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Abstract

Agroforestry, the inclusion of woody perennials within farming systems, has been
widespread throughout the tropics as a traditional land use developed by subsistence farmers
and, more recently, as an important livelihoods’ option promoted by land-use managers and
international development agencies. Agroforestry systems range from subsistence livestock
and pastoral systems to home gardens, alley intercropping, and biomass plantations with a
wide diversity of biophysical conditions and socio-ecological characteristics. A quantification
of the extent of agroforestry globally was first attempted by the World Agroforestry Center in
2009 in order to address the widely varying estimates about its importance. Since then, the
global remote sensing dataset upon which that estimate was based has been updated, both
with improved quality and now including annual datasets available for 11 years (2000-2010).
The geospatial analysis of remote sensing-derived global datasets conducted in 2009
investigated the correspondence and relationship of tree cover, population density and
climatic conditions within agricultural land at 1 km resolution. This has now been reanalyzed
based on the improved data, along with an investigation of change trends from the years 2000
(averaged 2000-2002) to 2010 (averaged 2008-2010). Among the key results are that 1)
agroforestry appears to increase globally both in extent and in number of people associated
with it; 2) remains a significant feature of agriculture in all regions; 3) that its extent varies
significantly across different regions (for example, more widespread in Central America and
less in East Asia); 4) that tree cover is strongly positively related to humidity; and that 5)
there are mixed relationships between tree cover and population density depending on the
region. Agroforestry, if defined by tree cover on agricultural land of greater than 10%, is
widespread: found on more that 43% of all agricultural land globally, where 30% of rural
populations live. Based on our current analysis, this land-use type represents over 1 billion
hectares of land and more than 900 million people. Agroforestry is particularly prevalent in
Southeast Asia, Central America, and South America with over 50% of area under
agroforestry. Globally, the amount of tree cover on agricultural land increased substantially in
the decade under investigation, with the area of >10% tree cover increasing 3%, or more than
828 000 km?. South America showed the largest increase in area with >10% tree cover: more
than 489 000 km?: an increase of 12.6%. South Asia also showed a large increase (6.7%),
along with East Asia (5%), Oceania (3.2%) and Southeast Asia (2.7%). In Central America,
the area with >10% tree cover increased by 1.6% to become 96% of all agricultural land. For
Sub-Saharan Africa, we found an increase of 2%. Only Northern and Central Asia showed a
decrease: - 2.9%. Tree cover apparently is still on the increase as a common feature on
agricultural land throughout the world. It is essential that this is recognized by all involved in
agricultural production, planning and policy development.

Keywords: land use, spatial modeling, trees, agroforestry, global
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1 Introduction

The inclusion of trees within farming systems, herein referred to as agroforestry, is and has
been a traditional land use developed by subsistence farmers throughout almost all of the
regions of the world, except where it is too dry or too cold for trees. It is a livelihoods’ option
often mentioned and increasingly promoted by land-use managers and international
development agencies. Over the last 40 years, agroforestry has become a subject for
systematic study and improvement, notably with the establishment of the International Centre
for Research in Agroforestry (ICRAF) in 1978 (rebranded as the World Agroforestry Centre
in 2002). More recently, agroforestry has come to the attention of global analysts and policy
makers concerned with environmental sustainability and climate-change adaptation..

(Leakey 2012, Nair and Garrity 2012, FAO 2013), building on earlier policy reports such as
NEPAD (2003), Hassan et al. (2005) and UNFCCC (2008).

Removal of trees from landscapes has for long been seen as a sign of intensification and
progress, especially where mechanization of agriculture was involved. Agricultural policies
in Europe until recently not only assumed that there wouldn’t be any trees but made tree-
planting experiments illegal. Tree cover on agricultural lands thus has had to catch up with
misperceptions and lack of recognition, similar to the ‘trees outside forests’ as defined by the
Food and Agriculture Organization of the United Nations (de Foresta et al 2013) as
complements of trees inside forests.

In order to address the widely varying estimates about the prevalence and importance of
agroforestry as a land use, a quantification of the extent of agroforestry at the global level
was first attempted by the authors using then-available remote sensing datasets, and reported
in a working paper published in 2009 (Zomer et al 2009). We used a 1 km? resolution, tree-
cover data set together with a global land-use layer to investigate the occurrence of
agroforestry, which we defined as tree cover on agricultural land when viewed at the scale of
data available. We mapped and described the patterns of occurrence in relation to climate and
population density. Since then, the global remote sensing dataset upon which that estimate
was based (Hansen et al 2005, Collection 3) has been updated (Collection 5), both with an
improved resolution (250 m) and higher quality. Further, it now includes annual datasets
available for 11 years (2000-2010). Hence we can now reanalyze the global patterns of
agroforestry based on the improved data. At the same time, we can now also investigate
change trends from the years 2000 (averaged 2000-2002) to 2010 (averaged 2008-2010).

Zomer et al. (2009) was a first attempt to quantify the extent of agroforestry at the global
level, and as such, was a work in progress. Several surprising results were reported, not the
least of which was the unexpectedly high level of the extent of agroforestry worldwide.
Approximately 46% of all agricultural land had at least 10% tree cover. Among the key
results were that agroforestry is a significant feature of agriculture in all regions of the world;
that its extent varies significantly across different regions (for example, more significant in
Central America and less in East Asia); that tree cover is strongly positively related to



humidity; and that there are mixed relationships between tree cover and population density,
depending on the region.

Despite this apparent ubiquity and importance, it has been hard to find reliable data on the
actual extent of agroforestry around the world (Table 1). This lack of data, and more
fundamental misconceptions of what agroforestry is, had led to an assumption that it is
globally of little importance. Such misunderstandings lead to suboptimal policy decisions and
can best be reversed by providing objective, data-based measures of the extent of
agroforestry. Zomer et al (2009) set out with the aim of answering one basic question: How
much agroforestry land is there and where is it?

However, agroforestry systems are not easily defined, ranging from subsistence, livestock,
silvo-pastoral systems through home gardens, on-farm timber production, tree crops of all
types integrated with other crops to biomass plantations, all operating within a wide diversity
of biophysical conditions and socio- ecological characteristics. More recently, the term has
come to include the role of trees in landscape-level interactions, such as nutrient flows from
forest to farm, or community reliance on fuel, timber or biomass available within an
agricultural landscape. As such, we set out to understand the extent and distribution of trees
on agricultural land at the landscape level, including the numbers and characteristics of
farmers and farming communities within those landscapes, in order to assess the importance
and role of agroforestry both to the livelihoods of farming communities as well as to global
agricultural production. It is our contention that understanding the geographic, ecological and
demographic distribution of agroforestry-related land uses highlights those areas where
increased tree densities make a greater contribution to livelihoods or landscapes. Based on
this premise, once we had a viable analytical method, we realized it would provide much
richer data that could answer further questions:

e How many people are associated with agroforestry?

e What patterns can be seen in the density of people on agroforestry land? What
patterns of tree cover can be seen across different densities of people?

e How are the patterns of tree cover, population density and their interactions
affected by climate and basic ecology?

The updated and higher resolution tree-cover data used in this current analysis, with its higher
quality and improved accuracy, allows us to further refine and improve the estimate of the
extent of agroforestry based on our previous methodology. In addition, this dataset now has
11 years of data so that we are able to analyze the trends, magnitude and direction of changes
in the extent and coverage of tree cover on agricultural land over the recent decade.



2 Measuring the extent of agroforestry

In the current analysis, we adopt the same definition for agroforestry and the same general
analytical approach used by Zomer et al (2009). As described in the earlier ICRAF Working
Paper, for many years the term ‘agroforestry’ was applied to particular arrangements of trees
in crop and animal production systems. This view was summarised as follows.

Agroforestry is a collective name for land-use systems and technologies, where woody
perennials (trees, shrubs, palms, bamboos etc.) are deliberately used on the same land
management unit as agricultural crops and/or animals, either in some form of spatial
arrangement or temporal sequence. In agroforestry systems there are both ecological and
economical interactions between the different components.

ICRAF 1993

Based on this view, several authors have produced estimates of the extent of particular
systems, summarized in Zomer et al (2009). In that paper, we also discussed the problem of
describing agroforestry as a series of technologies and associated attempts to estimate its
extent.

The current view of agroforestry, used in this and our previous analysis, is not as a collection
of technologies but of trees included in agricultural landscapes. For example, Schroth and
Sinclair (2003) note that agroforestry is increasingly recognized for its ecological and
economic interactions at the landscape scale.

This changes the measurement problem considerably, for we have global databases that can
be combined and interpreted to generate relevant information. Three data sources were used.

e Global land use. Spatial data layers exist which classify any pixel as agricultural
or some other land use.

e Global tree cover. Remotely sensed data has been interpreted to give estimates of
the percentage of tree cover in a pixel.

e Global population. Spatially disaggregated population layers are available which
give an estimate of population in any pixel and can be used to measure the extent
of agroforestry in terms of population.

Details of the data sources are given in the Methods section and further described in Zomer et
al (2009). ‘Landscape scale’ is not precisely defined. However, each of the above data
sources is available, at least, at a minimum resolution of 1 km x 1 km resolution. This
corresponds roughly to a common notion of ‘landscape scale’. Thus, we looked at the 1 km x
1 km grid cells that are classified as ‘agriculture’ and found the percentage of tree cover in
each. This varied from 0% —clearly not agroforestry—up to close to 100%, though most
pixels with high tree cover have not been classified as agricultural. It is not necessary to
choose a cut-off value for tree cover below which we do not consider the landscape as being
an agroforestry landscape. Most results can be presented as a continuum of patterns from
low-to-high tree cover, a continuum which represents reality better than any arbitrary cut off.

