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THE IMPORTANCE OF AGROFORESTRY FOR FOOD AND NUTRITION SECURITY
Providing a detailed picture of the values of trees for local people in the tropics is a difficult
undertaking. Not only does this represent the difficulty in accounting for values outside formal markets,
but it also reflects the multiplicity of the species involved and the many different ways in which trees
are used. In these circumstances, one approach that can be used to gain insight is to focus on a
narrower range of species such as tree commodity crops commonly grown by smallholders, where more
data on economic value are available. Another method that can be employed to provide an overview of
uses is to search and summarize information from online databases, such as the Plant Resources of
Tropical Africa (PROTA, www.prota.org/), the Plant Resources of South-East Asia (PROSEA,
www.proseanet.org/prosea/) and the CABI Forest Compendium (www.cabi.org/fc/).

Here, the application of online databases for providing information is demonstrated by considering
another resource, ICRAF’s open access Agroforestree Database (AFTD,
www.worldagroforestry.org/resources/databases/agroforestree). This provides data on 650 tree

species that are of interest for both planting and wild harvesting by local communities throughout the
tropics. The database includes information on where species grow, how they can be propagated and
managed, domestication history, their uses, pests and diseases problems, and a comprehensive
bibliography of information sources. In addition, socio-economic data, such as the extent of cultivation
by smallholders and the costs and returns of production, are included for a subset of species. The
authors undertook a meta-analysis of the database that involved stratifying the information it
contained by function, origin of the tree and the geographic region of use (Table 1).

The analysis was based on 10 important tree functions and six geographic regions. Compilation revealed
that the most frequent use listed in the AFTD was for timber production, followed by medicine and then
fuel (primarily woodfuel). Many species were indicated to have multiple uses, based on the number of
mentions summed across functions in any one region (e.g., > 2700 for Africa) compared to the total
number of species in the database. Results indicated that local people in large parts of the tropics rely
on a wide range of both indigenous and exotic tree species, overall in approximately equal proportions,
to meet their needs for various products and services.



Table 1: The number of tree species mentioned in the Agroforestree Database as providing various
functions’ in different regions” of the tropics

Region :
Africa Oceania South South SouthEast Western ~ Sum6
America Central Asia Asiaand  regions
. Asia Middle East
Function Origin
Apiculture E 89 58 51 74 75 18 365
I 88 26 32 34 46 16 242
E+I 177 84 83 108 121 34 607
Erosion control E 81 50 34 63 61 15 304
I 94 20 23 57 56 17 267
E+I 175 70 57 120 117 32 571
Fibre E 85 58 40 73 82 14 352
I 56 35 20 60 67 18 256
E+I 141 93 60 133 149 32 608
Fodder E 134 71 53 105 102 26 491
I 161 30 43 112 89 35 470
E+I 295 101 96 217 191 61 961
Food E 137 81 68 113 115 28 542
I 158 43 51 107 110 34 503
E+I 295 124 119 220 225 62 1045
Fuel E 167 96 73 133 133 27 629
I 190 51 53 110 116 35 555
E+I 357 147 126 243 249 62 1184
Medicine E 167 101 86 149 158 30 691
I 223 58 58 149 156 37 681
E+I 390 159 144 298 314 67 1372
Shade/shelter E 139 78 60 109 105 20 511
I 142 53 44 84 97 26 446
E+I 281 131 104 193 202 46 957
Soil improvement E 95 56 40 83 84 14 372
I 99 27 33 60 70 12 301
E+I 194 83 73 143 154 26 673
Timber E 199 119 91 160 172 34 775
I 220 73 67 153 175 36 724
E+I 419 192 158 313 347 70 1499
Sum 10 functions E 1293 768 596 1062 1087 226 5032
I 1431 416 424 926 982 266 4445
E+I1 2724 1184 1020 1988 2069 492 9477

! The AFTD contains data on a wide range of products and services provided by trees; a range of 10 of the most important functions is given
here. Data are presented on the number of species given in the database as used for a particular purpose based on whether they are
indigenous (1) or exotic (E) in origin to a particular geographic region. The database contains more species indigenous to Africa than to other
geographic regions, which is a factor determining the greater number of total references to the African continent.

The AFTD contains data on use across the globe; mentions of uses for a range of six important regions are given here. The regions of Africa,
Oceania and South America were defined here according to

en.wikipedia.org/wiki/List of sovereign states and dependent territories by continent. The regions of South Central Asia, South East Asia

and Western Asia and Middle East were defined according to www.nationsonline.org/oneworld/asia.htm
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The importance of smallholder cultivation of exotic species is confirmed by an analysis of 120 tree
species important to smallholders (data also compiled from entries in the AFTD). It revealed that each
species had on average been planted in 21 countries outside its native range. Many of these
introductions appear, however, to have been sub-optimal from a production perspective, with transfers
frequently undocumented and haphazard. Surveys of distribution and use clearly demonstrate the past
and future importance of cross-border transfer of tree germplasm to better meet smallholders’ needs, a
point emphatically made when the case of tree commodity crops is considered, as described below. At
the same time, the dangers of new introductions, due to the weedy and potentially invasive
characteristics of many trees, are also obvious; these have not always been sufficiently considered, and
potential problems need to be guarded against (see thematic study on international exchange; also
Ewel et al. 1999).

The value of tree commodity crops for smallholders: exploring export trade data

FAQ'’s Statistics Division compiles information on the international trade of a number of commodity
crops; data on global export values for a range of 12 tree commodities that are grown primarily in the
tropics are given in Fig. 1, amounting to more than USD 66 billion based on figures for 2009. In that
year, the five most important commodities listed in the figure are palm oil (from oil palm?, Elaeis
guineensis), coffee (primarily from Coffea arabica), rubber (Hevea brasiliensis), cocoa (from cacao,
Theobroma cacao) and tea (primarily from Camellia sinensis). The most notable feature of the graph is
the rise in palm oil export value in the last two decades, to overtake green coffee exports. The actual
value of other tree commodities shown in the graph will sometimes be considerably higher than
reported here because much of the crop is sold in local markets rather than exported. Perishable fruits
such as mangoes are a good case in point (Mohan Jain and Priyadarshan 2009). Nevertheless, export
values provide an indication of the overall importance of a crop, with on average significant jumps in
commodity prices evident in recent years.

