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Increasingly, organisations and institutions are recognising the value of
ecosystem services from trees on farms and in agricultural landscapes for food security
and to sustain productivity. For smallholder farmers these services can be important for
securing livelihood strategies, especially for farmers living in poverty, as trees provide
fodder, food, fuelwood, finance and soil fertility. Smallholder farmers with less than 5 ha of
land, producear ound hal f o f,butnhasy ofdrem arelliding infpavertgt and
suffer from food insecurity and malnutrition. Unsustainable land management and climate
change is degrading the environments these farmers live in and depend on. As the
remaining forests in the world are threatened by a growing demand for food, feed, fibre
and fuel, these farmers will face additional challenges, especially in a changing climate.

Agroforestry, i.e. to combine crops, trees and livestock, is a promising land management

system that can i mprove farmersé |ivelihoods whil e
report, the commonly reported positive and negative effects of agroforestry have been

compiled in a thorough review that shows that agroforestry can provide many tree-related

ecosystem services such as biodiversity and increased soil fertility, and can contribute to

water management. Agroforestry also contributes to reduced erosion, a common

environmental problem in tropical regions, and carbon sequestration thus reducing the net

global emissions of greenhouse gases. Fuelwood from trees is essential for about 2.4

billion people by providing energy to cook food, and agroforestry has potential to support

large parts of the rural population with fuelwood. However, most of these positive effects

are dependent on a proper management and use of suitable tree species for the purpose

and context (6the right tree for the right placed)
agricultural yields and improves the food and nutrition security of farmers living in poverty,

while helping them adapt to more variable and extreme weather. Climate adaptation is

particularly important for female farmers as they often have less access to resources

compared to their male counterparts. Female farmers produce a major part of the food in

many regions but generally do not have the same possibilities as men do to improve their

livelihoods. Agroforestry can be a suitable land management system to reduce gender

inequalities related to natural resource access, while contributing to increased control of

their benefits.

Most countries with a large portion of their population engaged in agriculture have not
included agroforestry in policies, land management strategies, development plans, or
extension services. The paradigm is instead to separate agriculture for food production,
while forestry if focused on timber production and for providing ecosystem services. This
paradigm has created numerous barriers preventing a scaling-up of agroforestry. In this
report, the most important barriers are analysed and actions presented for how these can
be removed. The analysis shows that farmers are facing challenges when practicing
agroforestry as there are few value chains developed for agroforestry products and for



connecting them to consumers and the market. The long return on investment in
agroforestry is also problematic, as many farmers do not have access to capital, credit or
secure tenure for their land. This is especially the case for female farmers. Other barriers
are found in research and higher education institutions dealing with agriculture or forestry,
preventing agroforestry from being scaled-up efficiently.

Promoting value chains for agroforestry products
and services is an important action to take. It is also essential to strengthen the
agroforestry capacity of national extension services, combined with the use of new
technologies such as drones and mobile phones. Stronger farmer groups or cooperatives
can also provide extension services for their members and connect them to markets.
Promoting participatory research and identifying drivers of change in different contexts can
further serve the purpose of a scaling-up process. Exchange and cross-fertilisation
between local knowledge and agroforestry research can generate innovations to be
disseminated widely, with potential to increase yields and support adaptation of agriculture
to a changing climate while preserving the environment and mitigating greenhouse gas
emissions.
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Throughout human history, mixing trees and crops has been a common way to produce food.
However, during the past centuries, food and timber production have been separated into two
different disciplines, with different and sometimes conflicting objectives. The development of
the two sectors has been focused on high-yielding monocultures, with large amounts of agro-
chemical inputs. During the past decades, the negative environmental and social effects of
these systems have been recognised and their sustainability questioned.

More and more organisations, institutions and countries such as the United Nations
Framework Convention on Climate Change (UNFCCC), the Convention on Biological
Diversity (CBD), the Food and Agriculture Organisation of the United Nations (FAO) and the
World Bank, have started to acknowledge the importance of trees for a sustainable food
production because trees contribute to essential ecosystem services that are difficult to
replace with chemicals or machinery (FAO, 2013; Agroforestry Network, 2017).

Small-holder farmers with less than 2 ha produce 30-34 % of t he wor | dvits
less than 5 ha between 441 48% (Ricciardi et al, 2018). Meanwhile, many smallholders are
living in poverty, suffer from food and nutrition insecurity, and do not have access to
machinery or agro-chemicals, making them even more dependent on ecosystem services
(CFS, 2016).In 2010, 750 milion of t he worl|l déds popul ation
smallholder farmers (FAO, 2016a).

Poverty and food insecurity makes smallholder farmers vulnerable to climate change and
their production is compromised if adaptation and mitigation measures are not taken. At the
same time, the demand for food is expected to increase as the global population is growing
and consumption patterns are changing. This will put additional pressure on the remaining
forest reserves in the world. Addressing these challenges is central in order to eradicate
poverty and reach the Global Goals set by the global community in the 2030 Agenda for
Sustainable Development (FAO, 2016a).

Agroforestry, where trees are integrated with crops and/or livestock, is a promising land
management system that can address many of the challenges farmers are facing (Lundgren
& Raintree, 1982). Agroforestry has the potential to mitigate climate change, adapt resource-
poor smallholder farms to extreme and variable weather and increase tree-related essential
ecosystem services, while increasing farm productivity without reliance on large amounts of
external inputs such as inorganic fertilisers and chemicals for pest management.

