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Project Overview 
 
Project Description 
 
Objective:  By providing relevant information about land use change, the project aims to help decision makers, 
ranging from farmers to World Bank investors, reduce the uncertainties of development. 
 
Outputs:  
1. Baseline and time-series data for subsequent analysis performed. 
2. Information and insight of biological limitations and drivers of land use change developed. 
3. Analysis and prediction of socioeconomic factors influencing land use development performed. 
4. Analysis and prediction of vulnerability of land use systems to significant external events performed. 
5. Methods of capturing farmers’ knowledge in land use decision support developed. 
 
Gains:  Detailed georeferenced databases on land use, ecological, and socioeconomic factors.  Environmental and 
sustainability indicators of land use, networking on the environment, land use, sustainable agriculture, and 
indicators.  A blend of theoretical, methodological, and field-based inquiry for decisions on sustainable agriculture.  
Upscaling and extrapolation tools available for a variety of uses. 
 
Milestones: 
2004 Germplasm targeting tool completed (Beta version).  World climate surfaces upgraded to 1-km grid. Data, 

analyses, and tools for natural resource management disseminated throughout tropical America and other 
tropical areas of the world. 

 
2005 Delivery of second-order information products (e.g., policy guidelines, analytical methods, or information 

exchange networks) that will reduce the risks associated with specific land use changes that might otherwise 
threaten the well-being of significant numbers of rural people in the tropics.  These will address specific 
issues such as water productivity, climate change, and application of new germplasm. 

 
Collaborators:  ICRAF, CIP, ILRI, ECLAC, Univ. Guelph (Canada), IICA (Costa Rica), IILA (Italy), IIASA 
(Austria), WRI (USA), RIVM (Netherlands), TCA (Amazonian Cooperation Treaty), Earth Council (Costa Rica), 
World Bank; NARS, GOs, and NGOs in Latin America: DNP, IGAC, MinAmbiente, IDEAM, CARDER 
(Colombia); Ministry of the Environment, EMBRAPA (Brazil); IVITA, INIAA (Peru); INIAP (Ecuador). 
 
CGIAR system linkages:  Protecting the Environment (60%); Improving Policies (20%); Enhancement and 
Breeding (10%); Saving Biodiversity (10%). Contributes to the Ecoregional Program for Tropical Latin America. 
 
CIAT project linkages:  GIS studies assist SB-1, SB-2, IP-1, and PE-2; model development with PE-3, PE-5, and 
BP-1. 
 



 

 

Project Logframe - Workplan 2004-2006 
PROJECT:  LAND USE IN LATIN AMERICA 
PROJECT MANAGER: SIMON COOK 
 
Narrative Summary Measurable Indicators Means of Verification Important Assumptions 
Goal 
To reduce the risk of agricultural 
development in the tropics by providing 
spatial information about significant 
opportunities and threats of natural 
resource management. 

 
Risk recognized as a reducible factor. 
Information adopted by decision 
makers. 
CIAT, CGIAR, or other collaborating 
research institutional activities enhanced 
by the ability to target activities. 

 
Policy, projects, or funding strategies 
modified identifiably to include spatial 
information.  
Research portfolios modified 
identifiably by targeting or pre-
selection. 
Risk management strategies, based on 
spatial information, included in 
development projects. 

 

Purpose 
To enable decision makers, ranging 
from farmers to World Bank investors, 
to reduce the uncertainties of 
development by providing relevant 
information about land use change. 

 
Decision makers use spatial information 
to reduce risk. 

 
Documented case studies at farm, 
national, and regional scales. 
Published methods of generalizing 
improved decision making, using spatial 
information of land use. 

 
That uncertainty significantly obstructs 
land use decisions at a range of scales. 
That spatial variation introduces 
significant uncertainty to these 
problems. 
That relevant spatial information can be 
generated in a cost-effective manner. 

Output 1  
Baseline and time-series data for 
subsequent analysis performed.  

 
Population, crop, and selected databases 
generated. 
Detailed climate data sets developed for 
modelers. 
Detailed future climatic data sets used to 
predict climate change effects. 

 
Information available at CIAT.  
Selected information downloadable at 
CIAT Web site. 
 

 
Information can be delivered to analysts 
and decision makers. 

Output 2 
Information and insight of biological 
limitations and drivers of land use 
change developed. 

 
Threats of global climate change (GCC) 
to regional crop production defined for 
entire regions. 
Threats of climate change to plant 
genetic resources defined. 
Models developed for defining the 
impact of GCC on the potential 
productivity of a range of crops 
developed. 

 
Maps and databases completed. 
Models developed, calibrated, verified, 
and published.  
Projects developed to apply models.  

Sufficient data are available to generate 
insights. 



 

 

Narrative Summary Measurable Indicators Means of Verification Important Assumptions 
Output 3 
Analyses and predictions of 
socioeconomic factors influencing land 
use development performed. 

 
Spatial processes driving land use 
change identified. 
Distribution of poverty and its causes 
identified more accurately, using spatial 
information. 

 
Published explanations of the improved 
accuracy of explaining land use change. 
Spatial drivers of poverty explained in 
published case studies by June 2004. 
Information used to direct poverty 
alleviation policy. 

 
Sufficient data are available to generate 
insights. 
Links exist with governmental and NGO 
partners to enable implementation of 
poverty alleviation policies. 

Output 4 
Analyses and predictions of 
vulnerability of land use systems to 
significant external events performed. 

 
Indicators of vulnerability adopted by 
policy agencies. 
Spatial information on vulnerability 
used to reduce investment risks in at 
least one country case study. 

 
Methods of vulnerability assessment 
published with case study at national or 
regional scale by June 2004. 
Ex ante analysis of the benefits of risk 
reduction published. 

 
Sufficient data are available to generate 
insights. 

Output 5 
Methods of capturing farmers’ 
knowledge in land use decision support 
developed. 

 
Strengths and weaknesses, overlaps and 
gaps identified between farmer and 
scientist knowledge with respect to 
locally (e.g., declining soil fertility) and 
globally rooted resource-base 
management problems (e.g., climate 
change). 
Respective roles of farmers and 
scientists identified in local decision 
problems about locally and globally 
rooted resource-base problems. 
Farmer-to-farmer decision-support 
network established that tackle selected 
locally and globally rooted resource-
base problems. 

 
Case study documented of farmers 
generating information and merging 
with “hard” data on natural land 
resources. 
Network of farmer support initiated, 
including a minimum of 200 users at 
second-order organization level.  
Generated methods and tools 
documented and disseminated. 

 
Sufficient data are available to generate 
insights. 
Local structures enable network 
establishment. 
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Progress Report 
 
Output 1. Baseline and time-series data for subsequent analysis 
 
 
1.1. GISDATA – Organizing and using the CIAT spatial database 
 
Contributors: Jorge Cardona, Ovidio Rivera, Silvia Elena Castaño, Claudia Perea, Elizabeth 

Barona, Humberto Becerra, Otto Madrid, Gloria Stella Torres, Yuviza Barona, 
Glenn Hyman, Andy Jarvis 

 
Abstract 
 
We identified a need for a system to store and manage our spatial data so that we maximize on 
our competitive advantage. We installed a central data storage disc, which we are calling 
GISDATA, in one of the Land Use servers. This increases efficiency in use of data, and will help 
reduce the administrative load on PE-4 staff in the future. 
 
Rationale 
 
The Land Use Project has invested large amounts of money and time in producing and collecting 
spatial data sets of socioeconomic and biophysical data in the tropics over the past 20 years. This 
investment has made CIAT the holder of important data sets (notably in climate surfaces and 
census data), which are globally unique, and internationally recognized. Despite our reputation, 
the “CIAT spatial database” is disorganized, undocumented, and fragmented. Precious resources 
are being lost because of repetition of data sets on several computers (about 6 terabytes of data 
are stored within the project’s computer network), and time is lost locating specific data sets that 
should be easily accessible and public. 
 
Materials and Methods 
 
This year we made a considerable step in resolving the issue by producing an inventory (in an 
Excel spreadsheet) of the data that we have, including a brief description of each data set. We 
also investigated issues of data documentation standards, and spatial data infrastructures. 
 
This has led us to install a central data storage disc in one of the Land Use servers, which we are 
calling GISDATA. This disc has a carefully designed directory system to enable users to easily 
locate the desired data, ordered into geographic regions and biophysical/ socioeconomic themes. 
This disc now contains 20 gb of key data sets, and on a daily basis the project is creating new 
data. The emergence of research in the project using high-resolution images, taken from kite- or 
balloon-based platforms, is producing as many as 100 new images per week. 
 
By the end of 2003, the project will implement a Web-based interface to automate the procedure 
of storing data in GISDATA, and maintain basic standards of documentation. This will reduce 
the administrative load on PE-4 staff members, and secure that GISDATA remains organized. 
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1.2. Climate 1.0: Climate database for CIAT network 
 
Contributors: William Diaz, Humberto Becerra, Peter G. Jones (consultant) 
 
Abstract 
 
The present project has completely revised the CIAT climate database, and made it available 
over the Intranet. User-friendly interface software has been developed, and many of the functions 
of FloraMap and MarkSim, to provide a flexible map interface to the end user of the climate 
data. 
 