We can then assume the population estimated as living in the 1 km x 1 km pixel is in some
sense ‘connected with’ that agricultural landscape and its trees. While we do not know the
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extent to which those people depend on the agroforestry landscape, it is reasonable to assume
that at the 1 km scale they are influenced by, and influence, that landscape.

The limitations of this approach are numerous, with the major ones being outlined in the
Discussion and previously discussed in Zomer et al (2009). However, we believe it has been
a step forward compared with other estimates to date, particularly when it is understood as a
global assessment, and that the current analysis significantly improves and refines our
estimates and understanding. We do not expect the results of every grid cell to closely match
an observation on the ground but expect the broad patterns to be revealing.

The changes over the period from 2000 to 2010 described in this analysis are changes in tree
cover only. We have used a land-cover layer from 2000, that is, the same used in the previous
Zomer et al (2009) analysis. Thus, we can describe the changes in tree cover on land
classified as agricultural in 2000. There may be additional changes owing to land becoming,
or stopping being, agricultural during that time.



3 Methods

3.1 Geodatasets

The global geospatial analysis in Zomer et al (2009) combined tree cover, with land-use
classification, population density (disaggregated by a delineation of rural extent) and an
aridity index. In this current analysis, we have used all the same basic datasets, with the
exception of the now-updated and multi-year (that is, 11 years) tree-cover data, described in
detail below. We did this partly to maintain continuity and comparability with the earlier
analysis but also because there have been no updates of the previously used global datasets.

The spatial modeling procedure was developed and implemented in ArcGIS 10.2 (ESRI Inc.)
using both ArcAML and Python programming language. All datasets used for the analyses
have been re-projected into two coordinate systems: sinusoidal and geographic. The
sinusoidal projection has been used to calculate zonal statistics and carry out areal
computations as it represents area extent accurately across latitudes (that is, equal-area
projection). The cell size for analyses in sinusoidal projection is 1 km?. The datasets in
geographic coordinates are used for map presentation purposes.

The geodatasets used in the current analysis are listed below. They are described more fully
and mapped in the appendix of Zomer et al (2009).

e VMAP 0: Country Boundaries (NIMA 1997)

e MODA44B MODIS Vegetation Continuous Field Coll. 3-2000: Percent Tree
Cover (Hansen et al 2003)

e MOD44B MODIS Vegetation Continuous Field Coll. 5-2000 through to 2010:
Percent Tree Cover (DiMiceli et al 2011)

e Global Land Cover 2000 database (GLC 2000)

e Global Rural-Urban Mapping Population (GRUMP v. 1) (CIESIN 2004)

e Aridity Index (Zomer et al 2007) (see below for a relabeling of this index)

3.1.1 Land-cover categories

Three agricultural land-use types from the Global Land Cover Class scheme used for the
Global Land Cover 2000 database were selected as relevant for the specific objectives of this
work: Cultivated and managed areas (Agriculture — intensive), Cropland/Other natural
vegetation (non-trees) (Mosaic agriculture/degraded vegetation) and Cropland/Tree Cover
Mosaic (agriculture/degraded forest).

Although at first the Cropland/Tree Cover Mosaic type seems to identify agroforestry
systems, we noted that the mix of forest and agriculture does not occur at discrete intervals
but is a gradient where the two components of landscape-level agroforestry mix within the
landscape. The mix of tree cover over agriculture land is depicted along a continuous gradient
by the MODIS VCF tree-cover dataset, within the relevant GLC2000 land-cover type. Tree
cover shows the percentage of the 1 km?grid cell occupied by trees, therefore, at this
resolution of 1000 m, the tree-cover percentage can be expressed as hectares (ha) of tree
cover per km?. At 100% tree cover, the whole grid cell is occupied, that is, 100 ha/km?.
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3.1.2 Aridity—Wetness Index

A global model of aridity (Zomer et al 2006, 2007) was used to stratify ecological conditions
based on climatic and agro-ecological characteristics. Aridity is expressed as a function of
precipitation, temperature and potential evapotranspiration (PET). Based upon an attempt to
classify climatic zones by moisture regime, the Aridity—Wetness Index (AWI) guantifies
precipitation deficit over atmospheric water demand as:

Aridity-Wetness Index (AWI) = MAP / MAE [1]

where:
MAP = mean annual precipitation

MAE = mean annual evapotranspiration

3.1.3 Tree-cover data

The MOD44B MODIS/Terra Vegetation Continuous Fields Dataset (VCF) — Collection 3
(Hansen 2003) was developed by the University of Maryland and provides global estimates
of vegetation cover in terms of woody vegetation, herbaceous vegetation and bare-ground
percentages. It was developed using the 7 MODIS bands with highest resolution (500 m) and
field data collected across the globe as training data. The training data and phenological
metrics were used with a regression method (and some human intervention) to derive the
global assessment of tree-cover percentage. Quantifications of the accuracy of the MODIS
VCF (Hansen et al 2003) and other continuous-field datasets (for example, Homer et al 2004,
Asner et al 2009, Rollins 2009, Hansen et al 2011) have been scarce but indicate that the
MODIS VCF dataset tends to overestimate tree cover in sparsely treed areas and
underestimate cover in dense forests (Sexton et al 2013). The latter is likely due to the
saturation of the MODIS VCF tree-cover estimates at approximately 80% cover and the
former is likely due to poor discrimination between trees and dense herbaceous vegetation.

The updated MOD44B MODIS VCF — Collection 5 dataset used in the current analysis
improves upon this methodology and provides data at the higher resolution of 250 m.
Improved training data and the implementation of new and improved data mining software
have resulted in much greater accuracy in the final product without human intervention (see
User Guide for VCF Collection 5 — Version 1). Overall the output is substantially better than
the previous 500 m version in spatial detail and coherence. A limited amount of validation
performed using field data from two sites in Maryland and three sites in Brazil, South
America (see User Guide for VCF Collection 5 — Version 1) show that the new Collection
5VCF product is substantially more accurate compared to ground-based measurements of
canopy cover with as much as a 50% improvement in RMSE between the two versions.
Notably, accuracy was significantly improved within agricultural areas and forest clearings.



3.2 Processing and presenting results

In the case of the VCF Tree Cover — Collection 5 dataset used in the current analysis, the 250
m resolution grid cells were aggregated to 1 km resolution, as was done in the previous
analysis with the Collection 3 dataset. All the geodatasets have been masked to exclude areas
which are either non-agricultural land-use types or urban areas. Successively, the agricultural
land extent has been stratified for each tree-canopy cover value (0 to 100), by population
density, aridity index and subcontinents (North America, Central America, South America,
Europe, North Africa, West and Central Africa, Eastern and Southern Africa, Western Asia,
Northern and Central Asia, South Asia, East Asia, Southeast Asia, Australian Area). Within
each stratum, or within specific aggregation of strata, zonal statistical values (mean, sum,
total area, percentiles, areal distribution etc) were summarized to describe those factors of
interest for this study: tree-canopy cover (percentage), total population and population
density. Only results from developing countries are highlighted in this report, although the
analysis is complete for the total global extent of the datasets, and tables contain results from
all regions.

Cumulative agricultural area and cumulative population is presented at decreasing tree-
canopy cover to infer at global and subcontinent scales the total population and area engaged
above any specific tree-canopy cover values. In a second stage, the same cumulative
distribution of population and total agricultural land in function of tree-canopy cover has
been disaggregated for five different aridity classes (Al < 0.45 or arid, 0.45 < Al < 0.6 or
semi-arid, 0.6 < Al < 0.8 or sub-humid, 0.8 < Al < 1.0 or humid, Al >1.0 or very humid) to
show how climate regimes might differentiate specific patterns of interdependence between
tree-canopy cover with population pressure (total population and average population density)
and land surface available for different geographical areas.



4 Results

The characteristics, assumptions and limitations of the data layers and methods condition all
the results. These are discussed in Section 5. The results should not be used or quoted without
understanding these limitations.

We focus on two aspects of the results here. The first is an update to the results of Zomer et al
(2009) of the global patterns on agroforestry in 2000 owing to the improved tree-cover layer.

The second is the description of changes in tree cover from 2000 to 2010 as detected with the
currently available dataset.

4.1 Updated estimates of the extent of agroforestry in the year 2000

4.1.1 Comparison of the tree-canopy cover on agricultural land in the year
2000 between VCF Collection 3 and Collection 5

The difference in tree-cover percentage between the updated VCF Collection 5 (VCF-C5)
and the VCF Collection 3 (VCF-C3) dataset used previously is mapped in Figure 1. There is
a strong coherence in the patterns of difference between the two estimates. For example, there
are large reductions in estimates of tree cover on agricultural land particularly evident from
West Africa, Tanzania, parts of Ethiopia, Brazil and Nepal. The new estimates of tree cover
tend to be higher in China, northwestern India, parts of Argentina, and the eastern coast of
Mexico.