However, initiatives to scale-up agroforestry are facing obstacles and the literature review for
this report indicates that there is no publication systematically addressing these and
summarising the known positive and negative impact of agroforestry. Regionally, a White
Paper has been published by Catacutan et al., 2017 on Agroforestry: Contribution to food
security and climate-change adaptation and mitigation in Southeast Asia. To help fill this
research gap, this review will increase the scope and review environmental, social and
economic aspects on the farmer, community and landscape levels. It will review research and
agroforestry projects, and identify current barriers that prevent effective scale-up processes.
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The purpose of this work is to provide communicative evidence about the potential of
agroforestry, based on research and reported case studies. Environmental, social and
economic aspects are dealt with and when possible, proven effects are presented along with
comparisons with other land management systems. This report also contains an analysis of
how to address barriers and challenges that are preventing agroforestry from being scaled

up.

The report focuses on agroforestry practised by small-scale food producers. Globally, the

number of farms smaller than 2 ha has been estimated at 475 million (Lowder, Skoet and

Raney, 2016). These smallholdings provide livelihoods for almost 2 billion people and, in Asia

and sub-Saharan Africa, produce about 80 per cent of food consumed (HLPE, 2013). Yet, the

access of small farmers to land, innovations, technology, knowledge and information that are

needed to enhance productivity and incomes remains
knowledge of agriculture and nutrition is essential for achieving the SDG number 2 of

eradicating hunger and achieving food security and sustainable agriculture. (GFRAS, 2015).

In sub-Saharan Africa, small-scale agriculture is a significant driver of forest loss. (FAO,

2017b). The worl dbébs nearly 500 million small hol der
and rural transformations. However, to avoid introducing agroforestry practices only suitable

for small-scale food production for a local market, this report contains information on impacts

and cases from projects involving larger actors. The geographical focus in the report is on

regions dominated by smallholder farmers. In the analysis of barriers and challenges, most of

the topics raised relate to development cooperation, but other pathways for a scale-up of

agroforestry are also identified and addressed.



This report is based on an extensive literature review of scientific publications and reports
from implemented agroforestry and agricultural development projects. To guarantee the
quality of the material, scientific reviews and publications have been chosen based on the
number of citations and the credibility of the journal in which they are published. Academic
search engines such as LUBScience, Web of Science, Biosis etc., have been used to identify
relevant material along with discussions with agroforestry researchers.

Result reports from rural land management projects have been used to illustrate and
consolidate information retrieved from academic studies. As project reports in general are not
reviewed by a third party, due diligence has been exercised to assure the quality of the
reviewed material. The process of due diligence involves interviews and research, e.g.
mapping of how a project receives funding and reviewing external reporting of the work.

From the literature review, barriers and challenges that are preventing a scale-up of

agroforestry have been identified. To further identify potential obstacles and find ways to

address these, interviews have been conducted with agroforestry experts from academia, the

private sector, and organisations working with environment and development cooperation.

The interviews were doneinasemi-st r uct ured way with a focus on eact
expertise in the sector (see Appendix 1). Common topics that came out of the interviews

were summarised and, when possible, confirmed by findings in the literature review.

The development of this review included a broad review process among the Agroforestry
Network partners. However, the field of agroforestry is wide and complex, with new studies
and results developing continuously. The Agroforestry Network welcomes feedback on this
report and complementary perspectives in a dialogue with our network and partners.

This report starts with an introduction to agroforestry in Chapter 4: historical trends, a
definition of agroforestry, and the global distribution of the land management system. This is
followed by Chapter 5 that covers an extensive scientific review, summarising positive and
negative impacts of agroforestry seen from a farmer perspective. From this review, technical,
social and economic barriers that are preventing a scale-up of agroforestry are identified on
the farm level. These are presented together with institutional and policy barriers in Chapter
6. In Chapter 7, the barriers are analysed and solutions that would allow a sustainable scale-
up of agroforestry are presented.



Agroforestry is often described as a land management system or management practices,
where trees are deliberately intercropped with agricultural crops or animal pastures (or other
feeding ground for animals). The intercropping is done in a spatial arrangement or a temporal
sequence. An illustration of different systems is seen in Figure 4.1. Within this definition there
is a significant diversity but all agroforestry systems have in common the link between trees,
agricultural activities and food production (HLPE, 2017). The definition in this report is based
on FAObG6s def i ni tAgmioresiryns alddlldetive nar@edfdr [and-use systems
and technologies where woody perennials (trees, shrubs, palms, bamboos, etc.) are
deliberately used on the same land management units as agricultural crops and/or animals,
in some form of spatial arrangement or temporal sequence. As the reviewed material
originates from different sources, some of the references might have used a broader or more
restricted definition. When this has been identified it is explained in the text. When estimating
areas with agroforestry through remote sensing, i.e. satellite or other aerial photography,
agricultural land with more than 10% tree cover is defined as agroforestry (Zomer et al.,
2014).

Animal shelter ? '

H ‘ A | Compost for manure
Trees give fodder , '

Crop residues feed cows or ’\ . ‘ l -

is used for compost or mulch , <

Fodder bank

Cows grazing

Figure 4.1. An illustration of different agroforestry systems (Wekesa & Jénsson, 2014).



Agroforestry systems can be divided into five different categories: (i) agro-silviculture, where
annual or perennial crops are integrated with trees, (ii) silvopastoral systems, that integrate
livestock and trees, (iii) agrosilvopastoral systems, where livestock, trees and crops are
combined, (iv) entomo-silvicultural systems, combining insects with trees, and (v)
aquasilviculture, where fish are combined with trees (Wekesa & Jonsson, 2014). The
combination of trees and crops can be done in different temporal and spatial sequences, e.g.
alley cropping, intercropping, hedgerow systems and improved fallows (Sharma, 2016). A
conceptual map of different agroforestry practices is shown in Figure 4.2. Many other terms
such as polycultures, forest gardens and permaculture, are also commonly used to describe
agroforestry.

