These seed banks help rural people overcome the potential danger of the seed source
being wiped out by a drought or other such calamities.

The farmers are also encouraged to maintain “water banks” or “rain banks” along
similar lines. This overall approach of farm level or in situ conservation won for this
group — composed largely of tribal women in the remote areas and lower echelons
of the society — the Equator Initiative Award at the World Summit on Sustainable
Development, 2002, in Johannesburg, South Africa.

There are several wonderful indigenous plants — medicinal plants, food plants,
horticultural species, and so on — that are used in local agroforestry systems that are
gradually disappearing. Prosopis juliflora, which is a common shrub in the arid
and semiarid tropics and is usually considered a weed, is nevertheless a wonderful
species that is tolerant to drought and salinity. It is now sought after as a source of
genes for drought and salinity tolerance.

It is absolutely critical to conserve these genetic materials. Their conservation
can be stimulated through economic rewards to farmers, thus creating economic
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stake in conservation. Today, when there is a high economic stake in exploitation
and destruction, it is time that we reverse the paradigm and create an economic stake
in conservation.

Agroforestry opportunities in mangrove areas are another important issue. This
has tremendous potential and is attracting attention only now because of the alarm
about the rise of sea levels. The sea level obviously is going to rise. In Africa and
India, we have long coastal shore lines, and many of our major cities are along the
coasts. We at the MSSRF are trying mixed cropping in mangroves as part of our
experiments on agroforestry systems along the coastal shoreline of India. Halophyte
mangrove trees that tolerate saline conditions, such as Salicornia species and
Atriplex species, have a great deal of value. They could be a wonderful repository of
genes for salinity tolerance.

Root and leaf exudates of the mangrove forests that are rich in nutrients support
shrimp and fish production. One of the strategies we are testing is integrated sea
water farming, or “agro-aqua” farm cultivation with halophytes. The wood needs of
the local community will be met by incorporating woody species such as bamboo
and casuarina into these systems. After the 2004 tsunami in Asia, people started
realizing the great value of mangroves, which acted as speed breakers during that
event. The tsunami damage was comparatively less in areas wherever there were
dense mangrove forests along the coast, compared with those that did not.

Carbon sequestration has both a direct and an indirect role in agroforestry. Direct
carbon sequestration rates vary from species to species. Indirectly, agroforestry also
has some other important consequences for carbon sequestration since it helps to
reduce the pressure on natural forests and helps to avoid deforestation. The IPCC
(Intergovernmental Panel on Climate Change) recognizes that agroforestry systems
have the highest carbon sequestration potential among managed land use systems,
followed by grazing management, forest management, and crop plant management
in that order.

Interest and awareness about the importance of trees and agroforests has increased
tremendously in India lately, such that today there is enormous support for it among
all sectors of the society — public, media, political, and professional — as a way to
regreen India. For the first time, we find not only that we are no longer losing ground
but the area in India under tree cover is now increasing, particularly because of the
expansion of agroforestry. The Government of India just announced a scheme involv-
ing over one billion US dollars per year for the rejuvenation of degraded forests and
the planting of trees in new areas, including establishment of agroforestry systems.

In conclusion, as noted by Edward Wilson while acknowledging a copy of my
1974 book on Evergreen Revolution: “The problem before us is how to feed billions
of new mouths over the next several decades and save the rest of life at the same
time.” Because the population is growing rapidly and may reach ten billion by 2050,
we are very worried that the population supporting capacity of the ecosystem has
already been exceeded in many parts of the world. Indeed, it is a daunting challenge
to feed the billions of new mouths without compromising our freedom and security.

An “evergreen revolution” is the best approach to address this problem. The aim
of this new thrust is to lift food production well above the level attained by the green
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revolution of the 1960s, but using technology and regulatory policy more advanced
and even safer than that used now. Building a successful evergreen revolution
requires four components: technology, services, favorable public policies, and farmer
enthusiasm. The issue of regulatory policy is very important: With the increasing
application of biotechnology, it has become very important to ensure that the new
tools are used in a safe and responsible manner, and that the risks and benefits are
measured without exaggerating either. We must also embrace regulatory mechanisms
so that the ethical dimensions of the use of new technologies are not forgotten.

We need to be proactive so that we remain prepared to address the occurrence of
natural calamities such as more droughts, more floods, and higher temperature as a
consequence of climate change. That is called anticipatory research. Anticipatory
research and participatory research are two pillars of sustainable agriculture.
Participatory research refers to involving farmers and their families in the research
so that their traditional wisdom is meshed with modern technology. Both of these
approaches must be combined together, so that we have opportunities for both of
them to contribute their full measure. I hope this congress will show the way for
that. Africa urgently needs further research and scaling up to create a real evergreen
revolution.



Environmental Resilience and Agroforestry

Richard Leakey

Richard Leakey is a renowned paleoanthropologist and conservationist,
Dr. Leakey served as the head of the Kenya Wildlife Services in which
capacity he oversaw a reorganization of Kenya’s troubled national park
system. He was an elected member of the Kenyan parliament.

Abstract Water is at the heart of the crisis facing Africa today, and agroforestry
provides some of the tools for restoring tropical aquifers that have been destroyed
by years of deforestation and poor land management. When restoration does become
a priority, human technologies for reforestation cannot truly mimic nature’s complex
restoration process. We need to control our species to do less harm rather than trying
to control nature.

Keywords Water ¢ Environmental resilience ¢ Restoration * Rehabilitation

Environments can be resilient but they also change very dramatically. Had they not
changed dramatically over the last four million years, we would not be here. And, it
is the failure of certain ecosystems to survive that forces speciation and that forces
change. There are two issues that need to be emphasized here: First, temperature
rise per se may not be the real issue in the context of climate change, the biggest
environmental threat facing us today. The more critical issue is the effect of temperature
on precipitation in the tropical and subtropical regions. Water is at the heart of the crisis
facing Africa today, but that issue is missed in many discussions. In our willingness
to persist with bad habits in the destruction of water catchment areas and natural
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water dispersion systems, we overlook the depletion of water reserves in the aquifers
below us without any regard to where they came from and how long they have been
there and how long they will take to recharge. The current practice of sinking more
and more bore holes in the tropics totally disregards the needs in the future.

Second, in the discussions on environmental resilience, the resilience of the
environment to a given set of conditions is given prominence. That is a very different
thing from environmental resilience. For example, it may have been alright to talk
about environmental resilience with confidence when the global population was at
a maximum of one billion. But today the population of Homo sapiens is more than
seven billion, and there is little doubt that it will be around ten billion soon.
Environmental resilience with the impact of ten billion people is a very, very different
issue from that with the impact of one billion people.

Concerns have been raised about possible temperature rises of 2 °C. The mean tem-
perature rise in the western Antarctic along the Atlantic peninsula has exceeded 2 °C
within the last decade. Ten years ago, this was expected to happen in maybe 40 years.
The interesting paradox that appears from records and recent research is that in East
Africa, the soil temperature probably has not risen significantly over four million years,
but what has changed dramatically is the hydrology and the precipitation levels and the
impact of those changes on the ecosystems. Today, we are concerned, and rightly so,
about unborn generations and the livelihoods of existing populations. Yet we must rec-
ognize that it is a foregone conclusion that we will fail if we do not pay regard to hydrol-
ogy and the need for a sustainable way of life that reflects less on temperature and more
on water. It is in this context that the issue of agroforestry becomes critically important.

Kenya has vast tracts of forests on the western shoulder of the Great Rift Valley.
Human activities have long degraded the aquifers and are therefore undermining any
attempts to adapt to climate change impacts or to build a more sustainable way of life.
Despite high seasonal rainfall and flash flooding, natural water capture in Kenya has
been minimal. This is exacerbated by uncontrolled hydroelectric schemes and extraction
of water through boreholes. Water banks, water towers, and catchments, which require
healthy forests on them to function properly, are also not sufficiently valued. Agroforestry
techniques could perhaps be used to specifically return degraded areas to a capacity
where they will begin to trap water and store it by giving some soil cover.

It needs to be noted that when restoration does become a priority, the reforesta-
tion technologies that are conventionally used cannot truly mimic nature’s complex
restoration process. In Kenya’s Aberdare National Park, for example, what is now a
forested national park used to be farmland. After the area became protected, it eventually
reverted naturally to a healthy forest ecosystem. This is an example of nature doing
its job remarkably quickly and effectively.

There are vast areas of land that need urgent rehabilitation; they should be protected
and fenced and left to get on by themselves, possibly with some aerial dispersion of a
mix of seeds of indigenous species, and left undisturbed for 30 years for nature to do
its job. Technological interventions alone are not enough to bring a forest or an ecosys-
tem back to life. Experts become so specialized in their areas of specialization that they
tend to disregard or even kill off nature’s ability to heal itself. We need to control our
species to do less harm. Nature has resilience, and agroforestry can help maintain that
resilience. Rather than trying to control nature, we should let nature do its job.



Climate Change and Agroforestry

Rajendra K. Pachauri

Rajendra K. Pachauri was the chairman of the IPCC delegation that received
the Nobel Peace Prize in 2007. He has won various awards and outstanding
recognitions and has been active in several international forums dealing with
the subject of climate change and its policy dimensions.

Abstract The worst victims of climate change will be the poorest communities in
the world, especially the vulnerable in Africa, where 75-250 million people are
projected to live in water-stressed conditions by 2020. Agroforestry should be a key
component in climate change mitigation measures. If we work together, collectively,
there is no reason to believe that agroforestry cannot bring about mitigation of
greenhouse gases but also produce a substantial set of cobenefits.

Keywords Greenhouse gas emissions ¢ Biodiversity * Energy security

At the outset, let me emphasize the enormity of the challenge that we are facing
with respect to climate change. We know now that climate change is unequivocal.
The impacts that are being felt all through the world, and which are now being
observed and recorded very carefully, point clearly to a future that is frightening if
not disastrous. If we do not take action, it is now obvious, as the fourth assessment
report of the IPCC has brought out, that the impacts of climate change could cause
untold hardship and misery to a very large number of people.
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The unfortunate reality is that the worst victims of climate change are going to
be some of the poorest communities in the world, and the continent of Africa in
particular is very vulnerable. Our projections indicate, for instance, that the stress
caused by climate change, together with the existing stresses such as water scarcity,
is likely to affect 75-250 million people in Africa as early as 2020. This is something
that obviously can lead to a great deal of conflict and will certainly lead to a huge
loss of human welfare. It is something that we must prevent. Mitigation of the emission
of greenhouse gases (GHGS) is the only way to accomplish that globally.

There are various ways by which we can bring about the level of mitigation that
is required, and certainly agroforestry is one such important component. In fact, we
have underrated the advantages and the benefits of using biomass cultivation as a
means to mitigate GHG emissions. We have been doing just the reverse, i.e., the
large-scale deforestation and degradation of forests all over the world has substantially
diminished the ability of these natural systems to absorb CO,. We need to reverse
that trend; we need to make sure that we plant more and more trees.

We need to carry out larger scale agroforestry and make sure that this natural
bounty of trees that fix atmospheric CO, is proliferated and expanded on a much
greater scale. Through the efforts of agroforestry, and by ensuring optimal land use
changes, we should be able to bring about a revival of biodiversity, and we would
certainly be able to make a major impact in terms of water availability as well. It is no
mystery that if we bring about resuscitation and revival of any part of an ecosystem,
the benefits will be really widespread such that the benefits will be accrued to several
other links of the ecosystem.

As in the case of most mitigation measures, there are huge cobenefits from agro-
forestry as well. Indeed, if we look at mitigation in general, in terms of the greater
use of renewable sources of energy and improvements in the efficiency of energy
use, there are several cobenefits such as lower levels of pollution at the local level,
which bring about major health benefits. Arresting or limiting the impacts of climate
change that would take place in the future will certainly bring about a higher level
of energy security globally and minimize or avoid the negative impacts of climate
change on agriculture. Furthermore, through mitigation measures, we would also be
able to expand employment because a large number of these mitigation measures
bring about large-scale employment generation.

These benefits of climate change mitigation apply specifically to agroforestry. If
we expand agroforestry activities, there would be substantial benefits in terms of the
local environment, and as a result, there would be accrued health benefits. There
would be much greater energy security too, because agroforestry can also lead to
biofuel production, particularly in respect of second-generation biofuels, where the
target clearly is to bring about a conversion of cellulosic material to liquid fuels that
could ultimately and substantially substitute for petroleum-based products.

There would also be great benefits in terms of agriculture. And we must not also
minimize the importance of the revival of biodiversity. After all, all the known food
that we get and all the crops that have been developed for human consumption are
really the gift of what we obtained by way of the biodiversity that occurs naturally
in our ecosystems. Finally, we also know that agroforestry is an important source of
great employment.
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As far as climate change is concerned, we have two very clear choices which
must run in parallel. First, we have to adapt to the impacts of climate change, and
some of these adaptation measures can also be carried out through agroforestry
activities, particularly in the case of sea level rise that is already affecting several
coastal areas and several small island states. Plantation of mangroves can make an
enormous difference in terms of providing protection to storm surges, to cyclonic
events, and coastal flooding in general.

Agroforestry activities, if carried out in the right locations, will bring about
means of adapting to the impacts of climate change. But at the same time agroforestry
also gives us an extremely attractive option for mitigation of emissions of GHGs
because the net effect of agroforestry would be to see that a large part of the CO,
that is emitted from our factories, transport vehicles, households, etc., can be
absorbed through whatever we grow as a part of agroforestry programs.

It is important to look at not only the direct benefits of agroforestry to mitigation
of emissions of GHGs but also the cobenefits that are not always apparent. In any
economic decision-making and in any enlightened approach to deal with problems
faced by human society, we must examine the totality of costs and benefits. If agro-
forestry provides substantial net benefits, then it is essential that we clearly identify
them, evaluate them, and estimate their contributions. On the basis of that, we would
be able to take much more enlightened decisions.

Last, but not the least, this will also give us a basis for informing the public. Each
of these programs will require substantial public support, and one way to bring that
about is through the presentation of the right facts in the right framework. Informing
the public at large about these potential benefits will lead to the generation of a great
deal of public support for agroforestry activities. Thus, the challenge is exciting, and
the task is very clear. If we work collectively, there is no reason to believe that an
option like agroforestry will not only be able to bring about mitigation of GHGs
and thereby help in meeting the threat of climate change, but it also will produce a
substantial set of other cobenefits for the whole of human society.
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How do we, in a world of nearly seven billion people rising to perhaps over nine
billion, feed everyone while simultaneously securing the ecosystem services such as
forests and wetlands that underpin agriculture, and indeed life itself in the first
place? And how do we achieve all this while also overcoming poverty, generating
decent jobs for the 1.3 billion underemployed or unemployed, and combating the
greatest challenge of this generation — climate change?

Sometimes you have to think small to think big. Humanity all too often thinks in
boxes rather than in complexity — thinks keeping it simple rather than using a systems
approach is the best way forward. There are those who look for silver bullets —
nuclear power and genetically modified organisms might be two examples. Others
might wish to consign modern scientific and technological knowledge to the dustbin
and seek to turn back the clock to some kind of ideological or mythical rural idyll.
The sustainability challenges we are confronted with today will not be amenable to
such polarized approaches.

*  We must take the best of the indigenous, traditional, and farmers’ knowledge,
forged over centuries of trial and error, and submit it to empirical, scientific, and
rigorous evaluation.

*  We must also put our modern, technological prowess under a fresh lens and
more wide-ranging scrutiny. It must be subject to broader cost benefit analysis
alongside delivering a wider suite of societal and environmental goals.

* Above all, we must bring the best of these worlds together and deploy them in
both an integrated and flexible way that recognizes the different circumstances
and conditions of the communities they serve.

Agroforestry is in many ways a shining example of this approach, merging centuries-
old knowledge with modern science in a systems-led approach — and the concept of
thinking small-scale to achieve potentially big and transformative outcomes. Indeed
agroforestry’s relevance to sustainable development in the twenty-first century has
in many ways come of age in part through the lens of climate change.

Forestry needs to be an important element. The proposal for financing Reducing
Emissions from Deforestation and Forest Degradation (REDD) must be a key plank
of a new emissions reductions agreement. Up to 20 % of greenhouse gas emissions
are from deforestation and forest degradation. Without economic incentives to reverse
the trend, the emission levels will continue to rise. This will challenge all our efforts
in terms of cleaner, renewable energy, including more energy efficient buildings and
transportation networks.

However, simply locking away forests to secure their carbon as if they are the
Queen’s jewels, or putting up the modern equivalent of a Berlin Wall between
forests and people, is almost certainly folly and almost certainly a recipe for disaster.
REDD should and must reflect the genuine needs of the surrounding communities,
including indigenous peoples. UNEP, in collaboration with the Food and Agricultural
Organization of the UN and the UN Development Programme, and with funding
from Norway, is spearheading the UN REDD Programme with nine pilot countries.

There are several issues that need to be resolved, from verification and monitoring
of forests to how to manage payment systems, but also the role and rights of
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communities and their share in the financial flows. If REDD can be up and running,
it may not only be good for combating climate change but also for generating new
revenue flows from North to South, and also good for accelerating adaptation in
terms of improving the health of water supplies, nutrient flows, soil stabilization, and
job creation in areas such as natural resource management. The returns are potentially
enormous and wide-ranging. The Economics of Ecosystems and Biodiversity (TEEB),
an initiative of the G8+5 of which UNERP is the secretariat, says an investment of
just $45 billion in protected areas alone — many of which are forested areas — could
secure nature-based services worth trillions of dollars a year.

Agroforestry may have many roles to play in this new landscape of rewarding
countries for their natural or nature-based services. First, it offers the potential for
maximizing sustainable food production in the zones surrounding natural forests,
while also boosting biodiversity and other “natural infrastructure.” Second, it offers
an opportunity for timber production and thus alternative livelihoods to meet a supply
gap that may emerge under a fully fledged REDD regime. Third, these agroforestry
areas can also potentially secure flows from carbon finance in their own right, for
example, under the existing agreements of the Kyoto Protocol as afforestation or
reafforestation projects, or under what one might call carbon farming.

REDD can open the door to even more creative carbon payments for improved
land management elsewhere, including on farms, in peatland areas, and in coastal
zones such as mangrove forests and perhaps one day even in the oceans themselves.
I am delighted that the World Agroforestry Centre and UNEP, with funding from the
Global Environment Facility and in collaboration with a broad alliance of academic
institutions, are pressing ahead here. The Carbon Benefits Project is underway with
an initial focus on communities in the catchments of Lake Victoria, Niger-Nigeria,
and China. The missing link is a standardized way of assessing how much carbon is
actually locked away in vegetation and in soils under different land management
regimes. This is the goal of the project, and we anticipate preliminary findings soon.

In terms of afforestation and reforestation under the existing Kyoto Protocol,
UNEP would be keen to learn why less than 1% of existing Clean Development
Mechanism projects involve such initiatives. One area that needs to be explored is
insurance: The insurance industry manages risk reasonably well for timber planta-
tions, but seems less well geared to natural forests or farmland forests. The role of
organic agriculture within farming, but also within agroforestry systems, has also
emerged as an area of genuine debate in recent months. It follows a survey by UNEP
and the UN Conference on Trade and Development. This survey of 114 agricultural
projects in 24 countries shows that yields are often more than double where organic
(or near organic) small-scale farming methods are used. The increase in yields in
East Africa was well over 120 %.

A University of Michigan study revealed that there was up to three times greater
productivity from organic methods, in comparison to other practices, in developing
countries. The point here is that even if one is not ideologically in favor of organic
food production, we are often force-fed points of view from one set of powerful
vested interests. The reality on the ground for the less politically and financially
powerful can be quite different.
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And there are other possibilities that are in need of increased research and
development, such as perennial crops. Experts suggest that “moving back to the
future” to these kinds of multiyear crops with deep roots can also boost soil fertility
and stability 50-fold while assisting in adapting to climate change. Perennial crops are
also 50 % better at carbon capture and storage than their annual cousins, according
to some estimates. Because they do not need to be planted every year, they use
less farm machinery and require fewer inputs — reducing greenhouse gas emissions
further.

In response to the food, fuel, financial, and economic crises, UNEP launched its
Global Green New Deal-Green Economy Initiative. The basic concept is that in
order to meet current and future challenges, every dollar, Euro, shilling, Yuan, and
Rupee needs to work on multiple fronts in order to deliver sustainability. The Green
Economy in the context of sustainable development and poverty eradication is now
one of the two central themes of Rio+20 taking place in June 2012, two decades
after the 1992 Earth Summit.

Agroforestry, with its multiple benefits, is very much a part of this transition to a
low-carbon resource-efficient economic future — one able to meet the needs but also
the aspirations of communities and countries across the globe. That is why UNEP
has been delighted to cohost the 2nd World Agroforestry Congress and why we are
equally delighted that all of you are here to make that transition a reality — a transition
that merges centuries of knowledge with modern scientific methods — that can turn
the challenges facing millions of small-scale farmers into one big opportunity for
humankind.

The future of global land use is no longer just about land — it is about the future of
the atmosphere and of biodiversity and of water, fuel, and food. Overall, it is about
choosing a future of accelerating poverty or one that puts poverty on the run and
prosperity into the cockpit and driver’s seat. In short, it is part of the complexity
rather that reductionist simplicity that humanity urgently needs to embrace and to
more intelligently manage if it is to survive and to thrive in the twenty-first century.
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Introduction

Agroforestry has come of age as an integrative science as well as a common land
use system around the world. It is recognized as being at the heart of the solution to
many of the world’s most intractable challenges.

Scientists at the World Agroforestry Centre recently completed an assessment of
tree cover on agricultural lands around the world, based on a detailed analysis of
full-cover satellite imagery. The results revealed that almost half of all farmed land
in the world has more than 10% tree cover. Thus, nearly a billion hectares of agri-
cultural landscapes now have trees on them. In some regions, such as Southeast
Asia and Central America, tree cover on farms exceeds 30%.!

Unlike their counterparts in temperate areas, smallholder farmers in the tropics
have always husbanded trees among their crops. They are doing so for a growing
variety of purposes. Evidence is mounting that a counterintuitive phenomenon is
widely occurring: that wherever there are relatively more people, there are relatively
more trees. This increase in tree cover on farms is crucial in many ways, not least of
which is to help protect the forests themselves. The FAO summed it up succinctly a
few years ago when it declared: “The proportion of trees on farms and in forests
varies considerably among countries, but two trends seem almost universal in the
tropics: The number of trees in forests is declining, but the number on farms is
increasing.”

Forest Transitions

Forest transitions are now occurring in a large number of countries in both the
temperate and tropical zones. During the 1990s, 38% of the world’s countries
experienced increases in forest cover, particularly in Europe, North America, and
East and South Asia. China has established millions of hectares of tree plantations,
some through agroforestry systems, while in India, village committees have been
empowered to expand and restore small community forests and to engage in
agroforestry.

The key trends identified as the drivers of these transitions include the following:

1. Demographic shifts of populations from rural to urban environments in the tem-
perate zones, with concomitant increases in labor costs in agriculture. This has
influenced farmers to take more marginal land out of production and allow it to
go back into forest in North America and Europe.

2. Dwindling forest resources in many developing countries that have raised concerns
about future wood supplies, along with increased concerns about watershed
protection to reduce flooding risks along river courses.

These factors, along with growing environmental awareness among urban
populations, have induced the two most populous countries in the world, China
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and India, to invest heavily in forestation programs. They have similarly induced
many other tropical countries to formulate more conducive policies, invest in
protecting catchments, expand tree plantations, and increase tree cover in agri-
cultural areas. There are, however, a number of countries where rapid deforesta-
tion is continuing. These countries tend to be nations that perceive themselves to
still have abundant forest resources, such as Brazil and Indonesia, or they are
countries (or parts of countries) that are experiencing civil conflicts, such as the
Congo.

In the medium to long term, we can expect that the drivers that caused the forest
transitions in the temperate zones (specifically urbanization and increased rural labor
costs) will continue to exert a dominant influence there. These drivers will also take
hold in subtropical and tropical countries as economic growth accelerates. Public
concerns about the availability and cost of wood resources will grow in many tropical
countries as natural forest resources dwindle. Environmental awareness will rise
alongside economic growth. The REDD+ (Reducing Emissions from Deforestation
and Forest Degradation) agenda is already driving the policies of some forest-abun-
dant countries such as Brazil or Indonesia in positive directions. Its influence is likely
to grow, promoting forest protection and reforestation across the tropics. There is
also a trend in the decline in the number of countries experiencing civil conflict.
These factors will drive government policies toward forest protection and conserva-
tion and tree planting in critical watersheds. Thus, in the long run, we may anticipate
that forest transitions will be observed as part of a ubiquitous global transformation.

The question is whether the process of a long-term increase in tree cover will be
extended to the agricultural and grazing lands of the world. While such a process
has hardly been contemplated so far, we can expect that to occur as well, since many
of the factors driving a transition toward increased tree cover on farmlands are
similar to those driving the forest transitions. There are also some additional
factors promoting the increase of tree cover on farmland. These are related to the
dynamics of addressing agricultural land degradation and assuring food security in
a world of increasing fossil-fuel prices.

Suppose that the world succeeds in stopping deforestation someday soon, and
that all of the remaining natural forest in the tropics is effectively protected to reduce
carbon emissions, protect watersheds, and conserve biodiversity. How would the
accelerating demand for timber, fuelwood, and other tree products be met? Without
alternative sources of supply, demand will outstrip available resources, leading to a
price explosion that negates efforts to protect the remaining natural forests. This
demand must be met, and in a world that protects its natural forests effectively, it
can only be met from the expansion of tree plantations and agroforestry on farms.
Thankfully, the smallholders of the world are already beginning to respond to their
local price signals. Tree cover on farms will expand.

In many places, this is already happening. In Kenya, some 70% of all wood is
already sourced from farm-grown trees. This is growing rapidly, helping the country
with its forest protection efforts. In India, farm-grown timber now supplies about
50% of the country’s burgeoning demand for wood. In Bangladesh, farm-grown
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wood supplies 90% of the country’s needs. The story is similar in other countries
throughout the tropics.

Across the tropics, smallholder farmers have a huge role to play in meeting
demand for tree products and thus saving the last of the natural forest domain. The
world will soon be awakening to the crucial imperative of enhancing smallholder
tree production systems to supply its voracious needs for tree products. Investments
to do so through climate change mitigation funds will be increased. We must be
prepared with the science and the practice to enable this enormous transformation.
Helping farmers to produce more wood and tree products on their own farms and
thus meet market demand must become a priority.

We expect tree cover to grow on farmland in temperate areas, too. Europe and
North America are likely to expand tree cover on farms as part of their efforts to
reduce carbon emissions. Demand for the next generation of biofuels produced from
lignocellulosic woody sources will be grow. In the USA, fuel from woody sources is
now estimated to be capable of producing 50% of the fuel needs of the entire trans-
port sector — compared to a potential of only 3% for maize-based ethanol.

When we add to all this the demand for fodder, fruits, nuts, and internationally
traded tree crop products like rubber, coffee, tea, and cacao, the area of trees on
farms will be further enhanced. At the World Agroforestry Centre, we like to say
that “The future of trees is on farm.” What we now also realize is that the “future of
forests is on farms” as well.

EverGreen Agriculture Transitions

The evidence is beginning to suggest that a massive increase of trees on croplands,
or what we now call EverGreen agriculture, is inevitable. Perhaps not everywhere,
but the trends suggest that it is likely to occur in many countries. In the tropics, there
are a number of prospective drivers, including greater wood scarcity, labor migra-
tion off the land, and rapid urbanization. Concerns about watershed degradation
continue to grow, inducing more investment in farming with trees on sloping land.

In many tropical countries, farms are rapidly becoming smaller. This encourages
farmers to seek alternative income sources, inducing a greater diversity of activities
on the farm itself. The need to produce higher value products for cash income (such
as fruits and timber), and to supply more of the household’s requirements for fodder
and fuelwood, becomes ever more acute.

Trees on farms also provide crucial environmental services, such as enhanced
soil fertility. Since its price tracks that of oil, nitrogen fertilizer is likely remain
expensive by historical standards for the foreseeable future. And concerns are
growing that the degradation of land and soil is undercutting food security.
Even in the temperate zones, there is growing interest in the environmental services
of land use systems. This foretells a shift toward governments investing in farm-
ers’ enhancement of those services through subsidy programs and away from
commodity support. The European Common Agricultural Policy is now shifting
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away from discriminating against agroforestry and toward financially encouraging
it. The eventual development of markets for farming carbon will add further
impetus to EverGreen Agriculture.

There are, however, some serious trends that counterbalance these developments.
Conventional wisdom has it that the future of farming in the tropics consists of
large-scale commercial operations. There, trees are seen as a nuisance to mechanized
operations. This view is accompanied by the impression that small-scale family
farming is less productive and will decline in the future. The business opportunities
from agroecological farming systems using biological resources are often seen as
less lucrative than those flowing from the use of input-driven farming methods
based on saleable products (inorganic fertilizers, pesticides, and machinery).
Agribusiness multinationals are increasingly influential in setting the agenda for
research and development in farming systems. And they are often supported by the
agribusiness orientation of some developed country aid organizations. The short
time horizons under which development investments are judged often militate
against investments in agroforestry. Consequently, the investment in agroecological
farming research is meager. A more effective body of solid agroforestry research is
needed to counter these negative trends.

Major Themes of the 2nd World Congress of Agroforestry

Let us briefly turn to the three major themes of the 2nd World Congress of Agroforestry:
food security, natural resources and the environment, and policy challenges.

Food Security

The entire world is now painfully aware that we face a very serious global food
crisis. In the tropics, 70% of hungry people are rural. This crisis is predominantly a
hunger crisis on the small-scale farm. Raising the productivity of small-scale farming
is thus critical to achieving national and global goals to reduce hunger. Also, there is
growing acceptance of the fundamental “right to food,” which puts further impetus
on increasing productivity and land regeneration on small-scale farms.

Food imports into the African continent have been growing relentlessly, and food
is becoming less and less affordable by the desperately poor. The reasons for this
sad situation are many. Fertilizer use is pitifully low in Africa due to high prices
and the risks of frequent crop failure in an uncertain climate. Meanwhile, the land
is degrading and soil fertility is declining. The standard solutions are simply not
working anymore.

The question is: What are we, as agroforestry scientists, going to do about it?
How are we going to contribute to sustainable solutions? In Africa, agroforestry
scientists have for years been observing the efforts of African farmers to create their
own evergreen agriculture, using the biological resources that they already have.
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Africa has indigenous tree species, such as Faidherbia albida Del. A. Chev., a
leguminous nitrogen-fixing acacia species that exhibits a unique property: reverse
leaf phenology, enabling it to be highly compatible with food crops. Faidherbia
defoliates at the beginning of the rains and deposits abundant quantities of organic
leaf fertilizer onto the food crops to provide nutrients and increase yields, free of
charge. The trees perform as fertilizer factories in the food crop fields. The trees
refoliate and produce pods in the dry season, providing a crucial source of fodder for
their livestock when other plants are dried up. They are adapted to a wide array of
climates and soils from the deserts to the humid tropics.

It is no wonder that millions of farmers across this continent have quietly nurtured
these trees in their maize, sorghum, and millet fields. This tree has become an icon
of what agroforestry can contribute to food production systems in the tropics.
Indeed, were scientists to invent a tree from scratch that combines the ideal charac-
teristics needed to successfully incorporate trees into food crop fields, they would
come up with something very much like Faidherbia.

We scientists have observed farmers using these trees; we have appreciated their
unique qualities, but so far we have failed to do enough to refine, adapt, and extend
their unique properties to the millions of food crop farmers who desperately need
home-grown solutions to their food production problems. We have failed to inform
the policymakers and the farming community about the unique opportunities to
exploit this indigenous African solution to the food production crisis.

Agroforestry science has much to offer in overcoming the food security challenges
in Africa and elsewhere in the world. It evokes a vision of a double-story evergreen
agriculture that will be a beacon to the world on how to farm efficiently and compatibly
with trees.

Conservation and Rehabilitation of Natural Resources

We have focused on agroforestry for climate change adaptation and mitigation,
water and watershed services, and biodiversity conservation. The role of agroforestry
in climate change adaptation and mitigation was a theme of many of the presentations
in the symposia and technical sessions. Agroforestry scientists and practitioners are
working diligently to build the evidence base, the measurement systems, and the
successful projects on the ground to make the case for full inclusion of smallholder
agroforestry in climate change investments. We know that agroforestry systems can
increase the carbon sequestration capacity of agriculture, above- and belowground,
by up to an order of magnitude compared to other agricultural systems. And we
know that agroforestry is critical to creating a multifunctional agriculture that can
provide better watershed services and enhance the conservation of biological diver-
sity. Many Congress presentations delved into just how this can actually be done.
The concept of an evergreen agriculture has enormous implications here as well.
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Policies to Enhance Farmers’ Incentives to Practice Agroforestry

The World Agroforestry Centre has launched a Global Agroforestry Policy Initiative,
in collaboration with FAO and our many international, national, and local partners.
Some may ask what difference a policy change can really make to enhance agrofor-
estry. Let me offer a transformative example. In the 1980s, the Sahelian country of
Niger, atthe edge of the Sahara desert, was in the throes of catastrophic desertification.
Then, in the 1990s, catastrophe forced some creative thinking. The forestry regulations
were relaxed by government. Farmers were no longer prohibited from cutting down
trees on their own farms. They now had an incentive to farm more intensively with
trees. Farmers across the country responded. They dramatically increased their
efforts to regenerate and expand the tree populations on their farms.

Agroforestry spread across over 5 million ha during the past two decades, protecting
the land and the crops, enriching the soil, providing fodder, and creating new income
sources from wood and other tree products. The Sahel faces a complex crisis of
desertification. Yet a single policy change transformed the incentives for millions of
farmers and opened up new opportunities for sustainable farming, at the very edge
of the Sahara. Encouraged by the experience in Niger, programs to promote the
farmer-managed natural regeneration of agroforestry systems are now being
established in all the other countries across the Sahel, as part of a coordinated
regional initiative to once again regreen the Sahel. Farmers rose to the challenge
when they were offered the opportunity to do so.

Conclusion

The future of land use across the world faces many stark challenges — food security,
land degradation, desperate poverty, climate change, and others. But agroforesters
have the tools to address many of them in an integrated and practical way. Let us
take heart from the fact that agroforestry is truly the future of global land use. And let
us focus our science and practice in getting on with the job of creating an EverGreen
Agriculture throughout the world.

End Note

1. The study underestimated the amount of agricultural land supporting trees
because the satellite images it is based on could not readily distinguish between
agroforestry areas with full tree cover and forests.
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Abstract Agroforestry systems (AFS) have attracted special attention in climate
change mitigation and adaptation (M&A) discussions. Various reports on carbon
(C) sequestration (and therefore climate change mitigation) potential of different
AFSs have been reported from different ecological regions. However, the site-specific
nature of AFS and lack of uniformity in C sequestration estimation methods
make it difficult to compare the reported results. For convenience of comparative
analysis, the various AFS are grouped into five subgroups — tree intercropping,
multistrata, protective, silvopasture, and tree woodlots — and the global areas
under each are estimated as 700, 100, 300, 450, and 50 million ha, respectively.
Tillage, crop residue management, and plant diversity are reported as the major
management operations that influence the role of land-use systems in climate
change mitigation. The extent of influence of these operations varies considerably
in various AFS subgroups; representative values (range) are reported for each.
Based on this evaluation, the “strengths, weaknesses, opportunities, and threats”
of the role of agroforestry in climate change M&A are presented as a SWOT
analysis. On a global scale, while existing multistrata and tree-intercropping
systems will continue to provide substantial climate change mitigation benefits,
large-scale initiatives in grazing land management, working trees in drylands,
and establishment of vegetative riparian buffer and tree woodlots are promising
agroforestry pathways for climate change M&A. Clearly, climate change miti-
gation is a low-hanging fruit of agroforestry; enabling policies and rigorous
long-term research are essential for facilitating its timely and sustainable
harvests.
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Introduction

Terms such as global warming, climate change, and carbon sequestration that used
to sound as technical jargon until about a decade ago have now become common
parlance in everyday life. While this rapid and widespread usage of the terms
signifies their relevance and importance, it has also resulted in the use of the terms
ambiguously, erroneously, and sometimes out of context. It is therefore important
that the concepts and significance of the terms as used in this chapter are explained
right at the outset.

The terms and concepts as used in this chapter are those defined or adopted by
the IPCC,' and in some cases further elaborated by the UNFCCC? (United Nations
Framework Convention on Climate Change; United Nations 2010). Accordingly,
global warming refers to the increase in temperature of the earth’s near-surface air
and oceans that has happened in recent decades, estimated as 0.6 °C since 1970
and projected to be between 1.8 °C and 4.9 °C during the twenty-first century
(IPCC 2007). This temperature rise (or global warming) that has far-reaching and
grave consequences in terms of human life and ecosystem stability is believed to
be caused by the increasing concentrations of the so-called greenhouse gases
(GHG), among which carbon dioxide (CO,) is the most abundant one. In IPCC
usage, climate change refers to any change in climate over time, whether due to
natural variability or as a result of human activity; however, it is viewed as a
change of climate that is attributed directly or indirectly to human activity that
alters the composition of the global atmosphere and that is in addition to natural
climate variability observed over comparable time periods. Carbon sequestration
is the process of removing C from the atmosphere and depositing it in a reservoir.
It entails the transfer of atmospheric CO, and its secure storage in long-lived pools
(UNFCCC 2007). The relevance of sequestering CO, in long-lived pools is that it
could reduce the GHG-induced global warming. Mitigation and adaptation are
two terms that are commonly used in climat change discussions. Mitigation refers
to addressing the causes (of climate change), while adaptation attempts to tackle
its effects. The IPCC defines mitigation as “an anthropogenic intervention to
reduce the sources or enhance the sinks of greenhouse gases” and adaptation as
“the adjustment in natural or human systems to a new or changing environment”
(IPCC 2011). The goal of climate change mitigation is to reduce net emissions of
GHGs, whereas climate change adaptation aims at developing strategies to reduce
the negative impacts. In spite of the clear differences in their meanings, the two
terms signify interrelated and interdependent activities and processes and are
often used together as climate change mitigation and adaptation (M&A).