3 Palms — such as oil palm and the other palms referred to in this paper — are by definition not ‘true’ trees, but as perennial species derived
from forests are classed as trees for the purposes of the current discussion.
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Data were extracted from the TradeSTAT database of FAOSTAT (faostat.fao.org/). Data for mangoes, mangosteens and guava are reported
together. Values include re-exports (i.e., import into one nation followed by export to another). Some commaodities, such as coffee, cocoa
and coconut, are exported in more than one form; for each crop, only the most important form by export value is given here.

Figure 1: Global export values of a range of tree commodity crops for the years 1990 to 2009 (combined figures

for all nations providing data).

In Indonesia, around 40% of palm oil production has been reported to come from smallholders (IPOC
2006), while approximately 30% of land planted to oil palm in Malaysia is reported to be under the
management of small farmers (Basiron 2007). Many smallholders appear to have benefited
substantially from oil palm planting, although required interventions include promoting transparency in
the market and clearer land rights (Rist 2010). Moreover, greater than two-thirds of coffee production
worldwide is on smallholdings (www.ico.org/). In East Africa, for example, it is estimated that
approximately 700,000 smallholders grow coffee in Ethiopia, and 400,000 in Kenya (Place et al. 2012).
Much of the coffee in eastern Africa is found in the highlands and plays a significant role as perennial

land cover that helps to protect hillsides against soil erosion.

With natural rubber, there has been a trend toward increased smallholder production, partly because
estates have switched to less labour-intensive crops such as oil palm (see INFO COMM at
www.unctad.info/infocomm). Some estimates suggest that more than three-quarters of rubber
production between 1998 and 2003 was on holdings of less than 40 ha (most on smallholdings of 2-3
ha), with an average annual increase in smallholder production of 3% over this period, compared to 1%
for plantations, although large state-managed plantations still predominate in some former centrally
planned economies. The use of higher yielding rubber clones rather than the collection of seedlings, and
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better management practices that reduce input costs and retain some biodiversity in rubber
agroforests, have been successfully promoted with smallholders and have been shown to be more
profitable than alternative practices in Indonesia (Wulan et al. 2006).

Similarly, more than 90% of cocoa production originates from smallholdings that typically cover 2-5 ha
of land, although large plantations can be found in some countries (www.icco.org/). Worldwide, there
are approximately 6 million cocoa farmers and it is estimated that around 14 million people depend
directly on the cocoa crop, with many more indirectly, in West Africa alone. Rising prices mean there is
more interest in making the best use of existing land by upgrading cocoa production methods. Current
work through private-public partnerships between research institutions, NGOs, government and the
chocolate industry in Indonesia, Cote d’lvoire and elsewhere is improving the management methods of
smallholders, delivering significantly higher yielding varieties to replace or rehabilitate (through
grafting) old cacao trees, and improving market access through group sales
(www.cocoasustainability.com/). A danger, however, is that higher prices may lead to a monoculture

trend, with risky dependence on cocoa alone and hardship between production seasons (Edward
Millard, Rainforest Alliance, www.rainforest-alliance.org, personal communication). In many countries,

tea production is also mainly by smallholders; it has been reported that about 75% of tea in Sri Lanka is
grown by small-scale farmers (who are defined as having holdings of less than 35 ha), whilst more than
50% is produced by small-scale growers in Kenya, although in some locations plantation production
predominates (www.unctad.info/infocomm).

Harvesting and cultivating tree foods to support nutrition

Many people in low-income nations suffer from poor nutrition, with a lack of micronutrients, otherwise
known as ‘hidden hunger’, leading to poor health consequences for hundreds of millions. In Africa,
where the situation is worst, around 50 million children are, for example, at risk of vitamin A deficiency,
the continent’s third greatest public health problem after HIV/AIDS and malaria (Black et al. 2008).
Solving malnutrition requires a range of interconnected approaches that include the bio-fortification of
staple crops such as maize and rice, greater spending on food supplementation programmes, and the
use of a wider range of edible plants for more diverse diets (UNICEF 2007, Negin et al. 2009). The
further promotion of edible indigenous fruits, nuts and vegetables, including those provided by trees, is
an attractive option, as it allows consumers to take responsibility for their diets in culturally relevant
ways (Keatinge et al. 2010). Furthermore, the biochemical profiles of these indigenous species in
supplying micronutrients, fat, fibre and protein are often better than staple crops (Leakey 1999). The
nutritional value of many forest foods is however unknown, including what genetic variation in
nutritional quality is present within species, and further testing and compilation of data are required
(Colfer et al. 2006).

Communities in many parts of the tropics already incorporate many edible NWFPs harvested from
forests into their diets as an important component, and a few depend on them; it has been reported
that the role of these products is especially important for filling seasonal and other cyclical food gaps
(Arnold et al. 2011). In addition, forests provide woodfuel needed to cook food to make it safe for
consumption and palatable, and income from the sale of other products that can then be used to
purchase food. Current nutritional deficiencies in several parts of the tropics are however exacerbated
by deforestation for the agricultural production of a few staple foods, which means that local



communities can no longer gain as easy access to natural stands of fruits, nuts and other edible NTFPs
that they once collected to diversify their food intake.

Developing domestic markets for tree foods to address nutritional deficits and enhance livelihoods: the case of
smallholder fruit production in sub-Saharan Africa

The recommended daily consumption of fruit and vegetables is a minimum of 400 g per person (World Health
Organization [WHO] guidelines) but in sub-Saharan Africa it is significantly lower (Ruel et al. 2005,
faostat.fao.org/). Figures for fruit consumption in East Africa are illustrative, at a mean of around only 35g per
person per day, one of the lowest levels in the world. One reason why current consumption is so low is that
households with limited incomes focus on purchasing staple crops that provide relatively cheap and
‘concentrated’ sources of carbohydrate to meet basic energy needs, leaving only a small fraction of the family
budget to spend on other foods (Ruel et al. 2005).