Figure 4.2. Example of a conceptual map showing five different ways to classify agroforestry practices (Wekesa &
Jonsson, 2014).



Agroforestry has been practised throughout the world for a major part of the agricultural
history. For example, shifting cultivation was popular in Europe until the Middle Ages (Nair,
1993). In the tropics, agroforestry has been practised for thousands of years. The Brazilian
nut was cultivated in the Amazonian rainforest before the European colonisation and
bananas have been cultivated in African rainforests for at least 3000 years (Bhagwat et al.,
2008).

Multi-layered systems, i.e. systems with crops, bushes and trees, have been the common
way to produce food in many tropical societies around the world. However, by the end of the
19th century, a new agroforestry practice spread with the primary objective to produce timber.
The new method was developed by the British Empire and landless workers were paid with
the right to grow crops between the rows of trees before the canopy closed (Nair, 1993).

In the 20th century, the development of the forestry sector in many lower income countries
was questioned, as this development did not support the basic needs of rural populations.
Awareness of the need to conserve tropical forests also increased and the strong focus on
annual food crop production during the Green Revolution, i.e. the technological leap in
agriculture that followed the Second World War, recognized the need for diversification of
diets and thus of smallholder farming. Raising awareness of environmental and social
aspects of the prevailing forestry and farming practices, triggered a number of international
organisations, e.g. the World Bank and FAO, to introduce new or additional objectives for the
forest sector and to recognise agroforestry as a sustainable land management system. To
support the new development paradigm, several research institutes were established to
address ecological degradation and the inefficient systems used to produce food in lower
income countries. For example, the International Centre for Research in Agroforestry
(ICRAF) was founded in 1978. This led to the re-introduction of agroforestry as a sustainable
system for food and tree production (Nair, 1993).

Globally, almost 50% of the land surface suitable for vegetation has been converted to
agricultural land (Zomer et al., 2016). In 2015, agricultural land covered almost 50 million km?
of which about two-thirds were used for grazing and fodder production and one-third as crop
land. Agricultural land today covers 37% of all land surface (FAOSTAT, 2017). Most of the
current expansion of agricultural land occurs in the tropics, where 80% of all new agricultural
land previously has been forested (Zomer et al., 2016). There are no reliable statistics on the
distribution of agroforestry but researchers at the World Agroforestry Centre (ICRAF) have
made estimates using remote sensing data (HLPE, 2017). They found that more than 43% of
all agricultural land has a tree cover exceeding 10%. Globally, this accounts for more than 1
billion ha (10 million km?). The agricultural area with more than 20% and 30% tree cover,
covers 23% and 15% respectively of the global agricultural area. The global tree cover on
agricultural land is illustrated in Figure 4.3 (Zomer et al., 2014).

Agroforestry is especially widespread in Southeast Asia, Central America and South America,
where agroforestry is practised on more than 50% of the agricultural land. Globally, 1.8 billion
people live on agricultural land and around 46% of these, i.e. 837 million people, live on land
where the tree cover is larger than 10% (Zomer et al., 2014). The World Bank (2004)
estimated the number of people dependent on agroforestry systems to be 1.2 billion. In sub-
Saharan Africa, the proportion of agroforestry has been estimated to be 29% of the
agricultural land, accommodating 70 million people. During the first decade of the 21st
century, the tree cover on agricultural land increased globally with 3%. The corresponding



increase in sub-Saharan Africa was around 1% (Zomer et al., 2014).

In general, tree cover correlates well with the aridity index, i.e. precipitation compared to the
standard potential evapotranspiration, and the abundance of trees has been shown to
increase with humidity. Zomer et al. (2014) also compared population density with tree cover,
but did not find any clear correlation.

Tree Cover (%)
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Figure 4.3. Global tree cover on agricultural land in 2010. (Zomer et al., 2016).



This chapter is structured thematically. Each part describes an aspect that affects a farmer6 s
daily work and the connection to a sustainable development. Environmental, social and
economic aspects are described and the varied lengths of the sections reflect the availability
of published scientific studies and different kinds of project reports addressing the subject.

Agriculture, forestry and other land uses are globally large emitters of greenhouse gases and
stand for 21% of the worldbés total emissions. The
deforestation, livestock production, and soil and nutrient management (FAO, 2016a). Many of
the countries expected to be severely affected by climate change are located in the tropics,
with large parts of their populations dependent on agriculture (Hertel & Rosch, 2010). The
Intergovernmental Panel on Climate Change (IPCC) has estimated that Africa is especially
vulnerable to climate change. Agriculture engages 70% of the work force on the continent
and contributes with 25% of the Gross Domestic Product (GDP). In Africa, agricultural
production has stagnated the past decades (Pereira, 2017) and many studies, summarised in
the Fifth Assessment Report by the IPCC, predict that agricultural yields will decrease during
the 21st century due to climate change. This while the population numbers are expected to
increase significantly (Niang et al., 2014). Farmers living in poverty, and especially women,
bear the heaviest burden of a changing climate, as they often depend on rain-fed agriculture
without any systems for irrigation and lack resources to rely on in times of hardship. For
example, 80% of the arable land in California is covered with irrigation systems and although
the climate is much dryer in Niger, Chad and Burkina Faso, the corresponding figure for this
region is less than 1%. Furthermore, 91% of the farmers in USA are insured against extreme
weather but such insurance-schemes are basically absent in lower-income countries (Oxfam,
2015). Climate change also has a disproportionate impact on women and children, who are
14 times as likely as men to die during a disaster (UN Women, 2017).

