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Owing to a troubled history, poor environmental conditions, 
and lack of economic opportunity, small farmers in the 
Brazilian Amazon must clear increasingly remote areas of 
forest as their present land degrades. Agroforestry systems, 
for their enhanced sustainability and profitability, have been 
qualified as a potential solution to this perpetual struggle. 
Despite widespread agroforestry development initiatives, 
there remains to be a simple, comprehensive measure of 
environmental suitability for these systems across Amazonian 
region under agricultural cultivation. To that end, this project 
uses GIS modeling to evaluate the relative suitability across 
the Brazilian Amazon for agroforestry systems. The result is a 
series of “suitability maps” that display the relative fitness of 
the study region for crops most typically associated with these 
farming operations.

The National Integration Program and the Plight of the 
Small Farmer

Although large-scale agribusiness is commonly condemned as 
the agent of Amazonian rain forest destruction, the small farmer 

plays a significant role. According to a 2002 study, the share of 
deforestation attributable to small farmers may in fact be as high as 
31%.1 Constant land-clearing on the part of the smallholder does 
not show irresponsibility in resource management; smallholders 
are major stakeholders in the sustainability of the region’s 
agricultural potential. Instead this perpetual land clearing reflects 
dependence on a largely unsustainable agrarian situation. Owing 
to the poor quality of Amazonian soils, the cultivation of typical 
annual crops in the absence of sufficient fallow periods or nutrient 
replenishment mechanisms degrades the land very quickly. As 
smallholders generally do not have access to the capital necessary 
for expensive inputs, such as chemical fertilizer, they’re forced to 
clear more land as they degrade their existing arable land through 
overuse.2

There are thousands of small agriculturalists in the Eastern 
Amazon, and their presence is no accident. The majority of these 
farmers in fact hail from other regions of Brazil. The local farmer 
population is low, as this land was largely untouched rainforest 
up until the second half of the twentieth century. The 1964 
military coup — a backlash against populism and the perceived 
threat of communism — however, brought irreversible changes 

Figure 1. Left: South America with the Amazon basin on display, and an outline of the U.S. for reference.  Right: The states and regions of Brazil. 
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Figure 2.  Human pressure in the Brazilian Amazon.

to the region. Wary of border changes that had recently taken 
place in Europe, and in recognition of the overwhelmingly high 
concentration of the Brazilian population along the coastline, 
Brazil’s military regime feared losing the Brazilian interior to 
other nations. The government’s solution became what was known 
as the National Integration Program (PIN3). Throughout the 1970s, 
the PIN encouraged small farmers, largely from the impoverished 
states of Maranhão, Piauí, and Bahía of Brazil’s northeast region, 
to migrate to the Amazonian frontier under the promise of, “Land 
without people for people without land.”4

Land ownership was not so simple for the millions of smallholders, 
commonly known as Colonos, upon arrival to the new frontier. 
Despite ardent promotion of the PIN to preserve ownership of the 
interior, the military regime aspired to make Brazil competitive 
in international markets for produce. In a somewhat contradictory 
move to the PIN, they sought to achieve this by industrializing 
and consolidating the agricultural sector.5  This gave Brazilian 
agribusiness the justification it needed to place claims on enormous 
tracts of Amazonian land, effectively forcing smallholders to 
increasingly marginal areas; that is, regions with poor access to 
passable roads and other essential forms of infrastructure.6  In 
addition, because of the limited influence of the rule of law, large 
landowners often backed by hired guns mercilessly exerted their 
authority. These latifundiarios made extravagant land claims, 
often supporting them with forged title deeds. All of this served 
to drive smallholders further out into remote locations along the 
deforestation frontier.7  Although this began in the late nineteen 
sixties, this highly unequal situation in the Amazon region persists; 
small farmers must clear increasingly marginal areas as their land 
degrades.