Domestic markets for fruit are, however, predicted to grow rapidly in the next decades in sub-Saharan Africa
(by about 5% per year over the next 10 years) as economies grow and provide local consumers with more
income to spend on fruit, and as human populations increase and a trend to urbanization continues. Millions
more tonnes of fruit need to be consumed to meet WHO guidelines, indicating the potential for improving
farmers’ incomes in supplying domestic markets in the order of billions of US Dollars, if production and
delivery to consumers can be made more efficient.

One opportunity to influence child nutrition in the sub-continent involves ‘home-grown school feeding’
(HGSF). Traditionally, school feeding programmes in food-insecure areas have relied on foods of limited
nutritional quality and variety that have often been sourced from outside (Bundy et al. 2009, WFP 2009). In
contrast, HGSF initiatives seek to link schools with local agricultural producers to promote a more diverse,
nutritionally-balanced range of foods. HGSF programmes are currently in the pilot stage, with the New
Partnership for Africa’s Development (NEPAD) and the World Food Programme inviting 12 countries to test
implementation, and political support for HGSF is expected to grow in future years. Children can be effective
agents of change in society, and teaching them about the value of fruit consumption can result in wider,
positive attitudinal and behavioural changes in communities.

Another notable opportunity is to supply the rapidly developing supermarket sector in the sub-Saharan region,
although these retailers may favour linkages with medium- or large-scale farmers rather than smallholders, as
this provides them with greater control over the supply chain (Neven and Reardon 2004). Required innovation
to make sure smallholders are included may involve the development of farmer producer groups that can
negotiate with retailers and adhere to quality standards more effectively.

See Jamnadass et al. (2011) for further information.

In these circumstances, the cultivation of trees for foods once obtained from forests has the potential
to improve health and incomes though local consumption and sale. Special potential for cultivation lies
in the great biological diversity of indigenous foods found growing in forests that are important locally
but have to date been under-researched by the scientific community. As well as supporting livelihoods,
the cultivation of these species in farmland allows them to be conserved outside threatened forests,
helping to maintain resources for future use and further development as food crops.



BIOLOGICAL VULNERABILITY TO CLIMATE CHANGE

Constraints to projecting climate change impacts on agroforestry systems

Compared to simpler agricultural systems, very little research has been done on the impacts of climate
change on agroforestry systems. This statement holds true for both experimental and model-based
research. Spatial dimensions, time to reach maturity and the complexities of above- and below-ground
interactions between often diverse assemblages of crop and tree species make experimental trials of
agroforestry systems very difficult to implement and maintain in the field. While field crops can be
grown relatively easily under controlled-climate conditions, this is much more difficult for trees
Establishing fully mature agroforestry systems in growth chambers is near impossible. However, some
experimental research is possible and has been conducted to investigate the possible consequences of
climate change during the early stages of establishment of agroforestry systems. Provenance trials, in
which tree specimens originating from different locations are grown in common gardens, can also be
used to derive information on species’ climate responses. For many exotic agroforestry species (e.g.
Calliandra calothyrsus and Gliricidia sepium), such trials have been conducted. However, to our
knowledge, these data have yet to be systematically evaluated with a view to climate change. For most
tree species grown in agroforestry systems, virtually no information on climate responses is available.
The same is true for tree responses to elevated CO,.

Due to scarcity of information on how trees and agroforestry systems respond to climate, there are no
agroforestry models that can reliably be used for projecting the impacts of climate change. Ecological
niche modelling offers an alternative, but caution should also be applied when interpreting results from
this procedure. This method is typically applied to natural ecosystems, where the presence or absence
of a species depends primarily on features of the natural environment. Agricultural crops are only
present where farmers decide to plant them. This decision is determined at least as much by access to
markets, profitability and cultural preferences as by the natural environment. For agroforestry systems
in particular, distribution systems are determined to a large extent by tradition (for traditional systems),
extension efforts (for innovative systems) or by the presence of processing and marketing infrastructure
(for cash crop systems, such as coffee, cocoa etc.). Where these factors are absent, the respective
system may not establish, even though climatic and environmental conditions are favourable. Where
collected evidence on the presence of species (or in this case agricultural systems) does not cover the
full range of suitable habitats, as is very likely in the case of agroforestry systems, ecological niche
modelling is likely to exaggerate the impacts of climate change.

To obtain reliable projections of climate change impacts on agroforestry systems, process-based models
of such systems should be developed. Due to the complexity of most of these systems, a great effort
may be needed to achieve this. However, this effort is justified by the opportunity to expand the reach
of agricultural systems models to hundreds of millions of smallholder farmers who produce food in
systems that are too complex to be described by currently existing models.

Work on system components

Esmail and Oelbermann (2011) analyzed the response of seedlings of the agroforestry species Cedrela
odorata and Gliricidia sepium under controlled temperature and CO, conditions. They showed that
elevated temperature accelerated seedling growth. At current temperature levels, raising CO,
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concentrations to 800 ppm had negative effects on the growth of both species. Increasing the
temperature had positive effects. When CO, concentrations and temperatures were increased, the
response of G. sepium did not differ much from the elevated temperature treatment. In contrast, C.
odorata growth was greatly increased in this treatment. Elevated carbon treatments greatly increased
the shoot/root ratio and lowered leaf nitrogen concentrations. These results imply that for the species
analyzed and for Costa Rican climate conditions (as replicated in a growth chamber in Canada), climate
change will likely accelerate growth, but change plant nutrient levels in ways that are likely
unfavourable for the productivity of agroforestry systems.