Agricultural land covers 37% of the global land surface (FAOSTAT, 2017) and the agricultural
sector is globally the largest emitter of non-CO2 GHGs. These are mainly methane and
nitrous oxid, which in 2010 was estimated to 5.2-5.8 billion tons of COzeq, or 10-12 % of the
global emissions of GHGs (Smith et al., 2014). The flux of carbon dioxide from agricultural
land can be either positive or negative, but the global average is close to zero (Smith et al.,
2007; Smith et al., 2014). The potential of agroforestry to mitigate climate change was
recognized in 2001 when the land management system was allowed for greenhouse gas
sequestration under the Kyoto Protocol (Nair et al., 2009). Though trees on agricultural land
are still not accounted for when global and national carbon budgets are determined (Zomer et
al., 2016), they are accepted as a Clean Development Mechanism (CDM) used to offset
emissions from higher income countries.

After 2001, the number of academic studies estimating the above- and belowground carbon
storage in agroforestry systems increased greatly. Unfortunately, this increase was also
accompanied by large differences in methodologies and concepts, making it difficult to
consolidate data. The scientific approach to belowground carbon storage is especially
rudimentary as few research projects have addressed this specifically (Nair et al., 2009;
Kumar & Nair, 2011; Lorenz & Lal, 2014).



All the same, agroforestry increases carbon storage aboveground in biomass and
belowground through litter fall and enhanced root production, rhizodeposition, i.e. the organic
material from roots incorporated into the soil. How the different mechanisms contribute to
carbon sequestration varies significantly between different agroforestry systems and

climates. On average, aboveground biomass stands for about half of all sequestrated carbon,
belowground biomass for one sixth, and soil organic carbon for one third of the storage
potential (Kim et al., 2016). Agroforestry stores more carbon than pastures and fields with
annual crops, but less than forested areas. The storage potential varies significantly between
different systems but is, for the part stored in vegetation, in general higher in regions with a
humid climate compared to semi-arid and arid areas. Vegetation also stores more carbon in
tropical regions compared to temperate areas. When it comes to carbon stored in the soil, no
such generalisations can be made due to lack of methodological standards (Nair et al., 2009).
There is also no comprehensive understanding of how agroforestry affects fluxes of nitrous
oxide and methane. On the one hand, the use of nitrogen-fixing trees increases the soil
emissions of nitrous oxide, but on the other hand, such practices are likely to reduce the need
for inorganic fertilisers, a large contributor to the global emissions of nitrous oxide (Kim et al.,
2016). An illustration of different land use management systems and their potential to store
carbon in the tropics is seen in Figure 5.1.
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Figure 5.1. A schematic illustration of the storage potential of carbon in different ecosystems in the tropics (Verchot
et al, 2007).



For non-rotational agroforestry practices, i.e. systems with a constant spatial arrangement of
trees and crops, the annual carbon sequestration potential has been estimated to be 7.2 +
2.8 tons C per ha (average derived from 59 peer-reviewed papers). Home gardens, i.e.
complex smaller plots often near the house, where trees, cattle, vegetables and crops are
combined, have shown to sequester more carbon than any other agroforestry system above
ground. Few studies have measured the belowground storage. Carbon sequestration rates
are also likely higher in silvopastures (pastures with isolated trees) than in other non-
rotational agroforestry systems with crops, such as alley cropping where crops are grown in
between rows of trees. When trees are planted and other agroforestry practices
implemented, the sequestration rates are high and decrease when a system reaches
equilibrium, i.e. the trees have grown tall and high activity of microorganisms degrade added
carbon (Kim et al., 2016).

If fluxes of other GHGs are included, agricultural land converted to agroforestry has the

potential to annually sequester 27.2 £ 13.5 tons COzeq g per ha, at least for the first 14 years

after establishment. The global mitigation potential, based on the assumption that 20% of the

worl dés 630 million ha of wunproductive agricultural
becomes 3.4 + 1.7 billion tons COzeq per year (Kim et al., 2016). This can be compared with

the annual GHG emissions, including those from land use, land use change and forestry

(LULUCEF), which have been estimated to about 51.9 billion tons COzeq in 2016 (UNEP,

2017). The above numbers should be used with care as the scientific understanding of GHG-

sequestration in agroforestry systems is still rudimentary.
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Kenya Agricultural Carbon Project (KACP): Adaptation, mitigation and
livelihood improvement

Prisca Mayende in Bungoma is one of
the farmers participating itKACP.

. ST2NBZ (irkeS diiSny &INS
and productivity was low. After getting
trainings from Vi Agroforestry started
planting trees, doing mulching and
usingsustainable farming practices. This
has improved the maize yields from 3 to
8 bags, and | now have firewood and
fodder from the trees. amproud of my
FENYAYy3 (2RI&HE

On 16 January 2014, the Kenya Agricultural Carbon Project (KACP) received its first carbon

credits certified under the Verified Carbon Standard (VCS, today Verra). The project started as

a partnership between the SwedishNGOVi-s k ogen (Vi Agroforestry), the World Bank
Carbon Fund and UNIQUE forestry and land use. It is implemented by Vi Agroforestry and

feeds off the synergies between climate mitigation, adaptation and increased productivity

created by the use of Sustainable Agricultural Land Management (SALM) practices. In total, the

project involves 1,730 farmer groups with 29,497 smallholder farmers on 21,965 ha of land in

western Kenya.