Rationale 
 
The CIAT database has been the mainstay for CIAT climate applications for many years. It now 
consists of data from over 20,000 climate stations throughout the tropics. The database was 
started just over 25 years ago, and has existed in many forms over the years. For some time now 
it has been available as an Oracle application, but the user interface was non-existent. Climate 
data are of use to practically all CIAT scientists at some time, and so it was decided to make 
them available to all computers attached to the CIAT network. 
 
Materials and Methods 
 
The application Climate 1.0 was written in Oracle with Delphi, making use of the Environmental 
Systems Research Institute (ESRI) MapObjects for the visual mapping interface. The data were 
extensively rechecked from the old Oracle database, and loaded into the new one, which will 
give easy access over the CIAT network. The interface can handle maps in the form of ESRI 
shapefiles; those available by default include countries and administrative units in Latin 
America, Africa, and Asia. Also available are roads, rivers, and topography, amongst others. 
 
Both the original data stored by climate station and the interpolated climate surfaces were 
included. The station data include precipitation, temperatures (maximum, minimum, mean), rain 
days, relative humidity, vapor pressure, solar radiation, wind speed, and evapotranspiration 
where available. The interpolated climate surfaces give precipitation, and maximum and 
minimum temperatures on a 10-arc minute pixel for Latin America and Africa, and a 2.5-arc 
minute pixel for Asia. 
 
The station key is a bit interleave (Morton) key, produced from latitude and longitude giving a 
unique key for every station record and allowing very fast geographic lookup for retrieval. Data 
retrieval can take many forms: 
 
(1) Stations nearest to a given point—either by pointing at a map or entering the geographic 

coordinates; 
(2) Station name; 
(3) An included part of station name; 
(4) Specific station key; or 
(5) Data from the climate surfaces. 
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Full zoom facilities are provided, as are a number of graphic climate displays and report writing 
functions. Easy access to the data from lists of stations or areas on the map allows the creation of 
output data files for transfer to other analysis systems. A window for standard SQL queries using 
Boolean expressions for data retrieval is also available. A tutorial is available to guide the user 
through the various functions. 
 
In addition, full capabilities for loading, maintenance, error correction, and updating of the 
database are available for the database administrator. This is not enabled for the general user in 
order to maintain data integrity. 
 
Results and Discussion 
 
The application at present requires an executable program to be loaded in the machine accessing 
the database file via the network. It is envisaged that a full Web access system may be developed 
in the future, but this will require implementation of a Map Server, probably ARCIMS from 
ESRI, and ASP or PHP for data access. This will reduce the load on the network and the users’ 
machines. 
 
 
1.3. New data structures for climate applications 
 
Contributor: Peter G. Jones (consultant) 
 
Abstract 
 
Work has proceeded on the stopping algorithm for the new Morton key indexed data structures 
for the climate applications. Using the test set of 500,000 climate records produced last year, a 
new stopping algorithm has been produced. This needs calibration, but the calibration process 
need only be done once for an application such as FloraMap or Homologue. Record recovery 
rates show a mode of less than three reads per required record. 
 
Rationale 
 
The CIAT stable of climate applications at present uses climate grids at precisions of 10 minutes 
of arc for Latin America and Africa, and 2.5 minutes of arc for Asia. Although this has proved 
extremely useful for many users, it is a serious restriction in areas of broken relief. Eighteen km 
in the Andes can cover a multitude of elevations and different types of terrain. With the 
availability of 1-km and recently 90-m elevation models, this restriction can be overcome. But, 
the volume of data involved is frightening, and cannot be easily accommodated in the present 
storage structures and indices used by the CIAT applications. One km coverages with efficient 
indexing using the storage structures as they stand would require over 21Gb of storage, and 
would be unacceptably slow. We are therefore looking into alternative methods of storage and 
access. Good progress was made last year on Morton key ordered indexing. The next 
requirement was to devise a stopping algorithm that can terminate the search as soon as all viable 
records have been retrieved. This year we have done this, and have made a further significant 
step towards an efficient, fast access system. 
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Materials and Methods 
 
Initial trials were made of a simple system, based on calculating a stopping statistic from the 
climate distance measure derived from each record as it was retrieved. This had the great 
advantage that the software did not need to know the users’ distance measure. This failed 
because the stopping statistic had to be calculated from the lower bound of an envelope of a set 
of climate distances that included large positive deviations at random. This meant that, in order 
to be sure, often up to half of the file had to be searched to retrieve all the required records. 
 
We therefore concentrated on the two-dimensional index as a starting point, and carefully 
analyzed the climate distance measures over the index space for a variety of distance measures. 
Figure 1 shows such a surface for a Euclidean climate distance in two principal components 
describing a plane index space. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Euclidean climate distance plotted in the index space due to two principal 

components. 
 
In this case the very center of the index at p = (0.5,0.5). The color runs from zero = black to 
about 300 = yellow. Green indicates no record at that point in the index. The aim is to retrieve 
only records in the orange ellipse. The dappling shows that the full Euclidean distance (the user’s 
distance function) is not the same as the index function. I therefore needed to calibrate the user’s 
function in terms of the index function. 
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To investigate further we plotted the sections along the four lines indicated as can be seen in 
Figure 2. Here, the lower envelope is clear, as is the positive deviation. It is the random position 
of those deviations that renders the task of calculating the lower envelope very difficult to do as 
the records are retrieved. 

 
Figure 2. Euclidean distance measure plotted along transects of the two-dimensional index 

as noted in Figure 1. 
 
The next problem was to determine the slope of the red line for each transect. This would give us 
a way of calculating a stopping ellipsoid for any user-defined distance value. However, we did 
not want to read more records than was absolutely necessary to do this because it incurs 
overheads. This is not a trivial problem, and it becomes worse as the user’s distance function 
departs from the index function. 
 
Figure 3 shows the scheme of the retrieval routine. The jagged line shows the records found 
along the transect; they are shown as the vertices indicating their distance along the transect and 
their individual climate similarity. The red line indicates the slope of the calculated retrieval 
function. This is estimated along the transect by a sampling procedure, and the slope is 
calculated as that of the sampled point with minimum slope. Records retrieved to the stopping 
distance are those that fall within the rectangles A and B. The required records fall in rectangle 
B, while those not required fall in rectangle A. In this case, the ratio of required records to 
records not required is 35/33, a very good ratio indicating that less than two records had to be 
read to retrieve a required record. This procedure was then applied to transects in different 
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directions from the target record. The stopping distance was found to vary with the direction on 
the index. 

 
Figure 3. Relationship between climate similarity and the estimated stopping distance. 

Records are shown as the vertices on the index transect, those retrieved and 
required fall in the rectangle B; those retrieved, but not required, fall in rectangle 
A. 

 
This created a difficulty, because the optimum stopping distance figure in the plane of the index 
was no longer a simple ellipse. Therefore a new figure had to be devised that could cope with the 
varying distances in at least four directions, and smoothly connect the estimates into a plane 
figure. This was done by taking the four quadrants separately, and calculating a partial ellipse 
between the adjacent stopping range estimates (Figure 4). It is actually a continuous curve since 
the derivatives of the curves in each adjacent quadrant are equal at the transition point.  
 
Thus, quadrant 1 is determined by axes oa and ob, quadrant 2 by ob, oc, etc. The fact that a point 
(red arrows) is inside or outside the overall figure can be determined by quadrant as the formula 
shows. This is readily extensible into higher dimensions, and gives a very free form to the 
stopping distance volume. The only records that need to be read fall within this structure. 
 
Figure 5 shows a typical example of applying a single calibration with an ellipsoid of four 
quadrants. It can be seen that, although a very good retrieval percentage is obtained, the read 
space ellipsoid, while well centered, is too short at the north end, and too far extended at the 
south end. These deviations were found to be systematic, and could be corrected with a simple 
calibration based on a subdivision of the index. A test file was created of the index surface, and 
fitted stepwise polynomials using Genstat. This showed that terms up to the sixth order were 
sometimes significant, but thankfully there was no significant cross correlation term. Therefore 
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write a simple calibration routine could be written that can be called whenever a new distance 
function is created. 
 

 
Figure 4. A method of defining the stopping distance that varies the distance in each 

quadrant. 

 
Figure 5. An example of a retrieval ellipsoid based on a universal calibration for the index. 

The white area shows valid records retrieved within the read space ellipsoid. 
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The automatic calibrator at 0.02 intervals with rejection at standard residuals of 2.6 and above 
gives the curves below (Figure 6). They are fitted to full 6th order polynomials to avoid the 
stepwise procedure. This takes some time, but it means that the normal retrieval time is much 
faster because no slope calculations have to be made at retrieval time. The calibration only has to 
be done once for each function, thus FloraMap will have a previously calculated, built-in 
calibration that will never need to be changed. 
 