Schwendenmann et al. (2010) evaluated the response of a cacao/Gliricidia agroforestry system in
Sulawesi (Indonesia) to a 13-month experimental drought. They found relatively small and mostly
insignificant changes in cacao and Gliricidia sap flux densities, leaf litter fall, soil carbon efflux and cacao
yield. Only cacao bean yield was substantially reduced by the artificial drought. Since this indicator has
the greatest economic importance for producers, the authors’ conclusion that this system is remarkably
drought tolerant is only partly understandable.

Luedeling et al. (2011a) projected climate change effects on winter chill, an agroclimatic factor that
affects agroforestry systems that include temperate fruit trees. Winter chill is needed for allowing
temperate fruit trees to overcome winter dormancy. Several models are available for quantifying winter
chill, with the so-called Dynamic Model, which measures winter chill in ‘Chill Portions’, likely the most
accurate one for most growing regions. In this study, a weather generator was used to evaluate daily
weather station records for over 4000 weather stations around the world. The resulting site parameters
were then used in conjunction with 18 future climate scenarios and idealized daily temperature curves
to produce 100 years of hourly weather data for each location and climate scenario. For each point
location, the number of Chill Portions that is exceeded with 90% probability in a given climate scenario
was then calculated. Results from all stations were then interpolated globally, including correction for
altitudinal variation. Winter chill was projected to decline progressively throughout the late 20" and
21* centuries (Fig. 2), especially for warm growing regions, casting doubt on the potential of subtropical
and tropical growing regions of such fruits to maintain production of currently grown tree species and
cultivars. Particularly in the subtropical growing regions of the Mediterranean region, southern
Australia, subtropical China and southern North America, many production sites may lose almost the
entire winter chill that is currently available. Assuming that current understanding of the temperature
response of temperate trees during the dormancy season is accurate (which is quite uncertain), many
production regions will likely become unsuitable for many currently grown tree species and cultivars. As
for most other physiological processes occurring in trees, models for winter chill are relatively crude
(Luedeling and Brown, 2011) and their sensitivity to climate change varies considerably (Luedeling et al.
2009). Very limited understanding on how tree processes respond to climate throughout the year are a
fundamental limitation to quantitative projection of climate change effects.
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The two maps show averaged projections for three General Circulation Models, two greenhouse gas emissions scenarios for the 2050s (top
map) and the 2080s (bottom map). Safe Winter Chill is the amount of winter chill that is exceeded with 90% probability for a given scenario
year. In the 1975 baseline (not shown), Safe Winter Chill estimates range from 0 CP in the Tropics to about 160 CP in maritime climates of
Northern Europe (Luedeling et al. 2011a).

Figure 2: Projected losses in Safe Winter Chill (in Chill Portions — CP) around the world compared to a 1975
baseline scenario

In agroforestry systems, pollinators are instrumental in ensuring system functionality. Since many
pollinators of crops and trees are ectothermic organisms, they will likely be affected by climate change,
and if their rate of range shifts differs strongly from that of the plants that rely on them for pollination,
ecosystem functions could be impaired. In a recent study focusing on historic shifts in North American
plant and pollinator populations, Bartomeus et al. (2011) did not find evidence of such developments,
but this may not be true for tropical contexts or for future climate changes. Yet Donnelly et al. (2011)
list several cases of such mismatches in natural ecosystems. They suspect, however, that these are
much more likely to affect very specialized plant-pollinator relationships. Where plants are primarily
pollinated by generalist species, such as honey bees, system disruption seems much less likely. In an
extensive review on recent pollinator decline, Potts et al. (2010) mentioned only few cases where
pollinator loss was clearly attributable to climate change. These case studies mostly affected specialized
pollinators, such as bumblebees and butterflies. There is a big data gap on climate change effects on
pollination in tropical agroforestry systems, and research is urgently needed, in particular for systems
that rely on specialized pollinators.



Jaramillo et al. (2011) projected the likely impact of climate change on the Coffee Berry Borer
(Hypothenemus hampei), a major pest of coffee agroforestry systems in East Africa. Using two future
climate scenarios, they projected that pest pressure will increase substantially in Ethiopia, Uganda,
Kenya, Burundi and Rwanda. In some growing regions, the number of possible generations of the Coffee
Berry Borer was projected to double. This study mirrors results by Luedeling et al. (2011b), who
projected strong increases in the number of generations that could potentially be completed by pests of
walnut in California. These studies suffer from the constraint that the ecological interactions in complex
ecosystems cannot be reliably modelled. They thus only provide worst-case estimates, assuming that
pest insects will not be regulated by other biological processes, which may also be strengthened by
climate change.

Empirical approaches

Besides process-based projections of climate change effects on components of agroforestry systems,
we are not aware of process-based attempts to model tree-based cropping systems. Yet some impact
projection studies have used species distribution modelling (also known as ecological niche modelling)
to estimate future suitable ranges for systems. For parkland agroforestry systems in the West African
Sahel, Luedeling and Neufeldt (revised version under review) used the Maximum Entropy approach to
project future suitable ranges and potential carbon stocks, based on 101 locations obtained from
published studies. These locations were used to characterize the ecological niche of parkland systems
based on climatic parameters. The spatial extent of this niche was then projected for 18 future climate
scenarios. Overlaying projections with a dataset on land use in the region produced estimates of the
agricultural area that is suitable for parkland agroforestry. In all climate scenarios, suitability for
parklands declined (Fig. 3). Using a MaxEnt suitability score of 0.2 as a cut-off threshold and the A2a and
B2 SRES scenarios to represent a high and moderate climate change trajectory, suitable agricultural
areas for parklands declined from 28 million hectares in the baseline scenario to between 22 and 27
million hectares by the 2020s, between 15 and 23 million hectares by the 2050s and between 2 and 18
million hectares by the 2080s. Evidently, climatic suitability is not the only factor that determines
whether or not parkland systems will be established or maintained at a given location. It is quite
conceivable that parklands could exist in many locations where they are currently not present. Yet it
seems likely that farmers will maintain parkland agroforests in areas identified as climatically suitable in
this study rather than in areas that were classified unsuitable. While the actual numbers given in the
study are thus relatively crude and imprecise estimates, it is nevertheless expected that climatic
suitability for parklands will decline over the 21% century.
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High MaxEnt scores signify high suitability. Scores of 0.2 or above were interpreted to imply suitability, rendering 77% of Sahelian croplands
suitable for parklands in the baseline scenario. For all future scenarios, suitable areas declined to between 5 and 74% of total cropland area.