The farmers in the area have seen their yields decline and the environment degrade after years
of unsustainable agricultural practices. Vi Agroforestry trains the farmers involved in the KACP-
project in different SALM-practices, e.g. agroforestry, mulching, use of cover crops, and use of
green manure, to increase the organic content in the soil. Increased content of organic matter
improves yields, provides resilience to droughts and heavy rains, limits erosion, and stores
carbon, which the farmers receive payments for. The main economic incentive for the farmers is
though the increasing yields and the project has shown that by using SALM-practices yields
increase with over 150% in all agro-ecological zones in 8 years, resulting in increased food
security. Savings among farmer families have also increased along with a greater resilience to
shocks and changes. Other results include increased knowledge on climate change and
increased access to firewood, fruits and fodder from trees.

The project formed the basis for the development of a new carbon methodology, Verified

Carbon Standard methodology VmO0017, based on an approach of accounting for carbon

sequestration in the soil from the adoption of SALM practices. When the methodology was

certified in 2011, the project became the first one in Africa to implement soil carbon

sequestration. The generated carbon credits are partly purch
BioCarbon Fund and partly sold by Vi Agroforestry to private companies internationally. The

BioCarbon fund has paid US$580,000 for carbon credits, funds that partly have gone directly to

the contracted farmer groups and partly used for project development costs and marketing of

credits.

In 2017, the project was able to verify that 329,049 tons of CO,, had been sequestered and
stored in the soil between 2009-2017. The project ends in 2030 and then the sequestrated
amount of carbon is expected to be 2 million tons. The main reason for the success of the
project is that farmers have seen their yields increase when implementing SALM practices. With
this incentive, the project has gained momentum and interest. Payments for carbon credits have
only been a secondary motivation. When the project matures, carbon credits will no longer be
delivered but the main incentive for the farmers to continue will still be there. The main
challenges in the project have been to effectively reach a large number of farmers and to
develop a monitoring and evaluation system that is effective and precise. This has been
achieved by a farmers-based activity monitoring system with an online platform and SMS-based
reporting.

Sources: Tennigket et al. (2013), BioCarbon Fund (2017), World Bank (2017), World Bank

(2014), Vi Agroforestry (2016), Vi-skogen (2017), Oborn et al (2017), Linda Andersson, Vi-
skogen (Personal Communication, 2018). Photo: Vi-skogen (Linda Andersson).
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Agroforestry provides an opportunity for farmers to diversify their farms and thus increase
sustainability and resilience to shocks by reducing the consequences of crop-failure. Trees
also provide a number of ecosystem services such as erosion control, flood control and pest
control, all important for resilience to climate change (Verchot et al., 2007; Mbow et al.,
2014). Furthermore, trees improve the microclimate by shading crops and cooling the
surrounding air by increasing the transpiration, an energy consuming process (Ellison et al.,
2017). Agroforestry can thus buffer climate extremes, expected to become more common in
the future (Mbow et al., 2014).

Re-greening in Niger

Withapover ty rate of 44%, Ni ger is one of the worl
second to last (187th out of 188 countries) on the United Nations Human Development Index
(HDI). During the past 20 years, two regions on the southern fringes of Sahara have seen an
astonishing development as around 5 million ha of degraded farmland have been covered with
trees and bushes, restoring the environment and the welfare of the farmers. Studies have
shown that yields in the area have increased significantly and that farmers with a longer
experience in agroforestry are coping better with climate change than farmers that are new to
the system. The trees provide a number of useful products such as medicinal plants and
firewood. The access to firewood is especially important for women, who often has the
responsibility to provide fuel for cooking. Trees on farm has reduced the time spent on
collecting firewood to a minimum. Furthermore, women benefit from the trees by picking fruits
and other products, earning extra cash. In total, the value of tree products harvested each year
has been estimated to around US$1000 per farm. The value of fuelwood alone was estimated
to around US$250 per household.

The driver of change has been identified as a complex combination of improved livelihoods, a
mentality shift among farmers, policy changes and successful interventions by an NGO. The
approach by the NGO was bottom-up, which has created many local institutions and
committees now responsible for extension services, wood sales and surveillance of farmer
activities.

Source: Pye-Smith (2013), World Bank, (2017b).

The current research on how tree-based systems perform in a more variable climate is still
not very advanced (Verchot et al., 2007), but some conclusions can be drawn from a few
studies. In an extensive review about crop-tree interactions in sub-Saharan Africa, Kuyah et
al. (2016) showed that trees created a more favourable microclimate in 61% of the assessed
agroforestry systems. The rest of the systems were negatively altered. Furthermore, to
combine crops with nitrogen-fixing trees has been shown to stabilise yields during dry years
(Sileshi et al., 2008; Sileshi et al., 2011, Sileshi et al., 2012). Nguyen et al. (2013) also
showed that agroforestry provided several opportunities for adaptation in Vietham as tree-
based systems were less affected by climate shocks than rice and rain-fed crops. Rice and
rain-fed crops without any trees lost over 40% of the yield during years with extreme droughts

or floods compared to Anormal 0 year s.
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Several studies have also confirmed that rural farmers use tree products such as fruits and
nuts, as a coping mechanism (Ong et al., 2015). As the forest cover is decreasing in many
parts of the world, this adaptive measure needs to be integrated with agriculture through
domestication of wild tree species. However, except for a few tree species, domestication of
wild trees useful in agroforestry systems is lagging far behind domestication of agricultural
crops, which has been ongoing for thousands of years. There is thus a large potential to
further improve the resilience and yields from agroforestry systems by investing in tree
domestication (Dawson et al., 2012).
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Rain-fed agriculture without any infrastructure for irrigation covers 80% of the global area