Agroforestry: A Potential Solution

Agroforestry systems are farming operations that incorporate 
perennial crops and trees along with annuals into complex multi-
crop operations. Much academic work and practical experience 
have qualified them as sustainable alternatives to the traditional 
farming model. Valued for their ability to cycle nutrients and protect 
against erosion, pests, and disease,8 agroforestry systems largely 
eliminate the need for constant land clearing.9 The sustainability of 
these systems, combined with their increased profitability relative 
to the traditional operation10 has made agroforestry a potential key 
to ending the smallholder’s perpetual migratory status, and thus 
the subject of much local and international attention.

Agroforestry systems may be lucrative once established, but 
implementing them requires expensive credit, inputs, and 
technical knowhow that many don’t have access to, along with 
more favorable environmental conditions.11 For this reason 
agroforestry systems maintain an extremely small share of land 
use in the region.12  Nevertheless, the Brazilian government and 
various NGOs have within the last several years begun an array 
of initiatives that provide the access to the necessary resources for 
the implementation of these complex systems. Once implemented, 
however, agroforestry systems can typically be managed at 
relatively the same cost as a typical mono-crop operation. These 
initiatives, necessary to “start up” the use of agroforestry, are 
widespread. With such a volume of organizations now working in 
this field, the extent of these efforts encompasses the majority of 
the Eastern Brazilian Amazon.

Suitability Mapping: A Key Component

Despite the high concentration of agroforestry development 
initiatives taking place in this region, there remains to be a 
simple, comprehensive measure of relative agricultural suitability 
across the Eastern Brazilian Amazon for agroforestry systems. 
As environmental factors such as soil quality, susceptibility to 
erosion, and climatic conditions can be a central constraint to the 
implementation of agroforestry, it’s important to assess the region 
with respect to these variables.

In recognition of the importance of such an assessment, this project 
evaluates the relative suitability of the region for agroforestry 
systems through the use of GIS modeling, producing a series 
of agroforestry “suitability maps.” Aiming for comprehensive 
analysis, these maps extend from the coast to the interior city of 
Manaus and from Brazil’s northern border down to the southern 
edge of the Amazon basin. Ideally, this model will aid in the 
expansion and development of agroforestry systems through a 
number of channels. Primarily, such a model has the potential to 
inform those working in agroforestry development as to where to 
allocate resources, as the least suitable areas will require the most 
attention. These maps can also serve to rationalize differences 
in the success of various agroforestry implementation initiatives 
that have already taken place, and predict the relative success of 
impending initiatives, all with respect to environmental suitability. 
In addition, this comprehensive measure of the natural potential 
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of the land reveals where low input farming, attractive for its 
low capital costs, has the highest chance of success. Finally, one 
would expect these maps to aid in the expansion of the findings of 
site-specific agroforestry adoptability studies to other areas in the 
region by adjusting for environmental differences.

The value of agroforestry systems comes in cultivating multiple 
crops on a single plot of land. Therefore, the visualization below 
demonstrates the suitability distribution of the selected crop, 
along with suitability measures of the other crops according to the 
location of the user’s mouse. This allows the user to obtain a quick 
sense of the suitability for any given combination of crops.

Many agro-suitability maps already exist,13  but none as specific 
to crops associated with agroforestry systems. Filling this gap 
involves building a model around crops relevant and specific 
enough so as not to reinvent the wheel of a more generalized 
agricultural suitability assessment. For this reason, this project 
constructs suitability maps with respect to all the 15 individual 
crops included in the majority of INCRA14  agroforestry initiatives 
in the region. These crops include the typical annuals along with 
both native and non-native perennial fruits and various trees used 
for their timber and non-timber products. The subject crops are 
organized into three categories that refer to the timescale along 
which they’re typically harvested. “Short cycle crops” refers to 
annuals, or produce that can be harvested within one year. The 
other two categories, “medium cycle” and “long cycle” crops 
respectively refer to perennial fruits and trees of more intermediate, 
and much longer time to harvest. For each crop included in the 
INCRA initiatives, this project developed a suitability map with 
respect to a list of environmental variables. The models include 
data on soil type and quality, slope, so as to assess susceptibility 

Figure 3.  Suitability values for short, medium, and long cycle 
crops.  Please click here to view the full interactive online version.