 
Figure 6. Fitted sixth-order polynomial slopes for the two-dimensional index surface. 
 
In practice, the ellipsoid for record retrieval is slightly larger than the calibration ellipsoid to 
ensure that all relevant records are retrieved. The retrieval routines therefore use a factor to 
increase the ellipsoid size. The performance with this calibration was remarkable. Extensive tests 
were run at various levels of the factor-setting ellipsoid size. The best factor level was 1.2, that is 
to say, the effective ellipsoid was 1.2 times the ellipsoid calculated from the calibration (Figure 
7). At this factor level, the retrieval was 99.8%. To achieve full 100% retrieval it would be 
necessary to go to an ellipsoid factor of 1.4, but this was not judged necessary. However, an 
option could be incorporated in the eventual retrieval routines for the user to override the default 
if necessary. 
 
Using the same techniques, we have started looking at the case of the three-dimensional index. 
The theory is exactly the same as for the two-dimensional case. However, the variance taken up 
by the third component is only 13%; this means that the retrieval ellipsoid is very elongated in 
the third dimension of the index. In fact, it almost always extends the width of the third 
dimension. We have not yet investigated the benefits of using this representation, but the 
calibration in three dimensions is proving much more difficult than in two. 
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Figure 7. Average number of records retrieved to retrieve a required record. The blue line 

denotes the mode at somewhat less than three reads per valid record. 
 
Results and Discussion 
 
We have produced a working, efficient procedure to recover records by climate characteristics. 
The recovery procedure is absolutely independent of file size, and only varies with the number of 
records required. The daunting prospect of searching the whole of a 21Gb set of files merely to 
plot climate homologues therefore has been avoided. Further work on recovery of records by 
geographic location will be straightforward. The next step is to find an efficient compression for 
both files and indices. 
 
1.4. Automated crop distribution mapping 
 
Contributor: Peter G. Jones (consultant) 
 
Abstract 
 
We have investigated a new approach to producing distribution dot maps. We used a stochastic 
algorithm to distribute dots in a random pattern within a census tract, while constraining their 
distribution by an underlying probability surface. The algorithm has been coded as a Fortran 
routine that used standard ESRI shapefiles and GRIDs as input and output. This will shortly be 
combined with a Graphic User Interface to work alongside ArcView and/or ArcInfo. 
 
Rationale 
 
Dot distribution maps are of critical importance to many agro-ecological analyses. They can be 
readily overlaid on coverages of edapho-climatic, land use, infrastructure, and sociological data 
to relate each production unit to the local values of the geographical coverages. The base data for 
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them come from census and survey statistics. However, these are usually only available by 
relatively coarse administrative units that cover a diverse set of landscapes. 
 
Traditionally, we have produced these dot distribution maps by hand, interpreting the position of 
each dot from a set of topographic and land use maps. This process is tedious; it can take up to 6 
months to produce a continental coverage. It is also almost impossible to update without 
completely redoing parts of the work. This automated application will allow us to produce 
distribution maps rapidly, and to update them as new census data become available. 
 
Materials and Methods 
 
The basic algorithm to distribute points within a polygon following the probabilities given by an 
associated grid was developed in Visual Fortran using artificial data. The main routine to use the 
ESRI shapefiles and GRID needed actual data for development and testing. We used the area 
planted to common bean (Phaseolus vulgaris L.) in each municipality from the 1993 agricultural 
census of Honduras. We constructed a dummy probability surface from the 1-km digital 
elevation model GTOP030. The allocation of probabilities by elevation is shown below. This 
allocation was used merely as a test case, and does not represent more than a rough 
approximation of what we would actually expect. 

Allocation of probabilities by elevation 
Elevation (masl) Probability 
0 to 150 0.0 
150 to 300 0.15 
300 to 500 0.3 
500 to 750 0.5 
750 to1300 1.0 
1300 to1800 0.5 
1800 to 2300 0.3 
Above 2300 0.0 

 
Results and Discussion 
 
Figure 8 shows the dummy probability surface; white is p = 1.0, black shows p = 0.0, the gray 
shades represent the intermediate probabilities. In reality, the probability surface will be a 
composite of terrain, known land cover, and other variables that the user will factor in using 
ArcView or ArcInfo. 
 
The result is not an accurate map of bean production in Honduras because the probability surface 
was inadequate for this, but it does indicate that the algorithm is performing correctly (Figure 9). 
Deficiencies exist where some municipalities actually grow beans, but the entire land surface is 
less than 150 masl. This does not, however, invalidate the test. The municipality of Puerto 
Lempira at the eastern end of Honduras is a good example. It grows few beans, but what exist are 
restricted to the higher ground at the western side of the municipality. In fact, the whole of the 
eastern part is now a national reserve. 
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Figure 8. Dummy probability surface based only on elevation. 
 

 
Figure 9. Honduras bean area: 50 hectare dots distributed by the new algorithm. 
 
This algorithm will now allow us to rapidly access growing databases of production data, and 
produce up-to-date maps of all crops that interest us. It is not, however, restricted to crop 
distribution. By choosing the right factors to include in the probability surface, it can be used to 
map any census data; these might include population, cattle numbers, or anything described as 
units per census tract. 
 
 

Pt. Lempira

Municipal boundary 
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1.5. Spatial data infrastructures in Latin America and the Caribbean 
 
Contributors: Glenn Hyman, Claudia Perea, Elizabeth Barona, German Lema 
 
Abstract 
 
Agricultural and natural resource management (NRM) research increasingly depends on access 
to standardized spatial information shared by a global community of professionals. Spatial data 
infrastructures (SDI) are providing the framework to build this global community. Through 
leadership of the Central American Geographic Information Project (PROCIG, the Spanish 
acronym), CIAT staff encouraged geographic information sharing between our partners in the 
ministries of agriculture and national statistics and census institutes, ministries of environment, 
and national mapping agencies. Over time, geographic information systems (GIS) have evolved 
from the domain of individual researchers to that of departments within an organization, to 
enterprise-wide systems, and now to networked systems operating at the societal level. 
Widespread use of GIS across networks necessitates the development of standardized 
documentation, common file formats, and agreed-upon procedures and policies that enable data 
sharing and interoperability between diverse systems. We began to track the adoption of SDI in 
early 2000 through a survey of Latin American and the Caribbean (LAC) countries, and analysis 
of the development of standardized spatial data clearinghouses. For nine countries, the 2000 
survey was updated in 2003 to track recent progress in SDI adoption. The results suggest that the 
adoption of SDI concepts in the region has increased markedly over the last 5 years, but future 
development will depend on coordinated action supporting technology transfer to those countries 
lagging behind. 
 
Materials and Methods 
 
We joined our SDI efforts with the Global Spatial Data Infrastructure initiative in 2000 to survey 
LAC countries. The ongoing survey is available on the PROCIG Web site 
(http://www.procig.org/esp/inde-encuesta-la.htm; Hyman et al., 2001). Respondents included 
officials working in government agencies, the private sector, and universities—people and 
organizations who know about the broad range of GIS activities in their country. The survey 
covers the full range of SDI concepts—fundamental baseline data, metadata, spatial data 
clearinghouses, standards, policies, and legal mechanisms governing GIS use across networks. 
We compiled the surveys for 19 countries in 2001. For nine countries, we acquired updated 
surveys, allowing us to track progress over the last several years. 
 
The surveys were complemented by an analysis of the establishment of spatial data 
clearinghouse nodes, as an indicator of SDI adoption. We reviewed the Federal Geographic Data 
Committee’s clearinghouse registry to determine which clearinghouse nodes were in LAC 
countries, and when they came online. 
 
Results and Discussion 
 
According to our survey, most countries in LAC had adopted the general concept of national 
spatial data infrastructures (NSDI) by the year 2000. However, NSDI programs were initiated 

http://www.procig.org/esp/inde-encuesta-la.htm
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and led by technical experts, more so than by decision makers and higher officials that could 
have given these efforts greater legitimacy. 
 
Our updated 2003 survey (Hyman et al., 2003) showed that, for the nine countries from which 
we received replies, substantial progress toward adoption of SDIs has been made in the last 
several years. Several countries had established some kind of formal mechanism to set up their 
NSDI by executive or legislative order. They had formed committees to advance different areas 
of SDI implementation. More decision makers at higher levels of government are now 
considering SDI concepts.  
 
Our analysis of clearinghouse nodes showed a peak of activity in 2001, with new node 
establishment appearing to level off thereafter (Figure 10). The peak coincided with the Mitch 
Clearinghouse program of the United States Geological Survey (USGS) that established four new 
nodes in Central America to provide spatial data for natural disasters and other emergencies. 
From this analysis, neither trends toward greater adoption, nor toward lack of adoption are clear. 
Future adoption of SDIs in LAC will likely require some mix of national self-interest in the 
geographic information science and technology community, committed individuals advancing 
these concepts, and acceptance by high-level decision makers. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. New Latin American and Caribbean clearinghouses in the Federal Geographic 

Data Committee (FGDC) registry. 
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1.6. Maintenance and improvement of CIAT GIS laboratory 
 
Contributors: Jorge Cardona, Ovidio Rivera, Silvia Elena Castaño, Claudia Perea, Elizabeth 

Barona, Humberto Becerra, Otto Madrid, Gloria Stella Torres, Yuviza Barona, 
Glenn Hyman, Andy Jarvis 

 
Abstract 
 
This year we made a series of efforts to maintain and improve CIAT’s GIS laboratory. The 
efforts included employing a consultant to analyze our operations, an initiative to better manage 
and document our data, and improvements in performance and service to GIS users. 
 