Climate change and global warming are hotly debated and contested topics; but
the debate is not on whether atmospheric temperatures are rising, but to what extent
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anthropogenic factors are contributing to this rise. Irrespective of the merits of that
argument, the fact remains that human activity can affect the concentration of GHGs
in the atmosphere. It is also well known that enhancing C content in the soil — the
principal way of sequestering C in land-use systems — can contribute to soil produc-
tivity in so many ways. Indeed, there is hardly any physical, chemical, or biological
property of the soil that is not favorably influenced by its higher organic carbon
(organic matter) content.

In order to get a clear understanding of how land-use systems and their manage-
ment can impact C sequestration (CS) and thereby climate change, it is important to
present a brief description of the underlying processes. A major one is the so-called
carbon cycle, which involves the fixation of atmospheric CO, in plants through
photosynthesis and return of part of that C to the atmosphere through plant, animal,
and microbial respiration as CO, under aerobic and CH, under anaerobic conditions
(Nair et al. 2010). Direct sequestration of C occurs in soil by inorganic chemical
reactions that convert CO, into soil inorganic C compounds such as calcium and
magnesium carbonates. Aboveground C storage is the incorporation of C into plant
matter either in the harvested product or in the parts remaining on site in a living
form. The amount of biomass, and subsequently C, that is stored depends to a great
deal — apart from the nature of plant itself — on the properties of the soil on which
it grows, with higher concentrations of organic matter, nutrients, and good soil
structure leading to greater biomass production. Roughly two-thirds of the total C
storage occurs belowground, the extent and rate of which are influenced by inherent
soil properties and processes, including some that are not influenced by management
practices. Decomposition of plant residues and other organic materials in the soil is
a source of C and nutrients for new growth of microbial communities and plants.
Much of this C is released back into the atmosphere as CO, during respiration or is
incorporated into living biomass. However, about one-third of soil organic matter
(SOM) breaks down much more slowly and could still be present in the soil after
1 year. This SOM represents a significant C store and can remain in the soil for
extended periods as a part of soil aggregates. The fraction of SOM that is so “protected”
from further rapid decomposition is very important from the point of view of soil C
sequestration.

The role of land-use systems such as agroforestry as a climate change M&A
strategy has gained considerable importance lately following the realization of the
ability of these systems to capture atmospheric CO, and store C in plant parts and
soil. Agroforestry systems (AFS) have attracted special attention in this regard,
especially for climate change mitigation, in view of their perceived advantage of
large volumes of aboveground biomass (AGB) and deep root systems of trees. Given
that a key mitigation strategy is to reduce the atmospheric concentrations of GHGs
such as CO, through the process of CS, several estimates and reports on the C
sequestration potential (CSP) of various AFS under different ecological regions
have become available. Most of them constitute or include some estimates of C
stocks: how much C is, or could potentially be, accumulated and stored in above-
and belowground compartments of the systems under different conditions of ecol-
ogy and management (Nair et al. 2009a, 2010). This chapter aims to review the
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current state of knowledge in this area and evaluate the role of agroforestry as a
land-management strategy in climate change mitigation. The primary focus of the
chapter is on mitigation, especially to gain an understanding on how and to what
extent the common management practices can impact climate change mitigation in
agroforestry systems; however, given that mitigation and adaptation are seen as two
sides of the same coin as mentioned before, some relevant adaptation strategies that
are directly linked with mitigation strategies are also considered. This chapter will
first present the relevant information on the effect of land-management practices or
operations that are common to many land-use systems on climate change mitigation
(primarily C sequestration) and review the available information on them in relation
to specific agroforestry practices; a synthesis of that information will then be used
to present a general picture on the role of agroforestry in climate change M (& A).
Although C sequestration is only one of the several strategies for climate change
mitigation (see Box 1), the extent of research and other activities related to it compared
with those on other strategies have been so prolific during the recent past that it
would appear as the most important — if not the only —issue. Indeed, the terms climate
change and C sequestration are used rather synonymously in discussions concerning
land-use systems including AFS even in scientific literature. The extent of literature
related specifically to AFS, however, is relatively low compared with other land-use
systems. Moreover, as discussed by Nair (2011), the site-specific nature of AFS and
the lack of uniformity in methods and procedures used to sample, analyze, determine
or estimate, and present the data on C sequestration in AFS make it difficult to compare
the results from different locations.

Land Management and Climate Change M&A

Given that the goal of climate change mitigation is to reduce net emission of GHGs
and enhance sink capacity, land-management practices for accomplishing that goal
should aim at avoiding or reducing the emissions as well as increasing the amount
of C sequestered in terrestrial sinks (Box 1). Operational strategies for that include
increasing the use efficiency of inputs such as nutrients and water and managing
tillage and rhizosphere processes, and decreasing the losses of C from soil through
desirable soil- and water-management practices such as soil erosion control and
water conservation. Strategies for reducing the negative impacts — the goal of climate
change adaptation — involve such activities as enhancing soil resilience, adopting
efficient land-use systems (such as agroforestry), and improving the net primary
productivity through introduction of new germplasm (Box 2).

Voluminous literature is available on the effect of specific management practices
on climate change mitigation in various land-management systems: land preparation
and tilling, nutrient management and manure/fertilizer use, irrigation, etc., in agricultural
systems; fodder species, grazing management, etc., in animal production systems;
tree species, silvicultural operations, harvesting regimes, etc., in forestry, to name a few.
Understandably, there is enormous variation in the nature of these reports and the extent
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Box 1 The major strategies and approaches for climate change mitigation through land-
management practices. The various processes involved and factors affecting them are so inter-
linked and situation-specific that the impact of any specific practice cannot be clearly and
independently delineated; the impact of each can best be expressed only in relative terms

Climate change mitigation through land management

Goal: reduce net emissions and enhance sink capacity
1. Avoiding or reducing the emissions
* Increasing input-use efficiency
— Management of nutrients, water
— Tillage, rhizosphere
* Decreasing losses
— Soil and water conservation, reducing losses
2. Sequestering CO, in terrestrial biosphere
» Forest/woody biomass
— Aboveground, belowground
e Soil C sequestration
— Aggregation, physical protection, recalcitrant C
— Plant stand density and species admixture

Box 2 The major strategies and approaches for adapting to climate change through land-
management practices. The various processes involved and factors affecting them are so inter-
linked and situation-specific that the impact of any specific practice cannot be clearly and
independently delineated; the impact of each can best be expressed only in relative terms

Climate change adaptation through land management

Goal: develop strategies to reduce the negative impacts
1. Enhancing soil resilience
* Increasing SOC pool
* Restoring degraded lands
2. Adopting efficient land-use systems/practices
» Conservation agriculture
» Agroforestry
e INM, IPM, etc.
3. Improving NPP
* New and improved germplasm
* GM crops

of information they provide. Based on such information, different reports containing
estimates, computations, and conjectures have been prepared by numerous authors and
agencies projecting the effect of various practices on climate change mitigation in the
long and short terms, and mitigation and adaptation strategies have been proposed to
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deal with climate change. The literature shows that climate change mitigation is not a
simple and easily accomplishable objective or output that can be attained by tweaking
and manipulating one or a few factors and practices; instead, it represents the net
result of a large number of interacting factors and processes. No wonder that efforts to
schematically represent the interplay of the various factors often result in a bewildering
array of diagrams and flow charts consisting of a series of arrows, squares, boxes, etc.,
of various sizes and shapes resulting often in confusing and incomprehensible presen-
tations that attract criticisms for being complex on the one hand and for leaving out
essential features on the other. Indeed, almost any land-management practice can
be claimed to have an effect — direct or indirect — on climate change, such that climate
change mitigation cannot realistically be presented by simple cause—effect models.
The bottom line is that adoption of soil- and land-management practices that have
been long known as “good” and sustainable is the key to climate change mitigation
through land management. Among these, reduced/no-tillage practices, crop residue
management, and the use of diverse cropping systems are the most commonly men-
tioned management practices that have the greatest impact (Rui 2010). A summary of
the reported effects of these practices on C sequestration is presented in Table 1, and the
salient features are outlined below.

Tillage

Tillage is the agricultural preparation of the soil by mechanical agitation of various
types, such as digging, stirring, and overturning. It aids the incorporation of plant mate-
rial into the soil where it is subject to microbial oxidation; it also enhances gaseous
exchange between soil and atmosphere. Minimum, reduced, and zero (or no) tillage are
phrases, as their names imply, that are used to describe the various extents of tillage and
consequently soil disturbance in crop management. Various reports are available on the
C sequestration benefits of various tillage levels under different conditions (Lal 2010).
Rees (2005) estimated that, on average, a change from conventional to no-till can result
in sequestration of 0.57 Mg Cha~! year™'. Since a large portion of the process for secure
storage of C occurs belowground when root material and other decaying matter are
broken down slowly and incorporated into micro- and macroaggregates, soil distur-
bances such as tillage break these aggregates apart or expose decaying matter to the
aboveground atmosphere, leading to its rapid decomposition and release of C and
reducing the amount of C sequestered (Paustian et al. 2000; Bricklemyer 2007). The
decrease of C sequestration reported from agricultural soils that follow conventional
tillage practices (Alvaro-Fuentes et al. 2009; Cambardella and Elliott 1993; Six et al.
2000, 2002) is related to the rate of microaggregate (>250 um diameter) production in
till versus no-till systems. Although both (conventional and no-till) systems may have
similar rates of macroaggregate formation, the level of microaggregates (250 to 53 um)
within macroaggregates of no-till systems has been found to be higher and has
been attributed to tillage that caused breakup of up soil aggregates, exposing iPOM
(intra-aggregate particulate organic matter) in macroaggregates and hastening their
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breakdown (Six et al. 2000). No-till, on the other hand, allowed macroaggregates to
persist for longer allowing iPOM to break down slowly into more recalcitrant microag-
gregates. Thus, although levels of light fraction organic matter (litter that is finely broken
up but only partly decomposed and can be separated by ultrasonic dispersion and
flotation) are no different between tillage and no-tillage and coarse iPOM only differs
slightly, the incorporation of these materials into fine iPOM and microaggregates is
greatly affected by breakup of macroaggregates by conventional tillage (Six et al. 1998).
However, just as SOC stocks are heavily dependent on factors beyond the control of
management, increasing evidence suggests that the effect of reduced/no-tillage on SOC
sequestration largely depends on additional soil environment conditions (Ogle et al.
2005; Gregorich et al. 2006).

Although the vast majority of the voluminous research reports available show
positive effects of minimum (or no) tillage on C sequestration, it needs to be noted
that this conclusion is not unanimous. No-till management may not be effective in
some soils and climates, and the role of tillage management in mitigating global
warming is highly variable and complex and can be realized only when no-till farm-
ing is practiced over the long term (Six et al. 2004). It has been argued that sampling
protocol might bias the results of most tillage system comparisons because conven-
tional tillage merely moves the C that can be sequestered below what is considered
the surface layer of soil, and the notable difference is found between C levels in
soils under the two practices (conventional and minimum tillage) when only surface
level measurements are taken (Baker 2007). The authors noted that in all cases
where conservation tillage was found to sequester C, soils were only sampled to a
depth of 30 cm or less even though crop roots often extend much deeper; in the few
studies where sampling extended deeper than 30 cm, conservation tillage did not
show consistent accrual of SOC, instead showing a difference in the distribution of
SOC, with higher concentrations near the surface in conservation tillage and higher
concentrations in deeper layers under conventional tillage. Blanco-Canqui and Lal
(2008) reported that no-till usually increased SOC in the upper layers of soils but
did not lead to C storage more than tilled soils in the entire soil profile. Nevertheless,
other benefits of conservation tillage such as lesser soil erosion, lower cultivation
costs, and reduced fossil fuel consumption for machinery are important arguments
in support of conservation tillage (Baker 2007).

Residue Management and Nutrient Cycling

Residue management in agricultural systems ranks high among the important
management practices in the context of C sequestration (and climate change
M&A) and is particularly relevant to agroforestry discussions. Adding as much
plant residues as possible back to soil has been known and recommended as a
sound land-management practice, the virtue of which has stood the test of time. It
is a cardinal rule to be followed in the climate change/C sequestration discussions
as well. The principle involved is simple: more plant materials added to the soil
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means more C added to the soil. The extent to which plant materials added to the
soil lead to enhancement of C — more importantly, sequestered C — depends, how-
ever, on a whole host of factors. An important one is litter quality, defined by the
amount of C, N, lignin, and polyphenols in the litter, and ratios of these constitu-
ents, such as C-to-N, lignin-to-N, and (lignin+ polyphenol)-to-N; litter-quality
parameters have been used to predict decomposition and nutrient release in a
number of situations (Nair et al. 1999; Palm et al. 2004; Youkhana and Idol
2009).

Plant materials, when intentionally incorporated into a system (whether pro-
duced by plants within it or brought in from external sources), are considered
mulch, the addition of which to the soil surface could have both positive and
negative effects. Its decomposition can lead to a small amount of short-term C
sequestration, but some studies have reported that as much as 70-90% of the C
in surface mulch may be respired back to the atmosphere as CO, (Flessa et al.
2008; Youkhana and Idol 2009). However, increased soil water content and soil
nutrient availability in plots to which mulch has been added may stimulate fine
root growth and activity (Batjes 1996), which would result in increased organic
matter inputs from root exudation and turnover. Increased soil water and nutri-
ents would also stimulate microbial degradation of organic matter, so the net
effect on soil C could be unclear. The complexity of this scenario intensifies
when litter fall is created through pruning, as this increases the amount of sun-
light received by biomass decomposing on the soil surface. The increased expo-
sure quickens decomposition, potentially reducing the amount of C sequestered.
It is generally agreed that the greater the amount of biomass accumulated on the
soil surface through operations such as pruning, the greater the CSP for the sys-
tem; as even though the fraction of the material that may make it into the lower
soil layers is small, a larger initial quantity equates to the percentage represent-
ing a larger quantity of C ultimately stored. The literature on organic matter
decomposition, litter quality, and carbon dynamics is so extensive that it is not
feasible to review it here; in fact, such a review is not needed here to emphasize
the importance of the all-embracing term “residue management” in the climate
change/C sequestration discussion.

Manure Use and Grazing

The use of organic manures either alone or in judicious conjunction with chemical
fertilizers is another practice that has also received considerable attention in this
regard. Manure application is somewhat related to plant residue management in the
sense that both involve surface addition of organic materials. The effects of addition
of such materials depend, obviously, on the nature of materials, ecological condi-
tions, land-management systems, and so on. Zou et al. (2004) reported that while
the addition of organic materials such as straw and manure to rice (Oryza sativa L.)
paddy fields can significantly enhance SOC and rice yield, the induced GHG
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emissions, especially CH,, have to be considered when judging the net effect of the
practice.

Fertilizer application can also influence the formation and stability of soil aggre-
gates. The effect of fertilization practices on SOC can be dependent on the nature of
the fertilizer as well as the climate and other site-specific factors. Tripathi et al. (2008)
found that nitrogen fertilizer inputs increased the formation of macroaggregates
and associated microbial biomass nitrogen in the dry tropical forests in India but
caused a decrease in the savanna. Nitrogen in the form of inorganic fertilizer on maize
(Zea mays L.) fields in Ghana also led to a decrease in soil aggregation (Fonte et al.
2009), while amendments with high C/N ratios compared to low C/N ratios were
found to lead to higher levels of SOC and greater aggregate stability in a dryland
ecosystem in India (Singh et al. 2009). Similarly, inorganic fertilizer use in combi-
nation with C additions resulted in an increase in SOC and aggregate stability as
well as nutrient levels in the soil, although inorganic fertilizers by themselves did
not have this effect (Xiang et al. 2009). In an experiment comparing an organic farm
and conventional farm in England, the main factor affecting aggregate stability was
SOM input; organic versus inorganic fertilizers were not significantly different, but
there was a trend toward less stable aggregates when using the inorganic fertilizers
(Williams and Petticrew 2009).

Although management practices can influence the formation and stability of soil
aggregates and thus the amount of C sequestered, there is a limit of C that can enter
the soil, and a certain point at which C additions to the soil will not be incorporated
into microaggregates, but only into more labile macroaggregates that are not stable.
For example, Gulde et al. (2008) found that soil C sequestration did not increase
when manure applications were increased from 120 to 180 Mg ha™! year™'. They
also found that macroaggregate was the only aggregate size class that increased in
C across all manure application levels and that was due to an increase in iPOM
concentration. This suggests that rates of manure application cannot speed up the
rate of C sequestration.

Grazing could have both positive and negative impacts in terms of net effects on
climate change. Grazing practices which increase grassland productivity have the
potential to increase SOM and C sequestration (Conant et al. 2001). Comparing
grazed and ungrazed grasses, Reeder and Schuman (2002) reported that grazing
could result in higher soil C due to more rapid annual turnover of shoot material
and changes in species composition, while Rees (2005) found that the exclusion of
grazing allowed an increase in annual forbs and grasses with less dense and fibrous
root systems. An appropriate level of grazing must be determined, however, to
maximize these ecological benefits of grazing. While grazing-induced soil biologi-
cal activity can stimulate net nutrient mineralization and increase nutrient avail-
ability, numerous studies are available to show that excessive grazing can affect
total C, microbial biomass, enzyme activity, and reduce above- and belowground
biomass (Holt 1997; Mayzlish 2005). Cao et al. (2004) attest to the fact that both
grazing and manure addition may accelerate soil respiration leading to release of
C to the atmosphere. This process must be balanced against the positive attributes
of manure application.
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Cropping Systems and Plant Diversity

The importance of cropping systems from the standpoint of climate change M&A
stems from the premise that providing continuous plant cover and plant residues
through appropriate crop rotations and/or cover crop systems protects the soil from
erosion and helps promote C input to the soil. In that context, plant diversity, as in
mixed stands of species of different growth habits and root configuration, is quite
relevant. The relationship between plant diversity and C sequestration has been a
subject of scientific interest (Schwartz et al. 2000; Tilman et al. 2001; Srivastava
and Vellend 2005); but investigations on this topic are limited. Tilman et al. (1997)
and Kirby and Potvin (2007) have suggested that plant assemblages with high
species diversity may promote more efficient use of resources compared with those
of lesser species diversity and thus lead to greater net primary production
(Vandermeer 1989) and consequently higher C sequestration. Saha et al. (2009,
2010) reported higher soil C stock under multispecies homegarden systems com-
pared with single-species systems (rice paddy) in Kerala, India. High plant diversity
in a system may also alleviate disturbances (Huston and Marland 2003) such as
temporal instabilities caused by climate change; on the other hand, it is widely
agreed that more C is better sequestered in systems with lesser disturbance (Six
et al. 2002). West and Post (2002) found that increased diversity in crop rotation
either through change from monoculture to rotation or by increasing the number of
crops in rotation was associated with a change of 0.2 Mg Cha™! year™! in an analysis
of data from 67 experiments.

Nitrogen-fixing species are highly valued in land-use systems for their potential
to improve soil fertility through and therefore promote the growth and productivity
of associated species. Consistent with this, mixed plantings involving N, -fixing
tropical tree species have been reported to produce more aboveground biomass
compared to the respective monoculture stands under comparable conditions
(Bauhus et al. 2004; Forrester et al. 2006). Major differences in organic C inputs
from tree biomass (prunings) of N, -fixing trees are possible. Oelbermann et al.
(2006) noted profound differences in organic matter inputs between two N, -fixing
species, Gliricidia sepium (Jacq.) Kunth ex Walp. and Erythrina poeppigiana
(Walp.) O. F. Cook, both in 19-year-old alley-cropped stands in Costa Rica, implying
the need for proper choice of species to augment SOC. The possible impact of N_-
fixing tropical species on atmospheric concentrations of GHGs other than CO, such
as nitrous oxides (N,O) is also frequently mentioned (Sharkey and Loreto 1993);
but a solid body of research data is not yet available. Thus, the effects on vegetation
and SOC accretion may be positive, negative, or neutral, and it is possible to
influence biomass and soil C sequestration by selecting appropriate tree species.
Since many AFS, especially in the tropics, use fast-growing, and often N -fixing,
multipurpose tree species, they help increase SOC levels (Nair et al. 1999;
Oelbermann et al. 2006) and as such are expected to have high CSP.
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Role of Agroforestry Systems in Climate Change
Mitigation (and Adaptation)

This section will examine the available literature on the role of AFS in climate
change and C sequestration under different ecological conditions in the light of the
effects of specific management practices presented in the previous section. The
effort is focused on the major management factors rather than the reported quantities
of C sequestration for various AFS under different conditions (considering that such
values are highly variable depending on the local conditions, system characteristics,
management practices, and methods of computation) so that future management
strategies could focus on manipulating those factors for optimum advantage.
Moreover, for the purpose of this analysis, the multitude of AF systems and practices
that are reported in the climate change/C sequestration literature are grouped under
fewer categories, each encompassing several systems and practices of a somewhat
similar nature. These are intercropping systems (alley cropping, other forms of
tree intercropping), multistrata systems (homegardens, shaded-perennial systems),
protective systems (riparian buffer, windbreaks, live fence), silvopasture (grazing
systems, tree-fodder systems), and tree woodlots (fodder trees, fuelwood trees,
degraded land rehabilitation). A summary of the analysis is presented in Table 2.

Intercropping (Alley Cropping and Other Forms
of Tree Intercropping)

Alley cropping and various other forms of tree intercropping encompass many of
the traits associated with the management practices that are considered favorable
for climate change mitigation discussed before (Table 1). All of these systems and
practices can be identified with reduced tillage, effective residue management, and
species diversity. Efficient nutrient cycling and use of deep rooting/N -fixing species
are particularly significant in tropical alley cropping, where fast-growing trees and
shrubs, especially N, -fixing ones, are grown as hedgerows in crop fields and are
pruned periodically during the cropping season for the biomass to be returned to the
soil as a source of nutrients or used as animal fodder (Nair 1993). In moderately
sloping lands (<10% slope), alley cropping is also an effective soil erosion control
strategy in both the temperate regions (where the trees are not pruned, but are har-
vested at the end of the tree-rotation cycle) and the tropics (Garrett 2009; Bannister
and Nair 1990). Root turnover and decomposition is another process that might be
contributing to C sequestration in these systems; estimates of the amounts involved
are, however, rare and available figures are highly variable. In extensive intercrop-
ping systems under widely spaced or scattered stands of multipurpose trees, as in
the parklands system of sub-Saharan Africa, an additional favorable factor is the
large stock of C retained in trees both above- and belowground (Takimoto et al.
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2008; Luedeling et al. 2011); benefits derived from factors such as residue manage-
ment and nutrient cycling, erosion control, and reduced tillage may, however, be
expected to be of a low level of magnitude in these systems.

Another agroforestry technology that has been promoted, especially in nutrient-
depleted African soils, is improved fallow. Basically, one or a few (mixed) tree species
are planted as a substitute to natural fallow, to achieve the benefits of the latter in a
shorter time (Buresh and Cooper 1999). The production of biomass in planted
fallows as well as the potential of planted fallows to ameliorate soil fertility is
controlled by several factors: environmental conditions, soil type, land degradation,
length of the fallow period, density of tree planting, tree management, and soil and
climatic conditions (Mutuo 2005). Improved fallows, in which leguminous trees and
shrubs are grown in association with crops, are reported to sequester substantial
amounts of C in plants and soil in the short term (Sanchez 1999; Albrecht and
Kandji 2003) and enhance the stabilization of water-stable aggregates, which in turn
decreases the risk of erosion in subsequent crop periods, thus contributing to the
sustainability of the system (Mutuo 2005). Apart from the N-rich materials directly
returned by coppicing, trees also return sizeable quantities of organic C through root
detritus, root exudates, and mycorrhizal hyphae (Kaonga and Coleman 2008). The
year-round buildup of SOC on the soil surface due to litter fall and/or coppicing
increases the C stock at that layer, while belowground long-term C storage potential
is improved via the rooting systems. In spite of these promising reports, long-term
data on soil C buildup under improved fallows are not available, and the technology
still remains “on the shelf” with few reports on its large-scale adoption.

The current distribution as well as future scope for adoption of these intercrop-
ping systems is extensive throughout the world. Rigorous statistics on the extent of
area under agroforestry are not available; however, given the extensive spread of
various forms of tree intercropping, it is reasonable to assume that about 60% of the
more than 1 billion ha of land that was estimated to be under agroforestry (Zomer
et al. 2009) falls in this category. Somarriba et al. (2012) who estimated the area
under various AFS in Latin America did not recognize alley cropping and such
other forms of tree intercropping as a major practice in the region. Udawatta and
Jose (2011) estimated that the area under alley cropping in North America could be
about 18 million ha. Altogether, it seems that 700 million ha is a realistic estimate
of the area under this category of AFS (Table 3). In the extensive systems of tree
intercropping under scattered trees as in the parkland system of sub-Saharan Africa
that constitutes the major share of this category of AFS, the C sequestration rates are
expected to be low (<2 Mg ha™! year™) as suggested by Nair et al. (2009b). In the
tropical and temperate alley cropping, the CS rates could be higher than in the
extensive systems (>10 Mg ha™' year™); however, at present the area under such
systems is rather low as stated above. Given that this subgroup of AFS seems to
have high potential for adoption in both the tropics and the temperate regions, these
systems could have a significant role in climate change mitigation in the future.
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Multistrata Systems

Intensive, multispecies, tree-based farming systems such as homegardens and
shaded-perennial stands are common agroforestry practices, especially in the humid
and subhumid lowlands of the tropics. The structural and functional diversity and
various other characteristics of these systems have been well described in a variety of
publications and summarized in a few (Nair 1989; Kumar and Nair 2006).
Homegardens have a long tradition of providing food and nutritional security as well
as environmental sustainability in smallholder production systems, often in thickly
populated regions of lowland humid tropics in South and Southeast Asia and, to a
small extent, in other tropical and subtropical regions. Although a few systems that
have some similarities to tropical homegardens can be found in parts of the temperate
regions as well (e.g., the satoyama system in Japan, Ichikawa and Toth 2012), intensive
multispecies homegardens are a unique agroecosystem of the tropics.

Growing tree crops such as coffee (Coffea sp.) and cacao (Theobroma cacao L.)
under the shade of overstory tree species, known as shaded-perennial systems, is another
traditional example of high-intensity crop combination that has some unique ecological
features and commercial value. In addition to coffee and cacao, several of the tropical
fruit- and nut-producing tree species that are harvested annually or at shorter intervals
are often grown in association with understory or overstory species (Elevitch 2006,
2011; Gama-Rodrigues et al. 2011). In many situations, the species combinations and
management features of these systems are very similar to those of homegardens such
that, at the landscape and village level, there is a continuum of plant associations from
homegardens nearer homes to multistrata tree gardens away from the homes.

Characterized as the epitome of sustainability, these multispecies tree-crop combi-
nations are excellent examples of efficient land-management systems from the point
of view of climate change M&A. With heavy reliance on human (often family) labor
for the farm operations, conventional tillage operations involving machinery are
nonexistent in such systems. Some of the distinguishing ecosystem sustainability
features of these systems include efficient and “closed” nutrient cycling facilitated by
continuous litter fall and decomposition and very little export of nutrients from the
system by way of harvested products, the reliance on organic manure and plant
materials with consequent avoidance of chemical-fertilizer use, and predominance of
deep-rooted trees, which collectively contribute to the high levels of C sequestration
and climate change mitigation in these systems, as evidenced by the recent studies by
Saha et al. (2010) in the homegardens of Kerala, India, and Gama-Rodrigues et al.
(2010) in the shaded cacao systems of Bahia, Brazil.

In terms of the area occupied, these multistrata systems are not as widespread as
the tree-intercropping systems. As in most AFS, accurate estimates of area are not
available. Nair and Kumar (2006) presented a global map showing the spread of
homegardens within the 30°N and 30°S parallels with the highest concentrations in
the humid and subhumid tropics but did not present an estimate of the area involved.
The same applies to shaded-perennial systems too. All told, the total area under all
such multistrata systems may not exceed 100 million ha globally, and given the
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specialty nature of the commodities involved and the relatively high amount of
human labor demand in their management, the area under such systems is not likely
to increase in the near future. However, over the decades, even centuries, the area
under these systems has not declined either. Thus, although the prospects of enhancing
the role of these multistrata systems in future scenarios by extending the area
under the systems do not appear to be very promising, their area is likely to remain
unchanged, and therefore these systems will continue to be quite important in main-
taining the status quo of climate change mitigation.

Protective Agroforestry Systems

These systems encompass the use of trees and shrubs for exploiting their ecosystem-
protection benefits by planting them as windbreaks, riparian buffers, soil conservation
hedges, etc. Windbreak practices include shelterbelts, timberbelts, and hedgerows
and are planted and managed as part of a crop or livestock operation. Field windbreaks
are used to protect a variety of wind-sensitive row, forage, tree, and vine crops, to
control wind erosion, and to provide other benefits such as improved bee pollination
of crops and wildlife habitat (Brandle et al. 2009). Livestock windbreaks help reduce
animal stress and mortality, feed and water consumption, and odor, while timberbelts
are managed windbreaks designed to increase the value of the forestry component,
and shelterbelts are planted along sea coast to reduce the impact of sea encroach-
ment and protect crops from saltwater damage. Riparian and upland buffers are
strips of permanent vegetation, consisting of trees, shrubs, and grasses that are
planted and managed together. Riparian buffers are placed between agricultural
land (usually crop land or pastureland) and water bodies (rivers, streams, creeks,
lakes, wetlands) to reduce runoff and nonpoint source pollution, stabilize stream
banks, improve aquatic and terrestrial habitats, and provide harvestable products.
Upland buffers are placed along the contour within agricultural crop lands to reduce
runoff and nonpoint source pollution, improve internal drainage, enhance infiltration,
create wildlife habitat and connective travel corridors, and provide harvestable
products (Schultz et al. 2009). As discussed under alley cropping, frequently pruned
rows of trees and shrubs planted across the contour in crop production fields help
reduce soil erosion, and the pruned biomass serves as a source of nutrient to crops
or can be transported away to be used as animal fodder.

The trees and shrubs planted in these protective tree barriers contribute to climate
change mitigation directly through their C sequestration and indirectly and more
importantly through the protection they offer by reducing soil erosion by wind and
water. Depending on the planting patterns adopted (windbreaks: around crop fields;
soil conservation hedges: among crop rows; riparian buffer and fodder banks: along plot
and field boundaries; and shelterbelts: along field boundaries in coastal areas), the
number of trees/shrubs per unit area and the extent of C sequestration will vary consider-
ably. Jose et al. (2012) estimate that the potential C sequestration could be 4.7 Tg C year™
by riparian buffers along rivers and 8.79 Tg C year™! by windbreaks in the USA.
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Riparian buffers are a common feature of the landscape in the US North Central
region in particular (Jose et al. 2012), as well as in Canada (Thevathasan et al. 2012).
In addition to the benefit of C sequestration, these protective systems could provide
additional C benefits due to improved crop and livestock production and energy savings
(Kort and Turnock 1999). Recognizing agricultural runoff being a key contributor to
nonpoint source pollution (NPSP) of water including hypoxia in the Gulf of Mexico,
riparian buffer strips are a heavily subsidized agroforestry practice by US Federal
cost-share programs such as the Conservation Reserve Program, Environmental
Quality Incentives Program, Forest Stewardship Program, Wetlands Reserve
Program, and Wildlife Habitat Incentives Program (Jose et al. 2012).

Silvopasture

Silvopasture that combines trees, forages, and shrubs/trees with livestock opera-
tions is another type of agroforestry practice that is popular in both the tropics and
the temperate regions. Broadly, there are two major forms of silvopasture: grazing
and tree-fodder systems. In grazing systems, cattle are allowed to graze on pasture
under widely spaced or scattered trees, whereas in the tree-fodder systems, the animals
are stall-fed with fodder from trees or shrubs grown in blocks on farms (Nair 1993;
Nair et al. 2008; Kiptot and Franzel 2012). Most silvopastoral systems in Africa and
other developing regions of the world involve extensive open grazing by free-roaming
animals under scattered natural stands of trees and shrubs mostly in semiarid to arid
areas, as in the parklands of sub-Saharan Africa. More intensive grazing systems of
silvopasture are practiced in Latin America where animals are penned in barbed-
wired parcels and grazing is regulated (Somarriba et al. 2012). Such “organized”
silvopastoral systems are also becoming popular in the extensive Cerrado region of
Brazil (Nair et al. 2011). The most intensive silvopastoral system is the stall feeding
of animals with fodder from trees grown elsewhere, which is a very common practice
in smallholder farming systems as described by Kiptot and Franzel (2012). The
grazing system of silvopasture has recently gained prominence as an environmentally
desirable approach to managing degraded pasture lands in the industrialized countries
(Rigueiro-Rodriguez et al. 2008; Garrett 2009).

The extent of C sequestration in any AFS depends largely on the amount and
quality of biomass input provided by tree and non-tree components of the system
and on properties of the soils, such as soil structure and their aggregates. Howlett
et al. (2011a) reported that the soil C stock under cork oak (Quercus suber L.) and
other trees that are common in the dehesa was higher under the trees near the tree
trunks than away (15 m) from the trees. Studying C storage in soils under varying
depths in silvopastoral systems (trees+pasture) versus treeless pasture in southern
USA, Haile et al. (2010) reported that C3 plants (trees) contribute to more stable C
(in the silt- +clay-sized, <53 pm) fractions than C4 plants (warm-season grasses) in
deeper soil profiles. In the establishment of silvopastoral systems, some functional
consequences are inevitable when trees are allowed to grow in grass-dominated
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land such as an open pasture (Nair et al. 2011). It also needs to be noted here that in
intensive ruminant production systems, energy-containing compounds produced as
biomass in primary plant production are converted to desired animal products such
as meat and milk and into waste products. Waste comprises fecal and urine outputs
as well as the fermentation and respiration gases CO, and methane (CH,). Methane
is considered much more harmful than CO, to the ozone layer because of its much
higher intensity of infrared energy absorption; its contribution to the greenhouse
effect, per gram, is around 30 times higher than that of CO,.

Silvopasture embodies the goals of desirable management practices for climate
change mitigation (especially in terms of grazing, rooting, and manure addition)
and C sequestration.

Additional benefits of silvopasture include water quality improvement (Nair and
Graetz 2004; Michel et al. 2007), soil conservation, aesthetics, and providing shade to
cattle (Garrett 2009). Alternative land uses including sustainable forest management,
outdoor recreation, and ecotourism, and most encouragingly silvopasture, are considered
highly compatible with traditional ranching and include several elements of best
management practices for ranchers (Shrestha and Alavalapati 2004; Garrett 2009).

The extent of C sequestration and climate change mitigation in silvopastoral systems
will vary, depending, as in other systems, on the nature and level of management of
the systems, with rather low levels in the extensive system to relatively high levels
in the intensively managed systems. Grierson et al. (1992) suggested that a hectare
of southern pine in the USA grown in silvopasture with 20-year rotation could
absorb 350-540 Mg CO, (4.8-7.3 Mg Cha™' year™'). Dulormne et al. (2003) reported
a 15% increase in soil C to a 20 cm depth after 10 years of silvopasture with
Gliricidia sepium in the French Antilles, with an average carbon sequestration rate
of 1.9 Mg Cha! year™. Udawatta and Jose (2011) concluded that silvopastoral systems
had the greatest potential among all AF practices to sequester C in the USA. Using
a sequestration potential of 6.1 Mg Cha™! year™' on 10% marginal pasture land (23.7
million ha) and 54 million ha of forests, they estimated total CSP for silvopastoral
lands in the Unites States as 474 Tg C year™'. The dehesa system of southern
Mediterranean region of Europe is a traditional silvopastoral system extending over
3 million ha, primarily in Spain and Portugal (Mosquera-Losada et al. 2012;
Rigueiro-Rodriguez et al. 2008).

Tree Woodlots and Specialty Crops

These terms are used to denote agroforestry practices that are undertaken for special
situations and needs. Examples include growing tree woodlots as fodder banks
(for production of cut-and-carry tree fodder); boundary planting of trees for production
of firewood, small timber, poles, and fence posts; tree planting for reclamation of
degraded lands such as saline soils and mined land (Quinkenstein et al. 2012);
establishing tree woodlots for biomass and bioenergy production such as in the
Canadian prairies (Kort and Turnock 1999; Thevathasan et al. 2012); growing
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specialty products such as ornamentals, honey, and high-value crops for niche mar-
kets; and a whole host of such out-of-the-mainstream land-use systems. The extent
of people and areas involved and the economic benefits derived from such activities
are seldom documented. These activities, although important for their economic,
social, and cultural benefits, may not count as major activities in terms of carbon
sequestration and climate change mitigation, except for any large-scale tree woodlot
establishments.