Figure 3: Suitability of Sahelian cropland for parkland agroforestry, derived by ecological niche modelling with the
Maximum Entropy (MaxEnt) method

These results contrast with modelling of future spatial distribution of grassland, savanna and deciduous
and evergreen forest in West Africa with Generalized Additive Models (GAMs) using climate data from
17 General Circulation Models (GCMs) (Heubes et al. 2011). The results show strongest effects of
climate change on grassland resulting in a northern expansion of its bioclimatic envelope in the
magnitude of 2 million km?” However, uncertainty from different GCMs is generally high. Savanna is
projected to lose area in the south (54 + 22 x 10" km?) while deciduous and evergreen forest are
supposed to expand (64 + 13 x 10* km”and 77 + 26 x 10° km?). The study indicates that at the scale
analyzed, spatial distributions and transitions of biomes are governed by climate. The expected
northward spread of grassland into the Sahara and the replacement of savanna by deciduous forest are
concordant with results from Cramer et al. (2001) and Scheiter & Higgins (2009), who attributed the
greening to increased CO, levels (higher water-use efficiency, fertilization effect). Heubes et al. 2011
indicate that climatic change alone can yield this pattern and assume that the biomes will follow shifting
rainfall patterns caused by climate change. However, Luedeling (personal communication) casts doubt
on the results that despite rising temperatures of approximately 2°C until 2050 and hence higher
evapotranspiration, parts of the Sahara desert are expected to re-green. If only three climate variables
(annual mean precipitation; minimum temperature of the coldest month; precipitation of the driest
quarter) were used, higher expected rainfall may be balanced by higher evapotranspiration. Distribution
of rainfall needs to be considered as well. This is only incompletely captured through the precipitation
of the driest quarter of the year, which will likely continue to be zero in the drier parts of the study area.
Temperature minima will probably not be critical for vegetation, but temperature maxima may well
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exceed the tolerable ranges of many species. The process used to select the variables for the biome
modelling needs to be evaluated critically when it would have been possible to use the original 19
climate variables that reflect a much better picture of temperature extremes and rainfall distribution.

An indirect measure of the impacts of climate change on agroforestry systems can be derived by
projected shifts in vegetation zones. The Vegetation and Climate Change in Eastern Africa (VECEA)
project developed a high resolution map of potential natural vegetation for seven African countries
(Ethiopia, Kenya, Malawi, Rwanda, Tanzania, Uganda and Zambia) and made this map available in atlas
and online formats (Fig. 4; Lillesg et al. 2011; van Breugel et al. 2011b). Various country-specific
vegetation maps were harmonized through the development of a regional classification system of
vegetation followed by an informed adjustment of vegetation boundaries (van Breugel et al. 2011a).
Several of the national maps built on extensive ecological and botanical field surveys. Among the
various potential application domains of the VECEA map, it can be readily used as a tree species
selection tool since each vegetation type is accompanied by an extensive list of “useful tree species”
(Kindt et al. 2011a; 2011b; 2011c; 2011d). Because reliable point-location data remain scarce for the
majority of those tree species that can be integrated in forestry and agroforestry systems, the VECEA
map is expected to provide a more reliable proxy of habitat suitability for a greater number of species
than would be inferred by species distribution models. The VECEA map is also likely the best possible
tree seed zonation map for the countries that it covers. By applying the precautionary principle that
planting materials (such as seeds, seedlings or cuttings) of the same species should not be transferred
across vegetation boundaries, failure of agroforestry or other tree planting projects due to a breakdown
of genetic adaptation can be significantly reduced.

Baseline
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Rwanda
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Zambia \/ Z $ Zambia i N s, '

N . { 3 / Malawi 20805
S /’)M ,/ ° A1B emissions
] alawi

CCCMA-CGCM31 GCM

Left: modeled distribution of potential natural vegetation types in the VECEA map under long-term average conditions. Right: projected
changes in the distribution of potential natural vegetation types under scenario A1B (model CCCMA-CGCM31). Full legends describing all
vegetation types can be found in Lillesg et al. (2011).

Figure 4: Since each vegetation type (shown in different colours) is accompanied by an extensive list of “useful
tree species”, the VECEA map can be directly used as a spatially explicit selection tool for current and possible
future climates
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Another application domain of the VECEA map is to project the possible effects of climate change. Each
of the vegetation types that were known to be primarily under climatic control were subjected to
suitability modelling through the maximum entropy algorithm; a consensus algorithm was subsequently
used to assign the vegetation type with highest probability to each raster cell of the VECEA map (van
Breugel et al. 2011b). With the exception of desert regions, this approach resulted in a very good
approximation of the actual VECEA map. By extrapolating the modelling approach to possible future
climates (available as statistically downscaled climate distribution layers), possible shifts in the locations
of vegetation types were predicted (see Figure 4). Preliminary results showed that the choice of IPCC
scenario or choice of General Circulation Model resulted in clear changes in the distribution of
vegetation types. However, for many places the same vegetation type was predicted to occur for all
scenarios or models. These results need to be interpreted with extreme caution since for many areas in
the projected maps, probabilities of occurrence were low for all vegetation types, including the
vegetation type chosen by our model as the most likely to occur (van Breugel et al. 2011b). These areas
of low probabilities correspond to areas with climatic conditions that are currently rare or new. It
should be noted that using species distribution modelling for climate change impact projections relies
on a number of assumptions (Garcia et al. 2012). For example, biotic factors affecting ecosystems, such
as pests and disease organisms, pollinators and microsymbionts, are assumed to migrate at rates
corresponding to shift in vegetation types. It is also possible that new species assemblages will become
established in novel climate regimes. Caution should thus be applied in interpreting the results from
species distribution modelling studies.