Materials and Methods 
 
Nick Thomas of ESRI was contracted to analyze the operation of our lab, and help us implement 
a new contract for GIS software. Many PE-4 staff participated in the analysis carried out by 
Nick. Carlos Meneses, head of CIAT’s Information Systems (IS) unit, participated directly in the 
development of the analysis and consultancy. Before the consultancy began, a new license server 
was installed to provide access to 60 seats of ArcGIS software. The consultancy helped Nick and 
PE-4 staff examine five areas that together make up our laboratory operation – software, 
hardware, data, methods, and human resources. Other improvements involved a pilot study, 
increased efficiency of network servers, and renewed software contracts, amongst others. Also, 
CIAT’s external auditors made an analysis of our GIS laboratory. 
 
Results 
 
The analysis suggested that our software maintenance work is working well. Many computers in 
our unit have less memory than our software recommends. We hope to remedy this problem with 
next year’s capital budget request. Quite a few problems need to be addressed in order to manage 
data better. The analysis suggested a need to better document our procedures and methods so that 
they can be shared and captured after a person leaves our group. Although our personnel cover 
all the main areas to maintain a fully reliable GIS lab, several areas would suffer greatly if a 
particular staff member left CIAT, or was otherwise unavailable to work. The analysis made 
some suggestions about managing human resources in our group. The result of this effort was an 
internal report with recommendations for improving our laboratory (available on request). PE-4 
staff are implementing most of the recommendations. 
 
Other improvements of the GIS lab included a pilot study that established a digital map search 
tool using ArcIMS Metadata Server. As each data set is transferred to the new hard drives, the 

http://www.procig.org/downloads/ESRIpaper.pdf
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corresponding metadata are attached to each digital map. Then, the metadata are registered in the 
server and made available for searching. 
 
In addition to systems administration work, other efforts to upgrade our lab include the 
installation of new personal computers from our capital budget request, and the redistribution of 
the replaced computers. We returned the least powerful and slowest computers to the CIAT IS 
unit. To improve performance, network servers were apportioned so that Web mapping services 
have their own server, separating external demand on our Web sites from internal processes 
requiring CPU time. The dedicated map server was configured to support dynamic Web mapping 
for Web sites of the Biofortification Challenge Program, the Ecuador Food Security and Poverty 
Project, the population data server, and other services.  
 
An additional effort to maintain our remote sensing software resulted in renewed contracts with 
PCI and ERDAS. The lab now also holds eCognition software, which gives us a good range of 
remote sensing tools. 
 
Support was provided for the development of a literature reference handling system for the Web. 
A system was set up for requesting and monitoring online GIS courses in ESRI products. Any 
CIAT staff can take a course online by requesting the course codes. 
 
The CIAT external auditors made an analysis of our GIS lab as part of the center-wide audit. The 
audit analyzes questions of data integrity, systems security, proper use of contracted software, 
and other issues related to CIAT systems. Some of the recommendations we are implementing 
include password control, equipment to get us through an electrical blackout or deal with a 
disaster, and proper documentation of lab procedures.  
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Output 2. Information and insight of biological limitations and drivers of  
 land use change 

 
 
2.1. Vigna biogeographical analysis: Locating collection gaps and assessing 

conservation status through spatial analysis of germplasm and herbarium 
collections 

 
Contributors: Andy Jarvis, Silvia Elena Castaño, Rosalba Lopez; Dr. Nigel Maxted 

(University of Birmingham); Luigi Guarino (International Plant Genetic 
Resources Institute [IPGRI]) 

 
Abstract 
 
This study makes a comprehensive assessment of the biogeography of Vigna spp. in Africa. This 
work forms a section of a book to be published in the New Year in the IPGRI series of eco-
geographic studies. The Land Use project has collaborated with the University of Birmingham 
and IPGRI in performing the spatial analysis of the genus, in order to further understand 
biogeographic patterns, assess the conservation status, and make informed priorities to guarantee 
long-term conservation of the entire gene pool. Current specimen collections present evidence 
for three hotspots in Africa (the Great Lakes, southern tip of Lake Tanganyika, and the 
Cameroon Highlands). Species distribution modeling confirms these as being species rich, but 
indicates other areas, which have been heavily undersampled and may potentially harbor many 
more species, most notably in the Democratic Republic of Congo (DRC). 
 
Introduction 
 
Some geographic areas show greater diversity for a given gene pool than do others. Because 
funds for conservation are limited, the accurate spatial mapping of diversity is essential to 
prioritize conservation interventions. Spatial analysis of Vigna collections has been performed 
with the following objectives: 
 
•  Quantify basic statistics of geographic distribution for each species in the Vigna genus, 

using both gene bank and herbarium collections across the African continent; 
•  Locate the hotspots in Africa where most Vigna species have been found; 
•  Assess the potential distribution of each Vigna species using predictive distribution models; 

and 
•  Examine conservation gaps, where Vigna species are likely to occur, but have not yet been 

found. 
 
The strategy combines two subtly different analyses of species distribution, one that locates the 
actual hotspots of Vigna richness (i.e., areas where numerous species are known to occur), and 
another that attempts to predict hotspots of species richness based on the potential distribution of 
each species, and that therefore may include areas until now unexplored for Vigna. Combining 
these two results allows conservation gaps to be identified, and permits an analysis of the current 
status of in situ and ex situ conservation of the Vigna gene pool. 
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Methodology 
 
Geographic coordinates in the specimen database 
Some 2065 specimens in the original database lacked geographic coordinates. These were 
manually examined one by one, and where possible, geographic coordinates were assigned using 
gazetteers of populated places for Africa (available within DIVA-GIS at http://diva-gis.org), that 
include the coordinates of some 547,490 villages/towns/cities across the whole continent. If the 
collection was made at a documented distance from a populated place, this information was 
included in the calculation of the geographic coordinates. 
 
All geographic coordinates in the Vigna database of existing collections were then subjected to 
an error-checking exercise using various methods and tools. The first process involved the 
identification of erroneous coordinates. These included entries with the following errors: 
 
•  The specimen fell in a body of water (sea or lake). 
•  The specimen was located in a country other than that stated in the passport data. 
•  The specimen was located in the wrong department/state, assuming information on the 

administrative district was available in the passport data. 
 
Each entry found to have potentially erroneous geographical coordinates was then manually 
revised, and the true coordinates assigned using the locality information in the passport data, 
using the same method as for those collections without geographic coordinates. In the absence of 
any descriptive locality information, collections with geographic errors were excluded from any 
spatial analysis. 
 
Basic species distribution statistics 
To quantify the area over which each species is distributed, given the available data, the circular 
area (CAr) over which observations were distributed was calculated following the methods of 
Hijmans et al. (2001). CAr is calculated by assigning a circle of radius r (in this case r = 50 km) 
to each observation. The area over which the species is distributed is then calculated, with 
overlapping areas being included only once. Area is expressed relative to the area of one circle. 
The CA50 statistic was plotted against the number of observations of a species to explore 
differences in abundance among species. This was quantified using a relative CA50 (R CA50) 
calculated as CA50 / number of observations. 
 
Analysis of known hotspots of richness 
Areas of high species richness were located by determining and displaying the number of species 
occurring in each cell of a 50 km x 50 km grid using DIVA-GIS (Hijmans et al., 2001). DIVA-
GIS is available at no cost from http://diva-gis.org, and the reader will find further information 
about its use in a plant genetic resources context in Hijmans et al. (2002). Species richness is 
used as a measure of taxonomic diversity because it is a simple, useful, and widely used and 
understood parameter (Gaston, 1996). It is also less sensitive to the problems of unsystematic 
sampling intensities and procedures than other diversity indices (Hijmans et al. 2000). 
 

http://diva-gis.org
http://diva-gis.org
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Complementarity analysis 
To determine optimal locations for in situ reserves to conserve maximum species diversity, a 
study based on species complementarity was undertaken using the DIVA-GIS software (Hijmans 
et al., 2001; 2002). The species complementarity procedure is based on the algorithm described 
by Rebelo (1994), and Rebelo and Sigfried (1992). The aim is to identify grid cells of a defined 
size that complement one another in terms of species composition, although any biological 
characteristic may be used, whether taxonomic, morphological, or genetic. The process is 
iterative, whereby the first cell is the most species rich. The second iteration locates a grid cell 
that is richest in species not already represented in the first iteration. This iterative process 
continues until all species have been represented. We computed the minimum number of grid 
cells needed to capture all 69 species in the Vigna genus. The grid cell size was defined as 100 x 
100 km. 
 