The analyses presented above clearly indicate the effective role of agroforestry
practices in mitigating and adapting to climate change. Indeed, several broader
analyses of land-use systems in general have also highlighted the important role
that agroforestry could play in climate change M&A. Reviewing the various conser-
vation practices, Delgado et al. (2011) has identified agroforestry as an excellent
climate change mitigation tool since it can sequester significant amounts of C from
the atmosphere and suggested that agroforestry practices such as alley cropping,
silvopasture, riparian buffers, tree-grass buffer, and windbreaks could be used to
sequester C in North America. Eagle et al. (2010) argue that well-managed agroforestry
could also be integrated with bioenergy production and could reduce GHG
emissions due to its low use of fertilizer inputs and energy. Several of the manage-
ment practices identified by Lal et al. (2011) for increasing soil C sequestration such
as residue management, cover crops, use of nitrogen-fixing species, soil and water
conservation, and riparian buffer management are indeed central to many of the
agroforestry practices, as summarized in Table 2. Thus, it is clear that agroforestry
systems can be used to mitigate climate change by enhancing C sequestration both
above- and belowground and to help us adapt to changes in climate change by mini-
mizing soil erosion and improving soil productivity. Obviously, the extent of benefit
that could be realized depends on a large number of site-specific and management
factors. Table 3 that has been synthesized based on the analyses presented in Tables 1
and 2 and supplemented by other literature sources shows a summary of the range of
C sequestration benefits that can realistically be expected from different agroforestry
practices. Again, these values are only indicative.

Agroforestry Pathways to Climate Change M&A

Recognizing the value and importance of a land-management practice such as
agroforestry in climate change M&A is only the essential first step in addressing
the issue. The real success will come only when the identified practices are adopted
and implemented. For example, in spite of the recognition of the importance and
availability of a substantial body of research data regarding the desirability of no-till
farming for the past several decades, the rate of adoption of no-till farming is low,
and it is practiced on only about 7% of crop lands on a global basis, primarily in
the mechanized farms in the United States (Kassam et al. 2009; Derpsch 2011). The
practice has little or no adoption in developing countries because of various social,
political, and cultural reasons. Conservation agriculture promoted by the Food and
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Agriculture Organization of the United Nations (FAO 2009) and others that espouse
the principles of minimal disturbance of soils while providing continuous plant resi-
due cover and using diverse rotations and/or cover crop systems are very similar to
several of the agroforestry management options that can be used to sequester C and
to help mitigate and adapt to climate change (Tables 1 and 2). These principles that
could be applied to low-intensity and/or high-intensity systems provide alterna-
tives that can address the challenges presented by climate change. However, the
adoption rates of many of these promising alternatives are low. It would therefore
appear that it is not the lack of technologies or awareness about their role and value
that hinders their application and adoption. That is very true of agroforestry adoption
as well (Ajai and Place 2012).

Keeping with the biological focus of this chapter, let us examine briefly some of
the major agroforestry-related activities that could have significant impacts on climate
change M&A.

Grazing Land Management

Savannas are a major component of the world’s landscape, covering one-sixth of the
land surface and accounting for 30% of the primary production of all terrestrial
vegetation (Grace et al. 2006). Grazing land and pasture cover about 3.4 billion ha
globally (Gurian-Sherman 2011), most of which is currently under poor or little man-
agement. Undoubtedly, proper management, including diversification of pasture
species in this vast area, has a potential role in climate change M&A (Gurian-
Sherman 2011). Silvopasture could be a valuable tool for grazing land management
in many parts of the world. Recent studies by Howlett et al. (201 1a,b) and Mosquera-
Losada et al. (2012) have illustrated the role of trees in C sequestration in the dehesa
system in Spain and other parts of southern Europe. The Cerrado region of Brazil
and other parts of South America are extensive regions where silvopasture could
provide a major opportunity. As discussed by Tonucci et al. (2011), the Cerrado,
extending over 200 million ha, is the largest neotropical savanna in the Americas.
With its ongoing conversion to intensive agriculture since the 1960s, of which cul-
tivated pastures for beef cattle production are a major form, this unique ecosystem
is now considered threatened. Following the realization that the silvopastoral sys-
tem of tree plantation development on pasture lands could be relevant to this region
in view of the role of trees in C sequestration and GHG mitigation, eucalyptus-
based silvopastoral systems have been established during the past two decades in the
Cerrado region by growing agricultural crops [rice (Oryza sativa L.) and soybean
(Glycine max (L.) Merr.)] in the first 2 years followed by the forage species,
Brachiaria brizantha (Hochst. ex A. Rich.) Stapf., and beef cattle grazing from the
third year of plantation establishment. The Brazilian savannas that have character-
istically low aboveground C reserves hold considerable stocks of soil organic C,
probably as a consequence of previous land use, the history of which is unknown.
Most of this C is in a biodegradable form and is likely to be lost to the atmosphere
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when the soil is disturbed during land conversion to agriculture and pasture.
Adoption of sustainable land-use systems such as silvopasture could reduce this
potential hazard (Nair et al. 2011; Tonucci et al. 2011).

Working Trees in Drylands

A resurgence of interest in tree planting seems to be sweeping across the dry
regions of the world that occupy roughly 40% of land area. Two significant and
massive projects that have become talking points not only in conference halls and
college classrooms but also in international news media and perhaps in rural vil-
lages are the shelter forest of China and the Great Green Wall of Africa. Shelter
forest refers to large-scale planting of trees and shrubs to form a long protective
shield against desertification and soil and water losses in northern China covering
more than 40% of China’s land area (Yan et al. 2011). Officially called the “Three-
North Shelter Forest Program (TNSFP)” and dubbed as China’s “Green Great
Wall,” the project involves planting deciduous broad-leaved tree species (e.g.,
Populus spp., Ulmus spp.) and shrubs (e.g., Caragana microphylla, Hippophae
rhamnoides, Hedysarum fruticosum), since 1978 (Yan et al. 2011), and it repre-
sents the largest ecological afforestation program in the world. The Great Green
Wall Initiative of Africa is a program that aims to regreen the Sahelian countries
from Senegal in the west to Djibouti in the east, providing hope for poor farmers
and their communities to increase food production and incomes and at the same
time to improve their ability to adapt to future climate variability. Backed by the
African Union, the program is envisioned to encompass agriculture, livestock,
forestry, and agroforestry in a sustainable system, not “a wall made up of trees
planted across the Sahara, but rather as a set of cross-sectoral actions and inter-
ventions aimed at the conservation and protection of natural resources with a view
to achieving development and, particularly, alleviating poverty”.® News reports
and other publications are replete with various examples of “working trees” being
regenerated by farmers across the sub-Saharan region to renew land health and
transform environments (Garrity 2012; ICRAF 2011).* In Niger, more than 5 mil-
lion ha of farmland are covered predominantly by the fertilizer and fodder tree,
Faidherbia albida, and in the Seno Plains of Mali, grassroots efforts have resulted
in half a million hectares of medium-to-high density tree cover. The agroforests of
Ranawa in Burkina Faso that produce shea butter, an important ingredient in the
international cosmetics market from the shea butter tree (Vitellaria paradoxa C. F.
Gaertn.), have been applauded as a shining example of agroforestry just like the
assisted natural regeneration of traditional parklands in Senegal. As suggested by
Ban Ki-moon the UN Secretary General, on the World Day to Combat
Desertification, 17 June 2011, Dakar, Senegal,’ “the ongoing greening of the Sahel
and other success stories around the world show that degraded lands can be
reclaimed by agroforestry and other sustainable practices. We need to scale up
these interventions.” The establishment of shelterbelt plantations of fast-growing
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temperate tree species in the Canadian prairies (Thevathasan et al. 2012) is yet
another example of such a large-scale tree planting initiative. The scope for
extending such measures to vast areas of degraded drylands of the world and reap-
ing the resulting benefits of climate change M&A is enormous.

Riparian Vegetative Buffer

Soil erosion and nutrient runoff from agriculture, collectively called by the term
nonpoint source pollution (NPSP), remains a major challenge in protecting and
restoring water quality in the United States even three decades after the imple-
mentation of the Clean Water Act in the 1970s. The US Environmental Protection
Agency (2010) has identified agriculture as the leading cause for water pollution,
the most common pollutants being sediment, nutrients, pathogens, and organic
enrichments. The proportion of forest to agricultural land cover could be a good
indicator of NPSP moving to streams and lakes (Jones et al. 2004). Studies during
the past three decades have shown that the establishment of perennial vegetation
on agricultural watersheds as upland buffers can improve water quality parame-
ters (Udawatta et al. 2002; Schultz et al. 2009). Strategically positioned buffers
can enhance environmental benefits by filtering nutrients and reducing sediment
losses. This strategy might include conversion of sensitive areas such as variable
source areas or areas with greater runoff potential to perennial vegetation or
wetlands (Schmitt et al. 1999; Qui 2003). Numerous studies have suggested that
a holistic approach that addresses landscape parameters, soil properties, and man-
agement provides for the best protection of watersheds, and the implementation of
agroforestry practices, especially vegetative riparian buffers, has been recognized
as one of those strategies (Udawatta et al. 2009; Schultz et al. 2009). Riparian
zones are particularly effective “sinks” for groundwater-borne NO, (Hill 1996)
and are an essential component of efforts to reduce N delivery to receiving waters
in many parts of the world (Lowrance et al. 1997; Mitsch et al. 2001). The main
processes underlying the N-sink capacity of riparian zones are denitrification — the
anaerobic microbial conversion of NO, into the gases NO, N,O, and N, — and
plant N uptake. Managing riparian zones to keep them in permanent vegetation
including trees and shrubs will increase C sequestration in soils and vegetation
(Udawatta and Jose 2011), with nutrient inputs leading to enhancement of this
sequestration (Fortier et al. 2010). Given that public demand for ameliorative
measures such as establishment of vegetative buffer zones in crop fields to arrest
increasing hazards of soil erosion in the US Midwest is increasing,® riparian
vegetative buffers are expected to be an increasingly adopted best management
practice (BMP) in vast areas, especially in the industrialized world, that are
increasingly being degraded by chemical agriculture. Considering the benefits of
C sequestration, erosion control, and nutrient-use efficiency, such BMPs are an
excellent climate change M&A strategy.
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Rural Development and Indigenous Systems

Land-use intensification through tree-based production systems on smallholder
agricultural lands is a principal rural development pathway of agrarian transformation
with significant benefits for greenhouse gas emissions, economic return, provision
of ecosystem services, and climate change adaptation in Southeast Asia (Minang
et al. 2012) and South Asia (Kumar et al. 2012). As suggested by Verchot et al.
(2007), such high-carbon stocks rural-development approach offered through tree
integration in agricultural landscapes could play a major role in climate change
M&A in the region.

Some of the indigenous land-use systems that have stood the test of time and pro-
vided food and nutritional security and environmental sustainability and have been
identified with the social and cultural norms and traditions of the local people for
centuries are now being recognized and promoted gradually. The satoyama system of
Japan (Ichikawa and Toth 2012; Kumar and Takeuchi 2009) is just but one such example
of this trend. Plieninger (2011) has illustrated how trees on landscape as embodied in
the concepts of agroforestry could be a climate change mitigation strategy in
Germany. The emerging appreciation of their hitherto unrecognized value is a prom-
ising development that will lead to greater understanding of their role in the overall
ecosystem health, of which climate change M&A will be a major component.

Policy, Implementation, and Research Needs

The foregoing discussion leads to a SWOT analysis as presented in Fig. 1 that sum-
marizes the strengths, weaknesses, opportunities, and threats for the role of AFS in
climate change M&A.

Even when the strengths and opportunities are formidable as they appear to be in
this case, the success of the programs will be determined more by the “weak links”
(weaknesses and threats). The weaknesses are internal or inherent to agroforestry,
whereas the threats are external in the sense that they are conditioned by factors
outside agroforestry. Nevertheless, both categories manifest themselves as weak-
nesses or impediments, and therefore, they can be clubbed and considered together.
Policy, implementation, and research needs are the major weaknesses that could
hinder the realization of the potential for climate change M&A offered through
AFS.

The REDD+ (Reducing Emissions from Deforestation and Forest Degradation)’
is currently the most talked-about mechanism for international investments or incen-
tives in emission reductions from the land-use sector. It is based on the understanding
that developing countries should be financially supported for reduced emissions
from deforestation and forest degradation either through new targeted funding
streams or by links to carbon markets. Support for REDD+is largely due to the
common expectation that reducing emissions from land-use change will be cheaper
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Strengths Opportunities

v High above ground biomass v Enhanced above-ground C storage
production v Increased SOM content

v Deep root systems of trees v More stable C in deeper soil layers

v High litter-fall and ground cover v More ground cover and litter fall

v Efficient nutrient cycling facilitating better nutrient cycling

v More stable C in deeper soil layers z|\a/|nd cor|1tro|§f soil erlosgp

v Plant diversity and biodiversity v “ ore pant” |verS|ty eading to

) ] safety net” of nutrients and

v Species admixture reduced NPSP

v Control of wind and water erosion v Overall, better ecosystem

v Amelioration of non-point source sustainability
pollutants v Increasing global interest in

v Biodiversity conservation environmental ethics
Weaknesses (Internal) Threats (External)

» Lack of rigorous and long-term » Lack of adequate recognition of
quantitative data on potential AFS and trees on farms in int’l
benefits policy initiatives and mechanisms

» Site specific nature of systems such as REDD+

making large-scale extrapolation > Insufficient valuation methods for
difficult assessing ecosystem service
> Paucity of standardized methods benefits
and procedures for sampling and > Excessive importance to economic
estimation of C seq in AFS over environmental benefits in
> Multiplicity of factors and complex adoption incentives
nature of interactions > Inadequate institutional niche for
> Difficulty in estimating area under agroforestry at national and
different AFS international levels

Fig. 1 A SWOT analysis of the role of agroforestry systems in climate change M & A

than other sectors (Stern 2006). Yet, REDD+and the previous similar effort, Clean
Development Mechanism (CDM) of the Kyoto Protocol (that used to dominate simi-
lar discussions until REDD+ attained prominence recently), have so far been slow to
deliver sustainable development. Moreover, both REDD+and CDM only address
forestry, afforestation and reforestation, respectively. Smallholder farmers and agri-
culture are not specifically included, although 46% of agricultural land globally has
at least 10% tree cover (Zomer et al. 2009). With at least 30% tree cover in about
50% of agricultural land in Southeast Asia and Central America and in 15% of agri-
cultural land in sub-Saharan Africa, as revealed by the comprehensive study by
Zomer et al. (2009), agroforestry ought to have a rightful place as a major afforesta-
tion strategy in these global policy agendas and action plans, and it seems to be
moving in that direction as indicated by the recent international initiatives such as
the CRP 6.3
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In the discussions on low-input land-use systems such as agroforestry in relation
to climate change M&A, the trade-offs and synergies between and among the various
benefits will need to be factored in. As Matocha et al. (2012) articulate, the potential
of a land-use system for carbon sequestration, the ability of an activity to increase
the resilience of that system to climate change, and the capacity of local communities
to implement and maintain a project as well as the benefits they would derive from
it should be considered while identifying and prioritizing these activities. The trade-off
discussions in such cases, however, are often dominated by environmental benefits;
the trade-off between the environmental benefits and the potential for reduced
commodity production in AFS compared with monocultural systems is seldom
considered. But, income generation from crop and other commodity production,
rather than the potential climate change mitigation and adaptation benefits, will be
the overriding factor in the farmers’ decisions on adoption of practices. Matocha
et al. (2012) argue that in places where adaptation is needed and there is a risk of
trade-offs with mitigation, adaptation should be prioritized as the more site-specific
need, with due emphasis on research into strategies that will aid in mitigation. This
could be unrealistic, because, as noted before, mitigation and adaptation are so
intertwined that they will need to be considered together; moreover, adaptation
strategies have to be guided by research results of mitigation efforts. It needs to be
emphasized that while mitigation efforts are directed toward manipulating or
managing existing systems and practices (e.g., exploitation of nutrient cycling in
agroforestry), adaptation may involve introduction of new practices including
species and cultivars that are better adapted to climate change than the currently
used ones (e.g., agroforestry tree-improvement efforts, Leakey et al. 2012). In practical
terms, however, successful mitigation requires that the systems are able to adapt to
climate change; the effect of unmitigated climate change might exceed the adaptive
capacity of systems even if adaptation measures are fully implemented. Therefore,
adaptation strategies should be based on mitigation research, and the two should
proceed simultaneously in successful land-management systems.

The claims and conjectures about the role of land-use systems in climate change
mitigation and adaptation are riddled with more rhetoric than science and more rote
than reason. An examination of the rather prolific literature on the promising virtues
and roles of land-use systems in climate change M&A reveals that many of them
represent generalized — often global — projections, estimates, and assumptions that
are not adequately supported by rigorous research data. Agroforestry systems are no
exception. Indeed, it is even more complex in the case of AFS because of their extreme
location specificity compared with, say, commercial production systems. Moreover,
the lack of standardized procedures for research and estimations in agroforestry makes
it difficult to compare the reported data; indeed, some of the variability in the values
reported is due to this lack of uniformity in the procedures adopted. While part of this
can be attributed to the newness of this field of research, especially in agroforestry,
which by itself is a relatively new field for research, it is a serious problem in climate
change research in AFS. Nevertheless, all indications based on available scientific
evidence suggest that AFS have much greater potential than row-crop agricultural
and grazing systems in enhanced climate change mitigation, and introduction of



60 P.K.R. Nair

these practices wherever feasible would be a good climate change adaptation strategy.
This articulation of potential benefits based on available information from related fields
is indeed a good beginning. Although that initial phase has been productive, it is time
to move on to the next and more exciting stage, i.e., testing the hypotheses and validating
them in the field, while also developing rigorous and standardized research procedures
and analytical tools. Fortunately, we now have adequate experience and accrued
knowledge to embark on research projects of any magnitude on climate change
mitigation depending on resource availability, and we need to do that sooner than later
to harvest this seemingly “low-hanging fruit” of agroforestry.
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End Notes

1. TPCC (Intergovernmental Panel on Climate Change): www.ipcc.ch, accessed:
23 July 2011.

2. UNFCCC (United Nations Framework Convention on Climate Change): http://
unfccc.int/, accessed: 21 Aug 2011.

3. The Great Green Wall of Africa, http://www.oss-online.org/pdf/imv-en.pdf; last
accessed 2 Aug 2011.

4. ICRAF / World Agroforestry Centre (2011) Transformations Online agroforestry-
online@cgiar.org (Accessed: 2 Aug 2011).

5. Ban Ki-moon, UN Secretary General: World Day to Combat Desertification, 17
June 2011, Dakar, Senegal http://www.un.org/en/events/desertificationday/sg.
shtml: accessed 7 Aug 2011.

6. Washing Away the Fields of Iowa: Editorial, The New York Times, 5 May 2011.

7. REDD +: (Reduced Emissions from Deforestation and forest Degradation):
www.un-redd.org; http://unfccc.int/methods_science/redd/items/4531.php:
accessed 20 July 2011.

8. CRP 6: CGIAR Consortium Research Program 6: www.cifor.cgiar.org/crp6/;
accessed 21 Aug 2011.

References

Albrecht A, Kandji ST (2003) Carbon sequestration in tropical agroforestry systems. Agric Ecosyst
Environ 99:15-27

Alvaro-Fuentes J, Cantero-Martinez C, Lopez MV, Paustian K, Denef K, Stewart CE, Arrue JL
(2009) Soil aggregation and soil organic carbon stabilization: effects of management in semiarid
Mediterranean agroecosystems. Soil Sci Soc Am J 73:1519-1529


http://www.ipcc.ch
http://unfccc.int/
http://unfccc.int/
http://www.oss-online.org/pdf/imv-en.pdf
agroforestry-online@cgiar.org
agroforestry-online@cgiar.org
http://www.un.org/en/events/deserti%ef%ac%81cationday/sg.shtml
http://www.un.org/en/events/deserti%ef%ac%81cationday/sg.shtml
www.un-redd.org
http://unfccc.int/methods_science/redd/items/4531.php
www.cifor.cgiar.org/crp6/

Climate Change Mitigation and Agroforestry 61

Ajayi OC, Place F (2012) Policy support for large-scale adoption of agroforestry practices: experi-
ence from Africa and Asia. In: Nair PKR, Garrity DP (eds) Agroforestry: the future of global
landuse. Springer, Dordrecht (in press)

Amézquita MC, Ibrahim M, Buurman P, Amézquita E (2005) Carbon sequestration in pastures,
silvo-pastoral systems and forests in four regions of the Latin American tropics. J Sustain For
21:21-49

Baker JO (2007) Tillage and soil carbon sequestration: what do we really know? Agric Ecosyst
Environ 118:1-5

Bannister ME, Nair PKR (1990) Alley cropping as a sustainable technology for the hillsides of
Haiti: experience of an agroforestry outreach project. Am J Alt Agr 5:51-59

Batjes NH (1996) Total carbon and nitrogen in the soils of the world. Eur J Soil Sci 47:151-163

Bauhus J, van Winden AP, Nicotra AB (2004) Aboveground interactions and productivity in mixed-
species plantations of Acacia mearnsii and Eucalyptus globulus. Can J For Res 34:686-694

Billen N, Roder C, Gaiser T, Stahr K (2009) Carbon sequestration in soils of SW-Germany as
affected by agricultural management. Ecol Model 220:71-80

Blanco-Canqui H, Lal R (2008) Principles of soil conservation. Springer, Dordrecht

Brandle JR, Hodges L, Tyndall J, Sudmeyer RA (2009) Windbreak practices, Chapter 5. In: Garrett
HE (ed) North American agroforestry: an integrated science and practice, 2nd edn. Agronomy
Society of America, Madison

Bricklemyer RL (2007) Monitoring and verifying agricultural practices related to soil carbon
sequestration with satellite imagery. Agric Ecosyst Environ 118:201-210

Buresh RJ, Cooper PJM (eds) (1999) The science and practice of improved fallows. Agroforest
Syst (Special Issue) 47:13-58

Cambardella CA, Elliott ET (1993) Carbon and nitrogen distribution in aggregates from cultivated
and native grassland soils. Soil Sci Soc Am J 57:1071-1076

Cao G, Tang Y, Mo W, Wang Y, Li Y, Zhao X (2004) Grazing intensity alters soil respiration in an
alpine meadow on the Tibetan plateau. Soil Biol Biochem 36:237-243

Conant R, Paustian K, Elliot E (2001) Grassland management and conversion into grassland:
effects on soil carbon. Ecol Appl 11(2):343-355

Delgado JA, Groffman PM, Nearing MA, Goddard T, Reicosky D, Lal R, Kitchen NR, Rice CW,
Towery D, Salon P (2011) Conservation practices to mitigate and adapt to climate change. J
Soil Water Conserv 66:118A-285A

Derpsch R (2011) Frontiers in conservation tillage and advances in conservation practice. http://
www.rolf-derpsch.com/notill.htm.

Dossa EL, Fernandes EC, Reid WS, Ezui K (2008) Above- and belowground biomass, nutrient and
carbon stocks contrasting an open-grown and a shaded coffee plantation. Agroforest Syst
72:103-115

Duiker SW, Lal R (1999) Crop residue and tillage effects on carbon sequestration in a Luvisol in
central Ohio. Soil Till Res 52:73-81

Dulormne M, Sierra J, Nygren P, Cruz P (2003) Nitrogen-fixation dynamics in a cut-and-carry
silvopastoral system in the subhumid conditions of Guadeloupe, French Antilles. Agroforest
Syst 59(2):121-129

Eagle AJ, Henry LR, Olander LP, Haugen-Kozyra K, Millar N, Robertson GP (2010) Greenhouse
gas mitigation potential of agricultural land management in the United States: a synthesis of
the literature. Technical working group on Agricultural Greenhouse Gases (T-AGG) report.
Nicholas Institute for Environmental Policy Solutions, Duke University, Durham. http://
nicholasinstitute.duke.edu/ecosystem/land/TAGGDLitRev. Last accessed 20 July 2011

Elevitch CR (ed) (2006) Traditional trees of Pacific Islands. Permanent Agriculture Resources,
Holualoa

Elevitch CR (ed) (2011) Specialty crops for Pacific Islands. Permanent Agriculture Resources,
Holualoa

FAO (Food and Agriculture Organization of the United Nations) (2009) Conservation agriculture.
FAO Agriculture and Consumer Protection Department. http://www.fao.org/ag/ca/. Last
accessed 12 June 2011


http://nicholasinstitute.duke.edu/ecosystem/land/TAGGDLitRev
http://nicholasinstitute.duke.edu/ecosystem/land/TAGGDLitRev
http://www.fao.org/ag/ca/

62 P.K.R. Nair

Flessa H, Amelung W, Helfrich M, Wiesenberg GLB, Gleixner G, Brodowski S, Rethemeyer J,
Kramer C, Grootes PM (2008) Storage and stability of organic matter and fossil carbon in a Luvisol
and Phaeozem with continuous maize cropping: a synthesis. J Plant Nutr Soil Sci 171:36-51

Follet RF (2001) Soil management concepts and carbon sequestration. Soil Till Res 61:77-92

Fonte SJ, Yeboah E, Ofori P, Quansah GW, Vanlauwe B, Six J (2009) Fertilizer and residue quality
effects on organic matter stabilization in soil aggregates. Soil Sci Soc Am J 73:961-966

Forrester DI, Bauhus J, Cowie AL (2006) Carbon allocation in a mixed-species plantation of
Eucalyptus globulus and Acacia mearnsii. For Ecol Manage 233:275-284

Fortier J, Gagnon D, Truax B, Lambert F (2010) Nutrient accumulation and carbon sequestration
in 6-year-old hybrid poplars in multiclonal agricultural riparian buffer strips. Agric Ecosyst
Environ 137:276-287

Gama-Rodrigues EF, Nair PKR, Nair VD, Gama-Rodrigues AV, Baligar VC, Machado RCR
(2010) Carbon storage in soil size fractions under two cacao agroforestry systems in Bahia,
Brazil. Environ Manage 45:274-283

Gama-Rodrigues EF, Gama-Rodrigues AC, Nair PKR (2011) Soil carbon sequestration in cacao
agroforestry systems: a case study from Bahia, Brazil. In: Kumar BM, Nair PKR (eds) Carbon
sequestration in agroforestry systems. Springer, Dordrecht, pp 85-99

Garrett HE (2009) North American agroforestry: an integrated science and practice, 2nd edn.
American Society of Agronomy, Madison

Garrity DP (2012) Agroforestry and the future of global landuse. In: Nair PKR, Garrity D (eds)
Agroforestry: the future of global land use. Springer, Dordrecht, pp XX-XX

Grace J, San-Jose J, Meir P, Miranda H, Montes R (2006) Productivity and carbon fluxes of tropical
savannas. J Biogeogr 33:387—400

Gregorich EG, Beare MH, McKim UF, Skjemstad JO (2006) Chemical and biological characteristics
of physically uncomplexed organic matter. Soil Sci Soc Am J 70:975-985

Grierson PE, Adams MA, Attiwill PM (1992) Estimates of carbon storage in the above-ground
biomass of Victoria’s forest. Aust J Bot 40:631-640

Gulde S, Chung H, Amelung W, Chang C, Six J (2008) Soil carbon saturation controls labile and
stable carbon pool dynamics. Soil Sci Soc Am J 72:605-612

Gurian-Sherman D (2011) Raising the steaks. Global warming and pasture-raised beef production
in the United States. Union of Concerned Scientists, Cambridge

Haile SG, Nair VD, Nair PKR (2010) Contribution of trees to soil carbon sequestration in silvopas-
toral systems of Florida. Glob Chang Biol 16:427-438

Henry M, Tittonell P, Manlay RJ, Bernoux M, Albrecht A, Vanlauwe B (2009) Biodiversity, carbon
stocks and sequestration potential in aboveground biomass in smallholder farming systems of
western Kenya. Agric Ecosyst Environ 129:238-252

Hill AR (1996) Nitrate removal in stream riparian zones. J Environ Qual 25:743-755

Holt JA (1997) Grazing pressure and soil carbon, microbial biomass and enzyme activities in semi-
arid northeastern Australia. Appl Soil Ecol 5:143-149

Howlett DS, Mosquera-Losada MR, Nair PKR, Nair VD, Rigueiro-Rodriguez A (2011a) Soil
carbon storage in silvopastoral systems and a treeless pasture in northwestern Spain. J
Environ Qual 40:825-832

Howlett DS, Marcose MG, Mosquera-Losada M-R, Nair PKR, Nair VD (2011b) Soil carbon
storage as influenced by tree cover in the Dehesa cork oak silvopasture of central-western
Spain. J Env Monit 13:1897-1904

Huston MA, Marland G (2003) Carbon management and biodiversity. J Environ Manage 67:77-86

Ichikawa K, Toth GG (2012) The Satoyama landscape of Japan: the future of an indigenous
agricultural system in an industrialized society. In: Nair PKR, Garrity D (eds) Agroforestry: the
future of global land use. Springer, Dordrecht, pp XX-XX

IPCC (Intergovernmental Panel on Climate Change) (2007) IPCC 4th assessment report. Retrieved
9 June 2011, from IPCC: http://www.ipcc.ch/

Jones JR, Knowlton MF, Obrecht DV, Cook EA (2004) Importance of landscape variables and
morphology on nutrients in Missouri reservoirs. Can J Fish Aquat Sci 61:1503-1512


http://www.ipcc.ch/

Climate Change Mitigation and Agroforestry 63

Jose S, Gold MA, Garrett HE (2012) The future of temperate agroforestry in the United States. In:
Nair PKR, Garrity DP (eds) Agroforestry: the future of global land use. Springer, Dordrecht,
pp XX-XX

Kaonga ML, Coleman K (2008) Modelling soil organic carbon turnover in improved fallows in
eastern Zambia using the RothC-26.3 model. For Ecol Manage 256:1160-1166

Kassam A, Friedrich T, Shaxon F, Pretty J (2009) The spread of conservation agriculture:
justification, sustainability and uptake. Int J Agric Sustain 7:252-320

Kiptot E, Franzel S (2012) Gender and agroforestry in Africa: who benefits? The African perspec-
tive. In: Nair PKR, Garrity D (eds) Agroforestry: the future of global land use. Springer,
Dordrecht, pp XX-XX

Kirby KR, Potvin C (2007) Variation in carbon storage among tree species: implications for the
management of a small scale carbon sink project. For Ecol Manage 246:208-221

Kort J, Turnock R (1999) Carbon reservoir and biomass in Canadian prairie shelterbelts. Agroforest
Syst 44:175-186

Kukal SS, Rasool R, Benbi BK (2009) Soil organic carbon sequestration in relation to organic and
inorganic fertilization in rice—wheat and maize—wheat systems. Soil Till Res 102:87-92

Kumar BM, Nair PKR (eds) (2006) Tropical homegardens: a time-tested example of sustainable
agroforestry. Advances in agroforestry, vol 3. Springer, Dordrecht

Kumar BM, George SJ, Jamaludheen V, Suresh TK (1998) Comparison of biomass production,
tree allometry and nutrient use efficiency of multipurpose trees grown in woodlot and silvopas-
toral experiments in Kerala, India. For Ecol Manage 112:145-163

Kumar BM, Takeuchi K (2009) Agroforestry in the Western Ghats of peninsular India and the Satoyama
landscapes of Japan: a comparison of two sustainable land use systems. Sust Sci 4: 215-232

Kumar BM, Singh AK, Dhyani SK (2012) In: Nair PKR, Garrity DP (eds) Agroforestry: the future
of global landuse. Springer, Dordrecht (in press)

Lal R (1991) Tillage and agricultural sustainability. Soil Till Res 20:133-146

Lal R (2005) Forest soils and carbon sequestration. For Ecol Manage 220:242-258

Lal R (2010) Managing soils and ecosystems for mitigating anthropogenic carbon emissions and
advancing global food security. Bioscience 60:708-721

Lal R, Delgado JA, Groffman PM, Millar N, Dell C, Rotz A (2011) Management to mitigate and
adapt to climate change. J Soil Water Conserv 66:276-285

Lasco RD, Suson PD (1999) A Leucaena leucocephala-based indigenous fallow system in central
Philippines: the Naalad system. Int Tree Crop J 10:161-174

Leakey RRB, Weber JC, Page T, Cornelius JP, Akinnifesi FK, Tchoundjeu Z, Jamnadass R (2012)
Tree domestication in agroforestry: progress in the second decade. In: Nair PKR, Garrity D
(eds) Agroforestry: the future of global land use. Springer, Dordrecht, pp XX-XX

Lowrance R, Altier LS, Newbold JD, Schnabel RR, Groffman PM, Denver JM, Correll DL, Gilliam
JW, Robinson JL, Brinsfield RB, Staver KW, Lucas W, Todd AH (1997) Water quality functions
of riparian forest buffers in Chesapeake Bay watersheds. Environ Manage 21:687-712

Luedeling E, Sileshi G, Beedy T, Johannes DJ (2011) Carbon sequestration potential of agrofor-
estry systems in Africa. In: Kumar BM, Nair PKR (eds) Carbon sequestration in agroforestry
systems: opportunities and challenges. Springer, Dordrecht, pp 61-83

Makumba WJ (2006) The long-term effects of a gliricidia—maize intercropping system in Southern
Malawi, on gliricidia and maize yields, and soil properties. Agric Ecosyst Environ 116:85-92

Matocha J, Hills T, Hole D, Schroth G (2012) Integrating climate change adaptation and mitigation
through agroforestry and ecosystem conservation. In: Nair PKR, Garrity D (eds) Agroforestry:
the future of global land use. Springer, Dordrecht, pp XX-XX

Mayzlish QSM (2005) Impact of grazing on soil biota in a Mediterranean grassland. Land Degrad
Dev 16:581-592

McConkey BG, Liang BC, Campbell CA, Curtin D, Moulin A, Brandt SA (2003) Crop rotation
and tillage impact on carbon sequestration in Canadian prairie soils. Soil Till Res 74:81-90

Michel GA, Nair VD, Nair PKR (2007) Silvopasture for reducing phosphorus loss from subtropical
sandy soils. Plant Soil 297:267-276



64 P.K.R. Nair

Minang PA, van Noordwijk M, Swallow B (2012) High-carbon-stock rural development pathways
in Asia and Africa: how improved land management can contribute to economic development
and climate change mitigation. In: Nair PKR, Garrity D (eds) Agroforestry: the future of global
land use. Springer, Dordrecht, pp XX-XX

Mitsch WJ, Day JW Jr, Wendell GJ, Groffman PM, Hey DL, Randall GW, Wang N (2001)
Reducing nitrogen loading to the Gulf of Mexico from the Mississippi River Basin: strategies
to counter a persistent ecological problem. Bioscience 51:373-388

Montagnini F, Nair PKR (2004) Carbon sequestration: an underexploited environmental benefit of
agroforestry systems. Agroforest Syst 61:281-295

Mosquera-Losada MR, Moreno G, Pardini A, McAdam JH, Papanastasis V, Burgess PJ, Lamersdorf
N, Castro M, Liagre F, Rigueiro-Rodriguez A (2012) Past, present, and future of agroforestry
in Europe. In: Nair PKR, Garrity DP (eds) Agroforestry: the future of global landuse. Springer,
Dordrecht (in press)

Mutuo PC (2005) Potential of agroforestry for carbon sequestration and mitigation of greenhouse
gas emissions from soils in the tropics. Nutr Cycl Agroecosys 71:43-54

Nair PKR (ed) (1989) Agroforestry systems in the tropics. Kluwer, Dordrecht

Nair PKR (1993) An introduction to agroforestry. Kluwer, Dordrecht

Nair PKR (2011) Methodological challenges in estimating carbon sequestration potential of agro-
forestry systems. In: Kumar BM, Nair PKR (eds) Carbon sequestration in agroforestry systems:
opportunities and challenges. Springer, Dordrecht, pp 3-16

Nair VD, Graetz DA (2004) Agroforestry as an approach to minimizing nutrient loss from heavily
fertilized soils: the Florida experience. Agroforest Syst 61:269-279

Nair PKR, Kumar BM (2006) Introduction. In: Kumar BM, Nair PKR (eds) Tropical homegar-
dens: a time-tested example of sustainable agroforestry, pp. 1-10. Springer, Dordrecht, The
Netherlands

Nair PKR, Buresh RJ, Mugendi DN, Latt CR (1999) Nutrient cycling in tropical agroforestry
systems: myths and science. In: Buck LE, Lassoie JP, Fernandes ECM (eds) Agroforestry in
sustainable agricultural systems. CRC Press, Boca Raton, pp 1-31

Nair PKR, Gordon AM, Mosquera-Losada MR (2008) Agroforestry. In: Jorgensen SE, Faith BD
(eds) Encyclopedia of ecology, vol 1. Elsevier, Oxford, pp 101-110

Nair PKR, Kumar BM, Nair VD (2009a) Agroforestry as a strategy for carbon sequestration.
J Plant Nutr Soil Sci 172:10-23

Nair PKR, Nair VD, Kumar BM, Haile SG (2009b) Soil carbon sequestration in tropical agro-
forestry systems: a feasibility appraisal. Environ Sci Policy 12:1099-1111