under cultivation and generates 60-7 0 % of t he wod. Thi fgsre is muztphigleer f o0 o
in sub-Saharan Africa and South Asia, where 95% and 90%, respectively, of all farmland is

rain-fed. The Water Use Efficiency (WUE), i.e. the crop per drop, tends to be low in rain-fed
systems as the onset and duration of rain is not possible to control. Increasing the WUE in

rain-fed systems is important in order to improve global food security, especially in regions

with a semi-dry and sub-humid hydro-c | i mat e where many fihot spotso for
found. In these regions, water is a key limiting factor for food production and low yields are
interlinked with land-degradation in a cause and effect relationship. Furthermore, land

degradation damages water resources since eroded soil ends up in ponds and lakes and

causes eutrophication. Degraded land is also more prone to flooding because the infiltration
capacity of degraded soil is low and water therefore runs off the surface instead of infiltrating

(Wani, et al., 2009). The frequency and severity of floods and droughts will likely increase in

many areas due to changing precipitation patterns. This is a major challenge for the millions

of small-scale farmers practising rain-fed agriculture around the world (Verchot, et al., 2007).

Trees can utilise a large soil volume to withdraw water and can thus grow and produce food
even during long lasting droughts that affect crops (Verchot et al., 2007). Since an
agroforestry system occupies more ecological niches, it has the potential to use the available
water more efficiently. Compared to annual crop systems, agroforestry reduces surface runoff
and evaporation. Studies from India show that agroforestry systems can double the rainwater
utilisation, mainly because the trees use water unavailable for the crops in between growth
seasons (Pandey, 2007). Studies from southern Africa confirm that the WUE is higher in
agroforestry systems with maize and pigeon pea compared to corresponding monocultures
(Akinnifesi et al., 2010).

It must also be mentioned however that trees can also increase the water consumption and
therefore compete for water during dry conditions. In several studies it is concluded that trees
decrease the soil moisture content and cause yield reductions (Odhiambo et al., 2001;
Livesley et al., 2004; Radersma & Ong, 2004), thoughothers have shown positive effects
(Sinare & Gordon, 2015; Radersma & Ong, 2004; Siriri et al., 2013). Fast growing trees seem
to be more prone to compete for water resources (Pandey, 2007; Radersma & Ong, 2004). In
an extensive review about crop-tree interactions in sub-Saharan Africa, Kuyah et al. (2016)
showed that competition was more likely to occur when the density of trees was high and
during dry years. They found that trees had positive effects on water availability in 51% and
negative effects in 35% of the studies. They concluded that the positive effects were a result
of improved infiltration and reduced evapotranspiration, i.e. water vapour leaving the soil and
the plants. Furthermore, Kuyah et al. (2016) found many studies confirming that competition
between trees and crops could be minimised by selecting non-competitive species and
pruning the roots and the canopy.

How trees affect the water dynamics on a farm is complex as trees can increase the
evapotranspiration but also change the soil properties, and thus the water distribution in the
soil. This field of research is at present largely neglected and the scientific community lacks
several important pieces of knowledge to fully understand how different agroforestry practices
affect water availability (Bargues Tobella, 2014; Everson et al., 2009; listedt et al., 2007;
Lozano-Parra et al., 2016). Trees have been shown to increase the soil macro-porosity, i.e.
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the larger soil structures, in agroforestry systems (lIstedt et al., 2016; Bargues Tobella et al.,
2014; Benegas et al., 2014). Macro-structures can increase the infiltration capacity, which
several studies of agroforestry systems have confirmed. This ecosystem service is especially
important for soils rich in clay, where water is infiltrating very slowly (low hydraulic
conductivity) as it can reduce surface runoff during intense precipitation events (Cannavo et
al., 2011; Benegas et al., 2014; Bargues Tobella et al., 2014).

On the regional and continental scale, trees are important for the formation of rain as
landscapes with forests produce more water vapour and increase the relative humidity. Trees
also affect the albedo, i.e. the reflective property of the ground, and release aerosols, small
particles on which droplets can form. Climate modellers predict that large-scale deforestation
could decrease rainfall with as much as 30% in some regions (Ellison et al., 2017). The tree
distribution in the landscape also affects the formation of groundwater. Several scientists are
currently challenging the paradigm claiming that an increase in tree cover reduces
groundwater formation. These scientists are presentingh ew model s wher e
distribution, somewhere in between a forest and a pasture or agricultural field, actually

an Aoptim

increases the groundwater formation. A conceptual i

seen in Figure 5.2. Accordingtothet heory, an fopti mumo tree
surface runoff and fewer floods (listedt et al., 2016). A study done in 46 countries in Africa,
Latin America and Asia showed that a 10% increase in deforestation could increase the flood
frequency with 4-28% (Bradshaw et ., 2007).

[l Transpiration and interception  [li] Surface runoff  [7] Soil evaporation [T Infiltration [} Groundwater recharge
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Figure 5.2. A conceptual dr ahedryrppgposing that greundivatey trecharge mill ler ee cover o

greatest under an intermediate tree cover (lIstedt et al., 2016).
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The optimum tree cover theory

There have been many studies on the net impacts of changes in tree cover on water yields, and
the general conclusion is that increasing tree cover leads to reduced water yields (i.e.
streamflow and groundwater recharge), while reducing tree cover boosts water supplies (Farley
et al., 2005; Bosch & Hewlett, 1982; Andreassian, 2004). This is usually attributed to the fact
that trees use more water than shorter vegetation types such as grasses or agricultural crops.
Thus, a trade-off theory, in which more trees means less water, has become the dominant
paradigm in forest hydrology.