FloraMap distribution modeling 
A computer program called FloraMap (Jones and Gladkov, 1999) was used to develop climatic 
models for predicting the diversity of Vigna spp. in the study area. FloraMap was developed at 
CIAT for predicting the distribution of organisms in the wild when little or nothing is known of the 
physiology of the species involved. It is assumed that the climate at the points of observation and/or 
collection of a species is representative of the environmental range of the organism. The climate at 
these points is used as a calibration set to compute a climate probability model. 
 
FloraMap was used to map a probability distribution for 51 species in the genus Vigna across a 
geographical range spanning all Africa. Eighteen species with fewer than 10 observations were 
omitted from the analysis, because the number of points was deemed too low for the results to be 
reliable. The species omitted were V. bosseri, V. debanensis, V. hosei, V. kessneri, V. kokii, V. 
microsperma, V. monantha, V. mudenia, V. mungo, V. nuda, V. nyangensis, V. phoenix, V. 
richardsiae, V. somaliensis, V. tisserantiana, V. trilobata, V. umbellata, and V. virescens. 
 
While the climatic potential for a species may be geographically very large (e.g., Madagascar is 
climatically suitable for many of the species unlikely to be found on the island), in many cases 
the distribution is in reality much more limited. Historical and biological factors, such as 
environmental change, anthropogenic habitat modification, dispersal mechanisms, and edaphic 
requirements may be responsible for confining a species distribution to a smaller range than its 
climatic potential. FloraMap merely maps the potential climatic envelope where an organism could 
exist, and does not account for such factors. Expert opinion was used to limit the distribution for 
some species. It should be noted that the results are likely to overestimate species range for some 
species. 
 
Predicted richness 
Potential species richness was predicted using the individual species distribution predictions. If 
the probability of finding a species in an individual grid square was 0.5 or greater, then the 
species was assumed to be present. Richness was then predicted by calculating the number of 
species potentially present in each grid square. This was performed both for species richness of 
the Vigna genus, and subspecies richness for V. unguiculata. 
 



 22

Results and Discussion 
 
Spatial distribution of collection density 
Some areas have been more intensively sampled than others, and this causes additional bias to 
the representativeness of the points of observation used in this analysis. Species-area and 
species-individuals curves in ecology show trends of increasing number of species encountered, 
given greater collection effort (in terms of area or number of individuals sampled), and this is 
especially important in germplasm and herbarium collections. These collections are often made 
in areas most accessible by road (Hijmans et al., 2000), regions/countries that are safe, and areas 
where experts feel the greatest number of interesting specimens may be found. This typically 
creates a non-random spatial distribution of species observations points. It is important to keep 
this in mind when interpreting maps of species richness generated using specimen data alone. 
 
In the case of Vigna, this is especially true. The areas most sampled are in Swaziland and 
surrounding regions in South Africa (199 specimens in a 200 km x 200 km area), and around the 
southern tip of Lake Tanganyika (177 specimens). Other areas heavily sampled include the area 
around the Great Lakes, and along the border between Tanzania and Kenya, northern Ghana, 
southern Malawi, and northwestern parts of Zimbabwe. Central areas of DRC have not been 
sampled at all, probably because of the risks associated with collecting in rural areas. 
 
Range size statistics 
Spatial analysis of the points of observation for each species produced basic information on the 
extent of the geographic distribution of each species (Figure 11). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11. Observed geographic area of distribution of Vigna species calculated using the 

circular area statistic with a 50-km radius (CA50). 
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As can be seen, V. unguiculata (distributional area of nearly 4 million km2) and V. vexillata 
(distributional area of nearly 3.3 million km2) are the most widely distributed species, using the 
CA50 statistic. All other species have a distributional area of under 2 million km2, with 31 species 
having less than 100,000 km2. 
 
The CA50 statistic was plotted against the number of observations to explore differences in 
abundance among species (Figure 12). A species with a high number of observations per CA50 
would be abundant within its area of distribution (or densely collected), whereas a low number 
would indicate that a species has a more scattered distribution within the range in which it occurs 
(or is less densely collected). 
 

 
Figure 12. Relative circular area (RCA50) plotted against the number of observations of 

Vigna species. Each dot refers to one species, with the more interesting species 
and outliers labeled. 

 
On the average, Vigna spp. had a relative circular area (RCA50) of 0.37 times their number of 
observations. This figure is higher than statistics previously calculated for collections of wild 
potato species (0.15) (Hijmans and Spooner, 2002) and wild peanut species (0.26) (Ferguson et 
al., 2003), indicating that Vigna species are either lower in abundance in the wild, or have been 
less densely collected. 
 
There is little variation in abundance/densities among species. V. ambacensis is the most 
significant outlier, having an RCA50 of 0.62 times the number of observations, indicating low 
abundance or density of collecting. V. vexillata and V. unguiculata have high collection densities 
(0.35 and 0.34 respectively), indicating that they have been more exhaustively searched for—and 
found. 
 
Patterns of species richness 
In a preliminary exploration of the actual spatial patterns of richness, the average number of 
species in each degree of latitude from the southern tip of Africa to the most northern point was 
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calculated (Figure 13). The pattern is bimodal, with peaks of species richness around 10o N (34 
species) and 10o S (33 species). Along the equator, between these peaks, there are about 25 
species per degree of latitude. On the whole, there is greater species richness in the southern 
hemisphere, where various species continue to be found as far south as 35o S. In contrast, the 
northern hemisphere rapidly loses species between 10o N and 20o N. Further north of 20o N, only 
three observations of Vigna occur, these being three separate species (V. ambacensis, V. luteola 
and V. trilobata). The Sahara desert has obviously been a critical barrier to Vigna distribution. 
 

 
Figure 13. Species richness per degree latitude across the full latitudinal gradient where 

Vigna is found. 
 
Analyzing patterns of species richness in 50-m altitudinal bands (Figure 14), the greatest richness 
occurs in mid-elevations around 1300 m, with some 42 species. Species richness remains 
reasonably stable from sea level to 1700 m, fluctuating between 25–30 species, but then takes a 
sharp drop, with just one or two species found above 2700 m. 
 

 
Figure 14. Species richness per 50-m altitude class. 
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Examining spatial patterns of species richness in more detail, mapping species richness in 200-
km x 200-km grids highlights three main hotspots (Figure 15). These are around the southern tip 
of Lake Tanganyika (24 species), the Great Lakes (23 species), and the Cameroon Highlands 
(19). The hotspot at the southern tip of Lake Tanganyika also extends south along the west coast 
of Lake Malawi, containing areas with 17 species. The Great Lakes hotspot includes the northern 
tip of Lake Tanganyika, Lake Tivu, Lake Edward, and the northern and western sides of Lake 
Victoria (includes eight grid cells with 14-23 species, average of 18 species). Four grid cells in 
Cameroon have high species richness, stretching NNE from the coastal city of Douala up along 
the border with Nigeria (4 grid cells with 15-19 species, average 17 species). Central Angola (18 
species), and the southern border between DRC and Zambia around Lubumbashi (16 species), 
are two other areas with notably high species richness. On the average, a 200-km x 200-km grid 
cell in Africa below the 17o N line contains as many as six species of Vigna. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15. Species richness of Vigna in 200-km x 200-km grid cells. 
 
Complementarity 
Twenty-three 100-km x 100-km grid cells were required to include all 70 species of the genus 
Vigna (Figure 16), although just three of these grid cells contain 37 species (54% of all species in 
the genus). The most important grid cell (iteration 1) includes the hotspot of species richness at 
the southern tip of Lake Tanganyika, where 23 species are found. However, the second iteration 
is not in any of the other previously outlined hotspots, but in the coastal area of Sierra Leone, 
where eight different species can be found. This indicates that the three hotspots (the Great 
Lakes, southern tip of Lake Tanganyika, and the Cameroon Highlands) are in fact reasonably 
similar in species composition. The third grid cell, within the Great Lakes hotspot, contains just 
three species different to those already found in the previous two iterations. The remaining 20 
grid cells pick up just 1-3 species each, and are reasonably evenly spread around the African 
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continent. Many of the species captured in the final iterations are endemic species with highly 
restricted ranges. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16. Complementarity analysis of grid cells in order of priority for in situ conservation. 
 
Predicting species richness 
Many of the hotspots identified in Figure 15 also correspond to areas where collection has been 
particularly intense. It is difficult to identify whether this similarity is because the hotspots are 
genuinely the most species-rich areas on the African continent, or whether these regions have 
been identified as hotspots partly because they have been more completely sampled than other 
regions. Predicting the distributions of species using associated variables (in this case climate), 
and the subsequent calculation of potential species richness, goes some way in separating these 
two possibilities. The analysis is still sensitive to the sampling density, but the associated 
climatic variables minimize this effect. 
 