Nair PKR, Nair VD, Kumar BM, Showalter JM (2010) Carbon sequestration in agroforestry
systems. Adv Agron 108:237-307

Nair PKR, Tonucci RG, Garcia R, Nair VD (2011) Silvopasture and carbon sequestration with
special reference to the Brazilian Savanna (Cerrado). In: Kumar BM, Nair PKR (eds) Carbon
sequestration in agroforestry systems. Springer, Dordrecht, pp 145-162

Nyamadzawo G, Nyamangara J, Nyamugafata P, Muzulu A (2009) Soil microbial biomass and
mineralization of aggregate protected carbon in fallow-maize systems under conventional and
no-tillage in Central Zimbabwe. Soil Till Res 102:151-157

Oelbermann M, Voroney RP, Thevathasan NV, Gordon AM, Kass DCL, Schlonvoigt AM (2006)
Soil carbon dynamics and residue stabilization in a Costa Rican and southern Canadian alley
cropping system. Agroforest Syst 68:27-36

Ogle SM, Breidt FJ, Paustian K (2005) Agricultural management impacts on soil organic carbon
storage under moistand dry climatic conditions of temperate and tropical regions. Biogeochemistry
72:87-121

Palm C, Tomich T, van Noordwijk M, Vosti S, Gockowski J, Alegre J, Verchot L (2004) Mitigating
GHG emissions in the humid tropics: case studies from the alternatives to slash-and-burn
program (ASB). Environ Dev Sustain 6:145-162

Paustian K, Six J, Elliott ET, Hunt HW (2000) Management options for reducing CO, emissions
from agricultural soils. Biogeochemistry 48:147-163



Climate Change Mitigation and Agroforestry 65

Peichl M, Thevathasan N, Gordon A, Huss J, Abohassan R (2006) Carbon sequestration potentials
in temperate tree-based intercropping systems. Agroforest Syst 66:243-257

Plieninger T (2011) Capitalizing on the carbon sequestration potential of agroforestry in Germany’s
agricultural landscapes: realigning the climate change mitigation and landscape conservation
agendas. Landscape Res 36:435-454

Purakayastha TJ, Rudrappa L, Singh D, Swarup A, Bhadraray S (2008) Long-term impact of fertil-
izers on soil organic carbon pools and sequestration rates in maize—wheat—cowpea cropping
system. Geoderma 144:370-378

Qui Z (2003) A VSA-based strategy for placing conservation buffers in agricultural watersheds.
Environ Manage 32:299-311

Quinkenstein A, Freese D, Bohm C, Tsonkova P, Hiittl R (2012) Agroforestry for mine-land
reclamation in Germany: capitalizing on carbon sequestration and bioenergy production.
In: Nair PKR, Garrity D (eds) Agroforestry: the future of global land use. Springer, Dordrecht,
pp XX-XX

Reeder JD, Schuman GE (2002) Influence of livestock grazing on C sequestration in semi-arid
mixed-grass and short-grass rangelands. Environ Pollut 116:457-463

Rees RB (2005) The role of plants and land management in sequestering soil carbon in temperate
arable and grassland ecosystems. Geoderma 128:130—154

Rigueiro-Rodriguez A, McAdam JH, Mosquera-Losada MR (2008) Agroforestry in Europe, vol 6,
Advances in agroforestry. Springer, Dordrecht

Roshetko JM, Delaney M, Hairiah K, Purnomosidhi P (2002) Carbon stocks in Indonesian
homegarden systems: can smallholder systems be targeted for increased carbon storage? Am J
Alt Agr 17:1-23

Rui WZ (2010) Effect size and duration of recommended management practices on carbon seques-
tration in paddy field in Yangtze Delta Plain of China. Agric Ecosyst Environ 135:199-205

Saha SK, Nair PKR, Nair VD, Kumar BM (2009) Soil carbon stock in relation to plant diversity of
homegarden systems in Kerala, India. Agroforest Syst 76:53-65

Saha SK, Nair PKR, Nair VD, Kumar BM (2010) Carbon storage in relation to soil size-fractions
under some tropical tree-based land-use systems. Plant Soil 328:433-446

Sainju UM, Senwo ZN, Nyakatawa EZ, Tazisong IA, Reddy KC (2008) Soil carbon and nitrogen
sequestration as affected by long-term tillage, cropping systems, and nitrogen fertilizer sources.
Agric Ecosyst Environ 127:234-240

Sanchez PA (1999) Improved fallows come of age in the tropics. Agroforest Syst 47:3-12

Schmitt TJ, Dosskey MG, Hoagland KD (1999) Filter strip performance and process for different
vegetation, width, and contaminants. J Environ Qual 28:1479-1489

Schultz RC, Isenhart TM, Colletti JP, Simpkins WW, Udawatta RP, Schultz PL (2009) Riparian
and upland buffer practices. In: Garrett HE (ed) North American agroforestry, an integrated
science and practice, 2nd edn. American Society of Agronomy, Madison, pp 163-218

Schwartz MW, Brigham CA, Hoeksema JD, Lyons KG, van Mantgem PJ (2000) Linking biodiver-
sity to ecosystem function: implications for conservation ecology. Oecologia 122:297-305

Sharkey TD, Loreto F (1993) Water stress, temperature, and light effects on the capacity for isoprene
emission and photosynthesis of kudzu leaves. Oecologia 95:328-333

Shrestha RK, Alavalapati JR (2004) Valuing environmental benefits of silvopasture practice: a case
study of the Lake Okeechobee watershed in Florida. Ecol Econ 49:349-359

Singh S, Mishra R, Singh A, Ghoshal N, Singh KP (2009) Soil physicochemical properties in a
grassland and agroecosystem receiving varying organic inputs. Soil Sci Soc Am J 73:
1530-1538

Six J, Elliott ET, Paustian K, Doran JW (1998) Aggregation and soil organic matter accumulation
in cultivated and native grassland soils. Soil Sci Soc Am J 62:1367-1377

Six J, Elliott ET, Paustian K (2000) Soil macroaggregate turnover and microaggregate formation: a
mechanism for C sequestration under no-tillage agriculture. Soil Biol Biochem 32:2099-2103

Six J, Feller C, Denef K, Ogle SM, Sa JCD, Albrecht A (2002) Soil organic matter, biota and
aggregation in temperate and tropical soils: effects of no-tillage. Agronomie 22:755-775



66 P.K.R. Nair

Six J, Bossuyt H, Degryze S, Denef K (2004) A history of research on the link between (micro)
aggregates, soil biota, and soil organic matter dynamics. Soil Till Res 79:7-31

Somarriba S, Beer J, Orihuela J, Andrade H, Cerda R, DeClerck F, Detlefsen G, Escalante M,
Giraldo LA, Ibrahim M, Krishnamurthy L, Mena VE, Mora JR, Orozco L, Scheelje M, Campos
JJ (2012) Mainstreaming agroforestry in Latin America. In: Nair PKR, Garrity D (eds)
Agroforestry: the future of global land use. Springer, Dordrecht, pp XX-XX

Srivastava D, Vellend M (2005) Biodiversity-ecosystem function research: is it relevant to conser-
vation? Ann Rev Ecol Evol Syst 36:267-294

Stern N (2006) Stern review on the economics of climate change. HM Treasury, UK Government.
http://webarchive.nationalarchives.gov. uk/+/http://www.hm-treasury.gov.uk/ independent_reviews/
stern_review_econom-ics_climate_change/sternreview_index.cfm

Takimoto A, Nair PKR, Nair VD (2008) Carbon stock and sequestration potential of traditional
and improved agroforestry systems in the West African Sahel. Agric Ecosyst Environ 125:
159-166

Thevathasan NV, Gordon AM, Bradley R, Cogliastro A, Folkard P, Grant R, Kort J, Liggins L, Njenga
F, Olivier A, Pharo C, Powell G, Rivest D, Schiks T, Trotter D, Van Rees K, Whalen J, Zabek L
(2012) Agroforestry research and development in Canada: the way forward. In: Nair PKR, Garrity
D (eds) Agroforestry: the future of global land use. Springer, Dordrecht, pp XX-XX

Tilman D, Lehman CL, Thomson KT (1997) Plant diversity and ecosystem productivity: theoretical
considerations. Proc Natl Acad Sci USA 94:1857-1861

Tilman D, Reich PB, Knops J, Wedin D, Mielke T, Lehman C (2001) Diversity and productivity in
the long-term grassland experiment. Science 294:843-845

Tonucci RG, Nair PKR, Nair VD, Garcia R, Bernardino FS (2011) Soil carbon storage in silvopas-
ture and related land-use systems in the Brazilian Cerrado. J Environ Qual 40:833-841

Tripathi SK, Kushwaha CP, Singh KP (2008) Tropical forest and savanna ecosystems show
differential impact of N and P additions on soil organic matter and aggregate structure. Glob
Chang Biol 14:2572-2581

Udawatta RP, Jose S (2011) Carbon sequestration potential of agroforestry practices in temperate
North America. In: Kumar BM, Nair PKR (eds) Carbon sequestration in agroforestry systems:
opportunities and challenges. Springer, Dordrecht, pp 17-42

Udawatta RP, Krstansky JJ, Henderson GS, Garrett HE (2002) Agroforestry practices, runoff, and
nutrient loss: a paired watershed comparison. J Environ Qual 31:1214-1225

Udawatta RP, Kremer RJ, Garrett HE, Anderson SH (2009) Soil enzyme activities and physical
properties in a watershed managed under agroforestry and row-crop system. Agric Ecosyst
Environ 131:98-104

UNFCCC (2007) Report of the conference of parties on its thirteenth session, Bali, Indonesia. In:
United Nations Framework Convention on Climate Change, UN, Geneva

United Nations (2010) Fact sheet. Retrieved 19 May 2011, from UNFCCC Website: http://unfccc.
int/press/fact_sheets/items/4987.php. Accessed 20 Jan 2012

USDA (United States Department of Agriculture) (2011) USDA agroforestry strategic framework,
fiscal year 2011-2016 — enriching our lives with trees that work. http://www.usda.gov/
documents/AFStratFrame_FINAL-Ir_6-3-11.pdf. Accessed 3 Aug 2011

USEPA (U.S. Environmental Protection Agency). 2010. Water quality assessment and total
maximum daily loads information: National summary of state information. Available at:
http://iaspub.epa.gov/waters 1 0/attains_nation_cy.control. Accessed 5 Aug 2011

Vandermeer J (1989) The ecology of intercropping. Cambridge University Press, Cambridge, 249 p

Verchot LV, van Noordwijk M, Kandji S, Tomich T, Ong C, Albrecht A, Mackensen J, Bantilan C,
Anupama KV, Palm C (2007) Climate change: linking adaptation and mitigation through
agroforestry. Mitig Adapt Strat Glob Chang 12:901-918

West TO, Post WM (2002) Soil organic carbon sequestration rates by tillage and crop rotation: a
global data analysis. Soil Sci Soc Am J 66:1930-1946

Williams ND, Petticrew EL (2009) Aggregate stability in organically and conventionally farmed
soils. Soil Use Manage 25:284-292


http://webarchive.nationalarchives.gov.%20uk/%2b/http://www.hm-treasury.gov.uk/%20independent_reviews/stern_review_econom%c2%acics_climate_change/sternreview_index.cfm
http://webarchive.nationalarchives.gov.%20uk/%2b/http://www.hm-treasury.gov.uk/%20independent_reviews/stern_review_econom%c2%acics_climate_change/sternreview_index.cfm
http://unfccc.int/press/fact_sheets/items/4987.php
http://unfccc.int/press/fact_sheets/items/4987.php
http://www.usda.gov/documents/AFStratFrame_FINAL-lr_6�3�11.pdf
http://www.usda.gov/documents/AFStratFrame_FINAL-lr_6�3�11.pdf
http://iaspub.epa.gov/waters10/attains_nation_cy.control

Climate Change Mitigation and Agroforestry 67

Xiang Y, Zheng S, Liao Y, Lu Y, Xie J, Nie J (2009) Effects of long-term fertilization on distribution
and storage of organic carbon and nitrogen in water-stable aggregates of red paddy soil. Sci
Agric Sini 42:2415-2424

Yan QL, Zhu JJ, Hu ZB, Sun OJ (2011) Environmental impacts of the shelter forests in Horqin
Sandy Land, Northeast China. J Environ Qual 40:815-824

Youkhana A, Idol T (2009) Tree pruning mulch increases soil C and N in a shaded coffee agroeco-
system in Hawaii. Soil Biol Biochem 41:2527-2534

Zomer RJ, Trabucco A, Coe R, Place F (2009) Trees on farm: an analysis of global extent and
geographical patterns of agroforestry. ICRAF working paper no. 89. World Agroforestry
Centre, Nairobi

Zou J, Yao H, Lianggang Z, Xunhua Z, Yuesi W (2004) Carbon dioxide, methane, and nitrous
oxide emissions from a rice-wheat rotation as affected by crop residue incorporation and
temperature. Adv Atmos Sci 21:691-698



Segregate or Integrate for Multifunctionality
and Sustained Change Through Rubber-Based
Agroforestry in Indonesia and China

Meine van Noordwijk, Hesti Lestari Tata, Jianchu Xu,
Sonya Dewi, and Peter A. Minang

Abstract Rubber (Hevea brasiliensis L.) production systems have conserved forest
biodiversity in some parts of Asia and are a threat elsewhere. A holistic view on
these two sides of the coin is needed. The roles planted trees and agroforestry play
in the transformation of lives and landscapes depend on the stage of “forest transi-
tion” and the spatial configuration, segregation or integration, of the landscape.
“Forest transitions” need to be understood at the level of the actual pattern of
change, (one level up) at the level of drivers of change, and (one level down) at the
level of consequences for ecosystem goods and services. To close the loop on a
feedback mechanism, forest transitions also need to be understood at the level of
mechanisms that link desirable or undesirable consequences of changes in tree
cover to the drivers, providing positive or negative feedback. “Forest ecosystem
services” can be partially fulfilled by agroforests as a form of domesticated forest.
We revisit the theoretical framing of agroforests as part of forest transition and
discuss a case study of the rise and decline of complex rubber agroforests in lowland
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Sumatra (Indonesia) and the recent expansion of monoculture rubber in China
replacing agroforestry systems. Both cases indicate a complex of driving and
conditioning factors but also a current lack of incentives to reverse the trend toward
landscape segregation. Complex agroforests represent an intermediate stage of
intensification, between natural forest and home garden, and may occupy an inter-
mediate stage in the way landscapes develop under the influence of land users and
other stakeholders. Although complex agroforests represent considerable value
(biodiversity and carbon stocks) of relevance to external stakeholders, incentive
systems for the land users need to match these values; otherwise, these systems
will disappear when more intensified and simplified tree crop systems take over.
Current analysis of the choices in land sparing versus land sharing, and segregation
versus integration, emphasizes the convex or concave nature of the bifunctional
trade-off curves.

Keywords Biodiversity ® Swidden ¢ Sustainagility ¢ Trade-offs ¢ Tree regeneration

Introduction

Multifunctionality Through Integration or Segregation

The title of this book suggests that agroforestry may be the future of land use in at
least some parts of the world. In other parts of the world, it is or is on its way to be
part of the history of land use. The rise, decline, and continued dynamics of any land
use respond to drivers, consequences, and feedback mechanisms. In the context of
the debate on sustainability of meeting the ever-increasing demand for food, feed,
and fiber production (Tilman et al. 2002) and the similarly increasing scarcity and
expressed value of environmental integrity (Kumar 2010), the potential role of
complex agroforests and other land use of “intermediate intensity” has caught the
attention of researchers (Vandermeer et al. 1998; Swift et al. 2004; Schroth et al.
2004; Michon et al. 2007; Scherr and McNeely 2007; Steffan-Dewenter et al. 2007).
Such agroforests may serve as an integrated, multifunctional, or “land sharing” solution
(Jackson et al. 2010; Tomich et al. 2001) and form an alternative or complement to the
segregated “land sparing” approach of agricultural intensification and simplification
based on substituting ecological functions by technical means and external inputs
(Sanchez 1994; Green et al. 2005). In its crudest and simplest form, the hypothesis
suggests that intensification will increase supply and decrease farm-gate prices,
leading to recovery or avoided clearance of forest and abandonment of marginal
land; investment in agricultural intensification might thus, if the hypothesis were
true, directly lead to biodiversity conservation and qualify for REDD+funding
(under emerging schemes to Reduce Emissions from Deforestation and Degradation,
Minang et al. 2012). Evidence supporting the hypothesis is mostly indirect (Angelsen
and Kaimowitz 2001; Rudel et al. 2009) and contradictory effects at intermediate
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scale — profitable forms of intensification attracting migrants to forest margins — exist,
but intensification may still be a necessary though not sufficient condition for
biodiversity, watershed, and carbon stock conservation (van Noordwijk et al. 1995a;
Tomich et al. 2001), depending on the direct negative consequences of intensification.

A rapidly increasing literature quantifies the trade-offs between productivity
and ecosystem services at various scales (Polasky et al. 2005; Woltmann et al.
2007; Nelson et al. 2009; Perfecto et al. 2009; Fischer et al. 2010; Phalan et al.
2011). Beyond the efficiency and persistence scales of such studies, however, the
“sustainagility” aspects of maintaining the options and resource base for continued
change (Verchot et al. 2007; Jackson et al. 2010) also need attention. As output
per ha will have to keep increasing to match growing demand, however, an
input-based operational definition of land-use intensity is needed before dynamic
hypotheses on the relationship of intensification with output per ha and other
functions can be quantitatively tested (van Noordwijk and Budidarsono 2008).
Van Noordwijk et al.'- !> analyzed whether a “segregate” or an “integrate” choice
would achieve more of a fixed production goal plus a maximized biodiversity
goal on a limited area of land. The equations suggest a simple quantitative criterion:
if the trade-off curve between productivity and biodiversity is concave, spatial
segregation of functions and specialization is the better choice; if the trade-off
function is convex, integrated solutions to multifunctionality targets are attractive,
at least from a planners’ perspective. In this chapter, we will revisit this theoretical
framing in the light of the “land pressure” that exists as human needs for both
goods and services keep growing and discuss two case studies from Asia, both
involving rubber (Hevea brasiliensis L.) but in different types of agroforestry
systems, one complex and one simple, with different consequences on surrounding
biodiversity.

Simple or Complex Agroforestry Systems:
Innovation and Multifunctionality

Joshi et al. (2003, 2005) and Pretty et al. (2006) explicitly discussed the type of
progress in productivity that is possible in resource-conserving agriculture. Simple
systems are in general easier to improve than complex ones and tend to have higher
growth rates, making them more interesting for investors (McNerney et al. 2011).
Simple systems, however, tend in general to become more complex over time and may
get bogged down by complexity, in the same way as tree growth slows down with
increased maintenance costs of existing biomass. In research on technological
progress, empirical scaling laws suggest that per doubling of cumulative production
costs per unit production decrease typically around 20% (for coal plants 12%, ethanol
production 20%, photovoltaic cells 23%, and transistors 43% as analyzed by McNerney
et al. 2011). From a producer’s perspective, the negative exponential decline in costs
reflects a decreasing rate of success in innovations, unless market demand keeps
growing exponentially at rates faster than the cost decline. Most agricultural or forest
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products no longer match this type of efficiency gain, and their production cannot
keep up with increases in industrial wage rates.

In agriculture, long-term trends toward declining farm-gate prices for primary
products imply that labor efficiency has to keep increasing. Recent increases in food
prices show that the pattern is not a monotone decrease, however. In ecology, the
relationship between complexity and dynamic properties (“stability””) has been
studied for more than four decades (May 2001) and has led to a redefinition and
cross scale refinement of both complexity and “dynamic stability” concepts. It may
not be particularly productive to ask whether “complex agroforests” are superior or
inferior to simple tree crop production systems unless we can be sure of the evaluation
perspective, but we can try to understand the conditions under which they emerge
in the landscape and the drivers of their subsequent decline. For resources with a
dominantly local use pattern, the farm-gate value per unit product decreases with its
frequency of occurrence, and this implies that a diverse portfolio is more valued
than a specialized one, supporting the emergence of fine-grained landscape mosaics.
For products with a national or global market where demand is not easily satisfied
in local production, farm-gate value per unit product increases with frequency of
occurrence if there are “‘economies of scale” linked to transport, processing, know-how,
and social linkages along the value chain. A shift from local to national and global
markets thus induces loss of globally relevant diversity and coarsening of landscape
mosaics.

Forest Transition and the Rise and Decline of Agroforests

While at continental scale Asia has turned the corner on “forest transition” (Rudel
et al. 2005) and has reported an increase in forest area during the last decade (FAO
2010), the net increase does not imply that gross deforestation and forest conver-
sion have been brought under control (Meyfroidt and Lambin 2011). Countries
with increasing forest areas have increased their external footprint (net balance of
imported and exported agricultural plus forestry products converted to area using
national statistics on productivity) by an average of 50% of the reported domestic
forest increase® (Meyfroidt and Lambin 2009; Meyfroidt et al. 2010; Minang et al.
2010). Planted tree cover replacing natural forest can occur in a gradual process
of agroforest development (early stages of “forest domestication” sensu Michon
et al. 2007), by direct replacement of natural forest, by plantation forestry or tree
crop development, and/or after a phase interlinkage) and interrupted by of
“degraded land” with low tree cover (Fig. 1a). The various components of the
“tree cover transition” may not spatially move at the same rate, as a recent study
in peri-urban trends in Tanzania showed (Ahrends et al. 2010), and the zone with
“intermediate, low tree cover” stages can expand and contract as a consequence.
Tree planting is, however, more likely at some distance from the forest edge
(Santos-Martin et al. 2011), as (illegal) extraction is more profitable than growing
trees and tending them.
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Nonlinear System Dynamics and Punctuated Change

Changes in land use may follow a gradual incremental pattern, increasing or decreas-
ing tree cover, or have an episodic, punctuated, transformational character (Fig. 1b).
The eight-shaped looping of stored capital and component linkage as proposed by
the Resilience Alliance (Folke et al. 2004; Chapin et al. 2009) suggests that there are
three major stages: an exponential growth phase from a low and slow start (r-phase),
a gradual and asymptotic approach to the “carrying capacity” for current technology
and environment (K-phase), and a crash/reorganization (QQ/a.-phase) stage that resets
the clock. The postulated increase in interlinkage can be understood to operate across
ecological, social, economic, and policy aspects. It is based on fine-tuning of rela-
tions around a new production system and increasing resource use efficiency with a
diminishing-returns-type approach to the carrying capacity of the environment for the
type of resource use.

Such eight-shaped looping may occur in systems at different scales. Relevant to
our current discussion are three of such scales:

A. The (agro)forest patch and its processes of maturation and rejuvenation

B. The adoption of a certain land-use system in a landscape or regional economy

C. Societies in their development from frontier patterns of resource extraction to
fully interlinked systems where social and environmental links are appreciated
and reflected in functioning institutions

While we will focus on level B, the biodiversity aspects of A and policy implications
of C reflect two other nonlinear systems of interaction.

Atlevel A, a forest patch cycles through r-phases (pioneers, exponential growth)
and K-phase (gradual approach toward carrying capacity and strong interlinkage)
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and interrupted by crash and reorganization /o phases, while the forest as a whole
may be in a steady state. Rubber’s natural habitat is the species-rich Amazonian
rainforests, mostly along rivers in forests that are frequently disturbed where H.
brasiliensis is a pioneer species surviving into mature secondary forest stage. In parts
of Asia, rubber after introduction naturalized into similar habitat and came to be
cultivated as part of a diverse forest system (Gouyon et al. 1993; Salafsky 1994;
Dove 2000). Patch-level, internal rejuvenation is also possible in rubber agroforests
(Wibawa et al. 2005), replacing the field-level rotational cycle, with associated
benefits for maintenance of tree diversity at plot scale as well as continued income
and avoiding dependence on financial investment in a replanting cycle.

Atlevel B, the adoption of new land-use systems normally has a slow start where
local evidence that it works and is attractive needs to be built up before widespread
use follows. Expressed against time, adoption curves are often S shaped, but in
Fig. 1b, the “stored capital” or area allocated to a certain land use is plotted against
the degree of linkage. The “linkage” dimension reflects the need for any land use,
and thus also agroforestry, to match:

(a) Knowledge and technology to deal with the biophysical constraints of the pro-
duction environment

(b) The surrounding ecology (including pest/disease, pollinator, dispersal relations,
as well as lateral flows of soil, water, wind, or fire)

(c) The economic land/labor relationship and demands for domestic consumption
and/or external markets

(d) Social systems that relate to land/labor relations, access to resources, and man-
agement of conflicts and jealousy

(e) Governance systems that control resource access and permit for market access,
taxes, and subsidies

(f) Infrastructure that influences accessibility of markets and processing facilities

All of these can be involved in the positive feedback loops that start a period of
exponential growth. Ecological (b) and socioeconomic factors (c, d, and e) can also
involve in the negative feedback processes that lead to the gradual approach of a
saturation level. It is unlikely that all these six types of relations (with human, natural,
financial, social, political, and physical capitals) develop in one go. Any of the six
categories can be a primary constraint to the use of trees in productive agroforestry
systems (Roshetko et al. 2008; van Noordwijk et al. 2008a). In some cases, the land-use
system ‘“collapses” ecologically as pest and diseases catch up or due to market
oversupply, but a more gradual replacement by better alternatives is also possible;
there may be issues of definition and terminology whether the “something better” is
a new variant of the same or a new land-use system.

At level C, the expansion of human use of natural habitat and emergence of associ-
ated governance, resource access, and tenure systems reflect the values of wider society.
The objectives of a pioneer-to-mature society may emerge in a sequence such as:

(a) Resource extraction to support national income (and political elites) with limited
local connectivity
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Fig. 2 Historical patterns of land-use change in lowland humid tropics of SE Asia with market-
oriented agroforests leading the change away from subsistence local food production (Source: van
Noordwijk et al. 2009)

(b) Economic growth or the initiation/expansion of value chains that benefit the
wider economy (creating employment and capturable value downstream)

(c) Social welfare in the political center of power which may include concerns over
flooding of cities by rural poor

(d) Social welfare in the political periphery of marginally productive landscape

(e) Environmental integrity and its impacts on water flows, biodiversity, and/or
greenhouse gas emissions

The environmental policy category is the most recent concern, and its role relative to
the social and economic ones is still contested. The balance between these objectives
tends to change with time, with considerable change during the lifetime of trees.
Punctuated change (€2/a) may occur through “revolutions” or “reformation’ episodes in
autocratic systems or in a more regulated election cycle in democratic arrangements.

At the interface of issue scales A, B, and C, agroforests are currently understood
to be an intermediate stage in intensification in a spatial as well as temporal sense.
They occur somewhere along the home garden — natural forest spatial gradient
around villages, depending on topography and the settlement pattern. Two extremes,
found in different parts of Asia, are a) settlement and landscape access via valleys
and b) settlement and transport via ridges. When landscape patterns are subject to
intensification (Fig. 2), changes in landscape components are interlinked (Fig. 3).
Agroforests may represent a transient temporal stage in landscape intensification,
with the opportunity (or threat) of replacement by more specialized monocultural
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tree crop systems in response to economic opportunity, unless innovations toward
higher labor efficiency remain feasible and are utilized. Data on typical labor use
per ha of different land-use systems, together with dependency ratio (fraction of
nonworking members of the human population) and fraction of agricultural work
of the labor force, can be used to calculate an equilibrium human population
density for the main land uses (Murdiyarso et al. 2002). Strong correlations between
landscape topography, human population density, and dominant land use (Hadi and
Van Noordwijk 2005) suggest that agricultural intensification should be under-
stood alongside demographic transitions and a switch to urban or service sector
employment.

Questions for the Case Studies

In the rest of this chapter, we will contrast two case studies of dynamics in agroforestry
landscapes: the current (/o phase of the rubber agroforest landscape of lowland Sumatra
(case study in Bungo district, Jambi) following a century of r- and K-phase dynamics
and the expansion of monocultural plantation/simple agroforest modes of rubber
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production in China and adjacent Laos. Our key questions on complex agroforest as
“icon” for the way development+environment can be reconciled are:

1. How can the spatial and temporal patterns of change involving rise and/or fall of
agroforests be understood at “driver” level from an actor perspective, including
opportunities for increased labor efficiency and/or productivity growth, in its
ecological, social, economic, and historical context?

2. What are consequences of these patterns for landscape multifunctionality? Are
“intermediate intensity” agroforests inherently stable as a long-term contribution
to landscape multifunctionality that includes effective biodiversity conservation?

3. What incentives would be needed to balance the productive and environmental
aspects of such agroforests?

4. Are arguments for an “integrate” and “land sharing” approach to multifunctionality
applicable and worthy of external support, or will a more segregated approach to
environmental and productive functions be more efficient in the use of land?

After describing the two cases at driver (question 1) and consequences (question 2)
level, we will briefly recapitulate segregate-or-integrate theory before discussing
questions 3 and 4 for the rubber case.

The Sumatra Case Study

Pattern and Drivers of One Century of Rubber-Based
Livelihoods in Bungo (Jambi, Indonesia)

Bungo district is located in the lowlands and foothills of the Bukit Barisan mountain
range in central Sumatra and is administratively part of Jambi province. The govern-
ment land-use designation of Bungo district consists of 10% protected natural for-
est in the foothills, 34% production forest (logged over), 50% agricultural lands,
and 6% other land-use types (settlements, rivers, etc.).’ The agricultural landscape
includes (A) remnants of the traditional upland agriculture based on fallow rotations
and upland rice as staple, (B) intensive rice paddy cultivation along rivers, (C)
complex multistrata rubber agroforest on the peneplains, (D) home gardens, and (E)
monocultural plantations of rubber and oil palm (Elaeis guineensis Jacq.). Land-use
change and increases in human population density during the last century have been
distinctly nonlinear (van Noordwijk 2005), with a first wave of migrants from else-
where in Indonesia (mostly Java and northern Sumatra) arriving during 1905-1925
and a second wave starting around 1980.

The start of rubber agroforestry, a century ago, followed after Dutch conquest in
1906 which brought Jambi (and the neighboring sultanate of Damasraya that is now
part of West Sumatra province) under the control of the colonial administration and
opened up the area for plantation agriculture (Locher-Scholten 1994). Up to that
time, swiddens for local food production had been combined with limited coffee
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and pepper production, traded via the Batang Hari River through Jambi town,
located at the most seaward inhabitable place. Rapid adoption of the newly introduced
Hevea brasiliensis from Brazil (“para rubber”) by smallholders in the area, initially
as part of the fallow in their swidden systems, transformed the landscape and beat
attempts at establishing large-scale rubber plantations.’ The area benefitted from the
rubber boom of the 1920s, and farmers planted so many rubber trees that nonavail-
ability of labor, not of land or trees, was the primary constraint to production. Rubber
exports partly replaced rattan exports, and, after the rubber trees were established
and intercropped, rice became scarcer, and the province became dependent on rice
imports from elsewhere in Indonesia, which it could afford owing to the price of
latex. Approximately 2 kg of rice was imported to the province per kg of dry rubber
exported during the first two decades after rubber introduction, and this exchange
left a financial surplus. In periods of high rubber prices, migrant labor from the
Kerinci mountains and/or Java added to the labor force; when rubber prices declined
(and Kerinci’s coffee or cinnamon boomed) the labor force went elsewhere.
Sustainagility required absence of social, cultural, or political restrictions to local
migration. The ecophysiological flexibility of rubber, where the trees recover and
gain in future productivity if not tapped, in contrast to other crops that need constant
care to stay in productive condition, provided sustainagility to the farmer (Vincent
et al. 2011a).

By the 1930s, Jambi became a “backwater,” with most of the economy based on
rubber. The Batang Hari River was the dominant mode of transport. A broad-sweep
summary of the last century in Bungo (Table 1) suggests that shifts in national policy
context had a profound impact on developments locally, as did the global ups and
downs of natural rubber prices. Prices were high after World War I and became
depressed in the late 1920s by oversupply and glut in demand but increased in World
War II to the level that it sparked the development of a fossil-fuel-derived synthetic
rubber as competitor. There have been price swings since that time related to global
fossil-fuel prices through its relationship with global economic mood swings and
through its effects on the processors’ choice between natural and synthetic rubber.

Thus, the spatial and temporal patterns of the rise of rubber agroforests can be
understood from the perspective of local actors, who replaced their upland rice for
rubber but maintained the matrilineally inherited paddy rice (Otsuka et al. 2000) as
basis of local food security, augmented with traded rice.

According to local custom, planting trees brought communal land under private
control, and a small number of tappable rubber trees were enough to establish a claim
(Suyanto and Otsuka 2001). The emphasis was thus on extensive rubber gardens,
while the local rules in many villages established “fallow rotation reserves” (locally
called sesap-nenek or “ancestors’ bush”) where tree planting was not allowed, so that
after the rice was harvested, the land would return to the common pool (van Noordwijk
et al. 2008b; Cramb et al. 2009). The private sector, mostly Chinese merchants from
Jambi city, invested and supported rubber development by providing free seed, as the
river ensured their captive market with all products passing through the town they con-
trolled. This happened largely below the radar screen of the colonial administration,
which supported a European plantation sector that largely failed to compete.
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The reliance on river transport in the formative years of the rubber industry in
Jambi implied a path dependency of the current value chain: processing industry is
geared toward handling low-quality “slab” rubber and pays low prices for all rubber
assuming that it has low quality — which proves to be a self-fulfilling prophecy. In
contrast, in West Kalimantan where road-based transport became important in early
stages of rubber establishment, factories were set up for clean sheet rubber with
an associated farm-gate-to-factory value chain. Changes toward price-to-quality
relationship and reduced length of the farm-factory chain of intermediaries face a
high resilience of status quo actors. Only in the past decade have efforts to create a
more direct quality-price relationship started to change the value chain.!

The “jungle rubber” aspect (Gouyon et al. 1993; de Foresta et al. 2000; Michon
2005) of smallholder rubber became more apparent in the 1930-1960 period, when
the area was a political backwater. Jambi was not a front-runner in the struggle for
Indonesian independence and was administered as part of West Sumatra until that
province fell out with national government in the late 1950s. In stark contrast to the
rapid initial spread of rubber in farming communities that still were rather “remote,”
subsequent rubber germplasm was hardly adopted — even though a three- to fourfold
increase in dry rubber yield per tree was achievable through clonal selection (Joshi
et al. 2003; Penot®). In the 1990s, farmers were aware of a “yellow” and “red” type
of rubber, derived from material introduced by the agricultural extension service in
the 1940s, but they were not actively pursuing such germplasm known to be more
productive. The substantial risk of failure of newly planted rubber, mainly due to
damage by wild pigs, was quoted as the main reason (Joshi et al. 2003). The transi-
tion to planting material that has any appreciable cost and is planted at final density
with low tolerance of loss proved to be more difficult (Williams et al. 2001) than the
initial adoption of an exotic alternative to local latex-producing trees. When the use
of fire in land clearing became controversial in the 1990s (Stolle et al. 2003), tech-
niques based on large-sized planting material became popular, with some effort to
obtain seedlings from grafted rubber plantations but with unclear genetic status of
the material planted (Vincent et al. 2011b; Wibawa et al. 2005). The use of fire in
land clearing is considered essential by farmers who want to plant an upland
rice crop in the first year with the rubber (Ketterings et al. 1999), partly because it
mobilizes organic soil phosphorus pools (Ketterings et al. 2002); it may lead to high
within-field erosion and sediment transport, without much loss beyond field borders
(Rodenburg et al. 2003).

Nonlinear Changes in Context: Rise and Decline

The big changes of the past three decades can be traced back to key changes in
national policies: the policies surrounding logging concessions, development of the
Trans-Sumatra Highway, and its impacts on economic geography, especially where
the road cut across different river systems rather than follow the course of the river.
Demographic change came with transmigration projects starting in the 1970s.
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The new economic activities and labor force, mostly from Java, largely bypassed
the local rubber-based economy. However, Miyamoto (2006a, b, 2007) recorded an
increase in land-use intensity and rate of forest clearing before the Trans-Sumatra
Highway was operational, as local farmers may have anticipated the increased avail-
ability of labor that would make larger rubber areas profitable through share-tapping
agreements.

There is not a single example in Jambi where the Indonesian selective logging
system (Sist et al. 1998) aimed at allowing regrowth of the forest for a second round
of logging after 30 years has worked. Throughout Jambi, the increased accessibility
of the logged-over forest by the network of logging trails connecting to public roads,
the presence of a labor force brought in for the logging operations, and the policy
vacuum at the end of a logging concession gave the appearance of a “free-for-all”
phase of illegal logging, land claims, and conversion (Colfer 2005). Oil palm con-
cessions were planned and licensed by the provincial government for virtually all
logged-over forests, often including large tracts of smallholder-managed (and “owned”)
rubber agroforest. The direct link between local government and Jakarta-based
elites was severed in the 1997-1998 beginning of the “Reformasi” period, giving
more authority to local elites and entrepreneurs.

In the 1990s, establishment of large-scale oil palm plantations was protected
from competition from independent smallholders by restrictions on establishment
of independent mills with excess processing capacity. While commercial logging
activities sanctioned by government concessions stopped in 2000, loss of natural
forest cover continued. Ekadinata and Vincent (2011) analyzed land-cover change
between 1973 and 2005 in Bungo district, an area of 4,550 km?. During that period,
natural forest cover declined from more than 75-30%, while monoculture plantations
of rubber and oil palm increased from 3 to over 40%; rubber agroforests decreased
from 15 to 11%, but most of the rubber agroforests present in 1973 had been con-
verted to monocultures in 2005, while new rubber agroforests emerged elsewhere in
areas under natural forest in 1973. Rubber agroforest appears to be a predominantly
transient type of land use with high likelihood of conversion. Difficult access to the
remaining forested land added more pressure to rubber agroforest conversion into
more intensive agricultural systems.