Difference (%)
C5-C3
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Figure 1. Percentage of tree cover in the year 2000, showing the difference (C5 minus C3) between two datasets
for the same year: Collection 5 and Collection 3

A comparison of the amount of agricultural land with greater than 10%, 20% and 30% tree
cover in the year 2000 (tables 1 and 2) shows significant differences between the earlier
analysis based on VCF-C3 and the current analysis using the updated VCF-C5. The
percentage of agricultural land with greater than 10% tree cover globally is reduced from
46% in the VCF-C3 to 40% in the VCF-C5, amounting to a reduction of more than 1.1
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million km?. Similar substantial reductions occur in the VCF-C5 for greater than 20% (27%
or 6% less than C3) and greater than 30% (17% or 4% less). Nevertheless, these still continue
to represent substantial areas of agricultural land with significant tree cover (more than

10.1 million km? with greater than 10% tree cover). Likewise, substantial reductions in the
estimates of agricultural land with tree cover are seen in South America (from 81% to 52 %),
Sub-Saharan Africa (from 47% to 27%), Southeast Asia (from 82% to 77%) and Central
America (from 98% to 92%). On the other hand, we see increases in the revised estimates for
2000 using the VCF-C5 for East Asia (from 23% to 45%), Northern and Central Asia (from
27% to 35%), and Oceania (from 24% to 29%).

Table 1. Comparison of the amount of agricultural land in the year 2000 (km?) with greater than 10%, 20%,
30% tree cover, showing the difference between the previous report (Collection 3) and the current data
(Collection 5)

>10% >20% >30% Agriculture (>0%)
Tree cover
Collection Collection Collection Collection Collection  Collection Collection Collection
3 5 3 5 3 5 3 5

Region

North America 800,632 838,372 528,745 513,481 346,194 311,648 2,073,358 2,073,352
Central America 265,057 247,708 217,731 188,092 140,165 134,218 269,503 269,503
South America 3,159,991 2,018,713 1,726,431 1,141,032 887,714 704,487 3,888,964 3,888,963
Europe 914,122 1,135,205 529,438 471,390 354,654 245,291 2,301,065 2,301,062
North Africa / 1052908 117,000 58,508 59,830 38,956 34,504 1,138,842 1,138,842

Western Asia

Sub-Saharan 1,875,543 1,089,278 974,333 528,602 595834 345302 3,964,974 3,964,972

Africa

ggﬁgg{lggd 657,008 866,020 299563 235548 160,946 89,286 2,473,698 2,473,698
South Asia 389,056 341,064 161463 122,070 97,160 70,837 1,828,928 1,828,926
Southeast Asia 1,346,888 1,266,843 1,059,471 980,562 826,577 768,476 1,652,548 1,652,548
East Asia 417,273 803,968 273,466 365767 188,122 167,104 1,800,449 1,800,443
Oceania 190,466 230,185 128487 150,724 108,202 110,471 790,875 790,875
Global Total 10,121,334 8,954,356 5957,726 4,757,008 3,744,514 2,981,624 22,183,204 22,183,184




Table 2. Comparison of the percentage of agricultural land in the year 2000 with greater than 10%, 20%, 30%
tree cover, showing the difference between the previous report (Collection 3) and the current data (Collection 5)

Tree cover >10% >20% >30%

Collection Collection Collection Collection Collection Collection

3 5 3 5 3 5
Region
North America 39 40 26 25 17 15
Central America 98 92 81 70 52 50
South America 81 52 44 29 23 18
Europe 40 49 23 20 15 11
North Africa/Western 9 10 5 5 3 3
Asia
Sub-Saharan Africa 47 27 25 13 15 9
Northern and Central 27 35 12 10 7 4
Asia
South Asia 21 19 9 7 5 4
Southeast Asia 82 77 64 59 50 47
East Asia 23 45 15 20 10 9
Oceania 24 29 16 19 14 14
Global total 46 40 27 21 17 13

4.1.2. Updated estimates of tree-canopy cover on agricultural land in the year
2000 (2000-2002 averaged) based on VCF Collection 5

Tree-canopy cover on agricultural land has been tabulated for all years available in the VCF-
C5 dataset, that is, from 2000 to 2010 (Table 3). Variation in the estimates from year to year
appears to be high and not consistent with the expected year-to-year change. There is a fair
amount of ‘noise’ in the year-to-year estimates, which can be expected from having a
significant coefficient of variation associated with the quality of the remote-sensing dataset
and seasonal and other confounding factors affecting the classification algorithm used in the
VCF-C5 processing. In order to reduce the effect of this variability in estimates of change
during the period, we have averaged the first three years of the dataset (2000-2002) and the
last three years (2008-2010) and use these averaged results as the beginning and end points
for the change analysis. A comparison of the results when examining the difference between
the years 2000 and 2010, and when using the averaged results, shows minor but significant
differences in the results obtained (tables 4 and 5). Based on this result, we use the averaged
results for the years 2000-2002 and 2008-2010 for all the VCF-C5 estimates presented in
this analysis and compare the VCF-C5 2000-2002 averages to the 2000 VCF-C3 estimates in
Zomer et al (2009).
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Table 3. Percentage of tree cover on agricultural land based on VCF-Collection 5, showing yearly averages for
each year from 2000 to 2010

Sub-continent 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 Dlierence
2010-2000
North America  13.8 139  13.7 13.8 142 139 139 143 145 147 139 0.1
Central 331 320 324 329 316 31.6 356 362 342 342 346 15
America
South America  17.7 172 181 171 183 183 190 185 187 187 19.9 2.2
Europe 142 142 135 125 144 141 147 149 147 147 145 0.3
North
AfricalWestern 4.4 4.4 4.8 47 46 47 49 50 48 48 53 1.0
Asia
i;‘rﬁ;:ahara” 106 110 118 116 106 111 120 114 112 112 105 0.1
Ne T EIe 100 9.2 86 102 97 88 104 100 96 96 7.9 21
Central Asia
South Asia 76 84 8.7 82 90 95 100 90 94 94 95 1.9
Southeast Asia  31.2 309 31.8 311 30.8 322 319 331 325 325 340 2.9
East Asia 133 125 131 133 135 133 131 146 145 145 150 17
Oceania 130 140 128 143 134 139 143 136 145 145 151 2.1
Global 140 139 142 140 142 144 149 148 148 147 148 0.8
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Table 4. Amount of agricultural land (km?) with greater than 10%, 20%, 30% tree cover—A) based on single-
year data for the years 2000 and 2010; B) using 3-year averages (2000-2002 and 2008-2010)—for the early and
late part of the decade

Tree cover >10% >20% >30% g%g‘/j)“'t“fe
A. Single year 2000 2010 2000 2010 2000 2010
North America 838,372 859,744 513,481 509,672 311,648 302,460 2,073,358
Central America 247,708 253,396 188,092 201,846 134,218 142,667 269,503
South America 2018713 2,597,784 1,141,032 1,294,088 704,487 750,424 3,888,964
Europe 1135205 1,099,076 471,390 492,165 245,291 279,633 2,301,065
\';'Vc:;':e":rf;/a 117,000 128,980 59,830 66,818 34,504 41,388 1,138,842
i;‘r?é:ahara” 1,089,278 1,137,864 528,602 582,064 345,302 353,961 3,964,974
Northern and
Contiel Ao 866,020 584,828 235,548 212,692 89,286 90,460 2,473,698
South Asia 341,064 493,723 122,070 155,832 70,837 76,643 1,828,928
South-EastAsia 1,266,843 1,286,085 980,562 1,029,377 768,476 839,893 1,652,548
East Asia 803,968 908,811 365,767 418,861 167,104 232,268 1,800,449
Oceania 230,185 296,596 150,724 189,649 110,471 130,695 790,875
Global total 8,054,356 9,646,887 4,757,098 5153064 2,981,624 3,240,492 22,183,204
Increment 692,531 395,966 258,868
;afs"erage of3  5000-2002  2008-2010 2000-2002  2008-2010  2000-2002  2008-2010  2000-2002
North America 837,230 878,917 498,671 546,175 293,252 322,280 2,073,358
Central America 254,658 250,023 190,669 212,930 127,264 147,669 269,503
South America 2,062,254 2,552,178 1,099,578 1,235,601 654,672 687,135 3,888,964
Europe 1,035,079 1,035,123 431,872 469,704 239,957 267,864 2,301,065
\TV‘:;?e’:‘:fja 114,966 125,315 50,104 62,732 32,654 37,830 1,138,842
f\;‘r?c':aharan 1,134,560 1,207,656 594,054 595,334 356,978 334,492 3,964,974
2222:{1:;‘1 697,514 625,933 209,690 239,694 89,164 107,419 2,473,698
South Asia 384,772 507,433 126,421 142,298 68,536 65,746 1,828,928
South-EastAsia 1,271,181 1,316,106 1,007,100 1,039,249 785,166 823,783 1,652,548
East Asia 767,415 854,653 337,326 398,606 153,370 211,841 1,800,449
Oceania 237,460 263,066 161,434 188,571 113,918 134,760 790,875
Global total 8,797,080  9,625303 4715919 5,130,893 2914931 3,140,810 22,183,204
Increment 828,214 414,974 225,888
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Table 5. Percentage of agricultural land with greater than 10%, 20%, 30% tree cover—A) based on single-year
data for the years 2000 and 2010; B) using 3-year averages (2000-2002 and 2008-2010)—for the early and late

part of the decade

1. Treecover >10% >20% >30%

A. Single year 2000 2010 2000 2010 2000 2010
North America 40.4 41.5 24.8 24.6 15.0 14.6
Central America 91.9 94.0 69.8 74.9 49.8 52.9
South America 51.9 66.8 29.3 33.3 18.1 193
Europe 49.3 47.8 20.5 214 10.7 12.2
Z;gh Alfrica /\Western 10.3 113 5.3 5.9 3.0 3.6
Sub-Saharan Africa 27.5 28.7 13.3 14.7 8.7 8.9
Northern and Central Asia 35.0 23.6 95 8.6 3.6 3.7
South Asia 18.7 27.0 6.7 8.5 3.9 4.2
Southeast Asia 76.7 77.8 59.3 62.3 46.5 50.8
East Asia 44.7 50.5 20.3 23.3 9.3 12.9
Oceania 29.1 375 19.1 24.0 14.0 16.5
Global 40.4 43.5 21.4 23.2 134 14.6
Increment 3.1 1.8 12