Figure 17 shows the result of this analysis, highlighting some areas with potentially very high 
species richness that have not been identified previously. The grid cells are smaller in this 
analysis, so direct comparison between measured species richness and predicted species richness 
is not possible, but the ranges can be compared. The region identified as most species rich in 
Figure 15, the southern tip of Lake Tanganyika, is predicted to have 19–28 species using 
FloraMap. This is comparable to what has already been found in this region. The Great Lakes 
region also has a comparable predicted to observed species richness, with 15-24 species 
predicted to occur compared to the 14-23 already found in the region. Interestingly, the finer 
detail of the predicted species richness map shows a complex pattern of areas of both low and 
high richness in this hotspot. The Cameroon Highlands are predicted to harbor 12-24 species, 
compared to the 15-19 already found. 
 

Kilometers 

Complementary areas 

Vigna unguiculata 
observations 
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Figure 17. Predicted distribution of species richness in Vigna, calculated using distribution 

modeling for each species with more than 10 observations, and combining the 
resultant presence-absence maps. 

 
This indicates that the three primary hotspots highlighted in Figure 15 have been collected 
sufficiently to represent their potential species richness. However, some areas have potentially 
much higher species richness than has currently been found or collected. Most of DRC has 
potentially very high species richness, with 21-31 species potentially found in the northern and 
east-central regions of the country. The Congolese shores of Lake Mweru are predicted to have 
the highest species richness, with 34 species potentially being found there. To date, there are no 
known collections of Vigna in this region. 
 
The area to the south of Lake Victoria, through much of western Tanzania, is also predicted to 
have high species richness, with 17-31 species. Only 42 collections have been made in this area, 
but these include 12 different species, which suggests that more collecting should be made in this 
region. 
 
In West Africa, central Togo potentially has the highest species richness with 16-29 species 
predicted to exist. Only 17 specimens have been taken in this region, representing eight species. 
Once again, this region could potentially harbor more species than have been registered, and 
should be a priority for ex situ collection. Also worthy of note in West Africa is the central 
region of Ivory Coast, where 16-24 species are predicted to be present. Just five specimens are 
registered in this region, representing four species. 
 

Potential species richness 

Vigna observations 

Kilometers 
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Conclusions 
 
Three hotspots have been identified where high species richness has been observed. These are 
the Great Lakes, the southern tip of Lake Tanganyika, and the Cameroon Highlands. These three 
regions have fairly similar species composition, and the majority of different species can be 
found in West Africa. Models that predict species richness have highlighted other areas 
potentially with higher species richness in areas up till now unsampled or undersampled for the 
genus Vigna. These are located in many parts of DRC, south of Lake Victoria in Tanzania, and 
central Togo. 
 
The genus appears to be heavily undercollected, and to ensure long-term conservation of the 
entire gene pool, it is important that further ex situ collection is made in some regions identified 
in this study. 
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2.2. Use of GIS for optimizing a collecting mission for a rare wild pepper 
(Capsicum flexuosum Sendtn.) in Paraguay 

 
Contributors: Andy Jarvis, Gareth Mottram; Karen Williams (USDA); David Williams, Luigi 

Guarino (IPGRI); Pedro Juan Caballero (Dirección de Investigación Agricola, 
Ministerio de Agricultura, Paraguay) 

 
Abstract 
 
We present an effective method for prioritizing areas within a country for acquisition of 
germplasm of a crop gene pool for ex situ conservation. The method was applied to the rare wild 
pepper species, Capsicum flexuosum Sendtn., in southeast Paraguay. A model to prioritize areas 
for collecting germplasm was constructed by combining (1) a prediction of the species’ 
geographic distribution based on the climate at previous collection points, (2) the distribution of 
forest margins (the species’ natural habitat) and (3) areas accessible by road. The model was then 
tested in the field by visiting 20 sites having both high and low predicted probability of 
occurrence of C. flexuosum. Six new populations were found, representing a significant 
improvement over two previous collecting missions for the species in the same region, 
undertaken without the use of GIS targeting. Using the most optimistic analysis of model 
performance, C. flexuosum was found at five out of seven points predicted to harbor the species, 
and not found at four of five points predicted not to harbor the species. The model was then 
improved by the use of higher resolution climate surfaces. It is recommended that future 
explorers use more recent and higher resolution satellite images to locate suitable habitats. The 
method is replicable for different species in different geographic regions, and is offered as a 
means of optimizing efficiency in financially constrained, national plant genetic resources 
programs. 
 
Rationale 
 
The gene pool of Capsicum is comprised of about 30 species, all of which are endemic to the 
Americas. Five species of Capsicum were independently domesticated in prehistoric times for 
their edible, pungent fruits. Commonly known as red pepper, “chile” or “aji”, Capsicum fruits 
are now the most widely consumed spice and vegetable crop in the world. Traditional cultivars 
of Capsicum and their wild relatives are found throughout the Americas, from the continental 
United States to Argentina. One of the lesser-known species in the Capsicum gene pool is 
Capsicum flexuosum Sendtn., a wild species native to southeastern Paraguay, southwestern 
Brazil and northeastern Argentina. The first known germplasm accession of C. flexuosum was 
collected during a mission targeting several Capsicum species in Paraguay in 1998; however, 
less than 20 seeds were recovered. To obtain additional germplasm for ex situ conservation of 
this rare and evidently threatened crop relative, a second exploration for C. flexuosum was 
undertaken in 2001, with much the same result. Only 27 viable seeds were recovered. The 
explorers also observed that the habitat destruction noted previously was continuing unabated in 
most of the unprotected areas explored. 
 
With little known about the species, identifying the precise geographic range of C. flexuosum is 
difficult, but vital if more germplasm is to be collected and conserved. Jones et al. (1997) used 
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the FloraMap computer program to predict the geographic distribution of wild bean (Phaseolus 
vulgaris L.) based on the distribution of germplasm and herbarium specimens. The results 
correctly predicted areas where wild bean had not been collected, but was reported to occur in 
the literature. Jarvis et al. (2002; 2003) used the same method to assess the conservation status of 
wild peanuts in South America. Segura et al. (2002) also used FloraMap to map the geographic 
distribution of five species of Passiflora, and successfully guided germplasm collecting in 
Ecuador. Guarino et al. (2002) provide a general discussion on the application of species 
distribution models in the conservation and use of plant genetic resources. 
 
Here, we report the results of the third consecutive exploration for C. flexuosum, and an 
assessment of the GIS-based methodology used in its planning and execution. It is hoped that the 
methodology will present germplasm collectors with a better means of targeting their 
conservation efforts to improve the success of their endeavors, saving time and money in the 
process. 
 
Materials and Methods 
 
GIS tools were used to analyze information on the known locations of past and present 
populations of C. flexuosum, together with other georeferenced data sets. The model combined: 
 
•  A prediction of the potential distribution of C. flexuosom based on climatic adaptations 

determined from previous collecting sites; 
•  A map of the distribution of forest margins, the known preferred habitat of the species; and 
•  A map of 4-km wide buffers along roads, to restrict collecting localities to within walking 

distance of roads. 
 
A database of herbarium specimens and germplasm accessions of C. flexuosum was collated. 
Information from herbarium specimens of C. flexuosum in three herbaria in Paraguay (PY, FCQ, 
AS), five in Argentina (BA, BAB, CTES, LIL, SI), and one in the United States (MO), was 
combined with information on germplasm accessions from the US National Plant Germplasm 
System into a database that includes geographic coordinates for each observation. The database 
contains 19 unique populations of the species, 13 of which originate from Paraguay and six from 
Argentina. 
 
Species distribution modeling 
FloraMap (Jones and Gladkov 1999) was used to develop climatic models for predicting the 
distribution of C. flexuosum in Paraguay. FloraMap predicts the distribution of organisms in the 
wild when little is known of the physiology of the species involved. It is assumed that the climate at 
the points of observation and/or collection of a species is representative of the environmental range 
of the organism. The climate at these points is used as a calibration set to compute a climate 
probability model. The result is a probability surface for the study area in south-eastern Paraguay 
(Figure 18). It should be noted that this merely maps the potential climatic envelope where an 
organism could exist, and does not account for factors such as edaphic preferences, dispersal 
mechanisms, anthropogenic impacts, or ecological habitat preferences. With so little known about 
the species, it is impossible to assess to what extent other factors may limit this distribution. 
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Figure 18. Predicted species distribution of Capsicum flexuosum Sendtn. in Paraguay using 

the 1-km climate grid in FloraMap. 
 
The original analysis of species distribution of C. flexuosum was made on the 10-minute grid in 
FloraMap, the results of which were taken into the field. After the collecting mission, the climate 
data were improved to a 1-minute grid (about 2-km grid cell resolution), and the analysis 
repeated. The same meteorological station data were used to generate the new climate surfaces, 
but were improved through regional modeling of the relationship between elevation and climate 
variables. The higher resolution grids capture more spatial variability in climate, especially in the 
more topographically complex southeastern region of Paraguay. These climate data were then 
used to repeat the prediction of species distribution for C. flexuosum, using only the accession 
and herbarium records used in the original analysis. 
 