Consequences: Agroforests as Last Haven
Jor Lowland Forest Biodiversity in Jambi

With the intended and ongoing conversion of all “production forest” in the province
of Jambi to fast-wood plantation for the pulp and paper industry, rubber agroforests
have become a last haven for lowland forest biodiversity in the landscape, as pro-
tected areas in Sumatra mostly cover the hills and mountains or coastal peat swamp
(Laumonier et al. 2010). Bungo district includes a portion of the Kerinci Seblat
National Park (the largest park in Sumatra) at higher elevation and in the past pro-
vided ecological connectivity to the Bukit Dua Belas National Park (east of Bungo).
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Table 2 Floral diversity in rubber agroforest in tree, sapling, and seedling stages compared to
secondary forest in Bungo district (Jambi, Indonesia; eight replicates in Rantau Pandan and eight
in the Muara Kuamang/Kuamang Kuning area)

Secondary Rubber agroforest
forest (RAF)
Stratum Parameter n=16 n=16
Tree Number of species 9.6 6.0%*
(dbh>10 cm) Number of individual tree 124 12.7 ns
Density (N ha™') 621.9 634.4 ns
Shannon-Wiener index 4.5 2.6%%*
Sapling Number of species 11.2 10.6 ns
(dbh <10 cm, Number of individual tree 18.2 18.0 ns
height >2 m) Density (N ha™") 3650.0 3600 ns
Shannon-Wiener index 4.3 4.2%
Seedling Number of species 15.4 15.7 ns
(height <2 m) Number of individual tree 45.6 60.9 ns
Shannon-Wiener index 4.3 4.0%%

Source: Tata et al. (2008b)

Note: asterisk denotes significant difference of RAF to forest at p=0.05; ** at p=0.01 based on -test (for
diversity index) and based on Dunnet test for other parameters; dbh diameter at breast height (1.3 m);
circular plot of 200 m? (for trees), with 50-m? subplots for saplings, 25-m? subplots for seedlings

The rubber agroforests that originally developed along the rivers in the beginning
of the twentieth century became an ecological corridor that connected to the low-
land protected areas, especially when roads attracted the focus of development to
other parts of the landscape. Current pressure on conversion, however, means that
only a limited number of “stepping stones” are left rather than a continuous corridor.
Riparian zone connectivity between protected areas in the region through rubber
agroforests (RAF) has never been recognized in conservation planning and did not
get active policy support.

Initial transformation of forest to rubber agroforest resulted in a modest change
in diversity and plant species composition, as active rejuvenation of forest species
still took place (Lawrence 1996; Beukema and van Noordwijk 2004; Beukema et al.
2007; Tata et al. 2008b). The loss of forest cover significantly decreased species
richness of vegetation in the (reproductive) tree stage. The structure of the seedling
and sapling strata in forest and rubber agroforest, however, was not significantly
different (Table 2). Selective culling of trees that stand in the way of rubber and have
less value explains this pattern (Tata et al.”). The higher the intensity of RAF’s man-
agement, the lower the species richness (Rasnovi®).

Rasnovi® reported 405 tree species of sapling stage encountered both in forest
and RAF, while 241 species were found in forest only and 284 in RAF only, virtu-
ally all belonging to the native flora and indicative of the challenge of exhaustive
enumeration of the forest diversity. About 71% of the saplings encountered in RAF
belong to long-range zoochorous species, whereas in forest 64% of saplings have
this dispersal mode. Autochory, that is, large seeds with limited dispersal range,
accounted for 14.9 and 4.6% of species in forest and RAF, respectively (Tata et al.”).
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Fig. 4 Composition of bird guild types in rubber agroforest and forest in North Sumatra: /P
insectivore-piscivore, F frugivores, N nectivore, O omnivore, /F' insectivore-frugivore, / insecti-
vore, R raptor, NP nocturnal predator, P piscivore (Source: Ayat et al. 2011%)

Thus, RAF plays a role as refuge area of forest tree species for which the dominant
mode of seed dispersal through birds and small mammals remains functional, but
less so for the ecological group of trees with large seeds that tend to occur in later
successional stages (Wunderle 1997); large seeds are ecologically functional in
densely foliated forest patches where they allow saplings to reach a size that allows
rapid response to gap (Chablis) formation. Among the trees that are allowed to
reach reproductive stage in RAF, species with edible parts from a human perspec-
tive are positively selected, as are trees with use value as vegetable, spice, or medici-
nal use (Tata et al. 2008a); 64% of trees encountered in RAF had edible parts,
compared to 29% of species encountered in the natural forest (Tata et al.”).

Diversity of the vegetation has a positive relationship with animal diversity, in
particular birds and bats, which play important roles as dispersal agents, pollinators,
and biological control agents. A recent study in North Sumatra showed that 14 out
of 17 bird guilds found in forest comparator plots were also found in RAFE.?> The two
commonest guild types of birds in both forest and RAF were insectivores and frugi-
vores (fruit eating); frugivore birds were more frequent in RAF than in forest
(Fig. 4), owing to a higher relative abundance of fruit trees in RAF.

Consequences: Local Appreciation of (Agro) Forest
Diversity in Jambi

The main difference between forests and rubber agroforests, besides land-cover
properties, is the tenurial system (de Foresta et al. 2000; Michon 2005). At the com-
munity level, forest is usually owned and managed communally, while rubber in the
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Fig. 5 Location of the three focal villages of the Landscape Mosaics Project in Bungo district

rubber agroforests is considered to be private property. At the government level,
forests are under control of forest authorities, and only rubber agroforests that are
located in agricultural zones are considered private property. Part of the current rubber
agroforests are classified as production or watershed protection forest on the gov-
ernment maps, creating (potential) conflicts — but also opening space for negotia-
tions such as the “village forest” in watershed protection forest that is managed as
rubber agroforest with mutual consent (Akiefnawati et al. 2010). Within the local
rules, rubber trees in rubber agroforests are privately owned, but products from
other trees, such as durian (Durio zibethinus L.) or petai (Parkia speciosa Hassk.)
and medicinal plants, can be collected by any villager. Decisions to intensify rubber
agroforests thus reduce access to such forest resources in the landscape and involve
a private gain but loss to the commons.

Some further insights into the role rubber agroforests play in provision of “forest
services” were obtained as part of the Landscape Mosaics Project (Pfund et al. 2008,
2011). Three villages in Bungo district were selected based on an intensification
gradient (Fig. 5): (1) Lubuk Beringin village (forest edge/low intensification), (2)
Tebing Tinggi village (intermediate intensification), and (3) Danau village (most
accessible, most intensified).

The perceived importance of the various forest (woody vegetation) types presents
in a gradient of three villages, spanning the local forest margin to intensive use gra-
dient (Fig. 6) across five countries (Laos, Indonesia, Madagascar, Tanzania, and
Cameroon; Pfund et al. 2011). In the Jambi benchmark, the “forest margin” village
Lubuk Beringin had three habitat types (Fig. 7), Tebing Tinggi had no natural forest
left, and in Danau all secondary forest had been converted to agroforest. Some of
the other sites included a “forest plantation” category not present in Bungo. The
perceived importance to local livelihoods was quantified using a pebble-scoring
technique, allocating 100 tokens across the functions (multidisciplinary landscape
assessment method: Sheil and Liswanti 2006). The functions are here relabeled as
three types of “goods” (“provisioning services”: food, other items for local use, and
marketable goods) and regulating and cultural services (Fig. 7).

Some of the other landscapes included an “other” category; the Bungo results
did not. Figure 6 gives a breakdown of the “other goods” over four categories.
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Fig. 6 The relative share of four habitat types, in as far as present in a landscape, in the total
importance value (pebble-scoring result) assigned to four types of “nonfood goods” that can be
obtained, mostly for home consumption and local use, in 3 focal villages of the Landscape Mosaics
Project in the Bungo benchmark and as average for 12 other villages in 4 other countries (Laos,

Madagascar, Tanzania, and Cameroon)
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Fig. 7 Relative importance of food provisioning, other-good provisioning, marketable goods pro-
visioning, and regulating and cultural services across up to four woody vegetation types (“natural”
forest, agroforest, secondary forest, and forest plantation) in three focal villages of the Landscape
Mosaics Project in Bungo, in Bungo as an average and across four other benchmarks (Laos,
Madagascar, Tanzania, and Cameroon)

The results show that “goods” are substantially more appreciated than “services,”
with the given interview technique, in all five Landscape Mosaics sites (and in all 15
villages involved). Regulating services (mostly referring to water) got some mention;
cultural services hardly received any. Within the “provisioning services,” the role of
food is relatively small (<20%), again with the Bungo (Indonesia) results aligned
with the other four country studies; the “other goods” dominate (40-50%), and
“marketable goods” (30—40%) are intermediate. The relative profiles of the various
functions for each habitat type appear to vary more between the landscapes than
they vary between habitats in a given place. For example, if firewood is important at
all, any firewood is important irrespective of the nature of woody vegetation it comes
from. Also, RAFs are at least as much appreciated as natural forests in a role as
provider of nonmarketed nonfood products. The three test villages in Bungo dif-
fered in their landscape composition, human population density, as well as market
orientation. In Danau, there was no natural forest or secondary forest left in the
landscape at the time of the interview, so rubber agroforest had become the sole
provider of “forest functions.” Overall, however, this village is most focused on the
marketable part of goods provisioning. Forest-based medicinal plants have been
largely replaced by bought pharmaceuticals, leaving undomesticated fruits as a
major reason that agroforests are appreciated locally (Lehébel-Péron et al. 2011;
Therville et al. 2011).

Increasing market integration, assisted by a recent recovery of world market
prices for rubber, has reduced the local relevance of diversity in semi-domesticated
agroforest resources and has led to generally positive local perceptions of the oppor-
tunity for change toward monoculture intensified rubber and oil palm plantations
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(Feintrenie et al. 2010; Feintrenie and Levang 2009, 2011). In some forest-edge
villages, however, a positive reappreciation of the merits of rubber agroforests has
taken place, and resistance to change into oil palm is expressed (Villamor and van
Noordwijk 2011), partly in response to success in securing use rights in the “water-
shed protection forest” zone (Akiefnawati et al. 2010).

Case Study in Xishuangbanna, China

Pattern and Drivers of Half a Century of Rubber
Plantation Economy

Rightly or wrongly, shifting cultivation is often held to be the principal driving force
for deforestation in tropical Asia. Resource managers in these countries invariably
see shifting cultivation as a single, simple system of farming in which the forest or
scrub is slashed and burned to make swiddens. As argued by Rambo,” however,
swidden agriculture is a composite farming system with high agro-biodiversity and
livelihood flexibility, with a system built around patchy, phased removal of trees but
not of the forest (Alcorn 1990). Swidden-fallow landscapes stay within the interna-
tionally accepted forest definition as long as the fallows reach a tree height of 5 m
and a crown cover of 30% before opened for a next cycle, and thus shifting cultivation
is not a driver of deforestation until a late stage in intensification and shortening of
fallow periods.

Land use in the upper Mekong region has a direct ecological impact on lower
Mekong locations. Economic development in the upper Mekong is not dependent
on physical access via this river, and there is little direct reason to care about effects
downstream, whether land use, climate change, or engineering projects are seen as
the primary cause of change in river flow (Xu and Thomas 2010). Land-use change
in the upper Mekong region has occurred where smallholder farmers switched from
swidden agriculture to a plantation economy. While the number of hectares planted
to these crops may still be relatively inconsequential, annual rates of change are
significant. Recent research results suggest that most upland areas of Mekong
will eventually see a major change in land use with the conversion from swidden
agriculture to commercial tree crop plantation (Ziegler et al. 2009). As a result,
biodiversity, as measured by the number of species found in the landscape (Xu et al.
2009), and carbon stocks both aboveground and belowground are declining, while
watershed services deteriorate. In this context, the increase in rubber plantations
received specific attention, as it alters the hydrologic system compared to native
vegetation (Guardiola-Claramonte et al. 2010).

Bordering with Laos and Myanmar, Xishuangbanna prefecture is located in the
upper Mekong, Yunnan province of southwest China. The prefecture covers only
0.2% of the land area of China, yet it contains 25% of all the plant species in the
entire country (Cao and Zhang 1998); it also is a culturally diverse region. It is the
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home of many ethnic minority people including the valley-dwelling paddy-farming
Dai people and upland shifting cultivators such as Hani (or Akha), Jinuo, Yao, Lahu,
and Bulang. The Dai are Hinayana Buddhists but also worship nature in the form of
“holy hills” and “temple yards.” The Dai people have traditionally cultivated Senna
siamea (Lam.) (Irwin & Barneby) (syn, Cassia siamea Lam.) for fuelwood for
hundreds of years. Each Dai family would have a small plot of S. siamea near the
village. They have also traditionally practiced homegarden agroforestry (Pei 1991).
The Hani (called Akha in Thailand) are animists and place a strong emphasis on
worshiping their ancestors, as exemplified in their strictly protected cemetery forests.
They practice a composite swiddening system that includes jungle tea gardens in the
forest, intensively terraced paddies, livestock grazing, and shifting cultivation in the
uplands (Xu et al. 2009). Swiddens are called “taungya” by the Hani, which means
“nonirrigated uplands” (compare Thai use of the term in Raintree and Warner 1986).
Before 1949, Hani (or Akha), Lahu, and other upland ethnic groups paid taxes or
tributes to the Prince in the Dai principality as well as exchanging forest products
such as rattan, tea, and wildlife meat with lowland Dai people for betel nut (Areca
catechu Linn.), metal, salt, etc. The lowland-upland networks also allowed lowland
political centers to extend their governance over the uplands and helped upland
communities to access markets and information. Customary rules maintained a ring
of forest surrounding the hamlet as well as at the foothills of mountains, which
served as an ecological and political buffer between the lowlands and uplands. Land
property relations within and across ethnic groups were diverse, flexible and over-
lapping, and certainly fuzzy from the perspective of private, exclusive property
(Sturgeon 2004). These socially constructed patterns of interdependence fostered a
certain degree of autonomy and self-governance for indigenous people and allowed
them to govern an ecologically diverse but integrated landscape for cultural and
subsistence needs. The mosaic landscape is however considered by state and scientists
as “unproductive”; the practices of shifting cultivation or rotational swidden-fallow
agroforestry are considered “backward” land-use practices.

Between 1950 and 1985, forest cover in this region decreased dramatically from
63 to 34% (Zhang and Cao 1995). Today, forests remain primarily in nature reserves
and state forests, while previously forested lands have been largely converted into
rubber plantations. Rubber was not introduced to Xishuangbanna until 1940, when
a Chinese settler returning from Thailand planted it in trials. After the 1949
Revolution, the new government of China saw rubber as an important strategic
resource. To ensure the availability of natural rubber for national defense and
industrial construction in the face of an international embargo, the Decision on
Cultivating Rubber Trees was passed in 1951. This decision moved to establish
rubber plantations in the tropical regions of China as rapidly as possible. The state
organized a feasibility mission for establishing rubber plantations in 1953. Both
Xishuangbanna in southern Yunnan and Hainan Island were identified as potential
sites for rubber plantation.

In 1955, the first state rubber farm was established by researchers and staffed by
Han Chinese from the inland province of Hunan and retired soldiers who formed
the main labor force for the expansion of state farms. The first rubber planting by
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local farmers was in 1963, encouraged with technical support from state rubber
farms — rubber spread quickly into most of the hilly areas of Xishuangbanna. The pace
of rubber expansion has been particularly rapid since 1990s: the area under rubber
increased from 87,226 ha in 1992 to 153,613 ha in 2002 and 349,965 ha in 2010,
representing an increase of over 100% during the period from 2002 to 2010.
Currently, rubber covers 18.3% of Xishuangbanna’s landscape, and the expansion
of its area continues (Xu and Grumbine'?).

In line with the prevailing ideology in China, the state was keen to establish
large-scale uniform rubber plantations in Xishuangbanna; monoculture rubber
replaced large forest at foothills during 1960s and swidden-fallow mosaic land-
scapes in the uplands after 1990s. Rubber trees were either counted by the forest
agency as forest cover or by the agricultural agency as agricultural production.
Rubber plantation, as advanced productive forces, was considered as an approach to
poverty alleviation or replacement of shifting cultivation. In this way, local farmers
converted large areas of fallow forests (secondary forests) into smallholder rubber
farms. Thus, a second wave of rubber planting followed in the 1980s, in tandem
with the continued development of rural industry. This planting resulted in a mixed
landscape including composite swidden together with a number of different crops
and different management practices; generally, rubber replaced rice, or agroforestry
systems included young rubber intercropped with pineapple (Ananas comosus (L.)
Merr.), upland rice, or vegetables.

Consequences in China: Locally Driven Integration
Versus State-Driven Segregation

While there is virtually no mixed agroforestry of rubber in Xishuangbanna, Chinese
rubber production started with monoculture plantation operated at first by state
industry and later followed by smallholders. Smallholders often manage rubber
more intensively while the rubber price is high and less intensively while the price
is low. By comparison with state rubber farms, they are also more flexible in terms
of size, land tenure, and land-use practices such as the ability to intercrop with other
annual crops depending on market fluctuations (Xu 2006).

Since the 1950s, the government of China has implemented numerous — some-
times conflicting — policies affecting agriculture and forestlands. Spatial segregation
is the key approach to developing such policies. The common practice of segregation
is called “state simplifications” described by Scott (1998) for constructing a “legible
landscape.” In effect, this is an attempt by the state to transform the local people and
even the landscape with some common quantifiable standards to enable, as Scott
(1998) puts it, a synoptic view. Rubber was a perfect crop for productive plantations
for several reasons: it served the state interest to build China into a socialist country,
made China self-sufficient in a period of international embargo, transformed
agricultural-based production to an industrial mode of production, and produced a
“legible landscape” for the state (Xu 2006). At its most literal sense, this “legibility”
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was a physical expression of organizing nature — even-aged rubber trees are planted
in evenly spaced straight rows and managed by paid state labor. Furthermore, these
crops were not only important products in their own right, but since they required
some level of industrial processing, they furthered the state objective of creating and
enhancing the role of a proletariat in rural industries.

The spatial segregation for large-field agriculture, monoculture plantations, and
demarcation of natural forest (often as nature reserve) agreed well with the socialist
model of collective operations. In comparison to culturally diverse smallholder
farmers, the uniform collective was perceived to be superior. Following this logic,
collectivization became the strategy that would free peasants from the constraints of
a “peasant mentality,” characterized by individualism, ignorance, poverty, and vul-
nerability to natural disasters. Since the mid-1980s, the government has also been
putting pressure on the upland minorities to stop swidden agriculture in favor of
crops such as rubber (Xu et al. 2009).

This combination of ideologies reconstructed natural landscapes all over China,
including in Xishuangbanna. Shifting cultivators such as the Lahu, the Hani, and the
Jinuo were thought to be more backward, representing a primitive mode of produc-
tion. Based on this appraisal, ideologically driven planners concluded that state
rubber farms needed to be staffed by people whom they saw as more “educated”
and “advanced” peasants, that is, by Han Chinese farmers resettled to the border
frontier of Xishuangbanna from inland China. Those “advanced” peasants were
organized collectively throughout rubber plantations to become state workers repre-
sentative of “advanced” productive forces in the socialist model. This reflected a
general trend toward managed, “legible” landscape. As a result of this transforma-
tion, segregated landscape with clear boundaries has replaced integrated landscape
(Xu 2006). Referring back to the three system levels in Fig. 1b, the policy level C
clearly dominates in the context of China.

Segregate-or-Integrate Theory

Both the Sumatra and Xishuangbanna case studies are currently moving toward
coarser-grained segregated landscape configurations in which there is little role for
integrated agroforests that combine biodiversity conservation and profitability for
farmers. Integration and segregation of functions in landscapes can be achieved in
between the extremes of full allocation to a single function. Perpendicular to the
single axis of deforestation/reforestation, we can compare complete segregation and
complete integration of trees in a landscape as two extremes of a “spatial pattern”
axis (Fig. 8). Agroforestation is associated with more integrated systems, while a
coarse mosaic of “fields + forests™ forms the alternative, at potentially the same total
tree cover and associated properties such as carbon stock.

From a public policy perspective where multiple functions have value and a
political platform in society, how can these options of more or less (natural) forest and
more or less integration be rationalized? Formal analysis of intercropping experiments
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introduced by De Wit (1960) has shown that “yield advantages” or “reduced land
area equivalents” can only be expected for components that have a concave rather
than convex trade-off relationship. The biophysical, niche-differentiation aspects of
convex relations have been well studied for productivity of annual and perennial
components of temperate and tropical agroecosystems and agroforestry (Cannell
et al. 1996; Vandermeer et al. 1998; van Noordwijk et al. 2004a). van Noordwijk
et al. (1995b, 1997, 2004b), and van Noordwijk and Ong (1999) applied similar
analysis to the combination of biodiversity conservation and agricultural productiv-
ity in landscapes. Convex trade-off curves between “relative ecological functional-
ity” and “relative agronomic functionality” lead to a potential efficiency advantage
in “multifunctionality” solutions, while concave trade-off curves imply that segrega-
tion and simplification will pay off (Fig. 9).
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Table 3 Relationship between land-use category and policy objectives under fully segregated
(only diagonal cells are nonzero) and fully integrated (no cells are zero) extremes

Policy objective

A B C D E
Resource  Economic Center-based Decentralized Environmental
Land-use category extraction growth welfare welfare integrity
Segregated land-use plan
f(A) A 0 0 0 0
f(B) 0 B 0 0 0
f(C) 0 0 C 0 0
f(D) 0 0 0 D 0
f(E) 0 0 0 0 E
Integrated land-use plan
1 £(1,a) £(1,b) £(1,c) £(1,d) f(1,e)
2 f(2,a) f(2,b) f(2,c) f(2,d) f(2,e)
3 f(3,a) f(3,b) f(3,¢) (3,d) f(3,e)
4 f(4,2) f(4,b) f(4,c) f(4,d) f(4,e)
5 f(5,a) (5,b) f(5,c) (5,d) f(5,e)
Total >f(i,a) 2f(i,b) 2f(i,c) 2f(i,d) f(i,e)
Equivalence 2f(i,a)=A Zf(i,b)=B Zf(i,c)=C >f(i,d)=D >f(i,e)=E
requirement

Multifunctionality (1) < (f(A)+1(B) +f(C)+f(D) +f(E))
advantage if there
is asset of (i)
for which

The Tinbergen (1952) rule that the number of policy objectives and number of
policy instruments have to match follows from basic matrix algebra where the num-
ber of equations has to match the number of unknowns for a problem to be solvable.
The “fully segregated” and “fully integrated” options are extremes of a wide range
of partial integration solutions (Table 3). In the upper part of the table, a highly
reduced matrix shows that each policy-relevant objective has its own part of the
landscape. Synergy between objectives in such configuration is minimal, but policy
makers can rapidly switch land-use allocations if objectives change in weight. In the
lower half of the table, all land-use types potentially contribute to all objectives, and
land-use planning has to find a solution that satisfies the minimum requirements for
each function and maximizes the aggregate benefit beyond this minimum condition.
Under certain parameter conditions, a multifunctional approach as in the lower part
of the table can achieve more overall functionality on the same land area; the table
provides a formal criterion for such outcome. Configurations in the lower half of the
table can be strongly interlinked, in which case all functions may be buffered, but
the flip side of this may be that the status quo is too resilient.

Another way of analyzing the relevance of the shape of bifunction trade-off
curves (Fig. 10) is to consider the economic value that has to be assigned to the



Multifunctionality and Rubber Agroforests 93

a b Y Slope of line
1 "L represents X
0.9 _?‘
0.8 ~ e i
0.7 o _-‘gonvex it - -
X 0.6 Ty \ X=0™ ~J
8 05 Possible ™~ b B Y N
&h o4 trajectories B .__:xzo ~ \_
0.3 concave 2 ‘,‘l
0.2 4.._|
0.1
0 - -
0 0.2 0.4 0.6 0.8 10 0.2 0.4 0.6 0.8 1 1.2

Flow Income: flow + X*stock

Fig. 10 (a) Concave and convex shapes of trade-off curves between flow (e.g., income) and stock
(e.g., biodiversity or C-stock) of land-use systems; (b) total income based on the flows plus X
times the stock, for concave and convex trade-off curves; arrows indicate income-maximizing
solutions and the upward shift of stocks at income-maximizing land-use choices

secondary function relative to the primary function before optimization can lead to
a choice for a mixed system. For concave curves, there is no such solution, and
optimality implies a choice between the two functions; for convex curves, interme-
diate solutions exist for any nonzero value of the value ratio. Adding income value
to landscape-level carbon and/or biodiversity stocks effectively means tilting the
Y-axis of the biplot (Income =Flow + X *Stock) and may shift the point of maximum
economic return to a higher carbon stock trajectory. Depending on the ratio between
stock and derived income stream and the shape of the stock-flow trade-off curve,
reward systems for environmental services related to carbon or biodiversity stocks
can be expected to shift farmer decisions only where convex trade-off curves are
involved.

What Incentives Could Keep Complex Agroforests
in the Landscape?

Two competing perspectives are as follows: complex agroforests may have had
their role in the past but have become obstacles to progress (Pfund et al. 2011), or
they will remain an important part of the agricultural matrix and form a future
paradigm for conservation (Vandermeer and Perfecto 2007). Local appreciation for
parts of forest biodiversity and the way it persists in complex rubber agroforests in
Sumatra is noticeable but not sufficient to keep rubber agroforests as an important
component of the landscape. Concerns over the loss of integrated systems and their
replacement by rubber monocultures are expressed in terms of both biodiversity
loss and hydrological disturbance, with different groups of stakeholders concerned
about the two issues.
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Four approaches have been attempted to reverse the trends toward specialization
and loss of ecosystem function “co-benefits”:

A. Support for “ecological intensification™ by attempts to introduce more productive
rubber clones in an agroforest context (Williams et al. 2001; Joshi et al. 2003), high-
value timber trees (Tata et al.'%; Tata et al. 2010a), and semidomesticated local fruit
trees. The smallholder timber option is technically and economically feasible but
still faces policy constraints in easing market access for legally produced timber.

B. Direct outcome-based payments for biodiversity conservation, although the ini-
tial responses of biodiversity conservation agencies have been disappointing;
they focus on the last remaining parts of natural forest rather than agroforest
landscapes (Kuncoro et al. 2006; Leimona et al. 2009); their attention may be
more easily captured in landscapes that have rubber agroforests as well as orang-
utan populations (Tata et al. 2010b).

C. External co-investment (Arifin 2005b; Van Noordwijk and Leimona 2010) in
maintenance of biodiversity-friendly modes of rubber production through forms
of ecocertification and more direct farm-to-factory links for results of improved
local rubber processing (Joshi et al. 2011).

D. Support for negotiations to develop “village forest” comanagement contracts
between villages and forest authorities, applicable in the watershed protection
forest category on slopes (Akiefnawati et al. 2010).

Overall, the efforts to keep appreciable amounts of rubber agroforests in the
landscape are “rowing against the tide,” and the growth of local and external appre-
ciation for the biodiversity value that these agroforests contain may well come too
late to retain more than a small fraction, in the least accessible places. By the time
the overall economic level and wage rate of Sumatra will have caught up with the
current level in peninsular Malaysia, oil palm and rubber farms will have a lower
return to labor than urban and service sector jobs, and there may still be a small
basis for recovery of diverse agroforests. In China, the monoculture rubber may
have lower opportunity for ecological recovery as it does not contain saplings or
poles of natural forest species and seed dispersal agents may have disappeared.

In China, rubber is regarded as forest and therefore included in state statistics as forest
cover, which is supposed to be beneficial for watershed health. Establishing rubber plan-
tations is considered to have a sound scientific basis, providing soil erosion control that
is believed to be lacking in shifting cultivation — these supposed environmental benefits
are a further source of legitimacy for rubber. The Chinese scientists working in
Xishuangbanna have fallen into three camps since rubber plantations were introduced
in 1955 (Edmonds 1994). There are those of the so-called dark-green camp who
advocate turning the tropical prefecture into a nature reserve. The opposite “dark-red”
view is that Xishuangbanna can be best utilized by turning the area into a tropical cash
crop plantation base, particularly a rubber-tree-centered man-made agroecological com-
munity (Feng 1986). The third opinion or the “pale-green” view is that there should be
some sort of mix between conservation and development (Pei 1991). The scientific
research in Xishuangbanna was influenced by the political ideology and policy
discourse particularly in the 1950s as well as during the Cultural Revolution (Xu 2006).
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Discussion: Arguments for an “Integrate” and ‘“Land Sharing”
Approach to Multifunctionality

We can now focus on the final question framed in the introduction: in reflection on
the two case studies, can integration of agricultural productivity and biodiversity
conservation functions in the longer-term perspective be a valid alternative to a more
segregated approach to environmental and productive land functions? Can it justify
external support for maintaining complex rubber agroforests in the landscape?

The trade-off curves between plot-level tree diversity and profitability of tree crop
production systems used to be concave in Jambi (Murdiyarso et al. 2002), supporting
the conclusion that “integration” is an efficient choice at societal scale, if a society
cares about its biodiversity loss. Increases in tree crop productivity, however, may
stretch a concave trade-off curve into a more linear and ultimately convex shape,
unless the total system productivity value is increased. Opportunities to derive more
value from the “other trees” in diverse agroforests need to keep up with the increases
in value of the primary tree cash crop. Active research support for “ecological
intensification” may have been too little and too late to stem the tide, while the public
policy support for biodiversity conservation has remained focused on the establish-
ment of protected areas rather than the protection of biodiversity at large.

The biodiversity-rich agroforests of Sumatra developed as an ecologically more
mature (K-phase) ecosystem, selected on the basis of labor use rather than land-use
efficiency in a historical phase of declining rubber prices. The glamour of the earlier
rubber boom had gone; the area no longer attracted migrants, but rubber remained
the best option for local communities given the way the rubber value chain had
emerged within the economic geographical pattern. Intensification of rubber toward
rubber monocultures was technically feasible but not sufficiently attractive in a
smallholder economy with its high discount rates and aversion of financial risk,
linked to the risk of failure of planted rubber clones to survive. Initially, the introduction
of oil palm in the landscape could only compete with smallholder rubber agroforestry
where it received active government support in land-use allocations. High world
market prices of rubber as well as palm oil and availability of government-supported
credit have, however, triggered an Q/a phase of shifting away from complex
agroforests toward monocultural tree plantations. With lower interest rates and
increasing pressure on land, the economic incentives shifted, while the loss of bio-
diversity and associated local goods and services was not expressed in equivalent
values. Intensification in the 1920s had replaced part of local staple food (rice) pro-
duction by a market exchange, but the diverse agroforests still played a role as
safety nets and as providers of other goods and services for which the trade-based
substitutes were not yet sufficiently attractive. In the 1990s, the land use followed a
pathway toward segregation, with pressure on the “integrated” agroforests increasing
in parallel with more active protection of national parks and specialized conservation
areas (Ekadinata and Vincent 2011).

In terms of sustainagility, the initial preservation of a substantial share of the
native tree flora in the sapling/pole stage of RAF gave farmers many options to
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acquire useful trees at little management cost. Only a small part of these early stages
of domestication lead to organized on-farm production of semi-domesticated
trees; the potential remained largely unutilized and is currently in a rapid phase
of decline. One would hope that this loss occurs with free and prior informed
consent (MacKay 2004) as is the current standard for all efforts to reverse the
trend of ongoing losses of forests and trees from the landscape. In some villages,
efforts to reverse this trend have started, but this is a minority of cases in the
overall landscape as yet.

Conclusion

In conclusion, the way rubber was integrated as a productive element in small-
holder mosaic landscapes in Sumatra at the start of the twentieth century is in
stark contrast to the situation in China where rubber was introduced as a top-down
state-driven monoculture plantation. The political economy provided context for
the ecological role, similar to the current debate on oil palm where consequences
of a mode of production are attributed to the tree species rather than to the way
it is used. Rubber agroforests in Indonesia became an icon of environmental
friendly integration, while in China the tree became associated with destruction
of ecosystem services and reduction of biodiversity. While the situation in
Xishuangbanna (China) has triggered public debate and a rethinking of the mono-
culture model of intensification in a segregated approach, the Indonesian agroforests
are giving way to monocultural tree crop plantations after almost a century. In both
countries, a mixed model of segregation (fully protected areas and areas of intensive
agriculture) and integration (pursuing ecological intensification models in agroforest
context) may be the best way to combine local livelihoods and downstream
imperatives of conservation and service provision. In both countries, the current
incentive structure is insufficient to support the “integration” part of this mixed solu-
tion, with government programs biased toward specific models of intensification.
It might help if the market would start to differentiate between “light-green” natural
rubber (as differentiated from synthetic rubber), grown in monocultural plantations,
and “dark-green” rubber that is produced in biodiversity-friendly production systems.
In both countries, the nature of the forest transition is influenced by government
policies and current lack of market-based payment for ecosystem services or
economic incentive for biodiversity conservation. Research efforts have so far
focused on the monocultural systems, but there are many unexplored options for
preserving forest resources in diversified agroforestry systems with species from
the native flora that can support concave trade-off functions between profitability
and biodiversity conservation. Without external attention and incentives, however,
the route of least resistance leads to a planted monoculture and agroforests as
local history of tropical land use.
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Integrating Climate Change Adaptation
and Mitigation Through Agroforestry
and Ecosystem Conservation

Johanna Matocha, Gtz Schroth, Terry Hills, and Dave Hole

Abstract Climate change adaptation and mitigation are usually the objects of separate
projects, but in this review we argue that in agricultural contexts, there are often
technical and financial advantages in pursuing them simultaneously. This is because
(1) adaptation planning is often necessary for mitigation (i.e., carbon sequestration)
planning, especially for assessing future climate risks to mitigation investments,
(2) certain land-use interventions can have both adaptation and mitigation benefits,
and (3) carbon finance can help in supporting adaptation which still tends to be
underfunded. Agroforestry and ecosystem conservation are key approaches in the
integration of climate change adaptation and mitigation objectives, often generating
significant co-benefits for local ecosystems and biodiversity. Synergies between climate
change adaptation and mitigation actions are particularly likely in projects involving
income diversification with tree and forest products, reduction of the susceptibility
of land-use systems to extreme weather events, improvement of soil fertility, fire
management, wind breaks, and the conservation and restoration of forest and riparian
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corridors, wetlands, and mangroves. On the other hand, trade-offs between adaptation
and mitigation are possible when fast-growing tree monocultures for mitigation conflict
with local tree and forest uses, making livelihoods more vulnerable, when trees are
planted in water-scarce areas conflicting with local water uses, and in some cases
when “climate-smart” agroforestry practices conflict with the need for agricultural
intensification to produce increasing amounts of food for a growing population.
Such conflicts need to be avoided through careful, site-specific, and participatory
project development. We conclude that adaptation considerations should be included
in mitigation project planning and integrated adaptation and mitigation activities
should be prioritized in carbon markets and policy formation.

Keywords AFOLU (agriculture, forestry, and other land use) * Ecosystem-based
adaptation * Income diversification ® Land-use planning ¢ Resilience of livelihoods

Introduction

Overwhelming evidence is now available to show that human-driven climate change
is occurring, and that its harmful effects will most directly affect those least devel-
oped nations that are vulnerable to declining food and water security (Parry et al.
2007). The effects of climate change have already begun to threaten food and water
supplies, putting low-income farmers and others immediately dependent on natural
resources most at risk (UNEP 2009). We may also be starting to see the effects of a
warmer world in increased occurrence and intensity of flooding, droughts, and
storms (Goswami et al. 2006; Parry et al. 2007). Given projections that extreme
weather and changes in baseline values of variables such as temperature and rainfall
will reduce crop productivity and food security, as well as result in ecosystem alter-
ation and disruption (Parry et al. 2007; Schroth et al. 2009; Fagre et al. 2009;
Williams and Jackson 2007), there is an urgent need to identify and implement
adaptation measures to increase the resilience of livelihoods and ecosystems to
climate change.

At the same time, climate change mitigation must be intensified to limit the
extent of alterations to the Earth’s climate, in the hope of keeping them within a
range in which adaptation is still feasible. Current levels of greenhouse gas (GHG)
emissions will very likely result in continued temperature increases, potentially
triggering positive feedbacks in the Earth system that may overwhelm the capacity,
especially of poor societies, to effectively adapt (Lenton et al. 2008). Thus, the more
successful mitigation activities are, the more time there will be to develop and
implement suitable adaptation initiatives and the less acute those initiatives will
have to be (Parry et al. 2007).

Recent observational data show current GHG emission trends to be near the
upper end of the worst-case scenario (A1F1) presented in the International Panel
on Climate Change (IPCC) Special Report on Emissions Scenarios (IPCC 2000),
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indicating that governments and the international community must take their
commitments to both adaptation and mitigation far more seriously than they have
done thus far (Anderson and Bows 2008). Indeed, it appears increasingly unlikely
that mitigation efforts currently proposed will be effective in keeping global tem-
perature increases at or below 2 °C and atmospheric carbon dioxide levels at or
below 450-550 ppm, values that are often assumed to represent the thresholds to
dangerous climate change (Ramanathan and Feng 2008), though they are based
on political consensus rather than scientific evidence (Anderson and Bows 2008).
It is therefore imperative to explore the potential to mainstream climate change
adaptation and mitigation across the full spectrum of climate-sensitive development
activities.