B. Average of 3 years 2000-2002 2008-2010 2000-2002 2008-2010  2000-2002  2008-2010
North America 40.4 42.4 24.1 26.3 14.1 15.5
Central America 94.5 96.1 70.8 79.0 47.2 54.8
South America 53.0 65.6 28.3 31.8 16.8 17.7
Europe 45.0 45.0 18.8 20.4 10.4 11.6
2;2“ Alftica [ Western 101 11.0 5.2 5.5 2.9 33
Sub-Saharan Africa 28.6 30.5 15.0 15.0 9.0 8.4
Northern and Central Asia 28.2 25.3 8.5 9.7 3.6 4.3
South Asia 21.0 27.7 6.9 7.8 3.8 3.6
Southeast Asia 76.9 79.6 60.9 62.9 47.5 49.9
East Asia 42.6 47.5 18.7 22.1 8.5 11.8
Oceania 30.3 33.3 20.4 23.8 14.4 17.0
Global 39.7 43.4 21.3 23.1 13.1 14.2
Increment 3.7 1.8 11

Tree-canopy cover on agricultural land has been mapped at the global level for the years

2000-2002, shown in Figure 2a. Tree cover varies from 0% to 85%. However, in the updated
analysis (Figure 2b), only about 5% (Figure 3, right-hand axis) of land classified as
agricultural has more than 50% tree cover (reduced from 7% in the previous analysis).

As in the previous analysis, the global variation continues to broadly follow climatic zones,
with high tree cover (>45%) found in the more humid regions, such as Southeast Asia,
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Central America, eastern South America and coastal West Africa. Moderate levels of 10% to
30% cover describe the majority of agricultural areas in South Asia, Sub-humid Africa,
Central and Western Europe, Amazonian South America, and Mid-western North America.

At the other extreme are agricultural areas with relatively low (<10%) tree cover, such as
eastern China, northwestern India and the Punjab, West Asia, the southern border of the
Sahara, the northern prairies of North America and the southwest of Australia. As seen
earlier, tree-canopy cover follows a pattern influenced by precipitation regimes. As before,
specific divergences of tree-canopy cover from climate influence are stronger where
population density or human activities are higher (for example, China, India).
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Figure 2a. Global percentage of tree cover in the year 2000-2002 (averaged)
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Figure 2b. Global percentage of tree cover in the years 2008-2010 (averaged)
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Figure 3. Cumulative area (km?) versus tree cover, comparing average of 20002002 and 2008-2010

The total global area classified as agricultural in our database is 22 183 204 km?. Figure 3
shows the global cumulative agricultural area as tree-canopy cover decreases. Thus,

8 797 089 km? (40% of agricultural land) have more than 10% tree cover; 4 715 919 km?
(22% of agricultural land) have more than 20% tree cover; and only 1 211 265 km? (5%) have
more than 50% tree cover. As stated earlier, it is not helpful to label some minimum tree-
cover percentage as representing ‘agroforestry’, as the reality is a continuum of tree-cover
fractions from zero to high. The way trees are integrated into the farming landscape and used
in agriculture varies across the world and there are prominent and economically important
agroforestry systems which nonetheless have low tree-canopy cover in landscapes. Examples
are the parkland systems in the Sahel and the poplar—wheat/barley agroforestry systems of
northern India.

However, for the purpose of presenting numerical tables, we show results for 10%, 20% and
30% tree cover. Figure 4 shows in graphical form the agricultural areas under tree cover in
each major region. The numbers presented are cumulative such that, for example, the area
under tree cover of greater than 20% is inclusive of the area shown under tree cover of
greater than 30%. The percentage of land under each level of tree cover is also given,
calculated using the total agricultural land area in the last column.

Globally, a (revised) cautious estimate of agricultural land that involves agroforestry for the
year 2000 (that is, 2000-2002) is 13% (>30% tree cover), with a more realistic one being
about 40% (>10% tree cover). Using our definition of agricultural land (covering 22.2 million
km?) and a 10% tree-cover threshold for agroforestry, there were slightly less than 9 million
km? of agricultural land in the years 2000—2002 which were also under agroforestry. Large
areas of agroforestry are found in South America (2.1 million km?), in Sub-Saharan Africa
(1.1 million km?) and Southeast Asia (1.3 million km?). Europe and North America also have
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significant absolute areas of agroforestry, despite having large commercial agricultural
sectors.

Millions
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Figure 4. Amount of agricultural land (km? and %) with greater than 10%, 20%, 30% tree cover, showing the
difference when using the average of 2000-2002 and 2008-2010

Trees are an integral part of the agricultural landscape in all regions except North
Africa/West Asia. Much of Central America’s agriculture (95%) has >10% tree cover, as
does 77% of Southeast Asian agriculture (revised downward from 81%), Estimates for South
American agriculture have been revised significantly downward from 81% to 53%, as have
estimates for Sub-Saharan Africa (from 47 to 27%). Significant proportions of land under
agroforestry are found in Europe (revised upward from 40% to 49%), North America (40%)
and East Asia (revised upward from 23% to 45%), with all the remaining regions apart from
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North and West Africa (10%) and South Asia (19%) showing at least 27% of agricultural
land under agroforestry.

The percentage of agricultural land with substantial tree cover (>30%) continues to be
remarkably high in some regions: over 47% in Central America and Southeast Asia. In these
areas, which have substantial cover of tree crops and ‘agroforests’ (probably often omitted
from agricultural land analysis), the wider agricultural landscapes are also well stocked with
trees. In all regions, however, the contribution of high tree-cover agroforestry (>30%) to total
agroforestry (>10%) is significant; the lowest being in South Asia where the proportion is
14%. Nonetheless, the prominence of sparser tree cover (between 10% and 20% tree cover)
in relation to tree cover greater than 20% is high in some regions, such as South America,
Sub-Saharan Africa, Northern and Central Asia, South Asia and Europe.

4.2 Estimates of tree-canopy cover change on agricultural land
from 2000-2002 (averaged) to the years 2008-2010 (averaged)
based on VCF Collection 5

The global tree cover on agricultural land for the years 20082010 is shown in Figure 2b
above, while Figure 5 (below) provides a map of the changes from 2000-2002 to 2008-2010.
Globally, the amount of tree cover on agricultural land increased substantially, with the area
>10% increasing by more than 828 000 km? (from 40% to 43% of all agricultural land), the
area >20% increasing by more than 414 000 km? (from 21% to 23%) and that with >30% by
more than 225 000 km? (from 13% to 14%). South America showed the largest increase in
area with >10%—more than 489 000 km?—an increase of 12.6% of all agricultural land.
South Asia also showed a large increase (6.7%), along with East Asia (4.85%), Oceania
(3.2%), Southeast Asia (2.7%) and North America (2%). Central America, which increased
1.6% to 96% of all agricultural land having greater than >10% tree cover, showed a large
increase in area >20% (8.2%) and >30% (7.6%), indicating, perhaps, an increase in canopy
density on agroforested land owing to maturing trees. Sub-Saharan Africa, which showed an
increase of 1.85% of land with >10% tree cover, however, also showed a small decrease (-
0.56%) of land with >30%. Only Northern and Central Asia showed a decrease of agricultural
land with >10% (- 2.9%).