Additional GIS layers 
Two additional GIS layers were used to limit the search area, given the limited time and 
resources to extensively search all regions of the country. However, these layers were not used in 
the statistical analyses. To identify areas of potentially suitable habitat, the International 
Geosphere-Biosphere Program (IGBP) Land Cover Classification (Belward 1996), 1-km land 
cover data set (derived from advanced very high-resolution radiometer satellite images) was used 
to locate forests in Paraguay. This data set is freely available from the USGS Global Land Cover 
Characteristics project (http://edcdaac.usgs.gov/glcc/glcc.html). The satellite images used to 
produce the data set were acquired for the 12-month period between April 1992-March 1993. In 
all, five forest land covers (Deciduous Broadleaf Forest, Deciduous Needleleaf Forest, Evergreen 
Broadleaf Forest, Evergreen Needleleaf Forest, and Mixed Forest) were joined to produce a 
single coverage of forests in Paraguay. Areas within 1 km of the forest edge were selected using 
ESRI’s ArcView 3.2. 

http://edcdaac.usgs.gov/glcc/glcc.html
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Finally, the Digital Chart of the World (ESRI 1992; freely downloadable GIS coverage available 
from the Penn State University Library Digital Chart of the World Server at 
http://ortelius.maproom.psu.edu/dcw/) was used to locate roads in the collecting region, and a 4-
km buffer around these roads was calculated in ESRI’s ArcView 3.2 to locate accessible areas. 
The buffer zone was then applied to limit the extent of the collecting priority model to include 
only areas where collection was deemed feasible (Figure 19). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 19. Areas defined as being accessible to plant collectors within the target region for 

Capsicum flexusoum. The buffer around the major roads was 4 km. 
 
Field testing 
An experiment was devised to validate and determine the practical usefulness of the FloraMap 
model, and to ensure the objectivity of the test. Ten accessible points were randomly selected 
from areas where the model predicted the highest probability of encountering the target species, 
and 10 additional accessible points were randomly selected from nearby areas with low predicted 
probability of supporting populations of C. flexuosum. All 20 points were displayed, 
undifferentiated, on a map of the collecting area, and the precise coordinates (latitude and 
longitude) were provided to the plant explorers so that they could use a global positioning system 
(GPS) receiver to reach the precise location of each point. The explorers were not informed 
which points represented areas of high or low predicted probability for the target species. Their 
task was to visit and explore each of the 20 points for C. flexuosum for a recorded period of time, 
describe the location, collect herbarium and germplasm specimens whenever possible, and report 
their findings. At each point where the collectors stopped, the habitat was assessed as to whether 
it was likely to harbor populations of C. flexusoum. Additional information was recorded of the 

http://ortelius.maproom.psu.edu/dcw/
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approximate area searched, and the number of collectors involved in the search. Detailed notes 
were taken of the habitat and surrounding vegetation at each search site. 
 
Evaluations of species distribution models typically use presence/absence data to test how well 
the prediction fits with reality (Fielding and Bell, 1997). Confirming absence of a species at a 
given site presents a number of difficulties, especially if the area is larger than can be feasibly 
sampled. This creates a degree of uncertainty in model evaluation for points of absence (Figure 
20). Manel et al. (2001) conclude that Cohen’s Kappa provides the most appropriate statistical 
evaluation of presence/absence validation. This form of evaluation is problematic in germplasm 
collections for which only species presence data are normally available, but applicable in the 
case of this study because of the predetermined sampling strategy. 

 
Figure 20. Matrix of potential outcomes in the validation of a presence/absence model. 
 
Validation of the models involved classifying species presence/absence, USGS land cover, field-
observed land cover, and the species probability distribution into 2 x 2 contingency tables for 
calculation of Cohen’s Kappa statistic. Probabilities of >0.5 from FloraMap were assumed to 
indicate predicted presence of the species, whilst presence of forest margins in the USGS land 
cover data was assumed to indicate suitable habitat. To account for instances of uncertainty in 
confirming the absence of the species (e.g., in the case of the 18-km grid cell predicted species 
distribution, the collectors can only feasibly search a small percentage of the total area of the grid 
cell), the statistical analysis was made for three scenarios in order to assess the range of potential 
model performances. The following three scenarios were considered, ranging from pessimistic 
(model performance potentially lowest) to optimistic (assumptions and ambiguities in recorded 
absences questioned in order to represent model performance more favorably): 
 
•  Pessimistic scenario: All recorded absences are assumed to be true. 
•  Realistic scenario: Recorded absences where the collectors observed no suitable habitat due 

to anthropogenic impacts were omitted from the analysis. All other observed absence sites 
where the habitat was deemed suitable were included as confirmed absences. 

•  Optimistic scenario: Same as realistic scenario, with additional filtering of sites depending 
on the uncertainty of the absence results. This was calculated by analyzing data for the area 
searched, and habitat characteristics of each site where C. flexuosum was not found. 
Equation 1 was used to estimate the degree of certainty in the absence of the species. 
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Certainty (%) = (% grid cell searched / % grid cell with suitable habitat) * 100 (1) 
 
This equation produces the percentage of the total area searched that is considered suitable for C. 
flexuosum. It fails to take into account collector error in not spotting the plant, or occasions when 
the plant is under stress and has few or no leaves, making it impossible to notice, let alone 
identify. If the certainty was greater than 50%, the site was assumed to be a confirmed absence, 
and if less than 50%, the site was dropped from the analysis. 
 
Results and Discussion 
 
The result of the modeling highlights an area of 6460 km2 in southeastern Paraguay where C. 
flexuosum is predicted to occur (Figure 21). During 8 days in the field from 15-22 March 2002, 
20 sites were visited and explored for C. flexuosum, including 17 of the 20 predetermined points, 
and three other unplanned sites (Figure 22). Three predetermined points were inaccessible, 
because of either poor roads or the unmanageable distance of the target sites from the road. 
Populations of C. flexuosum were discovered at six of the predetermined locations, resulting in 
six herbarium and three germplasm collections, totaling over 160 seeds. All these populations 
were previously unknown and distant from existing germplasm or herbarium collection sites. It is 
clear that the GIS predictive model successfully guided the germplasm explorers to new 
populations of the target species, and significantly increased the effectiveness of the exploration 
(compared with the limited success of previous collecting missions). New populations were 
discovered, and more germplasm of C. flexuosum was obtained than on any previous exploration 
for this species. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 21. Priority areas for collecting in southeastern Paraguay. The model combines the 

distribution of the species predicted by FloraMap with its potential habitat in 
forest margins, and masks out areas not considered accessible by road or walking 
(4-km buffer). 
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Figure 22. The final collecting route covered in south-eastern Paraguay in March 2002. 
 
The low number of data points compromises all statistical analyses, but these provide some 
useful comparative measures of model performance. The comparison of habitat from the remote 
sensing data with the field collectors’ perception of suitable habitats produced a Kappa statistic 
of 0.19, indicating a poor match. It is likely that the 1-km grid cell resolution and age of satellite 
imagery in the USGS land cover data set caused this discrepancy. Southeastern Paraguay has 
experienced high rates of deforestation in recent years, with the result that forest habitats 
identified in 1992-93 may now be severely degraded or lost. 
 
Model performance steadily improves from the pessimistic to optimistic scenario for both the 18-
km and 1-km models (Tables 1 and 2). Using the realistic scenario, the 1-km model correctly 
predicted presence/absence in 64% of sites, correctly predicting absence in four out of five sites. 
The 1-km model performance is clearly better, with greater accuracy at predicting true negatives. 
 
Table 1. Modeled presence/absence of Capsicum flexusoum compared with field observations for the three 

scenarios. 
 

True 
positives 

 True 
negatives 

 False 
positives 

 False 
negatives 

 Performance 
(% correct 

results) 

Scenario 

18 
km 

1 
km 

 18 
km 

1 
km 

 18 
km 

1 
km 

 18 
km 

1 
km 

 18 
km 

1 
km 

Pessimistic  
(n = 20) 

5 5  3 7  11 7  1 1  40 60 

Realistic  
(n = 14) 

5 5  2 4  5 4  1 1  54 64 

Optimistic 
(18 km, n = 7;  
1 km, n = 12) 

5 5  0 4  1 2  1 1  71 75 
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Table 2. Kappa statistic for the comparison of modeled presence/absence with field 
observations for the three scenarios. 

 
Climate grid Scenario 

18 km 1 km 
Pessimistic (n = 20) 0.05 0.30 
Realistic (n = 14) 0.09 0.34 
Optimistic (18 km, n = 7; 1 km, n = 12) 0.05 0.50 

 
Cohen’s Kappa was developed for medical applications, where Kappa values of 0.0-0.4 indicate 
slight to fair model performance, values of 0.4-0.6 moderate, 0.6-0.8 substantial, and 0.8-1.0 
almost perfect (Landis and Koch 1977; Manel et al. 2001). For all scenarios, the Kappa statistics 
had greater significance for the 1-km species distribution model than for the 18-km resolution 
model. This indicates that the higher grid cell resolution causes significant improvement in 
model success. 
 