Given the pressing concern over food security in the next 20 years due to
increased population and at least locally decreased food supply resulting from
climate stresses (Lobell et al. 2008), agricultural systems must be a key focus of
adaptation strategies to climate change. There are 450 million small farms in the world,
which support over two billion people through subsistence, rain-fed agriculture
(Cook 2009). In addition to being one of the sectors most vulnerable to climate
change, agriculture is also a major contributor to its causes, producing approxi-
mately 14% of GHG emissions, including through agricultural expansion (IPCC
2007; Le Quéré et al. 2009). It is the largest producer (58%) of anthropogenic
non-CO, emissions, emitting 84% of all N,O and 47% of CH, (Beach et al. 2008).
Seventy-four percent of all agricultural emissions originate in developing countries
(FAO 2008), and these figures are expected to increase due to rising population
and changing dietary preferences (Beach et al. 2008). These data show that agri-
culture not only is a key sector for climate change adaptation but also has great
potential for contributing to climate change mitigation. It is therefore important to
look for synergies and trade-offs between climate change adaptation and mitigation
in agriculture and related land-use activities.

Recent work indicates that land use and land-use change have direct impacts on,
for example, soil moisture availability, length of growing season, and local and
regional precipitation patterns (Pyke and Andelman 2007; Mahmood et al. 2009),
making agriculture and other land uses central to adaptation efforts in developing
countries. At the same time, land-based carbon mitigation schemes, such as avoided
deforestation, reforestation, and agricultural and agroforestry practices that sequester
carbon in vegetation and soil, can make a significant contribution to global climate
change mitigation while providing project financing and a potential source of
income to resource-poor farmers (FAO 2009).

Though managed forests and agroforests typically contain less carbon than pri-
mary forests, agroforestry systems can, under certain conditions, increase landscape
carbon stocks by providing sustainable alternatives to short-fallow slash-and-burn
agriculture or unshaded tree crops. For example, one set of studies found that
agroforestry systems contained carbon stocks of 50-75 Mg Cha~!, while row crops
contained <10 Mg Cha! (Verchot et al. 2007; Montagnini and Nair 2004), pointing
to the significant potential for agroforestry to increase on-farm carbon stocks.
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Albrecht and Kandji (2003) also found that agroforestry systems can have a wide
range of carbon stocks ranging from 29 to 228 Mg Cha™' with a median value of
95 Mg Cha'. Values quoted by Luedeling et al. (2011) for dryland Africa fall
mostly in the lower part of this range, as would be expected. A prediction of the
potential for carbon storage and sequestration in agroforestry systems for southern
Mexico showed that reforestation, improved tropical fallows, and coffee plantations
may, in 25 years, store approximately 130—-181 Mg Cha™! in aboveground biomass
(Soto-Pinto et al. 2009). Shifting from pasture without trees to pastures with scattered
trees in the same region also substantially increased carbon stocks (Soto-Pinto et al.
2009). According to Nair et al. (2010), annual rates of above- and belowground
carbon storage in agroforestry systems range from 0.29 to 15.21 Mg ha™! year™'.
Following a detailed analysis of the management factors influencing climate change
mitigation and adaptation, Nair (2012) gives a SWOT (strengths, weaknesses,
opportunities, and threats) analysis of the role of agroforestry systems in that regard.

Traditionally, climate change adaptation and mitigation are pursued by different
groups in society through separate projects (Klein et al. 2005), with adaptation often
focusing on engineering, land-use planning, and broader developmental approaches
to reducing future risks of flooding, water scarcity, or other weather-related risks
without specifically integrating mitigation objectives (Leary et al. 2008; Agnew
and Woodhouse 2011). Climate change mitigation, on the other hand, usually
emphasizes carbon efficiency in industrial processes, transport, housing, energy
generation, etc., as well as, more recently, reforestation and forest conservation for
C sequestration with little explicit reference to possible adaptation benefits, although
Metz (2010) briefly mentions opportunities for mitigation-adaptation synergies and
Klein et al. (2005) discuss the institutional complexities of achieving such syner-
gies. In this review we argue that, especially in land use, there are strong opportuni-
ties for synergies, but also risks of trade-offs between climate change adaptation and
mitigation. We therefore review possibilities for combined adaptation and mitiga-
tion activities, focusing on the interrelation of adaptation (e.g., disaster risk reduc-
tion and increased resilience for food and water security) and carbon sequestration
in above- and belowground biomass and organic matter, with a focus on “Agriculture,
Forestry and Other Land Use” (AFOLU) projects (Box 1). We focus on activities
that have the added benefits of simultaneously conserving biodiversity and ecosys-
tem services, characteristics that we consider essential for successful adaptation and
sustainable development. We first review reasons for integrating climate change
adaptation and mitigation, then analyze potential synergies and trade-offs between
adaptation and mitigation for a range of situations, followed by recommendations
and the identification of research needs. In considering these linkages, the breadth
of responses that can be considered “adaptation” needs to be qualified. Depending
on the specifics of the local climate exposures, sensitivity of the local people and
economies to those exposures, and their adaptive capacity, adaptation responses
may cover a wide range of activities that seek to enhance the technical capacity of
people, strengthen capacities of institutions, incorporate climate change risk into
various levels of decision making, or promote and disseminate knowledge and
learning (UNDP 2010).
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Box 1 Agriculture, Forestry and Other Land Use (AFOLU) Under the Clean
Development Mechanism

The Clean Development Mechanism (CDM) is one of the flexibility mech-
anisms created under the Kyoto Protocol and allows industrialized coun-
tries to finance emissions-avoiding projects in developing countries and
receive credit for such efforts. The CDM contributes to the reduction of
GHG emissions, but also supports sustainable development in host countries
through the mobilization of financial resources and the transfer of cleaner
technologies. Under the CDM, Agriculture, Forestry, and Other Land Use
(AFOLU) projects can contribute to the reduction of GHG emissions while
providing benefits to rural communities in developing countries, potentially
improving rural livelihoods by linking the poorest people with the global
carbon market. In UNFCCC discussions, AFOLU has essentially the same
meaning as land use, land-use change, and forestry (LULUCF) but integrates
agriculture within LULUCEF sectors (UNDP 2008). Current AFOLU project
categories under the Voluntary Carbon Standard (VCS) include Afforestation,
Reforestation and Revegetation (ARR), Agricultural Land Management
(ALM), Improved Forest Management (IFM), Reducing Emissions from
Deforestation and forest Degradation (REDD), and Peatland Rewetting
and Conservation (PRC) (VCS 2011)

Why Integrate Climate Change Adaptation and Mitigation?

Both technical and financial reasons exist to look for synergies between climate
change adaptation and mitigation:

¢ In some cases, successful adaptation is a precondition for successful mitigation.
For example, where climate scenarios suggest that the climate will become
hotter and drier and potentially more prone to wildfires, improved fire manage-
ment (an adaptation intervention) reduces the risk from wildfire to projects that
pursue climate change mitigation through forest conservation and reforestation
(Schroth et al. 2009). The same argument would apply where adaptation measures
attempt to reduce flooding risks in a wetter climate, thereby also benefiting
reforestation projects at flood-prone sites. Also, future adaptation responses to
climate change may influence the availability of sites for mitigation projects, for
example, where agricultural land, roads, or settlements need to be relocated from
increasingly flood-prone valleys or coastal areas to higher ground, affecting the
availability of upland sites for reforestation. In a changing climate, adaptation
planning is thus an essential input to the sustainable design of mitigation projects,
especially where future climate conditions will affect viability and permanence
of mitigation efforts.
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Fig. 1 Mixed agroforests of coffee (Coffea arabica) and ornamental palms (Chamedorea sp.) in
the Sierra Madre de Chiapas, Mexico, that provide diversified income, soil protection, and carbon
storage (Photo: G. Schroth)

* In many cases, the same interventions generate both adaptation and mitigation
benefits, so integration can be achieved with little or no additional cost. As
explained above, both adaptation and mitigation projects require information on
climate scenarios, land use, and community practices, providing an opportunity
for joint planning of adaptation and mitigation projects. For example, the recent
development of a climate change adaptation strategy for coffee-producing
communities in the higher parts of the Sierra Madre de Chiapas in southern
Mexico highlighted the importance of complex vegetation (both forest and coffee
shade canopies) as a proven means to reduce the damage from hurricanes, whose
intensity and severity is predicted to increase, while simultaneously sequestering
carbon (Philpott et al. 2008; Schroth et al. 2009; Fig. 1). Similarly, the restoration
of mangrove forests to reduce the exposure of coastal communities to storm
surges has obvious climate change mitigation benefits and potential for carbon
marketing. Adaptation actions involving the restoration and sustainable management
of ecosystems as part of adaptation strategies have been termed ‘“ecosystem-
based adaptation” (EbA — Box 2).
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Box 2 Ecosystem-Based Adaptation (EbA)

Ecosystem-based adaptation is the use of biodiversity and ecosystem services
as part of an overall adaptation strategy to help people adapt to the adverse
effects of climate change (Convention on Biological Diversity 2009). “As one
of the possible elements of an overall adaptation strategy, ecosystem-based
adaptation uses the sustainable management, conservation, and restoration of
ecosystems to provide services that enable people to adapt to the impacts of
climate change. It aims to maintain and increase the resilience and reduce the
vulnerability of ecosystems and people in the face of the adverse effects of
climate change.” (IUCN 2009)

* On the other hand, trade-offs between adaptation and mitigation are also possible
— for example, where fast-growing tree monocultures reduce the availability of
native forest resources that may be important for the resilience of local commu-
nities, or where greater vegetation cover through mitigation-based reforestation
leads to reduced downstream water availability due to increased transpiration in
an increasingly dry climate (Hayward 2005). An approach to climate change
adaptation and mitigation that systematically assesses the interrelationships
between both objectives will maximize synergies while avoiding or minimizing
such trade-offs.

* Financial reasons also exist for considering climate change adaptation and miti-
gation in their mutual context. Presently, international funding commitments for
climate change adaptation are growing (currently at around 20% of the climate
funding pledge of over USD26 billion across 23 global funds; Climate Funds
Update 2011), but are still widely considered to be insufficient to address the
increasing vulnerabilities to climate change in poor countries, and the future of
this adaptation funding is still unclear. In this situation, if adaptation co-benefits
could be generated through climate change mitigation projects, the emerging
carbon markets for land-based carbon projects could help bridge the funding
gap while more sustainable solutions to the problem of adaptation funding
are being pursued. This has been recognized, for example, by the authors of the
Carbon, Community and Biodiversity Standard, who have systematically
attempted to integrate adaptation measures as a best practice in mitigation projects
(CCBA 2008).

Establishing a precise picture of synergies between adaptation and mitigation
activities is a first step in the process of crafting policies and metrics that will
enable more comprehensive and effective approaches to climate change and better
assessment of the outcomes of these activities. Figure 2 shows how the integration
of adaptation and mitigation strategies could be achieved at the level of project
planning. In the following two sections, we briefly review synergies and trade-offs
between climate change adaptation and mitigation for specific project types.
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If yes- seek advice from
project managers on

project continuation

If no- is there a carbon
project that is existing or
planned on the site?

If yes- re-design

and implement project
If no- is it possible to -END
modify project to reduce

Ifincrease- is there an
existing
climate policy that this will
impact?

or offset carbon emission
increase?

If yes- advise authorities
of likely impacts and seek
advice on project
continutaion- END

If no- continue as planned
-END

If yes- wil this decrease
or increase emissions
against baseline?

START: Is the adaptation)
work likely to impact
carbon emissions in and
around the project site?

1f no- work with managers
of the standards to test
applicabilty- END

If yes- undertake
prefiminary assessment of
carbon +feasibility
assessment- END

If decrease- are there
carbon standards relevant
to this work?

If no- implement project
as planned- END

If yes- is the legal and
policy framwork in place
to apply that standard?

———

If no- liaise with national
and Local authorities for
advice on project- END

Fig. 2 Decision tree for the inclusion of climate change mitigation into the design of a climate
change adaptation project

Synergies Between Climate Change Adaptation and Mitigation

Integrated adaptation and mitigation activities are intended to fortify the resilience
of land-use systems to the adverse effects of climate change while at the same time
reducing the negative and unsustainable impacts of human activity on the climate.
Identifying and prioritizing these activities require a multifaceted analysis that takes
into account the potential of a land-use system for carbon sequestration, the ability
of an activity to increase the resilience of that system to climate change, and the
capacity of local communities to implement and maintain a project, as well as the
benefits they would derive from it. Verchot et al. (2007) coined the term “sustainagility”
to highlight the dynamic element of adaptation within the assessment of a system’s
permanence and increased resilience. The following sections will discuss some
types of interventions with potential for integrating ecosystem-based adaptation
(see Box 2) and mitigation. Key messages are summarized in Table 1.

Income Diversification with Tree or Forest Products

Principle: Income diversification with tree or forest products can reduce the vulner-
ability of resource-poor farmers to climate and market shocks (adaptation) while
increasing landscape carbon stocks (mitigation).

The diversification of livelihoods that spread risk over several crops or activities
is continually listed as the most effective means of increasing resilience to climate
change, especially for resource-poor farmers in the developing world (Douglas
2009; Eakin 2005; Lin et al. 2008; Schroth et al. 2009). While wealthier farmers
with access to investment capital and possibly government subsidies may adapt to
climate change through infrastructure improvements (e.g., irrigation) and crop
insurance, resource-poor farmers may have to rely on diversification to reduce the
impact of weather and climate uncertainty and prepare for gradual change in their
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land-use systems (Schroth et al. 2009). If diversification is achieved by integrating
trees into land-use systems and conserving production forests, it also benefits
mitigation. Building of markets and supply chains and clarification of legal issues,
for example, about tree ownership, are key issues in diversification, as are education,
capacity building, and community involvement (Douglas 2009). Given the uncertainty
associated with specific impacts that are likely to be experienced in a changing
climate, diversification presents a way of spreading risk “on the ground” without
requiring expensive modeling or infrastructure interventions. Agroforestry systems
that include non-timber or timber trees in land-use systems are an important way of
diversifying income. Examples of this include the smallholder forest gardens in
Indonesia that integrate tree-based production of fruit, craftwood, timber, and other
tree products with the production of field crops such as cassava (Manihot esculenta),
maize (Zea mays), and rice (Oryza sativa; Roshetko et al. 2002). Under pressure
from increasing ecosystem degradation, many cocoa (Theobroma cacao) farmers in
West Africa now diversify into rubber (Hevea brasiliensis) which is more resilient
than cocoa to poor soil and climate conditions (Ruf 2008). Where such systems are
implemented as an alternative to degraded grassland or annual crops, there is also
an increase in sequestered carbon.

The integration of trees with livestock production in silvopastoral systems can
also provide a range of benefits. These systems can provide enhanced fodder and
shelter for livestock, potentially improving their productivity in a hotter climate,
and at the same time increase carbon stocks above those of conventional pastures
(Ibrahim et al. 2004; Hinsela et al. 2009; Somarriba et al. 2012). Many of the land
use and agricultural techniques already discussed can also incorporate livestock.
The integration of livestock into mixed land uses will be increasingly important as
the demand for animal protein grows and may be particularly attractive as a
diversification option where the climate is becoming drier and less suitable for certain
crops (Toni and Holanda 2008). One successful program combining mitigation and
adaptation activities with benefits for both ecosystems and smallholders is the
Regional Integrated Silvopastoral Ecosystem Management Project, which provided
payments for ecosystem services (PES) to farmers in Colombia, Costa Rica, and
Nicaragua during 2003-2007. In that case, PES helped to make the program attractive
to land owners and provided a form of income diversification. The project also
connected forest fragments (potentially benefitting biodiversity) and had a high rate
of adoption after the end of the payments (Svadlenak-Gomez 2009).

Reducing the Susceptibility to Extreme Weather Events

Principle: Conservation agriculture and agroforestry can reduce the susceptibility to
extreme weather events while increasing landscape carbon stocks.

Management practices such as intercropping, cover cropping, live fences, and shade
trees can help to improve soil and water quality and reduce runoff and erosion (Lin et al.
2008). Farms using conservation practices have also been shown to be more resilient to
extreme events. A study by Holt-Giménez (2002) on the role of agricultural practices in
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the aftermath of Hurricane Mitch in Nicaragua showed “agroecological” farms using
soil conservation measures (contour plowing and planting, terracing, composting, etc.),
integrated pest management, and agroforestry (live fences, vegetative strips, etc.) to have
more topsoil and higher field moisture, more vegetation within the system, and lower
economic losses compared to “conventional” farms that did not use such practices.
A similar study by Tengo and Belfrage (2004) in Tanzania found that improved
management through intercropping led to higher resistance to pest outbreaks and
improved water conservation, increasing resilience to drought. Increased soil porosity
from tree roots and shade provided by leaf cover, coupled with reduced runoff, can
also enhance resilience to drought according to this study. Lin (2007) showed that
shading results in lower evapotranspiration of coffee trees and mitigates microclimate
extremes, which are expected to increase in a changing climate (Fig. 1).

Agricultural systems incorporating trees may also help protect against extreme
events such as floods and storms with the incorporation of trees into grasslands
providing greater slope stability in slip-prone lands (FAO 2008). Though there is
debate about the degree of protection from landslides provided by forests and trees
(FAO 2008; ProAct 2008), there is conclusive evidence that the majority of landslips
and shallow slope failures occur on land cleared for crops, indicating that the shear
resistance provided by tree roots can significantly decrease the risk of slippage
caused by rainfall over extended periods. Such slippages not only harm agricultural
productivity but also dump sediment into watercourses harming water quality and
aquatic life and may be a direct danger to human settlements and infrastructure.
Removal of tree cover accelerates runoff, thus increasing the risk of flooding in the
rainy season and drought in the dry season. Although forests do not provide adequate
protection against damage caused by high-magnitude storm events, they can help
mitigate the severity of flooding and flood damage (Bradshaw et al. 2007). The forest
floor and soil of riparian forest buffers trap sediment from upslope areas and can filter
fertilizer and pesticides from runoff water. Forests in water catchments are thus par-
ticularly important for helping to provide clean drinking water to urban areas. Trees
can also improve the water catch in cloud or fog situations, for example, in higher
elevation cloud forest ecosystems (Postel and Thompson 2005). Agroforestry systems
in strategic positions can approximate forests as regulators of sediment in water
flow while providing marketable products (FAO 2008). Landscapes with year-round
vegetative cover reduce runoff and can maintain most or all watershed functions, even
when under (well-managed) productive use (Scherr and Sthapit 2009).

Improved Soil Quality

Principle: Best management practices for improved soil quality increase soil carbon
stocks and aid in adaptation.

Management practices to increase organic matter in soil and improve soil nutrient
availability provide an effective synergy of adaptation and mitigation strategies (Nair
2012). Increasing organic matter in soil increases water-holding capacity, nutrient
availability, and carbon sequestration (Foley et al. 2005). Soil meanwhile constitutes
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an estimated 90% of agriculture’s sequestration potential (FAO 2009), serving as the
third largest carbon pool on the Earth’s surface (Scherr and Sthapit 2009).

Practices such as minimum or zero tillage are shown to increase soil water reten-
tion, reduce erosion, improve carbon sequestration below ground, and often increase
yields, as discussed in more detail by Nair (2012). Agroforestry systems both
improve soil quality and are good candidates for soil carbon storage due to practices
accompanying the management of agroforestry systems, such as returning harvested
material to the soil (Montagnini and Nair 2004). The amounts of carbon sequestered
in the soil under agroforestry systems can be substantial, adding to their above-
ground carbon sequestration (Nair et al. 2009, 2010). Nair et al. (2010) reported
C stocks ranging from 30 to 300 Mg ha! in the soil to 1 m depth.

Soil is concurrently an important source of nitrogen emissions, and these are
influenced by management practices. Nitrous oxide (N,O) has about 300 times the
warming capacity of CO, and directly results from the use of inorganic fertilizer, emit-
ting the equivalent of more than 2 billion t of CO, each year (Scherr and Sthapit 2009).
To reduce emissions by minimizing the need for inorganic fertilizers, Scherr and Sthapit
(2009) recommend using compost, green manure (where crops grown during fallows
are plowed into the soil), nitrogen-fixing crops, cover crops and trees, and livestock
manure. Planting crops and grasses that slow nitrification to a level that is still consis-
tent with good crop growth, as in experiments with Brachiaria grass in Africa, would
not only help reduce greenhouse gas emissions (N,0) but also lower water pollution
from nitrate, while enhancing productivity through more efficient use of fertilizer
(CGIAR 2009). Such practices result in more closed nutrient cycles, thereby reducing
farmers’ dependence on external nutrient inputs and increasing their resilience in the
face of fluctuating input prices (Lin et al. 2008; Nair et al. 2009).

Fire Management

Principle: Fire management is a precondition for successful mitigation and is a key
adaptation measure in a hotter, drier climate.

Fire plays an important and natural, but potentially damaging, role in forest
growth and management, with implications for both adaptation and mitigation. Fire is
central in creating and maintaining ecological processes such as forest succession, as
in the case of species that will not germinate unless they are exposed to fire (e.g., pines).
However, fires set for agricultural or pasture management often get out of control
and can release substantial quantities of carbon into the atmosphere, threaten the
lives and livelihoods of communities, and destroy natural ecosystems. In Indonesia,
the third largest emitter of GHG after the USA and China, forest fires are a major
cause of deforestation; in 1997—-1998, fire in that region contributed 2.1 billion t of
CO, to worldwide emissions (Scherr and Sthapit 2009).

Where climate change increases the risk of crop failure and encourages the con-
version of agricultural areas into pasture, fire use is likely to increase, with concomitant
increase in the risk of wildfires. As an example, this scenario could occur in the near
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future in coffee-producing areas in Mesoamerica that are predicted to become
marginal for coffee owing to increased drought, more frequent extreme events, and
higher temperatures that reduce coffee quality (Schroth et al. 2009). Soto-Pinto
et al. (2009) observed that in Chiapas, Mexico, the integration of timber trees into
pasture land as part of a carbon project (Scolel’ Te) created a strong incentive for not
burning these pastures. Similarly, farmers practicing rubber agroforestry in the
Tapajés region of Brazil have strong reasons to avoid the spreading of fire from their
slash-and-burn plots (Schroth et al. 2003).

A study of the West Arnhem Fire Management Agreement in Australia, where
the climate is predicted to become drier, found that the creation of fire breaks
through early dry season prescribed fires reduced more dangerous wildfires by
15-20% across 28,000 km? and could reduce the yearly emissions associated with
those wildfires by 100,000 Mg CO, (ProAct 2008). The same study also found that
earlier dry season fires emit less GHG than later dry season fires because they are
not as intense, burn less grassy fuel, do not burn the entire grass layer, stay in the
grass layer without invading the canopy, and can be stopped more easily. Fire man-
agement implemented in that project had the added benefit of increasing aboriginal
community participation, enhancing cultural practices around fire and providing
payments to the Aboriginal Traditional Owners of Western Arnhem Land of $1 million
per year over 17 years for the offset of 100,000 Mg CO, each year.

Windbreaks

Principle: Windbreaks sequester carbon and protect against erosion from wind and
floods.

Shelterbelts, greenbelts, hedges, and living fences serve as windbreaks and shade
the soil, binding it together with roots, trapping water, and restoring soil organic
matter content. The amounts of carbon sequestered in these systems can be quite sub-
stantial with values in the range of 20-36 Mg Cha™! in plant biomass and a potential
10% per hectare increase in soil organic carbon (Albrecht and Kandji 2003). All these
techniques increase resilience to drought as well as improve soil health and prevent
erosion through protecting fields from wind and surface water flow while often
providing biodiversity benefits (Klein et al. 2007; ProAct 2008). The many benefits of
windbreaks can be seen in a government adaptation project in Niayes region of
Senegal promoting irrigated farming that also involved the planting of windbreaks
along roads. The windbreaks increased agricultural productivity, reduced soil erosion
and desiccation, and provided fuelwood for cooking, which had the added benefit of
decreasing the need for women and gitls to travel long distances in search of wood.
The windbreaks also sequestered carbon (Klein et al. 2007). Another project in
Sudan—the “Community-Based Rangeland Rehabilitation for Carbon Sequestration
Project”—restored 700 ha of community rangeland by planting grasses and legumi-
nous crops. The project also protected more than 300 farms from wind erosion by
planting Acacia senegal and Ziziphus mauritania trees as windbreaks over 108 km.
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The project aims to encourage community adoption of agroforestry through paying
local communities for carbon offsets (Jindal et al. 2008).

Forest and Riverine Corridors

Principle: Forest and riverine corridors benefit adaptation by providing migration
routes for animals and plants while storing carbon.

The restoration and conservation of forest corridors to improve forest connectiv-
ity is another mitigation activity that has adaptive benefits for both animals and
people. Migration corridors can help species to shift their geographic distributions
in response to a changing climate (Hannah et al. 2008; Heller and Zavaleta 2008)
and can contribute to providing the genetic diversity necessary for adaptation as
individuals move between populations, bringing alleles from one region that may
not be present in another region (Guariguata et al. 2008). Forest corridors can also
generate direct benefits to humans while at the same time sequestering carbon in
tree biomass and soil. Examples include the protection against landslides and water
conservation, as discussed previously, and may benefit agricultural systems by sup-
porting pollination and pest control through protecting the habitats of the species
that are involved in these processes (Scherr and Sthapit 2009).

The restoration and conservation of riverine corridors provides direct benefits to
human adaptation by keeping water temperatures low in the face of temperature
increases, thereby potentially protecting freshwater fisheries, while filtering nutrients
from runoff and soil water (FAO 2008). Removal of riparian corridors, on the other
hand, leads to higher daily and mean temperatures and results in faster nighttime cooling
(Pyke and Andelman 2007) while reducing carbon storage. Riparian corridors also
stabilize stream banks and decrease the sediment loads of streams, thereby reducing the
negative effects of sediment deposition on spawning grounds of fish and on reservoir
capacity, the latter being particularly critical in drying climates (FAO 2008).

Mangroves

Principle: Mangroves sequester carbon and protect coastal areas against increasing
flooding risks.

Reforestation and avoided deforestation of mangroves offers another important
synergy between adaptation and mitigation, with relevance to millions of people
living and practicing agriculture in coastal areas and river deltas, in addition to the
inhabitants of coastal towns and cities. Mangroves benefit these people through
increased protection of coastal areas to erosion and storm surges. In addition, man-
groves increase fisheries habitat, providing a direct source of food and income to
local communities. Mangroves not only store carbon but may also serve as a com-
plement and more cost-effective means of storm protection to built infrastructure.
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For example, while storm damage to a sea wall would require costly repair, mangroves
will naturally regenerate, although the level of protection and regeneration rate
depends on area geomorphology, vegetative structure, and the frequency and intensity
of storms (ProAct 2008).

There is evidence that many types of coastal forests can help dissipate wave
energy and force, reducing flooding, and also help to capture debris that would
otherwise do more damage (ProAct 2008). Recommended greenbelt width for
protective mangroves varies from 100 m for tsunami protection in the Asia South
Pacific to 200 m for protection of agricultural land (ProAct 2008), suggesting that
carbon sequestration potential may be significant. However, given the lack of consensus
on the capacity of mangroves to attenuate long-period waves such as storm surges
and tsunamis (Mukherjee et al. 2010), they should not be seen as a substitute for
early warning systems and planning for such events, but rather as part of a broader
system of risk management (Baird 2006).

As with protection functions provided by other forms of forest, mangroves
require time to mature before they offer their full protective benefit (ProAct 2008).
Thus, avoided deforestation can be more effective as an adaptation strategy where
existing mangrove structures are already meeting coastal protection objectives, as
well as being more cost-effective than reforestation (UNEP RISOE 2010). In areas
where people are heavily reliant on mangrove forests, the risk of mangrove loss can
be minimized by increasing the capacity of communities to undertake alternative
livelihood options (ProAct 2008).

Wetland Conservation and Restoration

Principle: Wetlands store carbon and improve water security by filtering pollution
and managing water flow.

Wetlands in mountain areas supply water for agricultural land downstream while
sequestering carbon. Natural peat wetlands in coastal and river areas serve as aquifers by
absorbing and storing water in wet periods and releasing it slowly during low rainfall
(FAO 2008). Wetlands discharge water through evapotranspiration, seepage, pipe flow
from subsurface erosion, overland flow, and open channel flow (FAO 2008). In addition
to managing water flow, wetland ecosystems, such as floodplains, salt marshes, mudflats,
reefs, and wooded riparian zones can all serve as flood management protecting people,
agricultural land, and infrastructure downstream (ProAct 2008).

Wetlands also filter pollutants such as arsenic, boron, mercury, nitrogen, and
selenium out of water, making them possible candidates for water quality credits
(Nyman 2011). Wetlands protect offshore fisheries from land-based pollution (FAO
2008), thereby potentially reducing the impacts of climate change on coastal
fisheries. Wetlands are also gaining recognition for their carbon sequestration potential.
Inland waters are estimated to transport and store approximately 2.7 Pg Cyear!
(Battin et al. 2009). Wetlands store carbon with greater permanence than do oceans
due to bottom-water anoxia in inland waters (Battin et al. 2009).
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Trade-Offs Between Climate Change Adaptation and Mitigation

While there is a strong potential for synergies between adaptation and mitigation, in
certain cases, there may also be trade-offs. The most common trade-offs are likely
to occur where immediate infrastructure, water, and food security needs are satisfied
at the expense of protecting ecosystems, thereby reducing their carbon stocks
and jeopardizing the long-term flow of ecosystem services that would help to satisfy
those needs over the longer term (Foley et al. 2005). Some examples of this situa-
tion follow.

Mitigation Activities: A Threat to Food Security?

The rising demand for cheap and abundant food, corresponding to the rapidly growing
global population, has led to increased support for intensive agriculture. There is
concern in some quarters that a shift away from intensive agriculture, through
emphasizing reduced use of fertilizer and machinery and incorporating perennials to
increase above and belowground carbon stocks, could threaten food security and
farmers’ livelihoods by reducing yields, which may already be under pressure from
climate change (Smith 2009; Scherr and Sthapit 2009). Such concerns must be taken
seriously and carbon sequestration or reduced emissions measures be introduced in
agriculture only after careful evaluation of the consequences, rather than recommending
“one size fits all” approaches.

The importance of highly participatory, site-specific approaches to promoting the
inclusion of trees in agricultural systems or other “climate-smart” land-use practices
cannot be overemphasized. Farmers are unlikely to adopt practices that they believe
may compromise their crop yields or complicate their farming operations. For
example, coffee farmers in the Sierra Madre de Chiapas, Mexico, who participated
in a carbon payments scheme, rarely opted for the inclusion of additional trees in
their already quite densely shaded coffee plots, which they rightly feared might
have reduced coffee yields and increased disease pressures. However, many farmers
had plots of annual crops or pasture, and so live fences to surround and subdivide
these were perceived as the option for increasing the carbon stocks of their farms
that was most compatible with their production objectives and was most commonly
chosen (Schroth et al. 2011). Reforestation of sites that had been affected by
wildfires or landslides was another option for increasing landscape carbon stocks
without negatively affecting agricultural output (Schroth et al. 2009).

In addition, reforestation projects targeting presently underused land might
conflict with future shifts in agricultural or pasture uses driven by climate change.
Therefore, identification of land for reforestation and afforestation should consider
future scenarios of land-use shifts, including through using agroforestry models that
are more flexible to the integration of other land uses, such as crops and livestock,
than are classical plantation forests. Again, participatory models that leave farmers
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a maximum of flexibility in how to achieve certain targets (e.g., an increment in
farm carbon stocks) are among the best ways to increase adoption and permanence
of proposed changes in agricultural practices (Schroth et al. 2011).

Tree Planting Versus Water Security

In regions with adequate water availability, afforestation and reforestation are often
beneficial and can even increase water availability during the dry season by ensuring
more gradual release of water from catchments. However, afforestation can also
decrease water availability. Tree plantings use more water than other land uses, such
as agriculture and pasture, and the removal of trees has been shown to increase
downstream water yields (FAO 2008). One global study found reduced annual run-
off levels of as much as 75% when grasslands were converted into Eucalyptus
plantations (Jindal et al. 2008). Therefore, tree planting for climate change mitigation
may have adverse adaptation effects in dry climates. Deciduous indigenous trees
that shed their leaves in the dry season are often a more appropriate plantation
choice in water-scarce catchments (Jindal et al. 2008).

In areas of low and decreasing rainfall, aboveground carbon stocks decrease
when trees are removed to increase water yields from catchments, as has been the
case in government campaigns to remove invasive trees from watersheds in South
Africa. However, the net carbon release of such measures depends on the subsequent
use of the tree biomass, with highest emissions occurring if trees are burned or left
to decompose in the field, and less immediate and lower emissions if the timber is
used for long-lived products (e.g., buildings) and eventually burned for generating
energy and replacing fossil fuel. By reducing evapotranspiration, harvesting or
removal of trees can increase groundwater levels. This is often desirable but may
lead to increased salinization in areas where salt is present in the subsoil and is
then able to move into the rooting zone of plants (Nuberg et al. 2009), hence the
need to design site-specific land use solutions for both adaptation and mitigation
projects.

Fast-Growing Tree Monocultures and Availability
of Forest Resources

As discussed, the objective of maximizing tree growth in carbon sequestration
projects should be balanced with the objectives of conserving and increasing the
availability of native forest resources, such as wood, fodder, and various types of
food, which may increase the resilience of local communities to climate change, as
well as conserve local biodiversity. Therefore, the use of diverse stands of native trees
is generally preferable to monocultures of exotic species (Brockerhoff et al. 2008).
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Conclusions

Given the multiple mutual benefits between climate change adaptation and
mitigation that this review has highlighted, we conclude that climate change
adaptation should be integrated into mitigation projects wherever possible, while
adaptation projects should preferably include mitigation components. The potential
for the integration of mitigation objectives is particularly high in ecosystem-based
adaptation approaches that have been highlighted in this chapter. In places where
adaptation is needed and there is a risk of trade-offs with mitigation, adaptation
should be prioritized as the more site-specific need, while mitigation projects have
a global impact and are therefore geographically more flexible. In such instances,
research into adaptive strategies that minimize damage to ecosystems and aid in
mitigation should be prioritized.

Emission reductions achieved through integrated adaptation and mitigation
activities should be promoted in the voluntary and compliance carbon markets,
while adaptation projects should be designed with the objective of, as a mini-
mum, no increase in carbon emissions. Emission reductions from sequestration
through agricultural activity should be treated as equivalent to other offsets
and should not be relegated to the lower tier of temporary certified emissions
reductions (tCERs), as is currently the case with agricultural mitigation efforts.
One way to address the concern about the permanence of carbon sequestration
benefits obtained through agriculture for carbon markets is to include education
campaigns, incentives such as long-term payments or tax rebates for carbon
storage and “climate-smart” agricultural practices, and other adaptation-style
strategies into mitigation projects. This is necessary to ensure that carbon seques-
tered in agricultural systems remains in place for periods long enough to have a
significant climate benefit.

Many of the most promising techniques that combine adaptation and mitigation,
such as those that combine trees in cropping systems or trees with animal production,
are very knowledge intensive. This means that smallholders must over time learn a
suite of new methods and gradually and successfully integrate them into their
production systems. A significant level of support and knowledge transfer is required
for this process to be attractive, successful, and of low risk to the participants,
and subsidies, for example, through payments for carbon conservation or other
environmental services, may be necessary to increase adoption rates of such practices.
Overall, forestry and agroforestry projects involving the local community in man-
agement have lower-risk profiles than large plantations. As the investment in efforts
to build climate-resilient development outcomes increases through dedicated
(but “project-based’’) adaptation funding mechanisms, the opportunities for revenues
from REDD+ projects to offer financing for community-level adaptation initiatives
need to be explored.

In summary, given the severity of anticipated climate change, a rapid and truly
integrative response is required on the part of the global community. The most
efficient use of limited resources needs to be attained. Where efforts at climate change
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adaptation and mitigation can be combined so that resources do double-duty, this
should be done. In other cases, government planners and project developers should
avoid trade-offs where efforts in one sphere compromise the other. Opportunities
for synergy between climate change adaptation and mitigation can be further developed
by increasing the understanding of the complex interactions within natural and
human-managed systems.
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High-Carbon-Stock Rural-Development
Pathways in Asia and Africa: Improved Land
Management for Climate Change Mitigation

Peter A. Minang, Meine van Noordwijk, and Brent M. Swallow

Abstract Low-carbon (emission) economic development pathways are needed to
contain and gradually slow emissions of the greenhouse gases (GHGs) that cause
global climate change. As developing countries contribute to GHG emissions largely
through land management practices that degrade landscape carbon stocks, climate
change strategies in developing countries must give specific attention to land
management. Yet, current mechanisms for international investment or incentives in
emission reductions from the land use sector, especially reduced emissions from
deforestation and degradation (REDD+) and the clean development mechanism
(CDM), have so far been slow to develop. Prospects remain good, however.
Intensification of land use through tree-based production systems has emerged as a
principal rural development pathway in much of Southeast Asia, with significant
benefits for reducing GHG emissions, generating economic returns, providing
ecosystem services, and adapting to climate change. In Africa, intensification of
tree-based production systems has been much slower to develop despite great
biophysical potential. This chapter develops the concept of a high-carbon-stock
rural-development (HCSRD) pathway as an extension of the tree cover (forest)
transition model and compares experiences of HCSRDP development in Asia and
Africa. Those experiences show that achieving a HCSRD pathway requires coordinated
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attention to interactions and trade-offs among forestry, agriculture, and rural
development. Innovative finance mechanisms, enabling policy and institutional
environments, effective and efficient extension systems, and appropriate investment
strategies can catalyze tree-based or agroforestry enterprises and optimize trade-offs
between the multiple functions of landscapes.