Uncovering past responses on trees to understand the impacts of climate change

The techniques of tree-ring measurement and stable isotope analyses have been widely used to
understand the long-term impacts of climate variations at the species, community and landscape levels,
particularly in temperate regions. In tropical regions, however, the technique has only recently been
introduced (Gebrekirstos et al. 2008; Gebrekirstos 2009). Gebrekirstos et al. (2008) studied long term
climate growth relationships to assess differential drought impacts of co-occurring dry land species in
Ethiopia. The results showed that during the period 1930-2006 about 17 severe and moderate droughts
occurred during which all the studied species (Acacia senegal, Acacia seyal, Acacia tortilis and Balanites
aegyptiaca) showed growth reductions of up to 90%. Strong declines in tree-ring width correlated
remarkably well with past El Nifio Southern Oscillation (ENSO) events and drought/famine periods in
Ethiopia. Spectral analysis of the tree-ring chronology indicated occurrences of periodic drought events,
which fall within the ENSO spectral peak equivalent to 2-8 years. Annual growth variations of all species
were positively correlated with precipitation amount (Fig 5). However, the amount of decrease in the
ring width index during drought and increase in moist years varied among the studied species.
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Figure 5: Master ring width indices and rainy season precipitation (June to September)

By using the growth information and stable carbon isotopes Gebrekirstos et al. (2011a) distinguished
two contrasting water use strategies and competitive advantages. Species with lower mean d13C values
(A. senegal and A. seyal) showed better growth during moist years. Thus, they indicate low water use
efficiency (WUE) and opportunistic water use strategy. On the other hand, A. tortilis and B. aegyptiaca
showed relatively better growth performance and less increase in d13C in drought years, reflecting their
high WUE and conservative water use strategy. These results suggest that d13C in tree rings can be
useful in estimating historic changes in plant WUE and hence in screening drought tolerant species in
the face of expected climate changes, as well as for assessing the functional diversity and risk reduction
in mixed vegetation. This has implications on adaptation, for example, under drought prone conditions:
species with a wide capacity to withstand hydrological changes may be an advantage while species with
better growth performance could be suitable in areas of non-limiting water conditions. From similar
studies in parkland agroforestry systems in West Africa, Gebrekirstos et al. (2011b) reported moisture
and temperature to have significant effects on tree growth during the growing season, with the most
important months being June to August. The strong climatic signal contained in stable oxygen isotope
variations in tree rings will be useful to understand the hydrological cycle in the region.

Therefore, uncovering past responses to climate change could help in understanding the impacts of
climate variability and the way society and ecosystems respond to them and it provides a huge
potential to make informed climate projections.

Using information from genetic trials and studies in natural populations in climate change
adaptation planning

In regions where there are strong geographical gradients in rainfall, one would expect significant
genetic and phenotypic variation in tree growth, wood properties and other variables correlated with
tree growth along the rainfall gradients. This information can be used to plan diversification of
parklands for future climatic conditions. For example, if provenances from drier locations have better
growth and survival when tested in dry sites and it is expected that the climate will become drier in the
future, then it would be prudent to use seed from the drier locations for future plantings in the region.
In this section, we present a few examples of results from provenance/progeny trials and studies in
natural populations to show how they can be used in adaptation planning.
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Rural communities in the West African Sahelian and Sudanian ecozones value more than 90 native
tree/shrub species for fuelwood, construction wood and other wood products. However, there are only
two studies of genetic variation in tree growth and wood properties of native tree species related to the
rainfall gradients in West African Sahelian-Sudanian ecozones, but they confirm that there is significant
genetic variation related to rainfall, presumably reflecting the effects of natural selection over many
generations. Provenances/progeny trials of Prosopis africana and Balanites aegyptiaca were established
at one relatively dry site in Niger: seeds for the trials were collected in Niger (both species) and in
Burkina Faso (P. africana only). Results indicate that provenances of both species originating from drier
locations had significantly better above-ground growth compared to provenances originating from
more humid locations (Weber et al. 2008; Weber and Sotelo Montes 2010). In addition, survival and
wood density of P. africana was significantly greater for provenances originating from the drier
locations (Weber et al. 2008; Sotelo Montes and Weber 2009). In contrast, calorific value of the wood,
which expresses the energy content for use as fuel, was greater for provenances of both species
originating in more humid locations (Sotelo Montes et al. 2011). Based on these results and considering
projected climate change, researchers recommended that it would be prudent to (a) collect seed of
these species (and other species) in drier locations for future planting in the region, and (b) multi-
location provenance/progeny trials of other species should be established and used for adaptation
planning in the region. These recommendations were adopted by an IFAD-funded development project
that works with rural communities in Burkina Faso, Mali and Niger.

SOCIOECONOMIC VULNERABILITY OF AGROFORESTRY TO CLIMATE CHANGE
Agroforestry systems may range from very open parkland type assemblages of trees with livestock or
dryland agriculture to dense imitations of tropical rainforests such as tree gardens. Determining
socioeconomic vulnerability of agroforestry systems is therefore compounded by the diversity of the
system as well as difficulty in distinguishing between climatic effects and other development related
factors that may affect resource-poor farmers. In addition, there is a strong temporal variation of
socioeconomic vulnerability because young agroforestry systems tend to produce little and may have
higher costs than returns while mature agroforestry systems will generally produce positive
externalities in terms of income, food security and ecosystem services.