Remember that these changes are only estimates of changed tree cover on the same land
units. The analysis does not account for any change in the land-use classifications during the
period studied. It is likely that, in addition to change in tree cover, there has been a change in
land units (or 1 km? pixels) that should be classified as agricultural.
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Figure 5. Change in global percentage of tree cover from the years 2000-2002 (averaged)
to the years 2008-2010 (averaged)

4.3 Estimates of the extent of and change in agroforestry by
population

The analysis of the area under agroforestry is repeated in this section but using population
rather than area as the basis for assessing the extent of agroforestry. Figure 6 shows the
global distribution of population in agricultural lands by tree cover. Our database counts 1.8
billion people living in agricultural lands. Of these, 746 million (41%) in 2000-2002 lived in
landscapes with greater than 10% tree cover (tables 6 and 7). This is considerably higher than
our previous estimate (Zomer et al., 2009), which reported 558 million (31%). This now
drops to 150 million (8.3%) on land with greater than 30% tree cover and 45 million (2.5%)
on land with greater than 50% tree cover. Table 6 shows that there are at least 100 million
people living in landscapes with more than 10% tree cover in South Asia and Southeast Asia,
with over 222 million in East Asia. This is a big increase from our previous estimate for East
Asia (74 million). The estimate for Sub-Saharan Africa has decreased substantially, from 100
million to 67 million. The results are different from those based on area because of the
variation in population density across the different regions. Agricultural populations are
largest in South Asia and East Asia (together representing 60% of the global agricultural
population) and both have significant agricultural areas characterized by both very high
population densities.
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Figure 6. Global cumulative population in agricultural areas by tree canopy cover (left-hand Y axis absolute;
right-hand Y axis relative numbers)

Table 6. Population (millions of people) living in landscapes with greater than 10%, 20%,
30% tree cover, using the averages of 2000—2002 and 2008-2010

Millions of persons >10% tree cover >20% tree cover >30% tree cover
Region/ period 2000-2002 2008-2010 2000--2002 2008-2010 2000-2002  2008-2010
North America 18.1 18.2 12.1 12.8 7.6 8.3
Central America 14.2 14.8 10.5 12.2 6.9 8.3
South America 24.6 31.7 13.2 15.3 7.5 8.3
Europe 46.0 46.0 17.7 19.2 9.2 10.3
North Africa/Western Asia 13.5 13.8 4.9 3.8 17 2.0
Sub-Saharan Africa 67.6 70.1 28.2 28.8 13.0 12.1
Northern and Central Asia 8.6 6.8 2.1 2.1 0.8 0.9
South Asia 171.8 215.2 38.6 49.4 17.4 15.0
Southeast Asia 159.2 170.1 98.9 105.9 62.1 69.0
East Asia 222.0 249.6 75.7 90.3 22.8 37.4
Oceania 1.2 1.3 1.0 11 0.7 0.8
Global 746.7 837.6 302.9 340.9 149.7 172.3
Increment 90.9 38.0 22.6
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Table 7. Population (percentage of all people in agricultural areas) living in landscapes with greater than 10%,
20%, 30% tree cover, using the averages of 2000-2002 and 2008-2010

(% of all persons living in

agricultural area) >10% tree cover >20% tree cover >30% tree cover
Region\period 2000--2002 2008—2010 2000—2002 2008—-2010 2000--2002 2008-2010
North America 65 66 44 46 27 30
Central America 91 95 68 78 44 54
South America 57 74 31 35 17 19
Europe 46 46 18 19 9 10
North Africa/Western Asia 13 13 5 4 2 2
Sub-Saharan Africa 37 39 16 16 7 7
Northern and Central Asia 28 23 7 7 3 3
South Asia 27 34 6 8 3 2
Southeast Asia 69 73 43 46 27 30
East Asia 50 57 17 21 5 8
Oceania 77 80 61 67 45 52
Global 41 46 17 19 8 10
Increment 5 2 2

In terms of patterns observed across regions, the proportion of the agricultural population in
agroforestry areas (where tree-canopy cover is >10%) is highest in Central America,
Southeast Asia, Oceania (but with small population in total) and North America: each over
60%. But there are also significant proportions of rural populations living in agroforestry
landscapes in South America, Sub-Saharan Africa and Europe.

There is a substantial increase in the number of people living in landscapes with greater than
10% tree cover, from 2000-2002 to 2008-2010 (Figure 6), from 746 million to 837 million
(46% of all people living in agricultural areas). Southeast and East Asia see large increases of
more than 10 million, with South Asia increasing by almost 45 million people (to 34% from
27%), and Sub-Saharan Africa increasing by nearly 3 million people (to 39%). North and
Central Asia was the only region showing a decrease (from 8.6 to 6.8 million). South
America increased by more than 7 million (from 57 to 74%).Thus, the extent of agroforestry,
as measured either by area or population, remains shows signs of increase over time and is
significant in absolute and relative (compared to overall extent in agriculture) terms. Further,
this is not due to dominance by a few regions but rather because it is a common practice in
many regions (Figure 7).

-20 -



250

2008-2010; >30%
2008-2010; >20%

150 © 2008-2010; >10%

¥ 2000-2002; >30%
¥ 2000-2002; >20%
100 = 2000-2002; >10%

Population (millions of persons)

North America Central South America Europe North Africa /  Sub-5aharan  Northermand  South Asia  SouthEast Asla  East Asla Dceanla
America Western Asla Africa Central Asia

2008-2010; >30%
= 2008-2010; >20%
¥ 2008-2010; >10%
¥ 2000-2002; >30%
¥ 2000-2002; >20%
¥ 2000-2002; >10%

Population (% of all persons in agricultural area)

Morth Central South Europe  Morth Africa / Sub-Saharan Northern and South Asla  SouthEast East Asla Oceanla Global
Arnerlea America America Western Asla  Afriea Central Asla Asia

Figure 7. Population in agricultural areas by tree-canopy cover in different regions (upper panel: millions of
persons; lower panel: percentage of population of agricultural areas)

The changes over the period from 2000 to 2010 described in this analysis of population and
tree cover are changes in tree cover only. As explained above in regards to land cover, we
have only used one population dataset from 2000, that is, the same used in the previous study
by Zomer et al (2009). Thus, we can describe the changes in tree cover in relation to
population and population density on land classified as agricultural in 2000 using the 2000
population dataset, meaning these are changes in tree cover and not changes in population.
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There are likely to be additional changes due to increases or decrease in population during
that time but these are not reflected here.

4.4 Agroforestry and population density

There are ‘obvious’ interactions of tree cover with population density, as discussed at length
in Zomer et al (2009). An initial assumption can be made that there must be ‘less room’ for
trees in densely populated areas that depend on agriculture. Indeed, throughout history, trees
have been cleared to create space for agriculture. While agroforestry experience has shown
this is not inevitable and there are other options, clearing forests for agricultural production is
still a serious and widespread global issue. As before in our previous analysis, at the global
level there is no obvious correlation between population density and tree density (Figure 8).
Every tree cover/population density combination exists on agricultural land (that is, low/low,
low/high, high/low, high, high). Central America continues to exhibit the overall highest tree
cover across all population densities, which increases substantially from 2000—2002 to 2008—
2010. Both South and East Asia have fairly high tree cover at lower population densities,
however, both dipped to relatively low tree cover at densities above 100 persons per km?.
Most tree-cover/population density curves maintained relatively similar relationships between
2000-2002 and 2008-2010, with South America also showing substantial increases in tree
cover at middle to higher population densities.

4.4 Estimates of the extent of agroforestry by aridity—wetness
index

Tree cover has been shown to be strongly dependent on climate, as characterized by the
Aridity—Wetness Index (Zomer et al 2009). There is wide variation across regions, with arid
and semi-arid areas becoming disproportional in North Africa/West Asia, Sub-Saharan
Africa, Northern and Central Asia, and South Asia. On the other hand, humid areas
predominate in landscapes in Central America, Southeast Asia and South America. The
average tree cover within agricultural land can be calculated as a function of the Aridity—
Wetness Index (Figure 9) for different geographical areas, by normalizing the population
distribution. These show similar trends for each region but with curves shifted vertically (that
is, indicating different tree cover for a given aridity class), with Central America being
highest and East Asia and South Asia lowest, with a difference between the two of about 15%
tree cover for any given aridity class. There is a substantial drop in tree cover in Sub-Saharan
Africa in the wetter, higher end of the curve between 2000-2002 and 2008-2010, which was
already relatively low compared to the global average, whereas Southeast Asia has increased
tree cover in these wetter classes. Central America has increased tree cover in all but the
driest regions. Overall, global tree cover has mostly increased in the mid-ranges
(approximately corresponding to semi-arid zones), with some decrease seen in the wettest
regions.
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Figure 8. Tree-canopy cover on agricultural land by population density in seven regions of the world in two
time periods (upper panel 2000-2002; lower panel 2008-2010)
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5 Limitations

As discussed in Zomer et al (2009), we delineate below some important limitations and
constraints associated with our analysis that should be kept in mind when using or reporting
these results.

1)

2)

3)

4)

5)

6)

7)

The data sets and methods used in this analysis have various limitations,
peculiarities and ambiguities. These bound the interpretation of all the results and,
hence, must be understood before using the results. The major limitations we have
identified are listed below.

This is a global analysis. We are looking for global averages, trends and large-scale
patterns. We cannot expect results for an individual pixel (1 km x 1 km) to be close
to reality. But averages for large regions should be realistic, with trends and
differences between regions reflecting real differences. For example, for each pixel
classified as agriculture that actually has a large non- agricultural village in it, there
is a pixel classified as urban or some other land use that has a substantial agricultural
area.

Since the tree-cover variable is based on remote sensing, it is an estimate of
percentage of crown cover not tree density per se nor of tree biomass. At landscape
scale, the correlation between these is probably quite good within broad agroforestry
systems and climate zones but this will not be true globally.

The interaction of a given percentage of crown cover with other agricultural
activities varies with system, climate and other factors. For example, in the Sahel,
30% crown cover with mature parkland trees will enhance crop productivity relative
to no trees; 30% crown cover of young trees will probably reduce crop production to
close to zero (van Noordwijk and Ong 1999).