Keywords Agricultural intensification ¢ Tree-based agricultural systems ¢ REDD+
* Low-carbon development pathways * Trade-offs

Introduction

There is a growing consensus that low-carbon-emission economic development
(i.e., improvements in social well-being, with reduced intensity of carbon emission)
is required for reliable long-term solutions to global climate change. With the
rural economies of developing countries contributing about 30 % of global green-
house gas (GHG) emissions through land use change in agriculture, forestry, and
other land management activities (IPCC 2007), a sustainable land management
approach to a low-carbon-emission economy has become imperative for developing
countries. Reductions in carbon emissions can be achieved through reductions in
emission intensity and maintenance of high carbon stocks in terrestrial ecosystems
and agroecosystems.

The clean development mechanism (CDM) of the Kyoto Protocol sought to con-
tribute to low-carbon economic development through the transfer of low-emission
technology to developing countries funded through emission offsets within Annex 1
countries. Despite its importance, however, virtually no land-based emission credits
have been generated through the CDM. In recent years, there has been widespread
political support for reducing emissions from deforestation and forest degradation
(REDD+) under the United Nations Framework Convention on Climate Change
(UNFCCC), demonstrated by the agreement on REDD+that was achieved during the
Conference of Parties (COP) held in Cancun, Mexico, in December 2010 (UNFCCC
2010). Support for REDD+is partially due to the expectation that emission reductions
from land use change will be cheaper than other sectors (Stern 2006). Such a land-
based approach through agriculture and forestry could be part of a larger green econ-
omy initiative that incorporates low-carbon economic development (UNEP 2011a, b)".
This chapter explores the role of trees in agricultural landscapes (agroforestry) and
other tree-based systems in a low carbon economy. We refer to the role of agroforestry
and tree-based systems in contributing to reducing carbon emissions and the full range
of private and societal benefits in terms of livelihoods and environmental services as
high-carbon-stock rural development. High-carbon-stock rural-development
(HCSRD) pathways are dynamic processes that couple the development of tree-
based systems, improved human well-being, and long-term improvements in envi-
ronmental services. We contend that HCSRD pathways could be an effective way for
developing countries to synergize development plans with nationally appropriate
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mitigation actions (NAMAs) and national adaptation plans that were called for by
the Copenhagen Accord.

Worldwide, trees in agricultural landscapes hold great potential for climate change
mitigation that at this time is not explicitly taken into account in any of the three
UNFCCC mechanisms, namely, REDD+, CDM, and NAMA. About 46 % of agri-
cultural land globally has at least 10 % tree cover: in Southeast Asia and Central
America, 50 % of agricultural land has at least 30 % tree cover, while in sub-Saharan
Africa, about 15 % of agricultural land has at least 30 % tree cover (Zomer et al. 2009)2.
The place of agroforestry and related tree-based systems in potential UNFCCC
emission reduction mechanisms depends on what definition of forest is adopted by a
country — that is, whether the agroforestry system meets the forest canopy cover
threshold chosen by the country (10-30 % choice range) and/or whether the land is
classified as forest even if it is “temporarily unstocked” (van Noordwijk and Minang
2009). REDD+ only addresses forestry, CDM allows only afforestation and refores-
tation projects, while the design of NAMA:ss is left to discretion of individual countries,
with no clear funding arrangement. This means that small-scale farmers and agriculture
cannot directly benefit from emission reduction incentive schemes.

Uncertainty is rife on how far both REDD+and CDM can contribute to sustainable
development partly because they have been slow to take effect in large parts of both
Africa and Asia. Furthermore, mitigation mechanisms within the UNFCCC have so
far been kept completely separate from adaptation actions that seem to be the primary
climate change concern for most developing countries (Klein et al. 2005; Najam
et al. 2003). Besides contributing to development and emission reduction, we con-
tend that HCSRD can be an approach that developing countries can pursue as part
of their strategies for climate change mitigation and adaptation (Verchot et al. 2007).
It is important to keep in mind that climate change mitigation and adaptation are not
among the most basic concerns of governments in most developing countries and,
in instances where it is assigned priority, little is done due to lack of capacity and
resources (Mumma 2001; Najam 2005). However, we argue that, unless climate change
is more directly linked to issues of greater concern, it is likely to remain a “luxury”
perspective that keeps being assigned low priority.

Active participation in global climate change mitigation and adaptation (M&A)
has been presented to and perceived by policymakers as a possible additional income
stream or “environmental service rent” (Angelsen 2010) that may be competitive
with low rents generated by the forest and agricultural sectors of the local economy.
Returns to agriculture are often constrained by low food price policies that are aimed
at appeasing urban masses (Bezemer and Headey 2008). The low opportunity costs
of current emissions caused by land use changes in developing countries that yield
low economic returns (Swallow et al. 2007; van Noordwijk et al. 2011)* have been
interpreted as easy targets for global emission reduction when viewed through a
perspective of economic efficiency in global economies. These low opportunity
costs, however, translate into poor economic opportunity for the rural poor whose
only options are to migrate to a city and start at the bottom rank of the urban pecking
order. If environmental service rents can be captured by the state or its urban elites,
they may appear attractive, but to be effective they have to be fully integrated in HCSRD
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pathways that offer rural poor real prospects for better lives. Ironically, the argument
for developing countries becoming involved in climate change mitigation for eco-
nomic gain tends to be resisted by the small but growing groups of people in devel-
oping countries who are actually concerned about global climate change and want
real emission reductions rather than offsets. It is argued that carbon markets effec-
tively create emission rights, with offset markets shifting those rights around.
Skeptics of offset markets argue that developing countries may get paid “to be an
atmosphere cleaner” but should demand a fairer role in the global order (Najam 2005).

Arguments for active engagement with climate change in developing countries
are thus (Najam et al. 2003; Najam 2005; van Noordwijk and Leimona 2010):

(a) Climate change will affect territorial security, which is especially the case for
small island states vulnerable to sea level rise.

(b) Climate change will affect food security in urban areas, as it interferes with a
fragile food production system that is poorly buffered against climate
fluctuations.

(c) Carbon-based environmental service rents may generate an income stream that
is more profitable and sustainable than the current high emission/low return
types of land use.

(d) International funding streams and investment are, to a limited extent, available
to address issues of global environmental integrity and climate security, avoiding
global risks to every country’s fundamental concerns.

In the next section of this chapter, we articulate a model of high-carbon-stock rural
development pathway through which agroforestry and tree-based systems could
potentially enable developing countries to accommodate low carbon emissions,
rural economic development, and food security in their policy priorities. Evidence
from Southeast Asia and Africa shows that high-carbon-stock rural-development
pathways are possible but by no means are automatic or easily obtained.

High-Carbon-Stocks Rural Development

The Intergovernmental Panel on Climate Change (IPCC) has established the global
importance of land use, land use change, and other land use as sources of carbon
emissions and sequestration. Land use changes often follow particular sequences or
transitions, starting from primary forest or savannah woodlands, depending on the
agroecological context. Land use transitions can take multiple pathways, with varied
impact on forest cover (hence carbon), income, and human populations. Examples
of such trajectories include intensification with deforestation, intensification with
reforestation, abandonment with regrowth, abandonment, and irreversible degradation
(Chomitz 2007)*. Different combinations of demographic, market, and policy pres-
sures can underlie forest transitions of forest cover reduction, stabilization, and ulti-
mate increase. Figure 1a shows the forest transition in which forests initially decline
due to encroachments from farms and settlements and then stabilize and eventually
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Fig. 1 Shows the overall aim of HCSRD on the tree cover transition. (a) shows the multiple path-
ways of land use transitions for high-carbon-stocks rural-development pathways (Source: Modified
from Rudel et al. (2005), Chomitz (2007). (b) shows the overall objective in terms of shift in tree
cover transition that should be targeted in the high-carbon-stocks rural-development process

increase due to mechanisms that enable regeneration (Grainger 1995; Mather and
Needle 1998). When mechanisms for maintaining forests come to be the norm in
the landscape, overall tree cover and carbon stocks increase (Fig. 1b). When land
use transitions enable reductions in emission intensities or maintenance of high car-
bon stocks in terrestrial ecosystems, they contribute to low carbon pathways. When
such transitions simultaneously contribute to low carbon pathways, increased
incomes, food security, and environmental services, they contribute to low carbon
economic development.

HCSRD can be seen as rural development through improved land management
systems that ensure increased productivity, incomes, and environmental services —
notably reduced carbon emissions. This can be achieved through the management
of carbon in three related pools: (1) tree-based aboveground and belowground
carbon in agricultural landscapes (e.g., trees along field boundaries, small woodlots,
woody fallows, tree crops, and agroforestry systems); (2) soil and aboveground carbon
in agricultural landscapes; and (3) tree carbon and soil carbon in standing forests.
By managing each pool and all pools collectively, overall tree cover and carbon can
increase over time as shown in Fig. 1b. HCSRD improves tree cover in landscapes
through a rural-development process that generates positive benefits for the rural
livelihood asset base, including positive direct benefits for food, income and carbon,
and indirect benefits for biodiversity and hydrology. Therefore, HCSRD could be
seen as complementary to landscape approaches to land management and sustain-
able intensification.

Key features of HCSRD can include:
Better management of soil carbon (Lal 2004) through:

e Reform and public investment in markets for inorganic fertilizer, combined with
“smart” targeted subsidies for inorganic fertilizer (Palm et al. 2010)
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* Integration of inorganic and organic sources of soil nutrients into agricultural
production systems, including both perennial and annual crops (Vanlauwe et al.
2010)

Maintenance of carbon stocks in primary and secondary forests through:

e Community forestry for sustained harvesting of non-timber forest products
(e.g., Blomley et al. 2008)

» Better control of fire risks and restoration of degraded forest lands (e.g., Pye-
Smith 2010)°

Enhancement of tree-based carbon in agricultural lands (Albrecht and Kandji
2003):

* Improved soil fertility and belowground carbon storage in roots and soil
* Increased sequestration and aboveground carbon storage in trees within agricultural
systems

Tree-based systems of value creation in rural landscapes:

* Tree-based commercial crops and agroforestry through provision of appropriate
information, germplasm, and land tenure reform

* Development of value chains for trees and tree products and services including
improved germplasm, inputs, harvesting techniques, processing, and marketing

» Taking advantage of relevant incentive systems to promote tree-based systems,
their products and services, possibly taking advantage of REDD+, CDM, and
NAMA mechanisms to enhance land-based emission reductions

» Specifically ensure that tree-based systems minimize the externalities of ecosystem
services and/or enhance climate change adaptation and ecosystem services

In some circumstances, good management of soil carbon and avoided land
degradation can reduce the need to expand cultivation into forests or wooded areas.
Since the advent of REDD+, there has been renewed research interest in the drivers
of deforestation. DeFries et al. (2010) argue that expansion of export-oriented
agriculture has become the main driver of deforestation in much of the developing
world, while Fisher (2010) argues that expansion of agricultural production for
subsistence needs remains a primary driver for deforestation in Africa. Agriculture
remains the largest employment sector in many developing countries, constituting a
large share of exports in certain countries (World Bank 2008). Yet, these same
developing countries need to continuously increase food production to ensure food
security for their growing populations. Economic growth and greater prosperity
tend to shift food consumption patterns toward dairy and meat products that often
have larger carbon footprints than staple foods (Subak 1999).

Regarding soil carbon, a large difference between Africa and most of Asia is that
production increases in Africa have mostly been generated from expansion at the
extensive frontier of land use, while production increases in much of Asia have
mostly been generated from more intensive use of already cleared land (World Bank
2008). Soil carbon has been maintained through both organic and inorganic fertilizer.
Research by the Tropical Soil Biology and Fertility Programme (TSBF) and the
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World Agroforestry Centre has shown the possible complementary effects of organic
and inorganic sources of nutrients (Akinnifesi et al. 2011; Vanlauwe et al. 2010).
More efficient fertilizer markets and more organic sources of soil nutrients (e.g.,
biological nitrogen fixation by tree legumes) are important. Here, trees are also an
important source of soil fertility improvement and aboveground carbon.

Regarding carbon in intact standing forests, experience has shown that sustainable
forest management can be achieved in ways that enhance local livelihoods while
reducing deforestation pressures. Community forestry systems that are relatively
effective in countries like Nepal and the Philippines are now showing promise in African
countries like Tanzania and Cameroon (Larson and Ribot 2004). In some cases, forest
management systems can be enriched through simple management techniques such as
the ngitili system that is practiced in the Sukuma area of western Tanzania (Pye-Smith
2010). The ngitili system is a traditional management system in which an area of
standing vegetation of grasses, trees, shrubs, and forbs is retained from the onset of the
rainy season and managed for grazing and other purposes (Kamwenda 2002)°. Better
management of secondary forests can generate income while maintaining carbon
stocks and providing ecosystem services to surrounding farms.

The Potential for High-Carbon-Stocks
Rural-Development Pathways

HCSRD aims at enabling effective and efficient achievement of the full potential of
enhancing private and social livelihoods as well as environmental benefits from
agroforestry and other tree-based systems. Long-term studies across the tropical
forest margins show that intermediary land uses (agroforestry and tree-based pro-
duction systems) enable moderate profits while sequestering or maintaining high
carbon and sustaining relatively high levels of biodiversity (Palm et al. 2005). For
example, Fig. 2 shows the trade-offs between carbon and profitability for multiple
systems in the tropical forest margins in Cameroon, with agroforestry systems being
moderately profitable and holding moderate levels of carbon compared to non-tree
agricultural systems. There is evidence that these and other intermediary land uses
have high potential for carbon sequestration (Verchot et al. 2007).

A number of factors are crucial to the success of any HCSRD pathway. We postulate
that these factors include an effective and efficient extension service (including the
provision of improved germplasm), an enabling policy and institutional environment
(including unambiguous land and tree tenure, incentive schemes for environmental
services), the development of markets and market infrastructure, investments in various
tree-based enterprises (including processing and transformation of products), and func-
tional systems for delivery of carbon services (monitoring, reporting, verification, etc.).

In the next sections, we review the dynamics of tree-based intensification in both
Asia and Africa as a pointer to the potential for HCSRD pathways. Sub-Saharan Africa
and Southeast Asia (SEA) were chosen for a number of reasons, including deforestation
rates, human population density, and potential for increasing trees on agricultural land.
Africa and Asia are losing much higher proportions of forest cover than other regions of
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Fig. 2 Carbon storage and private profitability of different systems in the humid forests of
Cameroon (Palm et al. 2005), the main negative diagonal represents an opportunity cost of carbon
of 10$/tC when converting forest to the most profitable agroforestry system; conversions to systems
in the lower left triangle yield less benefits per unit carbon loss (van Noordwijk et al. 2011)

the world (FAO 2010), while population densities on agricultural land are much higher
in Asia (many areas having 25-250 persons/km?) and sub-Saharan Africa (66-125 per-
sons/km?) than comparable regions in Latin America (often less than 65 persons/km?)
(Zomer et al. 2009). Lower population pressure implies less need for intensification of
land use. Lastly, Africa and Asia have far larger areas of land with underdeveloped
potential for tree-based systems compared to Latin and Central America (Zomer et al.
2009). The distribution and evolution of tree-based systems vary tremendously across
the continents, with notable advances in SEA and slower progress in Africa. These dif-
ferent rates indicate varied potential for HCSRD. The case studies from Asia are based
on studies from the Alternatives to Slash-and-Burn program (ASB), while the Africa
case studies represent success stories reported from across the continent.

Tree-Based Agrarian Transformation in Southeast Asia (SEA)

Swidden systems have been the starting point for agriculture across the subhumid
tropics, including most of SEA. “Swidden” or shifting cultivation refers to lands
cleared of woody vegetation for temporary production of local staple crops for food
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Fig. 3 Jungle rubber (Hevea brasiliensis) in Jambi, Indonesia. Currently being replaced by more
commercial rubber and oil palm

or other uses, then left to fallow and allowed to regenerate. Padoch et al. (2007)
estimated that 15-20 million people in Myanmar, Thailand, and Malaysia (Sarawak
and Sabah) depended on swidden in the 1980s, cultivating an area of 5.5 and 6
million ha. There is growing consensus that swiddens have been evolving rapidly in
many parts of SEA, though data on its extent and evolution are still inconsistent.
Fallow periods of about 13 years between rice crops have been reduced to 3-5 year
herbaceous fallows and permanent farms. Conversion from swidden fields to cash
crop plantations and reforested land also occurs. For example, rubber plantations
began to be established in the 1960s and by 1998 occupied more than 136,000 ha of
land in SEA (Guo et al. 2002). More than half of the reported swidden cases are
being replaced by some forms of permanent, annual agriculture (Schmidt-Vogt et al.
2009). Of over 90 cases reported in the reviewed literature, 52 were reported to be
replaced by tree crops or tree-related enterprises with 17, 14, and 8 reporting replace-
ments with rubber (Hevea brasiliensis) (see Fig. 3), fruit-tree cultivation (orchards),
and oil palm (Elaeis guineensis), respectively.

In many ways, evolution of forest and agroforestry systems in northern Thailand
over the last 20 years appears to be a good example of a HCSRD pathway. The
proportion of farmland increased from 11 to 27 % in this period, largely through
expansion of traditional agriculture within forests. Traditional agriculture is high
carbon, mostly complex agroforests of jungle tea (Camellia sinensis L.) embedded
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Fig. 4 Spatial illustration of developments in tree-based systems in Indonesia in the 1990s and
2000s (Source: Ekadinata et al. 2011)

in hill evergreen forests (also known as “miang”). Though variations exist among
ethnic groups, the trend has been toward gradual transformations of miang by sub-
stituting fruit trees and seed crops for many of the forest and tea tree species. There
has also been active reforestation by government and communities, such as in the
context of the Sam Mun Project, where the Forest Department was able to reforest
4,855 ha (out of 200,000 ha) in the area. A further 60,000 additional ha were regen-
erated by villagers through mutual agreement in a land use planning process in
which communities were given mandate to control access, use fires, and other factors
(Suraswadi et al. 2005).

Recent analysis of historical and ongoing swidden transformations in Indonesia by
the ASB Partnership (van Noordwijk et al. 2008)” suggests that there has been strong
agrarian transformation but also differentiation within the country, with major parts of
Java and Sumatra moving out of shifting cultivation and into permanent cropping
before 1990 and the province of Papua still mostly relying on swiddens. Swiddens usu-
ally occur in landscapes with high forest cover and low population density. An important
shift in the dynamics of swidden systems occurs if trees in the fallow vegetation
gain major economic importance. This has happened in the case of the development
of rubber, oil palm, and mixed fruit-tree agroforests. In Sumatra, smallholder oil palm
production is an emerging economic activity, while in Kalimantan, companies are
making deals with local communities to establish oil palm monoculture systems.

Figure 4 shows that the nature of tree-based land use has changed in Indonesia
between 1990-2000 and 2000-2005. An index of tree-based land use was created
for each district of Indonesia, calculated as the ratio of increased monoculture tree
cover to the area of loss of closed canopy forest. An index less than zero implies that
monoculture tree cover reduced in area, an index between O and 1 indicates an
increase in monoculture tree cover that was less than the loss of closed canopy
forest, while an index greater than one indicates an increase in monoculture tree
cover that exceeded the loss of closed canopy forest. Figure 4a shows that most
districts in Indonesia experienced reductions in overall tree cover between 1990
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and 2000, while Fig. 4b shows that most districts experienced increases in overall
tree cover between 2000 and 2005 (Ekadinata et al. 2011)8. The nature of the tree
transition clearly changed between the two time periods, with the latter period
showing more evidence of HCSRD.

Tree-Based Agrarian Transformation in Africa

In Africa, like much of Southeast Asia, trends and directions of agrarian change are
only indicative, with current evidence being largely drawn from case study narratives/
analyses rather than coarse large-scale empirical studies. Nonetheless these analyses
suggest that tree-based and managed agroforestry systems are beginning to emerge at
some scale. In a recent analysis of developments in sustainable intensification in
Africa four cases were reported of developments in agroforestry and soil conservation
on over 3 million ha in Burkina Faso, Cameroon, Malawi, Niger, and Zambia (Pretty
et al. 2011). Two distinct categories of developments in agroforestry systems were
reported — agrarian change through the adoption of nitrogen-fixing trees, for example,
Tephrosia and Calliandra in Malawi, Zambia, and Cameroon (Ajayi et al. 2007), and
change through the introduction of fruit and timber trees in agroforestry systems in
Tanzania and Kenya (Jama and Zeila 2005)°. Another impressive case is the transfor-
mation of the Sahel through increased tree planting in parkland systems in Niger
and Burkina Faso. For example, in the Zinder and Maradi regions of Niger, there has
been a 10- to 20-fold increase of shrub and tree cover over an area of over 5 million
ha and more than 200 million trees protected and managed (Reij and Smaling 2008;
Sendzimir et al. 2011). This has helped reclaim degraded lands, enhanced soil fertility,
improved biodiversity, and generated income and livelihood benefits. The landscape
transformation in Niger was enabled by a strong policy shift in tree tenure following
reforms. Until the mid 1980s, trees were declared to be owned by the state and
therefore people had little or no incentive to plant and care for them. Tenure reform
strengthened farmers’ rights to trees. Restoration of tree cover has also happened at a
large scale in western Tanzania through the re-emergence of the ngitili system of
pasture management (Pye-Smith 2010).

In West and Central Africa, cacao (Theobroma cacao L.) agroforestry systems
continue to dominate the agricultural landscape, currently occupying about 5 million
ha in the Guinea and Congo humid forest zones. Cacao cultivation continues to expand
into the western region of Ghana and the Bas Sasandra region of Cote d’Ivoire — with
projected growth in 2005 of 125,000 ha year' (Gockowski and Sonwa 2011). Qil
palm is now emerging as a growing subsector and could soon overtake cacao. There
is evidence that the main drivers of cacao plantation expansion in Cameroon are
economic boom-and-bust cycles, international cocoa prices, and labor availability
(Sunderlin et al. 2000). These cacao systems range from full-sun monospecific
systems to complex cacao-timber-medicinal agroforestry systems — see Fig. 5.
Full-sun systems are found mostly in the lower Guinea forest systems in Liberia,
Ghana, Cote d’Ivoire, and Nigeria, while the more complex systems are mainly
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Fig. 5 Multistrata cacao (Theobroma cacao L.) agroforestry systems in Cameroon

found in Cameroon and the Congo Basin countries. Complex systems have biodiver-
sity values nearly equivalent to secondary forests (Gockowski and Sonwa 2011),
with non-cocoa products accounting for 23 % of total revenue. Adding tree species
to full-sun cacao systems would improve shade to between 30 and 40 % (low shade)
and optimize yield. However, when tree cover is increased beyond 30-40 %, as in
multi-story cacao systems that promote biodiversity, yield decreases, and so other
benefits are needed to offset the cost of increased shade. For these systems to be
economically viable to farmers, they must generate income comparable to full-sun
systems. By sequestering carbon as well as optimizing production, a low-shade
system stores new and additional carbon that would not be generated under a low-
shade system. Financial incentives might be devised to account for the carbon and
biodiversity benefits of higher shade systems. However, input, organizational, and
marketing challenges abound to constrain such transitions.

Discussion and Conclusions

From the foregoing, it can be seen that agrarian transformations in both Southeast
Asia and Africa have been different both in terms of nature and speed. There has
been rapid adoption of more profitable and valuable tree-based systems in Asia
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(e.g., rubber, oil palm, orchards, and teak (Tectona grandis L.) plantations) as
opposed to expansion in traditional cacao systems and management of trees in the
parklands of Africa. These land use transitions have been largely influenced and
woven into the broader economic trends and dynamics of each region. It can be said
that better market access and connections to processing and industry in growing
urban areas, dynamics in labor migration (rural-urban), and investment flows
through remittances from urban areas have characterized the transformations that
have occurred in Southeast Asia (Cramb et al. 2009; van Noordwijk et al. 2008).
The slower pace of agrarian transformation in Africa has in several instances
matched the boom-and-bust cycles of economic development (Sunderlin et al. 2000).
Very weak extension systems, lack of inputs, poor physical and market infrastructure,
lack of capital, and weak enabling policy environments have characterized this
transformation in most of Africa, although there have been exceptions (Jama and
Zeila 2005; Gockowski and Sonwa 2011). A glaring example of these differences
can be seen in the rapid growth in Vietnam’s coffee production compared to the
stagnation (and failings in some cases) observed in Africa and other regions of the
world (Greenfield 2009)'.

Thus, rural development pathways that result in landscapes dominated by tree-
based/agroforestry systems are about rural and economic development that yields
corresponding co-benefits for sustainable development and climate change mitiga-
tion. High-carbon development pathways are about adding value (both economic
and environmental) to land and the opposite of land degradation pathways that
reduce those values. In Africa, there is potential to leverage carbon and climate
adaptation finance to meet the financing gaps that impede the development of these
systems. There is also a rights policy agenda around tree and carbon tenure that
provides the opportunity to bring the kind of shift that was experienced in Niger to
enable the transformation of landscapes into high carbon, high-economic value
landscapes.

However, there are challenges that must be kept in mind when moving in this
direction. The majority of these challenges relate to understanding and managing
trade-offs in the development of high C development pathways. First, there is evidence
that a focus on high value monoculture tree plantation systems could deliver high
incomes but leave farmers exposed to high levels of risk from global price fluctuations
(Greenfield 2009) and/or endanger farmer food security (Cramb et al. 2009). Due
consideration needs to be given to multipurpose tree-based systems that can help
spread risks and hence reduce vulnerabilities. Second, most high-carbon and high-
profit tree systems take 3—5 years to recoup initial investments compared with food
crop systems. Such long waiting periods can be prohibitive for small-scale farmers,
thus representing the same kind of up-front financial requirements that have inhibited
the development of clean development mechanism projects. Investments might also
be required to support the development of alternative income-generating activities
if and when high-carbon systems are adopted as part of a low-carbon development
strategy within the land use sector. Specific financial incentives could help high-carbon
options to succeed, advancing the multiple objectives of carbon storage, biodiversity
conservation, and poverty alleviation.
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Thirdly, there are concerns that rural households could lose access to the natural
products from forest fallow fields during the intermediate stages where swidden
systems shift to more permanent forest cover. Little is known about the environmental
costs and benefits of changes in the traditional systems and landscapes and indeed
what policy options might better optimize benefits. Further research could be very
instructive for the future development of HCSRD strategies. There may be advantages
to whole landscape approaches where forest reserves are managed through
community forestry or co-management regimes, alongside other multiple land uses.
The fourth challenge relates to the development of an enabling policy environment.
Tree tenure policy and market infrastructure are extremely important to farmer
incentives to plant and maintain tree-based systems. The Vietnam coffee example
shows how an effective export-oriented policy model can overcome global instabilities
in the coffee sector (Greenfield 2009), while the Niger example shows how a simple
policy change can catalyze agrarian change through tree-based systems which have
otherwise been documented to inhibit the same in Africa and Asia (Ruf 2011;
Santos-Martin et al. 2011). Lastly, promoting public and private investments and
investing in improvements in extension services for HCSRD would need urgent and
sustained attention. Remittances from urban areas in Southeast Asia have proven to
be a vital investment lifeline for the development of smallholder tree-based systems
(van Noordwijk et al. 2008). Similarly, investments in viable extension services and
the tree product value chain have driven Vietnam’s coffee boom over the last two
decades (Greenfield 2009). Only by addressing these challenges carefully can Africa
and other developing regions begin the high-carbon-stock rural-development
journey and eventually toward a low-carbon and green economy.
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Tree Domestication in Agroforestry: Progress
in the Second Decade (2003-2012)
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Abstract More than 420 research papers, involving more than 50 tree species,
form the literature on agroforestry tree domestication since the 1992 conference that
initiated the global programme. In the first decade, the global effort was strongly led
by scientists working in humid West Africa; it was then expanded to the rest
of Africa in the second decade, with additional growth in Latin America, Asia
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(mostly SE Asia) and Oceania. While the assessment of species potential and the
development and dissemination of techniques for improved germplasm production
were the principal activities in the first decade, the second decade was characterized
by a growing research agenda that included characterization of genetic variation
using morphological and molecular techniques, product commercialization, adop-
tion and impact and protection of farmers’ rights. In parallel with this expanding
research agenda, there was also an increasing use of laboratory techniques to quan-
tify genetic variation of the chemical and physical composition of marketable products
(e.g. essential oils, food-thickening agents, pharmaceutical and nutriceutical com-
pounds, fuelwood). Looking to the third decade, suggestions are made for further
development and expansion of both the science to underpin agroforestry tree domes-
tication and applied research in support of development programmes to enhance the
livelihoods of poor smallholder farmers worldwide.

Keywords Commercialization ¢ Genetic variation ®* Germplasm e Livelihoods
* Propagation * Smallholders

Introduction

The ‘International Year of Forests’ (2011) is an appropriate time to reflect on progress
since the 1992 Conference in Edinburgh, UK, on ‘Tropical Trees: The Potential for
Domestication and the Rebuilding of Forest Resources’ (Leakey and Newton 1994).
That international conference was the first to specifically discuss the potential of tree
domestication to improve the livelihoods of poor smallholders in the tropics by
rebuilding the resource of tree species on which hunter-gatherers had relied. The
concept of domesticating specific tropical tree species had been around for a few
years before this time (e.g. Clement 1989; Holtzhausen et al. 1990). However, it was
the Edinburgh conference that enunciated the vision of how the improvement and
cultivation of these overlooked and underutilized ‘Cinderella’ species could play a
critical role in rural development. That was the beginning of what has become a
global multidisciplinary research initiative to use agroforestry for the alleviation of
malnutrition and poverty in the tropics. This has now been seen as the start of a
second wave of domestication to address the needs of societies in the developing
world (Leakey 2012a, b).

The early concepts of tree domestication for agroforestry were rooted in tradi-
tional knowledge about the utility of forest species (e.g. Abbiw 1990) and in
ethnobotany (e.g. Cunningham 2001), especially with regard to the nutritional value
of indigenous fruits. From an initial focus on about six traditionally important tree
species, the international literature of more than 420 research papers has grown
to include more than 50 species. This information has been collated (Table 1) to
illustrate the growth and evolution of agroforestry tree domestication.
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Fig. 1 The domestication of agroforestry tree species — by research topic (1992-2012) based on
the number of published research papers

In this chapter we demonstrate how tree domestication has evolved temporally
and spatially over the last two decades to become an important global programme.
We then highlight some recent developments that enhance the capacity of agrofor-
estry tree domestication to have meaningful impacts on the livelihoods of smallholder
farmers around the tropics.

The First Decade (1992-2002)

The early history of agroforestry tree domestication has been reviewed in detail
elsewhere (Leakey et al. 2005a; Akinnifesi et al. 2008) and is only summarized
here. Agroforestry tree domestication research started in the humid zone of West
and Central Africa on several fronts; however, the dominant areas of work were the
assessment of species potential, the propagation techniques and the variation in fruit
and nut morphology (Figs. 1 and 2). This set the pattern which was later followed in
other regions, with or without the World Agroforestry Centre (ICRAF).

ICRAF’s tree domestication programme began with a participatory species priority
setting exercise with rural households (Franzel et al. 1996) which resulted in a
subsequent initial focus on the indigenous fruit trees Irvingia gabonensis Baillon
and Dacryodes edulis (G. Don) H.J. Lam in Cameroon and Nigeria. Parallel studies
in the Congo, outside the ICRAF programme, examined the potential of post-harvest
product processing (Mbofung et al. 2002; Kapseu et al. 2002). From the start, the inter-
est of poor smallholder farmers in wild fruits and nuts directed the implementation
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Fig. 2 The domestication of agroforestry tree species by research topic — comparison of 1992—
2002 (first decade) with 2003-2112 (second decade) — based on the number of published research
papers

of the programme. This led to the emergence of a tree domestication strategy that
recognized the capacity of vegetative propagation to capture phenotypic variation
amongst individual fruit and nut trees (Simons 1996: later refined by Leakey and
Akinnifesi 2008) and the use of simple low-technology polythene propagators
(Leakey et al. 1990). These propagators are particularly appropriate for use in
remote locations because they do not require running water or electricity.

Based on this strategy, priority setting exercises were subsequently implemented
in southern Africa and the Sahel (Franzel et al. 2008; Faye et al. 2011) and Amazonia
(Weber et al. 2001). In these regions rural communities expressed interest in species
for timber, fodder, medicines and fuelwood, in addition to local fruits and nuts. Much
later, this model was also implemented in the Solomon Islands (Pauku et al. 2010).

In West and Central Africa, much of the work in the first decade (Table 1) was
associated with the development of village nurseries (Tchoundjeu et al. 1998), the
collection and dissemination of germplasm and the refinement of vegetative propa-
gation techniques developed for tropical timber trees. These techniques then had to
be augmented with better methods of marcotting so that sexually mature tissues
with the existing capacity to flower and fruit could be propagated. The mature mate-
rial creates cultivars which will start to yield within 2-3 years, while they are still
small trees. This makes the cultivation of fruit trees much more attractive to farmers
who want quick results from their investment of time and effort.

Before using vegetative propagation to develop cultivars, it is necessary to have
some understanding of the extent and patterns of phenotypic variation in wild tree
populations. Therefore, detailed studies were made of the tree-to-tree variation in
morphological traits (fruit size, shape, colour, etc.) within and between villages (e.g.
Atangana et al. 2001). This confirmed that the phenotypic variation in all the species
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studied was very extensive (three- to ten-fold) and continuous — i.e. not clustered
into groups that could be considered to be genetic varieties. Importantly, most of
this variability was found within individual villages. These results confirmed the
appropriateness of village-level tree domestication, both from the point of view of
giving individual farmers access to the full set of useful variation and that of mini-
mizing the loss of genetic diversity often attributed to domestication activities.

Socio-economic studies of village communities found that farmers were taking
an increasing interest in the cultivation of a mixture of indigenous and exotic fruit
tree species (Schreckenberg et al. 2002), and that indigenous fruits were important
at the household level for domestic consumption, as well as being a source of income
based on local marketing. Parallel work in the Congo continued to provide a better
understanding of product development, particularly nutritive value, oil extraction,
post-harvest processing and the properties of D. edulis oil (Kapseu et al. 2002;
Mbofung et al. 2002).

It also became clear from this early research that market price was not determined
by fruit/nut size and morphology alone, but rather that the flavour and chemical com-
position of fruits and nuts contributed to consumer preference for the fruits of certain
trees. This was confirmed by organoleptic studies (Kengni et al. 2001) and physico-
chemical analyses (Leakey et al. 2005b). However, while market stallholders (retail-
ers) recognized consumer preferences for the products of certain trees, wholesalers did
not. Thus, farmers selling a wide range of unselected fruits in mixed batches were not
the beneficiaries of consumers’ willingness to pay higher prices for desirable fruits.
This lack of discrimination by traders emphasizes the potential benefit for farmers to
produce and market-specific varieties based on selected domesticated cultivars.

Work in humid West Africa in the first decade set the pattern that was subse-
quently adapted for species in other regions, including the Peruvian Amazon, south-
ern Africa and the Sahel. By contrast, the participatory process in Southeast Asia
identified priority topics to advance smallholder tree domestication research as well
as a long list of priority species for the region’s various biophysical, socio-economic
and farming conditions. Priority topics for smallholder tree domestication were
access to tree germplasm through its multiplication and dissemination; development
of tree propagation, nursery techniques and silvicultural practices; expansion of
species diversity and improved management in agroforestry systems; market inte-
gration; and improved agroforestry information and training (Roshetko and Evans
1999).! Subsequent research gave special attention to Gliricidia sepium (Jacq.)
Kunth ex Walp. (Roshetko et al. 1999; Mangaoang and Roshetko 1999) and
Eucalyptus species (Bertomeu and Sungkit 1999).

The Second Decade (2003-2012)

The basic concepts, techniques and strategies developed in the first decade have
been endorsed in the second decade and used for a wider range of species, environ-
ments and sites (Table 1, Figs. 3 and 4). Additionally, they have been modified as
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Fig. 3 The domestication of agroforestry tree species by region (1992-2012) — based on the number
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Fig. 4 The domestication of agroforestry tree species by region — comparison of 1992-2002 (first
decade) with 2003-2012 (second decade) — based on the number of published research papers
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required by local biophysical, ecological and social conditions and applied in the
Sahel, the woody savannah of southern Africa, Amazonia and in some small Pacific
islands of Oceania.