This complexity is responsible for the small number of relevant studies that can clearly show how
agroforestry systems contribute to managing climate risk. Trees on farms may mitigate direct climate
impacts such as providing erosion control (Ma et al. 2009; Mutegi et al. 2008) or reducing the loss of
grain production in drought years (Sileshi et al. 2011). But most of the effects are indirect in the sense
that agroforestry tends to improve livelihoods and wellbeing and thereby reduces vulnerability to
climate impacts as much as development related factors (Neupane and Thapa, 2001; Mithoéfer and
Waibel, 2003; Garrity et al. 2010). For example, smallholder farmers in western Kenya plant trees
mainly as a living ‘savings account’ that allows them to pay for regular expenses (e.g. school fees) and
emergencies. They prefer Grevillea robusta as a boundary tree over most other species because of its
high growth rates, lack of competition with annual crops and the ability to prune it regularly for
firewood (Neufeldt, unpublished data). Most of the case studies presented below given below are
based on a comparison of normal years with drought or flood years since this is the best way to
evaluate the direct and indirect effects of agroforestry vs. conventional agricultural systems.
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Direct effects

Soil erosion is a serious problem in cultivated areas of the central highlands of Kenya as there is strong
negative correlated to maize production parameters. Mutegi et al. (2008) estimated how crop yields
might be affected by introducing different erosion control measures into the conventional maize
monocropping system. Their results showed that napier grass (Pennisetum purpureum) alone had the
highest erosion mitigating effects but that this was accompanied by a loss in maize production.
However, a combination of napier grass with leguminous shrubs (Leucena trichandra or Calliandra
calothyrsus) led to a reduction of erosion and an enhancement of maize production and soil fertility,
particularly in the second year of establishment of the hedges (Table 3). Identifying the multiple
interacting effects is therefore necessary to evaluate the vulnerability to agroforestry systems to
climate impacts. On the landscape scale Ma et al. (2009) showed that land-use change towards greater
tree density reduced surface flows during the monsoon in south-west China, offsetting a trend towards
greater rainfall. Although no economic data were collected in the study, it must be assumed that
greater surface runoff will increase soil erosion and deplete soil fertility with detrimental effects on
yields.

Table 3: Maize yield at Kirege farms in plots served by various vegetative hedges during the first and
second season of the trial

Treatment First season Second season Treatment mean
Maize grain (t ha™' £ ISE) Maize grain (t ha™' + ISE) Maize grain (t ha™' + ISE)

Control 2.2a 4+ 0.5 (121) 2.0a £+ 03 (122) 2.2a

Calliandra 1.9a + 0.4 (124) 32b+ 04 (124) 2.6ab

Leucaena 2.1a + 0.6 (125) 33b £ 05(116) 2.7b

Napier 0.9b + 0.1 (114) 2.1a 4+ 04 (115) 1.5¢

Calliandra + Napier 22a 4+ 0.7 (119) 3.4b +£ 08 (122) 2.8b

Leucaena + Napier 2.3a + 0.8 (122) 3.6b £ 0.6 (116) 2.9b

Values are mean yield + SE: values in parentheses represent the number of observations (n)

For each column, means followed by different letters indicate significant difference based on Fisher’s protected LSD test (P = 0.05)

Sileshi et al. (2011) used rain-use efficiency* (RUE) as an indicator to assess productivity of different
management systems independent of the precipitation effect. Figures 6 and 7 show this relationship for
sites in Zambia and Nigeria, respectively. The figures clearly show a general loss of productivity in two
drought seasons for all management systems studied. But maize associated with leucena showed higher
RUE and at least 50% higher yields than unfertilized maize. Though fully fertilized maize showed higher
RUE than maize associated with leucena in Zambia, leucena intercropped with maize fared better than
fully fertilized maize in the Nigeria case study. However, smallholder farmers in Zambia seldom use
more than one third of the recommended amount of fertilizer suggesting that the high RUE estimated
in the Zambia case may not be typical of field conditions. It should also be noted that in the Nigeria case
study, leucena with maize fared worst of all management practices until the second year and only
thereafter was effective in providing higher RUE and yields than all but the leucena and fertilizer
treatment. This is a feature often observed in agroforestry systems where the benefits accrue later than

4 Rain-use efficiency is defined as production divided by rainfall.
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in conventional systems. For resource-poor farmers with very high opportunity costs to land this may
lead to decisions made against implementation of trees on farms (Thorlakson and Neufeldt, submitted).
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Indirect effects

While the above mentioned mechanisms mitigate climate impacts in agroforestry systems directly,
most effects of agroforestry are expected to be indirect in the sense that agroforestry increases
farmers’ food security, livelihoods and income and thereby reduces climate vulnerability and raises the
adaptive capacities. There are few quantitative results so far and few provide specific evidence on
reduced climate vulnerability beyond a general increase in improved livelihoods and income.
Nonetheless, for resource-poor farmers, being able to manage their daily challenges better with
agroforestry is a clear indicator of reduced climate risk.

A study by Ajayi et al. (2005) evaluated the financial impact of agroforestry fallows in farmers’ fields
near Chipata, Zambia (Figure 4). Agroforestry in Zambia gives double the profit on investment that
continuous maize gives, though not as much as full fertilization. Smallholders, however, rarely apply
even one-quarter of the recommended rate of fertilizer. Greater cash flow provides greater security in
the face of climate change than typical subsistence production.

Table 4: Profitability of maize production ha™ using fertilizer tree fallows and subsidized
fertilizer options over a S-year cycle in Zambia

§ . i Description of land-use Net present Cost- benefit
Production sub-system .
i system value ratio
(US'$)
Continuous, no fertilizer . .
Contmuous maize for 5 years 130 2.01
Continuous fertilizer (subsidized at | _ . - -
50%) ( Continuous maize for 5 years 499 2.65
Continuous fertilizer . .
Continuous maize for 5 years 349 1.77

(at non-subsidized market price)

Gliricidia sepium 2 years of Gliricidia fallow

2 )
followed by 3 years of crop 269 291
2 v, v ; .

Sesbania sesban - years of S'esb('mm fallow 309 3.13
followed by 3 years of crop
P PR -

Tephrosia vogelli 2 years of Tephrosia fallow 233 277

followed by 3 years of crop

Note: Figures based on 1 ha. using prevailing costs and prices and an annual discount rate of 30%.

Source: Ajayi et al. (2004).