Agricultural land-cover classifications from remotely sensed data, particularly for
Africa, are weak (Hannerz and Lotsch 2008). Many readers will be able to spot areas
that are not included as agricultural but which, in their experience, have a large
agricultural component. Much of the disagreement between land-cover maps arises
from areas of low cropping density, where sparse agriculture tends to be confused
with natural vegetation. For example, in Africa, where subsistence agriculture mixed
with natural vegetation is a common practice, total agricultural area is quite
underestimated. Therefore, our definition of agricultural areas may be biased
towards more extensive (and productive) agricultural systems. On the other side, we
should stress that in mosaics of agricultural area with natural vegetation, tree
inclusion is more likely a natural presence and less ‘of use’ for human needs, as in
agroforestry systems.

Our ‘agricultural land’ class does not include areas dominated by tree crops. Further,
we are not able to include land classified as ‘forest’ but which we would call
‘agroforest’: forest which is managed more or less intensively by smallholders
producing timber and non-timber products.

Discrepancies between the area we found as agricultural and other sources may be
further compounded by the difference between de facto and de jure classifications.
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8) The tree-cover data is also interpreted from remote-sensing data. MODIS VCF is
likely to underestimate tree cover in general. Comparisons with ground tree-cover
databases in southwestern USA (FIA and SWRrGAP), Utah, Arizona and Colorado,
showed that VVCF tree-canopy cover Collection 3 (the one used in the earlier
analysis) had slightly positive or nil bias for low tree-canopy cover (0-10%), with
bias becoming increasingly more negative (underestimates tree-canopy cover) as
tree-canopy cover increases (White et al 2005). White et al reported in general a bias
of -14/-18 % for southern USA, concluding that errors are unlikely to be related to
habitat fragmentation or variation in canopy height but may be influenced by scaling
discontinuities between ground and satellite resolutions. In concordance with this
report, a previous study we did showed that while tree-canopy cover assessed from
MODIS on agroforestry in India was about 8%, on-ground tree-canopy cover
(assessed with high resolution imageries) was about 11% (Zomer et al 2007).
Collection 3 is an average over the year 2000 and uses an algorithm that has been
shown to need improvement. In fact, an assessment for 11 study areas in Africa
(Rokhmatuloh et al 2005) showed an average prediction error of about 12% with
VCF Collection 3. VCF Collection 5 improved this substantially but still likely has a
relatively high average prediction error in excess of 6% (see sub-section on
Geodatasets).

9) The population layer is a statistical interpolation built from a range of data sources
and assumptions and from different levels of resolution in different regions.
Population census, available for political regions, as districts or counties, is
redistributed spatially based on night imageries of artificial light distribution. Such
political boundaries for census data are wider for lower populated areas. However,
bias exists in districts with high populations with small political boundaries where
strong lighting might be produced from infrastructure. For instance, lights on
highways can infer high populations yet few people live adjacent to highways.

10) We have no information on configuration of trees in the landscape. A 1 km x 1 km
pixel classified as agricultural land and having 49% tree cover could be:

a. 51% treeless cropland and 49% dense forest, with a hard boundary;
b. 100% trees and crops fully integrated at the finest scale; or
c. anything in between.

11) We have no information on the nature and level of interaction between the people in
a pixel and the assumed agroforestry. A 1 km x 1 km pixel classified as agricultural
land with 49% tree cover and 100 people could be:

a. 100 people living in, and dependent on, an integrated agroforestry
system;

b. 51% treeless cropland with 100 agriculturalists living on it plus a
people-less forest they are prohibited from entering; or

c. 51% treeless cropland with one commercial farmer working on it and
99 people living in a forest village and working in a paper mill.

12) Readers knowledgeable about specific geographical areas will identify agricultural
areas that are omitted from the land-cover data available. Many such areas will have
been classified as woodlands or forests instead of agriculture. This means our
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estimate of the extent of agroforestry is conservative: much, if not all, of the
misclassified agricultural areas are likely to be under agroforestry.

13) In all interpretations and descriptions, we must remember that the analysis is based
on cross-sectional data. The climate (and region) is assumed as a fixed conditioning
variable or explanatory variable (economists’ exogenous) (ignoring any hypotheses
about changing tree cover changing local climate). But both population and tree
cover are response variables (endogenous) and evolve through complex interactions
with each other. It is tempting but not valid to explain tree cover by conditioning on
population (for example, ‘There are few trees here because there are a lot of people’
or, vice versa, ‘There are few people here because there are a lot/few trees’).
However, it is useful to condition on one to detect patterns in the other. For example,
if two agricultural areas with the same climate and population have very different
tree cover there is something to understand and explain. Likewise, if there are two
areas with the same climate and tree cover but very different populations.

14) It is important to note that areas of low tree cover and relatively high population do
not mean that people are living without the benefits of trees. There may be nearby
woodlands/forests or they may be purchasing tree products which are produced
elsewhere.

-27-



6 Summary/conclusions

We believe the following key messages can be gleaned from this reanalysis and update of
Zomer et al (2009).

6.1 Updated conclusions from previous analysis

1) Tree cover remains a common feature on agricultural land. It is, therefore, essential
that this is recognized by all involved in agricultural production, planning and policy
development.

2) Agroforestry, if defined by tree cover of greater than 10% on agricultural land, is
widespread; found on more that 43% of all agricultural land area globally; and linked
to 30% of rural populations. Based on our datasets, this represents over 1 billion
hectares of land and more than 900 million people. Agroforestry is particularly
prevalent in Southeast Asia, Central America and South America with over 50% of
the agricultural areas under agroforestry.

3) It is not possible to describe the resulting patterns as ‘good’, ‘bad’, ‘appropriate’ or
‘inappropriate’ tree cover. We did not analyse the costs and benefits associated with
these agroforestry lands nor the implications of a change in tree cover. However, the
existence of extensive areas of agroforestry, even in arid areas, shows that such
systems are viable in some sense.

4) There is a large variation in tree cover on agricultural land. From continental scale
down to the smallest detectable in this analysis (1 km?), there is variation in tree cover
on agricultural land. But some major trends stand out.

5) There is a strong association between aridity and tree cover. The more humid the
climate, the higher the level of tree cover. The results from Southeast Asia, Central
America and South America are examples of this relationship. However, there are still
many exceptions to this rule—high tree cover found in more arid zones and low tree
cover found in more humid zones—that are explained by other factors.

6) There is no general trade-off in agricultural landscapes between people and trees.
Within aridity classes and continents, there are distinct patterns in the relationship
between trees and people but these do not generally correspond to either a negative or
positive correlation except in the very low or high range of tree cover.

7) Large-scale, tree-cover patterns cannot be fully explained by aridity, population
density or region. This points towards the importance of other factors like tenure,
markets or other policies and institutions in affecting incentives for tree planting and
management, as well as the historical trajectory that has lead to the current pattern.

8) Tree-cover patterns and relationships to other variables like aridity or population vary
considerably across sub-continents. ‘Global’ results are rarely replicated in any
specific subcontinent and hence may not be practically applied. Further investigations
at finer regional scales are likely, therefore, to prove even more illuminating in terms
of understanding where in the landscape agroforestry is practised.
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6.2 Conclusions from the current time-series analysis

1) A comparison of the amount of agricultural land with tree cover in the year 2000
showed significant differences between the earlier analysis based on VCF-C3 and the
current analysis using the updated VCF-C5. There are large reductions in estimates of
tree cover on agricultural land particularly evident from West Africa, Tanzania, parts
of Ethiopia, Brazil and Nepal. The new estimates of tree cover tend to be higher in
China, northwestern India, parts of Argentina, and the eastern coast of Mexico. The
percentage of land with greater than 10% tree cover globally is reduced from 46% of
all agricultural land globally in the VCF-C3 to 40% in the VCF-C5, amounting to a
reduction of more than 1.1 million km?.

2) Globally, a (revised) cautious estimate of agricultural land that involves agroforestry
for the year 2000 (that is, 2000-2002) is 13% (>30% tree cover), with a more realistic
one being about 40% (>10% tree cover). Estimates for South American agriculture
have been revised significantly downward from 81% to 53%, as have estimates for
Sub-Saharan Africa (from 47 to 27%). Significant proportions of land under
agroforestry are found in Europe (revised upward from 40% to 49%), North America
(40%) and East Asia (revised upward from 23% to 45%), with all the remaining
regions apart from North and West Africa (10%) and South Asia (19%) showing at
least 27% of agricultural land under agroforestry. The percentage of agricultural land
with substantial tree cover (>30%) continues to be remarkably high in some regions:
over 47% in Central America and Southeast Asia.

3) Overall, the amount of tree cover on agricultural land globally increased substantially
between 2000 and 2010, with the area with >10% increasing by more than 828 000
km? (from 40% to 43% of all agricultural land), >20% by more than 414 000 km?
(from 21% to 23%) and >30 by more than 225 000 km? (from 13% to 14%). South
America showed the largest increase in area with >10%—more than 489 000 km*>—an
increase of 12.6% of all agricultural land. South Asia also showed a large increase
(6.7%), along with East Asia (4.85%), Oceania (3.2%), Southeast Asia (2.7%) and
North America (2%). Central America, which increased 1.6% to 96% of all
agricultural land having greater than >10% tree cover showed a large increase in area
with >20% (8.2%) and >30% (7.6%), indicating, perhaps, an increase in canopy
density on agroforested land from maturing trees. Sub-Saharan Africa, which showed
an increase of 1.85% of land with >10% tree cover, however, also showed a small
decrease (- 0.6%) of land with >30%. Only Northern and Central Asia showed a
decrease of agricultural land with >10% (- 2.9%).