Based on this paradigm, many scientists have raised concerns and warned against forestation
and tree-based restoration programs in drylands, as increasing tree cover in these regions may
put at risk already scarce water resources (Jackson et al., 2005).

But the available scientific evidence for the trade-off theory has several limitations (Malmer et
al., 2010). First, there is a strong bias of studies towards humid temperate areas, while studies
in the tropics are scarce, especially in drylands (Locatelli & Vignola, 2009; Hamilton & King,
1983). Second, the impacts of forestation of degraded lands have not been investigated (Scott
et al., 2005; Bruijnzeel, 2004). Third, almost all studies focus on the impact of young, fast
growing plantations of either eucalypts or pines. And fourth, the available studies compare
extremes; they focus on open land versus closed forest and thereby neglect areas with
intermediate levels of tree cover such as agroforestry parklands. Thus, it is not possible to draw
any sound conclusions about the net impact of tree cover on water yields from the current
scientific evidence.

In 2010, a group of scientists from SLU, ICRAF and INERA started a project with the aim to
gain a better understanding of the impact of tree cover on water resources, and more
specifically on groundwater recharge, in the seasonally-dry tropics by studying an agroforestry
parkland in semiarid Burkina Faso, West Africa. A new, alternative theory to the trade-off theory
was proposed, namely that under conditions that prevail across the seasonally-dry tropics,
groundwater recharge is maximised at an intermediate level of tree cover. This new theory,
named the optimum tree cover theory, was then tested in the study site. Evidence from this
project showed that groundwater recharge in the agroforestry parkland was indeed maximsed
at an intermediate, non-zero, tree cover, thus confirming the optimum tree cover theory (lIstedt,
et al., 2016). At tree covers below the optimum, more trees resulted in more groundwater
recharge, as the benefits gained from more trees through enhanced soil infiltration capacity and
preferential flow (Bargués Tobella et al., 2014) outweighed the additional transpiration and
interception losses from trees. Above the optimum, the contrary happened and more trees led
to reduced groundwater recharge.

To date, evidence for the optimum tree cover theory comes from a single location, but it is likely
that groundwater recharge is maximised at an intermediate tree cover over widespread areas in
the seasonally-dry tropics. Management practices that improve soil infiltration and reduce tree
water use such as tree pruning, selection of tree species and livestock control, can further
enhance groundwater recharge. That more trees can lead to improved water resources offers
opportunities for renewed tree protection and tree-based restoration of degraded lands in the
seasonally-dry tropics, at the same time improving the livelihoods of millions of people in this
region and contributing to environmental benefits.

Sources: Aida Bargues Tobella, SLU, and above references.

16



17



Soil resources are degrading globally with the loss of important ecosystem services as a
result. One main reason for degradation is the continuous withdrawal of nutrients and organic
material. In some areas such as Central America, Africa and Eastern Europe, the primary
reason for low yields is lack of nutrients. In other areas, too much nutrients are used, causing
eutrophication of aquatic environments and greenhouse gas emissions. All over the world the
loss of soil biodiversity (decline in the diversity of organisms present in the soil) and decrease
of soil organic matter content is a challenge together with erosion (FAO & ITPS, 2015).

In many regions that suffer from soil nutrient deficiency, farmers have limited access to
inorganic nutrients. For example, a farmer in sub-Saharan Africa typically uses less than 10
kg of mineral nitrogen per ha and year compared to farmers in some European countries that
use more than 100 kg of mineral nitrogen per ha and year (Rosenstock et al., 2014; Eurostat,
2017). In Figure 5.3, estimates of the annual nutrient depletion from agricultural land in Africa
are shown. It is not possible to solve soil nutrient deficiency by just adding mineral fertilisers
though - nutrient restoration must be accompanied with the addition of large amounts of
organic material (FAO & ITPS, 2015).

To increase the soil organic matter content is crucial. It can be done through growing more
perennial crops such as trees and grass, or through recycling crop, animal and household
residues, e.g. in the form of compost.

A vital benefit of agroforestry is the input of organic material from trees. If nitrogen-fixing trees
and plants are used, in e.g. improved fallows, high amounts of nitrogen are added together
with the organic material (Rosenstock et al., 2014). This is especially relevant for female
farmers as they in general have smaller plots, less access to expensive agricultural inputs
such as inorganic fertilisers and manure, and less time to collect organic material from
outside their farms (Kiptot & Franzel, 2011). Globally, women make up just 13% of
agricultural land holders (UN Women, 2017b).

18



4

A
R

r

I Greater than 60
"~ 30-60

Less than 30
. N/A (|) lZ?O | 5(|)Ul | I'I,0|00 Miles

Figure 5.3. Annual nutrient depletion from agricultural soils in Africa. Figures are given in kg NPK per ha and year
(Winterbottom, 2013).

5.3.1 Soil nutrient content and circulation

Nitrogen-fixing plants live in symbiosis with rhizobia-bacteria. The bacteria establish inside
the roots and capture atmospheric dinitrogen (Nz) as a by-product when producing
ammonium. The ammonium is then converted into different amino acids before being
transferred to the plants in exchange of carbohydrates. Trees can also utilise nutrients from
deeper soil layers and accumulate them into biomass. When farmers recycle this biomass
through mulching, more nutrients are made available for the crops. The scientific evidence
that crop yields substantially increase when intercropped with nitrogen-fixing trees is strong.
This increase can be several hundred per cent and significantly improve food security as
shown in a summary of 94 studies from sub-Saharan Africa. In that summary, it is shown that
nitrogen-fixing trees could add more than 60 kg of nitrogen per ha and year and reduce the
requirements of inorganic nitrogen fertilisers with 75% while still achieving optimal yields
(Akinnifesi et al., 2010). Another review (meta-analysis of many studies), showed that
planting nitrogen-fixing trees had positive effects on maize yields and that the trees stabilised
yields during droughts and other extreme weather events as well as improved the water use
efficiency (Sileshi et al., 2008; Sileshi et al., 2011, Sileshi et al., 2012).
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The Malawi miracle?