The Humid Lowlands of West and Central Africa

Indigenous fruits are important at the household level, as well as being an important
source of income (Schreckenberg et al. 2006). In the humid tropics, indigenous
trees have many potential on-farm niches, but the importance of shade for the cocoa
(Theobroma cacao L.) and coffee (Coffea spp.) crops creates a great opportunity to
increase the profitability of these cash-cropping systems by using indigenous trees
that produce marketable products as the shade trees. Through domestication of these
trees, this multistorey system becomes a productive agroforest. The cultivation of
domesticated agroforestry trees converts these indigenous trees into new crops, and
consequently, their marketable products become farm produce instead of being
common property forest resources. To signify this important distinction, the descrip-
tion of these products as non-timber forest products (NTFPs) was changed to agro-
forestry tree products — AFTPs (Simons and Leakey 2004).

As part of the domestication process, the tree-to-tree variation in traits affecting
yield and quality of fruits and nuts was quantified. From this it became clear that a
large fruit is not necessarily a tasty fruit and may not have a large or useful nut.
Thus, to select trees for cultivar development by vegetative propagation, the concept
of an ideotype was modified so that the desirable combination of different traits to
produce a cultivar targeting a particular market opportunity could be visualized
(Leakey and Page 2006). Building on this ideotype, a range of different tree species
have now been characterized for traits such as food-thickening agents (drawability
and viscosity in 1. gabonensis — Leakey et al. 2005b) and fatty acid profiles (stearic
and oleic acids in Allanblackia spp. — Atangana et al. 2011).

Another outcome of the morphological characterization was a technique based
on the frequency distribution of the data for any particular trait, which quantifies the
stage of domestication that has been reached by the farmers’ own selections for
the most desirable trees. This revealed that, in some Cameroonian villages, out of
the five stages of domestication (Leakey et al. 2004) D. edulis is at stage 2, while the
same is true for I. gabonensis in Nigeria. It is therefore clear that farmers are inter-
ested in the domestication of their indigenous food species but lacked the knowledge
to achieve this other than by the slow route of sexual recombination. Consequently,
when ICRAF researchers and their local national research partners approached
farmers about the initiation of a programme of participatory tree domestication, the
farmers were enthusiastic (Tchoundjeu et al. 2006, 2010). This programme has now
expanded from a few farmers in two pilot villages to over 10,000 farmers in more
than 200 villages (Asaah et al. 2011).

Village-level participatory domestication is dependent on simple and robust
techniques of vegetative propagation. The development and refinement of these
techniques have been ongoing processes involving an increasing number of species.
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This process is helped by the formulation of some basic principles which apply to
most, if not all, species (Leakey 2004). These principles are particularly useful when
domestication activities are centred on difficult-to-propagate species like those in
the genus Allanblackia.

The initial focus on fruit and nut trees in this region has been expanded to include
over-exploited medicinal species, especially Prunus africana (Hook. f) Kalkman,
Pausinystalia johimbe (Schumann) Beille and Annickia chlorantha Oliv., whose
barks are used to treat prostate enlargement, cardiac disease and malaria, respec-
tively. Johimbe (P. johimbe) is also an aphrodisiac. The cultivation of these species
as herbal medicines for local use is relatively simple, but their domestication for the
production of internationally marketed drugs needs to involve industrial partners.
This is further complicated by competition from synthetic drugs.

The Drylands of the Sahel

Rural communities in Burkina Faso, Mali, Niger and Senegal value more than 115
indigenous tree species for the livelihood benefits of their products and services
(Faye et al. 2011). The ‘parkland’ is the most common agroforestry system in these
countries and combines crops, trees and livestock. Farmers maintain several indig-
enous tree species in the parklands for food (e.g. Adansonia digitata L., Parkia
biglobosa (Jacq.) Benth., Vitellaria paradoxa C.F. Gaertn., Ziziphus mauritiana
Lam.); dry season fodder (e.g. Balanites aegyptiaca (L.) Del., Faidherbia albida
(Del.) A. Chev., Pterocarpus spp.); wood for fuel, construction, household and
farm implements (e.g. B. aegyptiaca, Combretum glutinosum Perrott. ex DC.,
Guiera senegalensis J.F. Gmel., Prosopis africana (Guill. & Perr.) Taub.); medi-
cines; and environmental services such as shade, soil fertility improvement and
soil/water and conservation. The sale of these products contributes 25-75% of
annual household revenue in Mali (Faye et al. 2010), with some having interna-
tional markets.

The provision of human and animal food is particularly important during the
peak of the long dry season. Consequently, rural communities in the driest areas of
the Sahel use significantly more species than those in wetter areas because this
maximizes the chance that at least one species will provide products/services even
in a dry year. Therefore, tree domestication programmes are focusing on the specific
priorities of different regions and diversifying the number of species for each prod-
uct and service.

To enhance dry season fodder production, fodder banks of exotic (e.g. G. sepium
from Central America) and indigenous (e.g. Pterocarpus erinaceus Poiret) species
were developed within thorny hedges for protection from livestock. These fodder
banks have considerable economic importance with small bundles of shoots fetch-
ing good prices in local markets. The fodder trees have been propagated by both
seed and vegetative propagation (Tchoundjeu 1996; Tchoundjeu et al. 1997).
Likewise, both approaches have been used for fruit trees, especially those that are
difficult to propagate by cuttings (e.g. V. paradoxa).
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With international markets for indigenous fruits and nuts such as shea butter
(V. paradoxa) and B. aegyptiaca, oil quality is important. In order to improve quality
by genetic selection, studies have been made of phenotypic variation in fruit/seed
traits across the Sahel. These have found significant variation both amongst and
within provenances (Abasse et al. 2011; Rabild et al. 2011). For example, fruit and/
or kernel size is greater in more humid sites for A. digitata and V. paradoxa but in
drier sites for B. aegyptiaca. This variation offers great potential for future selection
and domestication. For example, fruits of baobab (A. digitata) are very rich in vita-
min C, calcium and magnesium, while its leaves contain vitamins C and A. In addi-
tion, characterization studies of morphological variation in fruit and seed traits of
A. digitata in Mali have found considerable potential for selection of trees with
superior pulp mass and also with high pulp:seed ratios (De Smedt et al. 2011).
Baobabs occur throughout dry Africa, so evidence that trees from Mali and Malawi
differ in pulp percentages, seed size and shape illustrates even greater potential for
selection in different countries across the continent (Sanchez et al. 2011). The
potential gains from this selection will become apparent from ongoing provenance
tests (Kalinganire et al. 2008). To further explore the extent of genetic variation in
shea nut (V. paradoxa) and baobab (A. digitata), molecular techniques have been
used (Jamnadass et al. 2009). In the latter, superior morphotypes were not geneti-
cally related varieties, suggesting that the development and use of a many clonal
cultivars could maintain considerable genetic diversity.

As there are strong latitudinal and longitudinal gradients in mean annual rainfall
in the Sahel, provenance/progeny tests are being used to compare the performance
of germplasm collected from sites across these gradients. Results from tests of B.
aegyptiaca and Prosopis africana indicated that provenances from drier sites had
significantly better aboveground growth than provenances from more humid sites
when tested at a relatively dry site (Weber et al. 2008; Weber and Sotelo Montes
2010). In addition, wood density of Prosopis africana and calorific value of the
wood of both species also varied along the rainfall gradients (Sotelo Montes and
Weber 2009; Sotelo Montes et al. 2011). Based on these tests, it is recommended that
germplasm should be collected in the drier sites for future plantings in parklands,
especially as this germplasm appears to be better adapted to dry conditions.

As part of a participatory tree domestication programme, rural communities in
Burkina Faso, Mali and Niger are establishing provenance/progeny tests of several
species for fruit, wood, fodder and medicines (e.g. A. digitata, F. albida, G. senega-
lensis, P. biglobosa, Prosopis africana, V. paradoxa) in their parklands to compare
the performance of their local germplasm with germplasm collected in drier sites
(J. C. Weber, personal communication, 2011). The tests will provide basic informa-
tion about drought adaptation and variation in commercially important traits under
farmer-managed conditions. In addition, it is expected that the introduced genes
from the drier sites will increase the drought adaptation of the natural regeneration
in the parkland species.

Studies are underway to determine if fuelwood properties of trees in natural pop-
ulations vary with rainfall gradients. In Mali, for example, fuelwood properties were
better for B. aegyptiaca, C. glutinosum and Piliostigma reticulatum (DC.) Hochst. in
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drier regions, worst for Z. mauritiana in the drier regions and good for G. senegalensis
in both humid and dry regions in Mali (C. Sotelo Montes, personal communication,
2011). Since the climate is becoming hotter and drier in the Sahel than before, these
studies could be used to identify the best regions, species and germplasm for fuelwood
production in parklands as part of climate change adaptation planning (Nair 2012).

Woody Savannah of Southern Africa

The Miombo woodlands are rich in edible indigenous fruit trees, for example,
Sclerocarya birrea (A. Rich.) Hochst., Strychnos cocculoides Baker, Uapaca kirkiana
Muell. Arg., Vangueria infausta Burch., Parinari curatellifolia Planchon ex Benth.,
Z. mauritiana and A. digitata, many of which are traded in the region. However,
land clearance for maize (Zea mays L.) and other staples has severely reduced their
availability in Malawi, Zambia and Zimbabwe. In contrast, some of these fruit trees
like S. birrea are commonly found as much appreciated scattered trees in parklands,
as in northern Namibia. Due to the local knowledge about these traditionally and
culturally important species, the domestication strategy that has been adopted is
based on the premise that farmers have adequate knowledge of the natural variability
in fruit and kernel traits to be able to locate and identify superior trees in the wild
for themselves. Thus, farmers have been trained in techniques of germplasm collec-
tion, nursery management, propagation, tree cultivation and post-harvest processing.
As the seeds of many of these species have short viability, their collection and ger-
mination have to be rapid.

Market research has indicated that traders want a consistent and regular supply of
uniform fruits of good quality. Wild fruits do not meet these criteria. Domestication is
the best way to achieve uniformity and superior quality. By selecting the best trees in
wild populations and then multiplying them vegetatively, large numbers of genetically
identical trees (cultivars) can be produced for cultivation in farming systems. As the
use of cuttings has been found difficult in Miombo trees, the other options are graft-
ing, budding and marcotting. These techniques are especially appropriate for fruit
trees as they allow already mature trees to be propagated. Experiments have found that
while marcotts are very effective, they seem to suffer from fruit bud abortion
(Akinnifesi et al. 2009), and so experience suggests that grafting is the most appro-
priate option in A. digitata, U. kirkiana, S. birrea and V. infausta, while budding has
been found to be best for Z. mauritiana. Both these techniques require a large supply
of seedlings which are then used as the rootstock to which the desired mature scion or
bud is attached. This necessitates seedlings with stems the same diameter as the mature
scions. To achieve this, the seedlings of U. kirkiana, for example, normally have to be
at least 2 years old, but this has been reduced to 10 months with intensive nursery
management (Mhango et al. 2008). Experience and experiment have found that suc-
cessful grafting is affected by the experience and skill of the grafter.

The selection of the mother trees can be based on farmer experience or on
scientific assessment of the tree-to-tree variation within wild populations. The former
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is appropriate within village-based participatory domestication programmes, while
the latter is beneficial to develop understanding of the range of traits that can be
selected to maximize market appeal. This latter approach was implemented in South
Africa and Namibia with S. birrea, which has numerous potential market opportunities
for fruits, nuts, kernel oil and several alcoholic beverages (Leakey 2005). Other
studies have been done with U. kirkiana and S. cocculoides in Malawi, Zambia and
Zimbabwe (Akinnifesi et al. 2006). Enhanced acceptability and market demand are
expected to serve as an incentive for farmers to domesticate their indigenous tree
species.

The second way to boost and maintain the market demand is a focus on post-
harvest quality and shelf life. Detailed studies have been made of the effects of
fruit-handling procedures (blanching, drying, handling and storage) on fruit colour,
bruising, durability, etc. in U. kirkiana (reviewed by Saka et al. 2008). These studies
included assessments of nutritional quality of fruits, product processing, certification
and on-farm economics.

In the case of S. birrea, alarge multidisciplinary project has examined the potential
winners and losers from the domestication and commercialization of this fruit tree
in Namibia and South Africa. Commercialization activities in the region are both
top-down for ‘Amarula’ liqueur and bottom-up by the ladies of the mineworkers
union for fruit juice and kernel oil sold to commercial companies. While potentially
the top-down approach might be expected to have negative impacts on the liveli-
hoods of local people, this was not found to be the case, as Distillers Corporation
buys fruits directly from community vendors. This finding has important policy
implications regarding the development of appropriate models for production, mar-
keting, protection of farmers’ rights and traditional knowledge and rural develop-
ment (Wynberg et al. 2003). In Namibia, other interesting arrangements in the form
of trade agreements between community producers and commercial companies
both in the region and overseas have provided the prospect of protecting local com-
munities from commercial exploitation (Lombard and Leakey 2010) and greatly
expanding markets for products from indigenous species grown by smallholders.

The demand for seed of tree legumes used in soil fertility restoration and as fod-
der trees in Malawi has led to the development of Community Agroforestry Tree
Seed Banks to produce and distribute improved germplasm to farmers (Nyoka et al.
2011). During 2006-2011, these have distributed nearly 50 t of tree seeds, so
overcoming one of the biggest constraints to farmer adoption of agroforestry.

East Africa

There is an active tree planting culture amongst small-scale farmers in the East
African highlands where a range of exotic and indigenous species are cultivated for
fodder, poles, fuelwood, timber and fruits. However, most of the fruit trees are exot-
ics like mango (Mangifera indica L.) and avocado (Persea americana Miller). This
reflects the paucity of indigenous species with potential in the highlands — with the
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notable exception of Prunus africana, an important medicinal tree, which is
restricted to Afromontane islands above 1,500 m throughout sub-Saharan Africa.
This tree is heavily exploited for its bark, resulting in unsustainable harvesting prac-
tices. As the active ingredient in the bark is not known, domestication activities have
been limited to improving the seed supply and the assessment of genetic diversity.
Another species is Warburgia ugandensis Sprague, a multipurpose tree found in the
lowland rainforest and upland dry evergreen forest of eastern Africa between 1,000
and 3,000 m. It is widely used by the local communities to cure diseases like mea-
sles and malaria. Stem and root barks are harvested for herbal remedies. Over-
harvesting of the bark and illegal felling of trees in protected natural forests, as well
as encroachment of their natural habitat for farming and human settlements, threaten
the species survival and conservation. Molecular analyses of both these species have
determined that populations to the east and west of the Rift Valley are genetically
distinct (Muchugi et al. 2006, 2008). This geographic variation has implications for
strategies of germplasm collection and use and perhaps even for genetic character-
ization and selection with regard to the levels and quality of the medicinal com-
pounds. It may also be relevant to drought responses arising from climate change.

Despite the large number of indigenous species grown by smallholders in the
highlands of East Africa, few have been nominated for intensive domestication;
consequently, domestication activities have been focused on the provision of seed to
farmers. This addresses the major problem that tree seed currently used by farmers
is characterized by widespread distribution of inferior seed with an almost complete
absence of concern for genetic quality and adaptability of planting material.> Prime
examples of programmes to reverse this trend are those of Calliandra calothyrsus
Meissner for fodder and Sesbania sesban (L.) Merrill for soil fertility improvement.
The development of an informal network for delivering Calliandra seed has allowed
widespread adoption of dairy cattle and goat fodder production by East African
smallholders and is now recognized as one of the best models of seed dissemination
(Wambugu et al. 2011). Despite much success, seed/seedling production and distri-
bution systems for good quality germplasm only reach a small proportion of small-
holders. Efforts are being made to overcome the disconnection between seed
sources, tree nurseries and farmers.

In contrast to the East African highlands, the semi-arid lowlands have a number
of important indigenous species. Some such as Acacia senegal (L.) Willd., Boswellia
spp. and Commiphora spp. produce high-value gums, while others (e.g. A. digitata
and Z. mauritiana) are foods for local people and livestock (Simitu et al. 2008).
Many of these dry zone species are also native to southern Africa and the Sahel.

Latin America

Some indigenous fruit trees of Latin America, such as Bactris gasipaes Kunth and
Chrysophyllum cainito L., are recognized as being semi-domesticated (Parker et al.
2010). ICRAF’s domestication research in the Peruvian Amazon focused on studies
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of genetic variation in four priority species (Weber et al. 2001): B. gasipaes for fruit
and heart-of-palm, Calycophyllum spruceanum (Benth.) Hook. f. ex K. Schum. for
construction wood and fuelwood, Guazuma crinita (Mart.) for construction wood
and Inga edulis Mart. for fuelwood and food (fleshy aril of the fruit). Research
methods included on-farm tests and molecular genetic approaches.

As a result of selection, domesticated populations typically have lower genetic
variation in the selected traits (Cornelius et al. 2006) and perhaps in selectively
neutral molecular markers (Hollingsworth et al. 2005; Dawson et al. 2008). Farmers
commonly collect germplasm from only a few trees, especially fruit trees, when
planting trees on farm (Weber et al. 1997), and this can lead to serious inbreeding
problems in subsequent generations (O’Neill et al. 2001). A provenance/progeny
test demonstrated that a low-intensity selection strategy can significantly increase
tree growth without significantly reducing genetic variation in growth traits in the
subsequent generation (Weber et al. 2009). It was recommended, therefore, that
farmers select a larger proportion of trees for future planting, even though this will
result in less genetic improvement compared with more intensive selection. In addition,
since exchange of fruits/seeds amongst farmers from different watersheds can coun-
teract the reduction in genetic diversity due to selection and genetic drift on farms
(Adin et al. 2004), domestication programmes should incorporate germplasm
exchange pathways within and amongst watersheds.

Understanding variation amongst provenances and gene flow patterns is impor-
tant for tree domestication and conservation programmes. For example, provenance
tests of C. spruceanum and G. crinita on farms demonstrated that the provenance
from the local watershed generally grew better than most non-local provenances
when tested in the local watershed (Weber and Sotelo Montes 2005, 2008).
Therefore, it was recommended that farmers use the local provenance for on-farm
planting unless there was evidence that non-local provenances were significantly
better. Some replicates of these on-farm tests were later transformed into seed
orchards for production and sale of improved, source-identified germplasm by rural
communities. This created a new business opportunity for rural communities
as producers of high-quality tree seed for reforestation programmes. In addition,
if fruits/seeds are dispersed by rivers, as is the case for C. spruceanum, genetic
diversity may be greater in populations below the confluence of major tributaries
(Russell et al. 1999). For species like this, downstream populations therefore could
be targeted for in or circa situ conservation.

Improving tree growth and wood properties depends on the magnitude of genetic
variation in the traits, the heritability of each trait and the correlation between traits.
Results from provenance and provenance/progeny tests of C. spruceanum and G.
crinita indicate that (a) there is considerable genetic variation in tree growth and
wood properties (density, strength, stiffness, shrinkage, colour); (b) wood traits have
higher heritability than growth traits, especially in sites where trees grow rapidly;
and (c) correlations differ amongst test sites and provenances (e.g. Sotelo Montes
et al. 2006, 2008; Weber and Sotelo Montes 2008; Weber et al. 2011). Therefore,
tree domestication programmes can simultaneously improve growth and wood
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properties of these species by selecting trees within provenances and test environments
where the heritability of traits is high and the correlations between desirable traits
are positive.

Asia

Most smallholder agroforestry systems in Southeast Asia are characterized by limited
proactive management and planning, with species composition and genetic material
most often a result of chance or opportunity. The quantity and quality of products are
often below the systems’ potential (Roshetko et al. 2007). Aptly, the prime focus of
agroforestry tree domestication in Southeast Asia has focussed on the development
of germplasm for smallholder and community organizations. These had been shown
to play an important role in tree seed collection and dissemination but, like the local
seed dealers, were not familiar with proper seed collection guidelines (Koffa and
Roshetko 1999; Roshetko et al. 2008). Through farmer training and field tests,
technically sound farmer-appropriate tree seed collection and farmer seed-orchard
guidelines were developed.? This led to the establishment of farmer and community
tree seed enterprises (Carandang et al. 2006; Catacutan et al. 2008). Capacity-
building activities in smallholder nursery management and vegetative propagation
skills resulted in the establishment of hundreds of local nurseries* and a set of farmer
manuals.>¢ Through a series of participatory on-farm trials, guidelines for farmer
demonstration trials were validated (Roshetko et al. 2004b).

Research to improve smallholder timber production has centred in the Philippines,
with some activities in Indonesia. Exotic species like Gmelina arborea Roxb. are
widely planted’” (Roshetko et al. 2004a); however, the choice of species is often
determined by access to germplasm, knowledge/experience of the operator, market
demand and the priorities of donors and government agencies (Carandang et al.
2006). In the Philippines, smallholder farmers have become major timber produc-
ers, with trees planted and grown on farms an important source of raw materials and
income for themselves and the local timber industry. Government statistics show
that since 1999 between 50 and 70% of domestic log production came from small-
holder on-farm sources. The two most important factors driving this enterprise are
a paucity of forests/trees and the existence of market demand for timber. However,
poor management practices led to an oversupply of low quality timber and declining
prices for farm-grown timber. Consequently, on-farm research has focused on iden-
tifying silviculture regimes that are adoptable by smallholder farmers (Bertomeu
etal. 2011).3

Recently, there has been increased interest in indigenous timber species. Amongst
the indigenous species, dipterocarps are important for both timber and non-timber
products such as dammar resins and are grown by smallholder farmers in Indonesia,
the Philippines and other countries in the region often in complex agroforests in
association with cinnamon (Cinnamomum spp.), rubber (Hevea brasiliensis Muell. Arg.)
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and many local fruit and nut tree species. However, seed supply, due to irregular
flowering (masting) and short seed viability, poses a serious constraint to large-scale
planting. This can, however, be circumvented by the use of vegetative propagation.
So far, however, the opportunity to use these techniques to develop cultivars of these
local trees has not been taken.

Oceania

A formal tree domestication programme in this region has been led by James Cook
University (Agroforestry and Novel Crops Unit) with partners in the Solomon
Islands, Papua New Guinea and Vanuatu since 2002. This is a region with many
traditionally important nuts, such as Canarium indicum L., Barringtonia procera
(Miers) Knuth, Inocarpus fagifer (Parkinson ex Zollinger) Fosberg and Terminalia
kaernbachii Warburg, which have had great cultural and social significance for mil-
lennia. The region also had very significant resources of sandalwood (Santalum
species), valued internationally for its scented heartwood, and other valuable export
timbers such as Endospermum medullosum L. S. Smith, Instia bijuga (Colebr.)
O. Kuntze, Pterocarpus indicus Willd. and Terminalia catappa L. Historic overex-
ploitation of these sandalwood and timber resources has severely reduced the
livelihood benefits derived from them, and, therefore, they are important candidates
for domestication and genetic restoration.

In Oceania, the approach to the domestication of indigenous nuts has been
strongly based on the experience of the team in Cameroon. Thus, feasibility (pro-
ducer and consumer surveys — Nevenimo et al. 2008) and priority setting exercises
(Pauku et al. 2010) were carried out as the first steps, prior to work to characterize
the fruits and nuts morphologically. The characterization also included proximal
and chemical analyses, demonstrating tree-to-tree variation in oil and protein content
and yield as well as in antioxidant activity (mg ascorbate equivalents per gram),
vitamin E (tocopherol content — a., B, y, & isomers) and anti-nutrients such as phe-
nolic content (mg catechin equivalents per gram). Most interesting perhaps was the
very considerable variation in the anti-inflammatory activity (prostaglandin E,
assay) of kernels (Leakey et al. 2008) demonstrating the possibility of selecting
trees for their medicinal properties.

B. procera and I. fagifer were easy to propagate by cuttings, but C. indicum was
very difficult. However, when the stock plants were grown under the shade of a
Gliricidia canopy, fertilized and well managed, the rooting percentage was greatly
improved (from 10 to 80%). Mature shoots of B. procera were also easily propa-
gated by marcotting (Pauku et al. 2010). Mature cuttings were also rooted, with
success being enhanced when the harvested shoots were taken from marcotted
branches, both before and after severance of the marcotts (Pauku 2005).

The industrial exploitation of sandalwood has depleted the wild resource of
Santalum austrocaledonicum Vieillard across the region. An expedition to measure
the remaining trees in Vanuatu located small remnant populations across seven
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islands. When solvent extractions of heartwood samples were analyzed for their
content of four essential oils (a-santalol, -santalol, (Z)-B-curcumen-12-ol and
cis-nuciferol), significant tree-to-tree variation was found for each. Contrary to
expectation, some trees exceeded the content of a- and -santalol as prescribed in
the International Standard for Sandalwood Oil conferring acceptability to the per-
fume industry (Page et al. 2010a). Interestingly, this variation was unrelated to
heartwood colour, thereby breaking long-held beliefs by some in the industry. Near-
infrared spectrometry technologies have been found to accurately predict a-santalol
content of heartwood.® As sandalwood is a hemiparasite, it was not known to what
extent the host species would influence oil quality or yield. However, no host:parasite
relationships were found. Individual trees with elevated santalol levels were selected
and secured as a grafted seed orchard. This orchard has served as a source of both
seeds for establishing new agroforestry plantings and scion material for replicating
the seed orchard on other islands. These developments offer smallholder producers
an economic opportunity to replenish the natural resource and contribute to the
industry in Vanuatu (Page et al. 2010b).

E. medullosum is a valuable timber species (whitewood/basswood) found in
Vanuatu, Solomon Islands and Papua New Guinea. As with many valuable timber
species throughout the world, the natural resources of E. medullosum have been
depleted over long periods of commercial exploitation. Significant variation in
growth and form characteristics was found within a provenance/progeny trial estab-
lished in Vanuatu (Vutilolo et al. 2005). Continuing selection in this progeny trial
and further efforts to develop both clonal cultivars and clonal seed orchards through-
out the islands will give smallholder farmers greater access to this improved plant-
ing material. This in turn will increase productivity of smallholder plantings and
relieve harvesting pressure on already depleted wild stands of the species.

Studies outside the main domestication programme have examined the diversity
of existing cultivars of breadfruit (Artocarpus altilis (Parkinson) Fosberg), which
were developed primarily by selection and vegetative propagation over generations
in Oceania (Ragone 1997; Zerega et al. 2004). Initial diversity evaluations have been
used to develop strategies for extending the breadfruit season through development
and maintenance of a diverse range of cultivars with complementary fruiting seasons
(Jones et al. 2010). In Vanuatu, germplasm was assessed for morphological diversity,
and an ex situ strategy for conserving the germplasm was implemented with the view
of increasing food security within its agriculturally dependent islands (Navarro et al.
2007). Indigenous methods for drying and preserving the carbohydrate-rich fruits are
also being examined for their potential application in processing fruit for export.

It is evident from the above that the six regions of ICRAF have not implemented
‘farmer-driven, market led’ agroforestry tree domestication in the same way
(Table 1). This is partly due to variation in the experience and skills of staff in the
different regions, partly determined by the priority of different donors and partly
because a participatory priority setting process was used, and the farmers them-
selves had different priorities for wood products versus food and medicinal prod-
ucts. In the latter case, the nature of the products selected and the species that
produce them required different tree domestication strategies.
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Recent Developments in Agroforestry Tree Improvement

Molecular Genetics

Modern molecular techniques have been used in 13 agroforestry tree species
(Allanblackia floribunda Oliver, A. digitata, B. gasipaes, B. procera, C. spruceanum,
1. edulis, I. gabonensis, Prunus africana, S. birrea, Spondias purpurea L., W. ugandensis,
V. paradoxa, Vitex fischeri Giirke) to determine the structure of genetic variation in
natural, managed and cultivated tree stands and to devise appropriate management
strategies that benefit users (Jamnadass et al. 2009). The resulting knowledge is
used in three ways:

* To determine whether cultivated stands are of local or introduced origin and, if
so, assess whether planted material comes from single or multiple sources. This
historical information is important for genetic conservation and to derive appro-
priate management strategies (e.g. sexual reproduction vs. clonal multiplication)
which ensure that domesticated populations are both diverse and based on the
most appropriate resources for future genetic improvement. The use of unrelated
individuals is particularly important when developing clonal cultivars.

» To ensure that domesticated populations have sufficient genetic diversity to avoid
future problems from inbreeding. Inbreeding results in depressed growth and/or
poor reproductive success, both of which have important yield implications. The
use of molecular markers assists the determination of effective population sizes,
breeding systems and gene flow.

* To determine the proportion of a species genetic variation that is available at a
local geographic scale. If this is high, then a decentralized approach to domesti-
cation is appropriate. On the other hand, if it is low, a more centralized approach
with germplasm infusions from outside may be required. To date, most agrofor-
estry trees appear to contain high levels of variation in local populations and to
partition most of their total genetic diversity within rather than amongst stands
— which permits the use of a decentralized participatory domestication strategy
like that implemented in humid West Africa.

Some tree species have separate male and female trees which are indistinguish-
able until they are sexually mature and start flowering. This creates a problem in the
clonal domestication of fruit trees as it is the females that are productive. Likewise,
breeding programmes need to include plants of both sexes in an optimal sex ratio.
The identification and use of sex-specific molecular markers suggest that the sex of
young plants of U. kirkiana can be differentiated, and that the relevant genes are
autosomal (Mwase et al. 2010). This result has important implications for tree
domestication of dioecious species in the future. As the understanding of genetic
variation based on these genomic studies increases, there are likely to be rapid
advances in tree domestication, especially in the areas of nutritional quality, season-
ality of production and resistance to pests and diseases and to abiotic stresses like
drought, salinity and extreme temperatures.
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The Use of New Technologies

The expanding research agenda and number of species being domesticated have led
to the increasing use of sophisticated laboratory techniques to quantify genetic vari-
ation in the chemical and physical composition of marketable products and com-
mercial partnerships (Leakey 1999). These techniques include the assessment of
polysaccharide food-thickening agents (Leakey et al. 2005b), proximate analysis
(protein, carbohydrate, oils, fibre, vitamins and minerals, etc.), assessment of nutri-
tional and medicinal factors (Leakey et al. 2008), isolation of essential oils (Page
et al. 2010a) and fatty acids (Atangana et al. 2011) and determination of wood den-
sity, strength, shrinkage, colour, calorific value (Sotelo Montes and Weber 2009:
Sotelo Montes et al. 2011) and other important wood properties correlated with tree
growth. This is a good example of how agroforestry is increasingly engaging with
modern scientific technologies as it matures.

Community Engagement in Germplasm Production

Studies in Latin America (Cornelius et al. 2010), Asia (Carandang et al. 2006;
He et al. 2011) and Africa (Dawson et al. 2009) have sought to determine the best
forms of management and dissemination of genetic resources, using local and com-
munity infrastructure. There is clear potential for improved commercial community
engagement in germplasm production.

Across Asia, successful national tree seedling supply systems integrate local,
institutional (private sector and NGOs) and government nurseries. The latter two
types generally provide better access to technology, germplasm and finance, while
local nurseries effectively supply a wide variety of species and facilitate tree planting.
They also play an important role in developing appropriate technology, providing
feedback on farmers’ technical needs and knowledge of indigenous species.*
Unfortunately, central control over a national supply system can constrain the devel-
opment of local germplasm enterprises (He et al. 2011; Roshetko et al. 2008).
Additionally, such enterprises may have an over-reliance on external support, a pau-
city of leadership and limited business capacity (Catacutan et al. 2008) Helping
these enterprises gain institutional and market capacity is relevant for both research
and government agencies.

In the case of seed, the generalized current practice of selling seed per unit weight
rather than based on reproductive potential (e.g. per 1,000 plants) in effect discrimi-
nates against small seed, prices of which are often orders of magnitude less than
prices of large seed (i.e. when expressed per unit of reproductive potential) (Cornelius
et al. 2010). Where pricing practices cannot be modified (e.g. in cases where the
concept of reproductive potential finds market acceptance), the potential for com-
mercial smallholder production will lie in large-seeded species and also in value-
adding through seedling or clone production, ideally allied with development of
new cultivars.
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Recognition of the Rights of Small-Scale Producers

As already mentioned, the purpose of engaging directly with communities in par-
ticipatory domestication is to empower them to help themselves. One crucial ele-
ment is to ensure that the farmers who produce new cultivars are protected from
unscrupulous entrepreneurs. Unfortunately, the international negotiations to develop
new legal instruments to ensure this have not made adequate progress. To go some
way towards proving protection, Lombard and Leakey (2010) have suggested three
activities: developing a register of named varieties developed through participatory
domestication together with clear ownership and genetic ‘fingerprints’, defining
species descriptors based on published data for the purpose of identifying distinc-
tiveness and establishing comparative field trials of selected cultivars and unselected
clones to be protected in a small number of safe locations for purposes of quantifying
and confirming yield and quality traits.

Negotiation of Access to Markets

Expanding farmers’ market linkages is critical to the success of tree domestication
innovations. In many cases, developing linkages and negotiating favourable access
to markets — local, domestic or international — will depend on farmers adapting
management regimes that yield reliable quantities of quality products (fruit, vegeta-
bles, timber) that meet market specifications. Improving their product quality will
likewise strengthen their bargaining position, enabling farmers to move up the value
chain increasing their margin. Part of this progression could be collaborating with
traders to assume post-harvest processing to assure products of the desired quality
(Holding-Anyonge and Roshetko 2003; Tukan et al. 2006). To help communities to
secure long-term access to formal markets, PhytoTrade Africa has been involved in
setting up these trade associations on behalf of local communities in southern Africa
(Lombard and Leakey 2010).

Adoption and Impact: Towards Enhanced Farmer Livelihoods
and Global Environmental Benefits

To date, one tree domestication project has been outstanding in its achievements.
Interestingly, the ‘Food for Progress’ programme in west and northwest regions of
Cameroon has placed agroforestry tree domestication at the heart of an integrated
rural development project, which simultaneously reduces poverty, malnutrition,
hunger and environmental degradation. This has been the catalyst for farmer adop-
tion, and the socio-economic impacts have been impressive in only 12 years (Asaah
etal. 2011). Success has in effect been the outcome of enthusiastic adoption of par-
ticipatory tree domestication and the dissemination of knowledge and skills to
neighbouring communities via rural resource centres (Fig. 5).
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Fig. 5 A satellite village nursery in Batibo, Cameroon

To rebuild the forest resources of useful indigenous trees and their associated
traditional knowledge, this programme has taken an innovative three-step approach
to promoting adoption and impact (Asaah et al. 2011):

¢ To mitigate environmental degradation that constrains food production through
the use of nitrogen-fixing trees to restore soil fertility and raise crop yields

¢ To create income generation opportunities through the establishment of village
tree nurseries and then through the production of indigenous fruits and nuts in
agroforestry systems for local and regional trade

¢ To encourage local processing and marketing of food crops and tree products in
order to create employment and entrepreneurial opportunities for community
members

This project therefore addresses the key socio-economic and biophysical prob-
lems facing smallholder farmers in Cameroon. Its success can be attributed to the
relevance of its work to the farmers’ needs and interests and the fact that the pro-
gramme builds on traditional knowledge, local culture, local species and local mar-
kets. This initiative has hit the right set of buttons to appeal to farmers and rural
communities. Impressively, this process also ‘snowballs’ as each community draws
in neighbouring communities in a continuous progression of adoption and knowl-
edge dissemination.

Some 30 life-changing positive impacts have been recorded. These range from
income generation and better nutrition to the decision of young men to stay in the
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community rather than to migrate to town, because they can now see a future in the
village (Asaah et al. 2011). Overall, therefore, this agroforestry programme is creat-
ing a pathway to rural development for the alleviation of hunger, malnutrition and
poverty by delivering multifunctional agriculture (Leakey 2010, 2012a, b). The
challenge is to scale this project up from ten thousand farmers to hundreds of mil-
lions of rural people, many of whom will have found employment and business
opportunities in the rural economy outside farming.

Public/Private Partnerships: Localization and the Case of Allanblackia spp.

One very encouraging aspect of the agroforestry initiative for a multifunctional
agriculture approach to Third World development is the recent involvement of a
small number of multinational companies in the commercial development of AFTPs
— especially their recognition of smallholder agroforestry as a better alternative than
large-scale plantation monoculture. Some are also engaging in in-country process-
ing rather than exporting raw materials to industrialized countries for product devel-
opment. One relevant example of this public-private partnership in agroforestry
crops is Unilever’s initiative to develop a new margarine from the edible oils of
Allanblackia trees in Tanzania, Ghana, Nigeria and Cameroon. The kernels of the
large fruits of Allanblackia trees contain up to 50 nuts that are very rich (70-100%)
in stearic and oleic fatty acids (Atangana et al. 2011). The company has committed
to developing this new edible oil industry with smallholder communities in Africa
(Jamnadass et al. 2010).

Towards the Third Decade

It is clear from the literature review that tree domestication activities are dynamic
and expanding both geographically and in species number. The research agenda is
also making increasing use of laboratory techniques to improve product quality
(Figs. 1, 2, 3 and 4). It is also clear that there is an emerging sequence of steps
(Fig. 2) at present dominated by direct genetic selection and propagation but leading
to marketing, commerce and impacts from social and economic reform, steps which
will become more dominant as the process gathers momentum.

Looking forwards to the next decade, further progress in agroforestry tree devel-
opment research will probably come from:

* Improving the capture of ontogenetically mature phenotypes by identifying the
principles for success in grafting and marcotting.

e Chemical analyses of a wide range of useful ingredients, including essential
nutrients, medicinal compounds, perfumes, flavours and other sensory character-
istics, found in AFTPs and their selection as traits for cultivar development to
meet the needs of new markets.
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e