4) Approximately 746 million people (41% of total population on agricultural land) lived
in landscapes with greater than 10% tree cover in 2000-2002. This is considerably
higher than our previous estimate (Zomer et al 2009), which reported 558 million
(31%). This also is now reduced to 150 million (10%) on land with greater than 30%
tree cover and 45 million (2%) on land with greater than 50% tree cover.

5) There are approximately 100 million people living in landscapes with more than 10%
tree cover in each of the South Asia and Southeast Asia regions, with over 222 million
in East Asia. This is a big increase from our previous estimate for East Asia (74
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million). The estimate for Sub-Saharan Africa has decreased substantially, from 100
million to 67 million.

6) There is a large increase in the number of people living in landscapes with greater

than 10% tree cover from 2000-2002 to 2008-2010, from 746 million to 837 million
(46% of all people living in agricultural areas). Southeast Asia and East Asia show
large increases of more than 10 million, with South Asia increasing by almost 45
million people (to 34% from 27%) and Sub-Saharan Africa increasing by nearly 3
million people (to 39%). North and Central Asia was the only region showing a
decrease (from 8.6 to 6.8 million). South America increased by more than 7 million
(from 57 to 74%)).

7) Central America continued to exhibit the overall highest tree cover across all

population densities, which increased substantially from 2000-2002 to 2008—2010.
Both South Asia and East Asia have fairly high tree cover at lower population
densities, however, both dipped to relatively low tree cover at densities above 100
persons per km?. Most tree cover/population density curves maintained relatively
similar relationships between 2000-2002 and 2008-2010, with South America also
showing substantial increases in tree cover at middle to higher population densities.

8) There was a substantial drop in tree cover in Sub-Saharan Africa in the wetter, higher

end of the curve between 2000-2002 and 2008-2010, which was already relatively
low compared to the global average, whereas Southeast Asia increased tree cover in
these wetter classes. Central America increased tree cover in all but the driest regions.
Overall, global tree cover has mostly increased in the mid-ranges (approximately
corresponding to semi-arid zones), with some decrease seen in the wettest regions.

9) The extent of agroforestry, as measured either by area or population, remains very

significant in absolute and relative (compared to overall extent in agriculture) terms.
Further, this is not due to dominance by certain regions but rather because it is a
common practice in many regions.
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Appendix

Appendix 1. Percentage of tree cover on agricultural land, showing the difference when using the years 2000
and 2010, compared to using the averages of 2000-2002 and 2008-2010

SubContinent

North America
Central America
South America
Europe

North
Africa/Western
Asia

Sub-Saharan
Africa

Nortern and
Central Asia

South Asia
Southeast Asia
East Asia
Oceania

Globe

2000

13.8
33.11
17.68

14.24

4.35

10.61

10

7.62
31.15
13.25
13.02
13.99

2010

13.93
34.6
19.9

14.5

5.3

10.51

7.92

9.47
34
14.98
15.12

14.82

Difference
2010-2000

0.13
1.49
2.22

0.26

0.95

-0.1

-2.08

1.85
2.85
1.73

21

0.83
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AVG 2000-
2002

13.49
32.2
17.33

13.65

4.26

10.75

8.94

7.92
30.94
12.6
12.91

13.68

AVG 2008-
2010

14.05
34.66
19.01

14.07

4.74

10.52

8.49

9.03
32.83
13.96
14.42

14.43

Difference
Avg Years

0.56
2.46
1.68

0.42

0.48

-0.23

-0.45

1.11
1.89
1.36
1.51

0.75
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Criteria and indicators for environmental service compensation and reward mechanisms:
realistic, voluntary, conditional and pro-poor

The conditions for effective mechanisms of compensation and rewards for environmental
services.

Organization and governance for fostering Pro-Poor Compensation for ~ Environmental
Services.

How important are different types of compensation and reward mechanisms shaping poverty
and ecosystem services across Africa, Asia & Latin America over the Next two decades?

Risk mitigation in contract farming: The case of poultry, cotton, woodfuel and cereals in East
Africa.

The RELMA savings and credit experiences: Sowing the seed of sustainability

Yatich J., Policy and institutional context for NRM in Kenya: Challenges and opportunities for
Landcare.

Nina-Nina Adoung Nasional di So! Field test of rapid land tenure assessment (RATA) in the
Batang Toru Watershed, North Sumatera.

Is Hutan Tanaman Rakyat a new paradigm in community based tree planting in Indonesia?

Socio-Economic aspects of brackish water aguaculture (Tambak) production in Nanggroe
Aceh Darrusalam.

Farmer livelihoods in the humid forest and moist savannah zones of Cameroon.

Domestication, genre et vulnérabilité : Participation des femmes, des Jeunes et des
catégories les plus pauvres a la domestication des arbres agroforestiers au Cameroun.

Land tenure and management in the districts around Mt Elgon: An assessment presented to
the Mt Elgon ecosystem conservation programme.

The production and marketing of leaf meal from fodder shrubs in Tanga, Tanzania: A pro-poor
enterprise for improving livestock productivity.

Buyers Perspective on Environmental Services (ES) and Commoditization as an approach to
liberate ES markets in the Philippines.

Towards Towards community-driven conservation in southwest China: Reconciling state and
local perceptions.

Biofuels in China: An Analysis of the Opportunities and Challenges of Jatropha curcas in
Southwest China.

Jatropha curcas biodiesel production in Kenya: Economics and potential value chain
development for smallholder farmers

Livelihoods and Forest Resources in Aceh and Nias for a Sustainable Forest Resource
Management and Economic Progress

Agroforestry on the interface of Orangutan Conservation and Sustainable Livelihoods in
Batang Toru, North Sumatra.

Assessing Hydrological Situation of Kapuas Hulu Basin, Kapuas Hulu Regency, West
Kalimantan.

Assessing the Hydrological Situation of Talau Watershed, Belu Regency, East Nusa
Tenggara.

Kajian Kondisi Hidrologis DAS Talau, Kabupaten Belu, Nusa Tenggara Timur.
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Kajian Kondisi Hidrologis DAS Kapuas Hulu, Kabupaten Kapuas Hulu, Kalimantan Barat.

Lessons learned from community capacity building activities to support agroforest as
sustainable economic alternatives in Batang Toru orang utan habitat conservation program
(Martini, Endri et al.)

Mainstreaming Climate Change in the Philippines.

A Conjoint Analysis of Farmer Preferences for Community Forestry Contracts in the Sumber
Jaya Watershed, Indonesia.

The highlands: a shared water tower in a changing climate and changing Asia
Eco-Certification: Can It Deliver Conservation and Development in the Tropics.

Designing ecological and biodiversity sampling strategies. Towards mainstreaming climate
change in grassland management.

Towards mainstreaming climate change in grassland management policies and practices on
the Tibetan Plateau

An Assessment of the Potential for Carbon Finance in Rangelands
ECA Trade-offs Among Ecosystem Services in the Lake Victoria Basin.

The last remnants of mega biodiversity in West Java and Banten: an in-depth exploration of
RaTA (Rapid Land Tenure Assessment) in Mount Halimun-Salak National Park Indonesia

Le business plan d’'une petite entreprise rurale de production et de commercialisation des
plants des arbres locaux. Cas de quatre pépiniéres rurales au Cameroun.

Les unités de transformation des produits forestiers non ligneux

alimentaires au Cameroun. Diagnostic technique et stratégie de développement Honoré
Tabuna et Ingratia Kayitavu.

Les exportateurs camerounais de safou (Dacryodes edulis) sur le
marché sous régional et international. Profil, fonctionnement et stratégies de développement.

Impact of the Southeast Asian Network for Agroforestry Education (SEANAFE) on
agroforestry education capacity.

Setting landscape conservation targets and promoting them through compatible land use
in the Philippines.
Review of methods for researching multistrata systems.

Study on economic viability of Jatropha curcas L. plantations in Northern Tanzania assessing
farmers’ prospects via cost-benefit analysis

Cooperation in Agroforestry between Ministry of Forestry of Indonesia and International
Center for Research in Agroforestry

"China's bioenergy future. an analysis through the Lens if Yunnan Province

Land tenure and agricultural productivity in Africa: A comparative analysis of the economics
literature and recent policy strategies and reforms

Boundary organizations, objects and agents: linking knowledge with action in agroforestry
watersheds

Reducing emissions from deforestation and forest degradation (REDD) in Indonesia: options
and challenges for fair and efficient payment distribution mechanisms

Mainstreaming climate change into agricultural education: challenges and perspectives

Challenging conventional mindsets and disconnects in conservation: the emerging role of
eco-agriculture in Kenya’'s landscape mosaics

Lesson learned RATA garut dan bengkunat: suatu upaya membedah kebijakan pelepasan
kawasan hutan dan redistribusi tanah bekas kawasan hutan

The emergence of forest land redistribution in Indonesia

Commercial opportunities for fruit in Malawi

Status of fruit production processing and marketing in Malawi

Fraud in tree science

Trees on farm: analysis of global extent and geographical patterns of agroforestry
The springs of Nyando: water, social organization and livelihoods in Western Kenya
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Building capacity toward region-wide curriculum and teaching materials development in
agroforestry education in Southeast Asia

Overview of biomass energy technology in rural Yunnan (Chinese — English abstract)
A pro-growth pathway for reducing net GHG emissions in China

Analysis of local livelihoods from past to present in the central Kalimantan Ex-Mega Rice
Project area

Constraints and options to enhancing production of high quality feeds in dairy production in
Kenya, Uganda and Rwanda

Agroforestry education in the Philippines: status report from the Southeast Asian Network for
Agroforestry Education (SEANAFE)

Economic viability of Jatropha curcas L. plantations in Northern Tanzania- assessing farmers’
prospects via cost-benefit analysis.