To tackle food insecurity in Africa through soil enrichment has long been a standing objective of
governments and organisations. How to do this has been debated for decades. The World Bank
together with other international financial institutions and donors helped to subsidise fertilisers in
sub-Saharan Africa in the 1970s and 1980s. As they saw these subsidies holding the private
sector back, they stopped and pushed many countries to do the same.

In 2005, when Malawi faced a major food crisis, the president reintroduced subsidies for
fertilisers and improved seeds. This resulted in the so-called Malawi miracle. Maize yields
almost tripled according to government sources, but to a great cost for the government that
spent 13.5% of the national budget on subsidies in 2009. The great success made the World
Bank soften its stance on subsidies and some other countries adopted similar strategies as
Malawi. The programme induced many initiatives to improve the use of fertilisers in sub-
Saharan Africa, but as the economy in Malawi started to collapse in 2010 with many big
bilateral donors and investors reducing their support, the fertiliser programme fell apart.

Seeing the downsides of the expensive fertiliser programme at the mercy of international
politics, many experts, donors and investors have instead started to promote green solutions
with nitrogen-fixing crops and trees. An example of such initiative is the multimillion participatory
research project N2Africa. N2Africa is developing and distributing food grain legumes (different
types of beans and peas) that produce high yields and have good nitrogen-fixing abilities. The
project shows that focusing on and improving multifunctional indigenous species seems to be
the best option for small-scale farmers in sub-Saharan Africa and the most sustainable solution
to soil enrichment.

Sources: Gilbert (2012) and N2Africa (2017)

Soil structure describes how large soil elements such as soil aggregates, are arranged and
form voids (macro-pores). Soil texture describes the arrangement of soil particles (silt, sand
and clay) that are not aggregated. Trees affect the soil structure by adding organic material
and improving the conditions for microorganisms and soil fauna. In general, more organic
material and biological activity in the soil means that the macro-porosity will increase, i.e. the
presence of large pores. When the macro-porosity increases the water infiltration capacity of
the soil also improves, especially in soils rich in clay and silt, i.e. small particles. The scientific
evidence, proving that trees increase the macro-porosity in the topsaoil, is strong. This results
in reduced surface runoff and erosion, and decreases the risk of waterlogging, further
discussed in chapter 5.2 (Akinnifesi et al., 2010; Bayala et al., 2015).

Microflora such as, fungi and bacteria, are decomposing organic material in the soil and
release stored nutrients. A few studies have addressed the effects of agroforestry trees on
the microflora composition (Akinnifesi et al., 2010). These studies indicate that the microflora
concentration increases in the vicinity of trees, which is expected as trees increase the
amount of organic material in the soil (Araujo et al., 2012). Soil processes are also affected
by the macrofauna, i.e. termites, worms, ants and beetles. Several studies in southern Africa
have shown that the density of macrofauna increases in the vicinity of trees. The composition
and density of macrofauna is essential for soil formation processes and the degradation of
organic material. Some of the animals living in the soil, especially termites, are still also
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herbivores and can damage crops. However, such damages are in general lower in
agroforestry systems compared with monocultures (Akinnifesi et al., 2010). Kuyah et al.
(2016) found that in most agroforestry studies the belowground biodiversity increased in sub-
Saharan Africa, which correlated well with increasing crop yields and improved soil fertility.

Erosion is a major problem in humid tropical regions, mainly because of heavy rainfall. When
soil is lost through erosion, land is degraded resulting in reduced crop yields. Erosion also
affects off-site terrestrial and aquatic environments by causing eutrophication and increased
turbidity in lakes, rivers and oceans. Soil losses in the humid tropics are greatest from bare
sails, slightly lower from agricultural land with annual crops and very low in forested areas.
Vegetation-related conservation strategies such as hedgerows, mulching (see Figure 5.4)
and intercropping, can still decrease the erosion rate with as much as 90% compared to
croplands where no conservation strategies are practised. If vegetation strategies are
combined with soil-conservation methods such as no-till and contour planting without trees,
the erosion rate can be reduced to basically zero (Labriére et al., 2015).

Figure 5.4. Tree biomass can be used for mulching. Mulching, in this picture, practised in a field with cabbage in
Eastern Uganda. Mulching reduces erosion, and increases the amount of organic material in the soil. (Photo: Linus
Karlsson).

More vertical vegetation layers, i.e. when crops on the ground are combined with bushes and
tall trees, generally decrease the erosion rate. In complex agroforestry systems, e.g. in
homegardens (a smaller plot often near the house, where trees, cattle, vegetables and crops
are combined) the erosion rate will thus be very small (Labriére et al., 2015). Studies of steep
croplands in Kenya have confirmed that planting hedges is an efficient way to reduce erosion
and at the same time increase yields. Some trade-offs have though been identified, in this
case, Napier grass commonly grown in agroforestry systems in Kenya competed with the
crops and affected the yields (Angima et al., 2002; Mutegi et al., 2008; Janaki et al., 2006).
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