Long cycle example: Andirobeira suitability in Santarem.

Short cycle example: Beans suitability in Santarem.Medium cycle example: Açaí suitability in Santarem.

http://www.stanford.edu/group/spatialhistory/cgi-bin/site/pub.php?id=73#12
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to erosion, temperature, and precipitation levels. For more 
information regarding the process behind building the model, 
please refer to Appendix A.

Results

Using the model to combine climatic and land data into a suitability 
index yielded unique maps for each of the 15 target crops. Prime 
locations for each crop tend to be concentrated in areas of quality 
soil, as nutrient rich soil is rare in the Amazon. Because poor soil 
is well distributed and covers the majority of the study region, and 
as temperature was rarely found to be a limiting factor in terms of 
suitability, areas with low suitability ratings are more commonly 
those with either too little or too much precipitation. Crops would 
either be subject to excessive rainfall to the point where root 
rot becomes a threat, typically the case with annuals, or rainfall 
insufficient enough to require the incorporation of irrigation 
systems. This was typically the case with crops native to the 
rainiest areas of the Amazon, such as Açaí, Urucum, and Taperebá.

Map Use, Constraints, and Limitations

The first thing to keep in mind in the use of these suitability maps 
is that they display relative measures. The rating from zero to ten 
has no unit, and therefore cannot be used as an absolute measure of 
agricultural suitability. The value of these maps lies instead in the 
ability to compare areas as small as 41 hectares, or the minimum 
area for comparison that the data’s resolution allows for.

Although this model incorporates the most influential 
environmental factors, there are many variables that, due to limited 
time and resources, fell outside the scope of this project. Solar 
radiation — although rarely a limiting factor in the Amazon — is 
somewhat influential, and was not included. In addition, a more 
comprehensive suitability map would have moved beyond strictly 
environmental factors and incorporated anthropogenic influences 
such as infrastructure, market access, income levels, and differing 
land uses. There’s no doubt that a map incorporating these factors 
would yield a different distribution of agricultural suitability 
across the study region. Therefore, it is most important that the 
user recognizes these maps as demonstrating environmental 
suitability only.

Finally, one must not lose sight of the fact that this is a top-down 
model. That is to say, these maps measure suitability according 
to widely accessible data, and not to any influence of the actual 
farmer and his or her agricultural operation. This is yet another 
reason not to regard these maps as comprehensive measures of the 
viability of agroforestry, as the success of such complex operations 
depends heavily on the farmer managing them. In essence, these 
maps are meant to provide context in which to work with farmers 
on the ground much more than to be a final answer on the overall 
feasibility of agroforestry systems.

Despite these limitations the resultant maps provide an accessible 
measure of environmental suitability for agroforestry systems. The 

significant variation in suitability distribution across the different 
maps illustrates the value of constructing a crop specific suitability 
models, as they provide a more characteristic perspective. Again, 
these maps are not the final answer on the suitability of a given area 
for agroforestry systems. Rather, they have the potential to serve as 
integral players in the movement towards a more comfortable and 
sustainable future for the Amazonian smallholder population, and 
for the forest itself.

Ideally, initiatives aimed at helping the Amazonian smallholder 
achieve a better quality of life will continue to develop. Although 
it’s overwhelmingly popular to champion the preservation of the 
Amazon, such preservation cannot occur without addressing a 
commonly unrecognized ultimate cause: the continuing dependence 
of the smallholder population on constant land degradation. One 
cannot expect an agriculturalist struggling to make ends meet to 
have the long term preservation of the rainforest in mind. What 
must come first is establishment on the land, and the realization of 
a decent quality of life.