From 2008 to 2011, ICRAF’s Southern Africa region implemented the Agroforestry Food Security
Program (AFSP) in 11 districts in Malawi. In 2010 a study was done by ICRAF with 360 farm families in 12
extension areas across six districts to estimate the effect of the agroforestry technologies on maize
production. In 2011, a study was carried out by an independent assessment team with 483 farm
families in six extension areas of five districts to evaluate the contribution of AFSP to food security for
the major donor, Irish Aid. Farmer-reported maize yields with agroforestry were greater than those
without agroforestry in all districts of the study, and were significantly greater across all districts (Table
5). Significant differences between the first two treatments and the third and fourth treatments may be
due to increased micronutrients recycling in the cropping system with agroforestry compared with the
urea fertilizer most commonly used on maize. The near-doubling of yields gives the farm family more
choices among responses to increased variability of climatic conditions (Mwalwanda et al. 2012).
Farmers mentioned eating more often (30%); building up family food reserve (22%); selling food (25%);
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and exchange for farm inputs (13%) as most common uses of the extra yields. The family food reserve,
cash and farm input categories all represent reserves of value that that gives the family more flexible
responses to increased variability of climatic conditions. Farmers participating in AFSP also reported
slightly greater food security than non-participants, though the difference was not statistically
significant, and greater dietary diversity and higher-quality foods (CIE 2011). Families that consume a
greater variety of foods are better nourished and thus better able to tolerate food deficits, as well as
having greater flexibility of food choices in years in which cereal yields are low.

Table 5: Comparison of means of total maize yield at harvest (kg ha™)

Plot management Frequency Mean Standard error
Maize without fertilizer 36 1322 220.3
Maize with fertilizer 213 1736 119.0
Maize with fertilizer trees 72 3053 359.8
Maize with fertilizer trees and fertilizer 135 3071 264.3

Thorlakson and Neufeldt (submitted) analyzed coping strategies in western Kenya during a drought in
2009 and flooding in 2010. Results showed that farm productivity dropped by 60% and 39% in the
Lower and Middle Nyando catchment areas, respectively, which led to on average at least one month of
food shortage in addition to the 4.5 and 2.3 hunger months experienced in normal years. During the
hunger periods coping strategies consist of restriction in amount, diversity and number of meals taken
each day. Selling of livestock at between 75% and 50% of market prices was also a typical measure.
Farmers were also forced to use coping strategies that had detrimental effects in the long term such as
selling oxen, which would not be available for ploughing; consuming seeds reserved for planting; leasing
land; and engaging in casual labour. Farmers practising agroforestry typically used fewer of these
detrimental coping strategies during hunger periods. Farmers with mature trees were able to sell
seedlings, timber and firewood and consume fruit from their trees (Table 6). Farmers explained that the
most effective way to reduce their vulnerability to the climate-related hazards was to diversify income,
including off-farm income activities. Higher farm productivity also contributed to reducing the overall
climate risk.

Table 6: Proportion of farmers using coping strategies to deal with flood and drought in 2009-2010

Lower Nyando Middle Nyando
Treated Control Treated Control
B (%) (%)
Reduce quantity, quality or # of meals 82 66 54 86
Help from gov, NGO, church 40 47 11 25
Borrow money 31 40 29 46
Casual labor 24 40 32 18
Sell possessions or livestock 73 66 36 43
Consume seeds 67 80 50 71
Consume or sell fruit from trees 40 25 68 38
N= 45 15 28 28
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Thorlakson and Neufeldt (submitted) also showed that ensuring food security® appeared to be
necessary before farmers were willing or able to invest in longer-term processes for improving other
components of their wellbeing. This was evident when comparing the more food secure Middle Nyando
with the less food secure Lower Nyando areas. Lower Nyando farmers rarely focused on goals not
directly related to improving household food supply whereas Middle Nyando farmers frequently
discussed goals related to expanding land holdings, improving children’s education and investing in
long-term projects to ensure financial security.

These results are complemented by Kristjanson et al. (accepted) who showed that proxies for food
security were strongly correlated with farmers’ ‘innovativeness’. The baseline survey was carried out in
five 10x10km? sites in Ethiopia, Kenya, Uganda (2) and Tanzania and included responses of 700 farmers
across a range of agricultural systems and environments. This study contributes to the evidence base of
what smallholders are doing to adapt to changing circumstances, including a changing climate. They
found that many households are already adapting to changing circumstances, and their changes tend to
be marginal rather than transformational in nature, with relatively little uptake of existing improved
soil, water and land management practices. The study was not able to identify the direction of the
relationship, i.e. whether farmers who were more innovative were more food secure or whether food
insecure farmers were not able to invest in more innovations. Most likely both interpretations are
correct to some extent. The first interpretation would suggest that looking at the innovations of food
secure farmers might help to scale up promising technologies. The second interpretation might imply
that assisting food insecure farmers to invest in innovations, such as planting trees on farms may not be
very effective.

Simelton et al. (2012) and Nguyen et al. (under review) identified similar effects of weather extremes on
long-term food security in northern and central Viet Nam. Next to harvest loss that hit the farmers
immediately, indirect effects such as damages on irrigation infrastructure or loss of seeds for planting
can be very significant. In addition there are impacts of a changing climate on the farming system that
may require adjusting the farming calendar and could affect subsequent crops. In response to climate
shocks poorer farmers in central Viet Nam exploit forests for income whereas better-off farmers invest
in strategies that manage risk, e.g. fertilizer and soil management, animal husbandry and investment in
multipurpose trees on farms.

In order to overcome some of their vulnerabilities, poor farmers often rely on social safeguard systems
(as opposed to financial safeguards). Chaudhury et al. (2011) described how social protection improves
farmers’ adaptive capacity and risk management in agroforestry contexts. Through case studies from
Zambia and Honduras the paper demonstrated that linkages between social protection and adaptive
capacity reinforce each other such that natural resource management through agroforestry leads to
improved social protection and boosts adaptive capacity.

5
Farmers defined food security as the ability to obtain an adequate diet for all household members throughout the year without being forced
to use long-term savings to purchase food.
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