Hot spot of emission and confusion: land tenure insecurity, contested policies and competing
claims in the central Kalimantan Ex-Mega Rice Project area

Agroforestry competences and human resources needs in the Philippines
CES/COSI/CIS paradigms for compensation and rewards to enhance environmental Services

Case study approach to region-wide curriculum and teaching materials development in
agroforestry education in Southeast Asia

Stewardship agreement to reduce emissions from deforestation and degradation (REDD):
Lubuk Beringin’s Hutan Desa as the first village forest in Indonesia

Landscape dynamics over time and space from ecological perspective

Komoditisasi atau koinvestasi jasa lingkungan: skema imbal jasa lingkungan program peduli
sungai di DAS Way Besai, Lampung, Indonesia

Improving smallholders’ rubber quality in Lubuk Beringin, Bungo district, Jambi province,
Indonesia: an initial analysis of the financial and social benefits

Rapid Carbon Stock Appraisal (RACSA) in Kalahan, Nueva Vizcaya, Philippines

Tree domestication by ICRAF and partners in the Peruvian Amazon: lessons learned and
future prospects in the domain of the Amazon Initiative eco-regional program

Memorias del Taller Nacional: “Iniciativas para Reducir la Deforestacion en la region Andino
- Amazonica”, 09 de Abril del 2010. Proyecto REALU Peru

Percepciones sobre la Equidad y Eficiencia en la cadena de valor de REDD en Peru —
Reporte de Talleres en Ucayali, San Martin y Loreto, 2009. Proyecto REALU-Per(.

Reduccion de emisiones de todos los Usos del Suelo. Reporte del Proyecto REALU
Pert Fase 1

Programa Alternativas a la Tumba-y-Quema (ASB) en el Perd. Informe Resumen y
Sintesis de la Fase Il. 2da. version revisada

Estudio de las cadenas de abastecimiento de germoplasma forestal en la amazonia
Boliviana

Biodiesel in the Amazon

Estudio de mercado de semillas forestales en la amazonia Colombiana

Estudio de las cadenas de abastecimiento de germoplasma forestal en Ecuador

How can systems thinking, social capital and social network analysis help programs
achieve impact at scale?

Energy policies, forests and local communities in the Ucayali Region, Peruvian Amazon

NTFPs as a Source of Livelihood Diversification for Local Communities in the Batang Toru
Orangutan Conservation Program

Studi Biodiversitas: Apakah agroforestry mampu mengkonservasi keanekaragaman hayati di
DAS Konto?

Estimasi Karbon Tersimpan di Lahan-lahan Pertanian di DAS Konto, Jawa Timur
Implementasi Kaji Cepat Hidrologi (RHA) di Hulu DAS Brantas, Jawa Timur.
Kaji Cepat Hidrologi di Daerah Aliran Sungai Krueng Peusangan, NAD,Sumatra
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A Study of Rapid Hydrological Appraisal in the Krueng Peusangan Watershed, NAD,
Sumatra.

An Assessment of farm timber value chains in Mt Kenya area, Kenya

A Comparative financial analysis of current land use systems and implications for the
adoption of improved agroforestry in the East Usambaras, Tanzania

Agricultural monitoring and evaluation systems

Challenges and opportunities for collaborative landscape governance in the East Usambara
Mountains, Tanzania

Transforming Knowledge to Enhance Integrated Natural Resource Management Research,
Development and Advocacy in the Highlands of Eastern Africa

Carbon-forestry projects in the Philippines: potential and challenges The Mt Kitanglad Range
forest-carbon development

Carbon forestry projects in the Philippines: potential and challenges. The Arakan Forest
Corridor forest-carbon project

Carbon-forestry projects in the Philippines: potential and challenges. The Laguna Lake
Development Authority’s forest-carbon development project

Carbon-forestry projects in the Philippines: potential and challenges. The Quirino forest-
carbon development project in Sierra Madre Biodiversity Corridor

Carbon-forestry projects in the Philippines: potential and challenges. The lkalahan ancestral
domain forest-carbon development

The Importance of Local Traditional Institutions in the Management of Natural Resources in
the Highlands of Eastern Africa

Socio-economic assessment of irrigation pilot projects in Rwanda
Performance of three rambutan varieties(Nephelium lappaceum L.) on various nursery media

Climate change adaptation and social protection in agroforestry systems: enhancing adaptive
capacity and minimizing risk of drought in Zambia and Honduras

Does value chain development contribute to rural poverty reduction? Evidence of asset
building by smallholder coffee producers in Nicaragua

Potential for biofuel feedstock in Kenya

Impact of fertilizer trees on maize production and food security in six districts of
Malawi.

Fortalecimiento de capacidades para la gestién del Santuario Nacional Pampa Hermosa:
Construyendo las bases para un manejo adaptativo para el desarrollo local. Memorias del
Proyect

Understanding rural institutional strengthening: A cross-level policy and institutional
framework for sustainable development in Kenya

Climate change vulnerability of agroforestry

Rapid assesment of the inner Niger delta of Mali

Designing an incentive program to reduce on-farm deforestationin the East Usambara
Mountains, Tanzania

Extent of adoption of conservation agriculture and agroforestry in Africa: the case of
Tanzania, Kenya, Ghana, and Zambia

Policy incentives for scaling up conservation agriculture with trees in Africa: the case of
Tanzania, Kenya, Ghana and Zambia

Commoditized or co-invested environmental services? Rewards for environmental services
scheme: River Care program Way Besai watershed, Lampung, Indonesia.

Assessment of the headwaters of the Blue Nile in Ethiopia.
Assessment of the uThukela Watershed, Kwazaulu.
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Assessment of the Oum Zessar Watershed of Tunisia.

Assessment of the Ruwenzori Mountains in Uganda.

History of agroforestry research and development in Viet Nam. Analysis of research,
opportunities and gaps

REDD+ in Indonesia: a Historical Perspective

Agroforestry and Forestry in Sulawesi series: Livelihood strategies and land use system
dynamics in South Sulawesi

Agroforestry and Forestry in Sulawesi series: Livelihood strategies and land use system
dynamics in Southeast Sulawesi.

Agroforestry and Forestry in Sulawesi series: Profitability and land-use systems in South and
Southeast Sulawesi.

Agroforestry and Forestry in Sulawesi series: Gender, livelihoods and land in South and
Southeast Sulawesi

Agroforestry and Forestry in Sulawesi series: Agroforestry extension needs at the community
level in AgFor project sites in South and Southeast Sulawesi, Indonesia.

Agroforestry and Forestry in Sulawesi series: Rapid market appraisal of agricultural,
plantation and forestry commaodities in South and Southeast Sulawesi.

Diagnosis of farming systems in the Agroforestry for Livelihoods of Smallholder farmers in
Northwestern Viet Nam project

Ecosystem vulnerability to climate change: a literature review

Local capacity for implementing payments for environmental services schemes: lessons from
the RUPES project in northeastern Viet Nam

Seri Agroforestri dan Kehutanan di Sulawesi: Agroforestry dan Kehutanan di Sulawesi:
Strategi mata pencaharian dan dinamika sistem penggunaan lahan di Sulawesi Selatan

Seri Agroforestri dan Kehutanan di Sulawesi: Mata pencaharian dan dinamika sistem
penggunaan lahan di Sulawesi Tenggara

Seri Agroforestri dan Kehutanan di Sulawesi: Profitabilitas sistem penggunaan lahan di
Sulawesi Selatan dan Sulawesi Tenggara

Seri Agroforestri dan Kehutanan di Sulawesi: Gender, mata pencarian dan lahan di Sulawesi
Selatan dan Sulawesi Tenggara

Seri Agroforestri dan Kehutanan di Sulawesi: Kebutuhan penyuluhan agroforestri pada tingkat
masyarakat di lokasi proyek AgFor di Sulawesi Selatan dan Tenggara, Indonesia

Seri Agroforestri dan Kehutanan di Sulawesi: Laporan hasil penilaian cepat untuk komoditas
pertanian, perkebunan dan kehutanan di Sulawesi Selatan dan Tenggara

Agroforestry, food and nutritional security

Stakeholder Preferences over Rewards for Ecosystem Services: Implications for a REDD+
Benefit Distribution System in Viet Nam

Payments for ecosystem services schemes: project-level insights on benefits for ecosystems
and the rural poor

Good practices for smallholder teak plantations: keys to success

Market analysis of selected agroforestry products in the Vision for Change Project
intervention Zone, Céte d’lvoire

Rattan futures in Katingan: why do smallholders abandon or keep their gardens in Indonesia’s
‘rattan district’?

Management along a gradient: the case of Southeast Sulawesi’s cacao production
landscapes

Are trees buffering ecosystems and livelihoods in agricultural landscapes of the Lower
Mekong Basin? Consequences for climate-change adaptation

Agroforestry, livestock, fodder production and climate change adaptation and mitigation in
East Africa: issues and options
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