End Notes

Please see page 5-6 for Appendix A: The Model Building Process. 
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Appendix A: The Model Building Process

Data on soil type was derived from a comprehensive map of soil 
type coverage of Brazil produced by the Brazilian Institute of 
Geography and Statistics (IGBE). This project derived slope data 
from SRTM elevation files produced by the Consultative Group 
on International Agricultural Research (CGIAR). Finally, data on 
temperature and precipitation was averaged from data collected by 
numerous organizations over the past thirty years and compiled 
by the World Climate organization. Specific information regarding 
each individual crop’s ideal growing conditions was derived from 
a number of sources, but came principally from the Brazilian 
Agricultural Research Corporation (EMBRAPA), the Secretariat 
for Agriculture, Irrigation, and Agrarian reform of the state of 
Bahía (SEAGRI), and the Food and Agriculture Organization 
(FAO).

Construction of the model began with classifying each soil type, 
and the region’s varying levels of incline into seven categories 
ranging from zero to 60 percent grade. These two datasets 
were then combined in ArcGIS to yield a single entry for each 
unique combination of slope class and soil type. Each crop was 
subsequently given a “raw” score from zero to ten, ten being 
ideal, for each soil type by weighing measures of overall fertility, 
drainage capacity, nutrient retention, acidity, and susceptibility 
to erosion against the subject crop’s ideal conditions. Each soil 
type was then assigned an “erosion multiplier” that would either 
magnify or reduce the negative effect of slope on agricultural 
suitability by incorporating the susceptibility of each soil type to 
erosion. Finally, for each crop, a “slope effect” was assigned to 
each slope class that reflected that individual crop’s tolerance for 
incline. These measures were then incorporated into the following 
model to yield a rating between zero and ten for each pixel in the 
combined dataset, with respect to each crop.

L = R - Em

Where L is the land suitability score between zero and ten for 
each pixel, R is the crop’s raw score for each soil type, E is 
the individual slope effect for each crop, and m is the erosion 
multiplier. Regarding climatic conditions, monthly temperature 
and precipitation data was isolated for each crop’s individual 
growing season in the case of annual crops, and averaged on an 
annual basis for trees and perennials. These datasets, with respect 
to each crop, were subsequently reclassified, scoring each pixel 
on the same zero to ten scale. As the source material on each 
crop’s ideal conditions typically provides an ideal temperature 
and precipitation value or range of values, these were given tens, 
while the other classes were given incrementally lower scores. 
Whether or not the subject crop is more drought tolerant or flood 
tolerant determined whether higher or lower levels of precipitation 
were given the higher descending scores. The same was done 
with temperature data; information on heat tolerance determined 
whether or not higher temperatures or lower temperatures were 
given the higher descending scores.

After the establishment of a score from zero to ten with respect 
to soil and slope, temperature, and precipitation for each subject 
crop, these scores were combined using Mendoza’s “MCDM 
methodology” of combining already rated variables (on a common 
scale) simply by summing them with weights. Challenges arose in 
determining which weights to assign to which variables, as there is 
no real quantitative measure of the relative importance of land and 
climatic conditions. Considering that temperature and precipitation 
for the target crops in the study region are rarely limiting factors 
as compared to slope and soil quality, the land suitability rating 
was given the most weight (0.5) followed by temperature (0.3), 
and finally precipitation (0.2) as this factor is the most correctible 
with the incorporation of irrigation mechanisms. These weights 
completed the final suitability model:

S = cLL + cTT + cPP

cL = 0.5

cT = 0.3

cP = 0.2

Where S is the overall suitability rating from zero to ten, L is the 
land suitability rating, T is the temperature suitability rating, and 
P is the precipitation suitability rating. The c values correspond 
to the weights assigned to each variable. The finished suitability 
maps display the S dataset, displaying for each pixel of the study 
region a score between zero and ten. Finally a sliding color scale 
was applied to the pixel values of the entire map, so as to provide 
an accessible visualization of the agricultural suitability of the 
study region with respect to each subject crop.



©2010 Stanford University Spatial History Lab.  All rights reserved
6

spatial history lab1 September 2010

Figure 4.  The Model Building Process.  A visual representation of the process behind model construction. Processing raw data on elevation (DEM), soil 
type, temperature and precipitation yielded a unique suitability map for each target crop.
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