As expected, Kappa values steadily improve from the pessimistic to optimistic scenarios. They 
show low performance levels for all 18-km model scenarios. However, for the 1-km model, the 
values show fair performance levels for the pessimistic and realistic scenarios, and moderate 
levels of performance for the optimistic scenario. 
 
Although subjective, the three scenarios provide the confidence limits to expect with this method 
of species distribution modeling. The pessimistic scenario is likely to underestimate the 
performance of the model. Some six sites where C. flexuosum was not found contained heavily 
altered habitats (often soybean fields), all of which were predicted to harbor the species. These 
sites prove nothing about the success of the species distribution model, which is based entirely 
on climate, but indicate the need for improved land cover data to locate suitable natural habitats. 
The optimistic scenario dropped an additional seven sites from the 18-km model, and two from 
the 1-km model, in which the absence of the species was deemed an uncertain result. In the case 
of the 18-km model, confirming species absence was difficult because of the large area within 
which to search. For this reason, many points were dropped from the analysis. The 1-km grid cell 
resolution is a more feasible area within which to search, and thus more absences were 
confirmed. 
 
The true model performance is likely to be between the realistic and optimistic scenarios, 
offering around 60%-65% accuracy for the 18-km model, and 67%-72% accuracy for the 1-km 
model. It should be noted that, compared to collections made without the aid of GIS targeting, 
this represents a significant improvement. In two similar collecting missions made prior to this 
study, only two populations were found, both in locations where herbarium samples had been 
taken previously. Here, six new populations were found in areas where C. flexuosum had not 
been previously found. 
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Conclusion 
 
The fieldwork reported here was a successful validation of a GIS application designed to 
enhance the effectiveness of plant explorations. Using the high-resolution model and the 
optimistic scenario, C. flexuosum was found at five out of seven points predicted to harbor the 
species, and not found at four of five points predicted not to harbor the species. This represents a 
considerable gain in efficiency compared to previous explorations. 
 
Validation of these methods requires more data than are commonly taken on germplasm 
collecting missions. In particular, collectors must make note of all sites that were searched for 
germplasm, including those where none was found. In all cases, variables such as the area 
searched, the time expended, and the intensity of search (number of people) at each site must be 
measured or approximated. In addition, observations of habitat to assess perceived suitability for 
the target species and percentage of the area covered by this habitat should be made. This 
detailed information allows evaluation of the models using both presence and absence data, and 
permits the approximation of degrees of uncertainty in absences (i.e., the probability that an 
observed absence may indeed be a false negative). 
 
Despite these difficulties, the model was statistically shown to perform well. The species 
distribution model was significantly improved with a higher resolution climate database at 1 km. 
Based on our experience in the field, we make the following recommendations for improving the 
effectiveness and user-friendliness of the model: 
 
•  Obtain and verify the most recent road coverages available, perhaps through use of recent 

LANDSAT TM satellite images. 
•  Obtain the most recent land cover images, and if possible use higher resolution images, 

such as those produced by LANDSAT TM (30-m resolution) to improve the targeting of 
habitats (cheaply available for areas of the tropics from the Tropical Rain Forest 
Information Center, http://www.bsrsi.msu.edu/trfic/ or the MrSID Image Server, 
http://zulu.ssc.nasa.gov/mrsid/mrsid.pl). 

•  Reduce the buffer zone around roads from 4 km to 2 km. When time is limited, 4 km 
proved to be an unrealistic distance to walk. 

•  Employ the improved FloraMap climate grids that have a resolution of 1 km. 
 
While the climate envelope is likely useful for most wild species; the usefulness of vegetation 
will vary. Limiting the distance from roads is practical, but may preclude finding the targets in 
some cases. Additional information, such as soils, hydrology, or whatever else is deemed a 
relevant predictor, can be added where available. 
 
Spatial prioritization methods, such as the example presented here, provide a tool to save time 
and money during collecting trips. The data needed are mostly freely available, and the methods 
are replicable and cost-effective, given a computer and basic GIS software and skills. 
 
Observations made at the 20 sites visited on the present exploration, together with those of 
previous collecting trips and the information gleaned from herbaria and gene banks, enable us to 
make some informed statements regarding the present conservation status of C. flexuosum, both 

http://www.bsrsi.msu.edu/trfic/
http://zulu.ssc.nasa.gov/mrsid/mrsid.pl
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ex situ and in situ. At present, germplasm samples from five natural populations have been 
deposited in the US National Plant Germplasm System (NPGS) for long-term ex situ 
conservation on behalf of the Paraguayan national authorities. Of these, one accession (WWQC 
146) has been increased and assigned a Plant Introduction number (PI 631154) in the NPGS 
Germplasm Resources Information Network - GRIN (http://www.ars-
grin.gov/npgs/searchgrin.html). The in situ conservation status of C. flexuosum in Paraguay 
continues to be threatened by habitat destruction. 
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2.3. The role of spatial environmental heterogeneity in the generation and 
maintenance of genetic diversity: An example in Araucaria araucana 
(Molina) 

 
Contributors: Sam Yeaman, Andy Jarvis 
 
Abstract 
 
In this study, we attempt to understand the role that spatial environmental heterogeneity plays in 
generating and maintaining genetic diversity through micro-evolutionary processes. Greater 
understanding of these processes may lead us to be able to predict the distribution of genetic 
diversity using minimal amounts of environmental data, and without the need for lengthy and 
costly field and laboratory studies of genetic diversity. We are using the case of Araucaria 
araucana (Molina) in Argentina and Chile to develop these ideas. We developed models that 
measure spatial environmental heterogeneity from a biological standpoint, through the modeling 
of pollen exchange between populations of A. araucana in different environmental surroundings. 
We developed these models based on ecological and biological theories, and then compared their 
results with field-based measures of genetic diversity to assess their validity. Preliminary 
findings indicate that we can predict the genetic diversity very accurately (R2 0.83 between our 
model and delta C-13 carbon measures of genetic diversity), providing strong evidence that 
environmental heterogeneity is a major influencing factor in micro-evolutionary processes in A. 
araucana, and likely in other species. This model is now being applied to manage and conserve 
the genetic diversity in wild populations of A. araucana in Argentina. 
 
Introduction 
 
It is generally agreed that genetic diversity is a cornerstone of long-term species health 
(Frankham, 1995; Geburek, 1997; Ramanatha and Hodgkin, 2002; Escudero et al., 2003). 
Genetic variability allows species to adapt to changing ecological conditions, and protects them 
from problems of reduced fitness associated with inbreeding at small population sizes (Geburek, 
1997; Reed and Frankham, 2003). As such, the success of conservation programs depends in part 
upon accurate analysis and preservation of genetic resources (Ramanatha and Hodgkin, 2002). 
This is especially true in plants, where seed for replanting should be selected from populations 
with high genetic diversity that are well adapted to the proposed introductory environment 
(Escudero et al., 2003). Similarly, landscape management to facilitate gene flow and prevent 
genetic drift requires both characterization of extant genetic resources, and an understanding of 
the patterns of gene flow. As such, the spatial distribution patterns of genetic resources are also 
of great importance in conservation (Escudero et al., 2003). 
 
However, the difficulty of accounting for spatial trends and complex interactions between 
environment and genome is a significant limitation that has faced many earlier approaches to 
genetic diversity analysis. This limitation has come to be widely recognized, and has 
increasingly been taken into account over the past decade with the growth of a theoretical 
approach recently dubbed “landscape genetics”. As described in Manel et al. (2003), this 
approach encompasses a variety of techniques that attempt to account for the effects of spatial 
environmental features in shaping genetic structure. These techniques have proven useful for the 
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analysis of clines, barriers to gene flow; isolation by distance, metapopulation structure, and 
random effects (reviewed in Manel et al., 2003). Since many of these relatively new techniques 
are applicable to analysis below the population level, they are amenable to examining cases 
where patterns of species distribution are not easily categorized into populations (e.g., 
continuous distribution). 
 
Here, we apply a landscape genetics approach to the study of patterns of genetic diversity, and 
their correlation to spatial environmental features. Conventional understanding of this 
relationship can be summarized by the hypothesis that genetic diversity will tend to be positively 
correlated with environmental heterogeneity (as described in Nevo 1998; 2001). While ample 
evidence exists for this hypothesis, the methods that have been used to test it can tend to simplify 
the spatial dimension of processes involved in creating polymorphism, leading to somewhat 
simplistic conclusions on the nature of the micro-evolutionary forces involved. Comparisons 
between existing theories and evidence will be covered further in the discussion; we present here 
a spatially explicit adaptation of conventional micro-evolutionary theory, and a model designed 
to test this theory. 
 
Basically stated, we suggest that the relative polymorphism of an allele measured at a given scale 
is governed by the ratio between the scale of change in the selective force affecting it (i.e., 
degree of heterogeneity), the strength of this selective force, and the scale of gene flow in the 
species. This is to say that, when measured at a given scale:  
 
•  Scale of change in selective pressure is expected to be negatively correlated with degree of 

polymorphism, or restated: the degree of heterogeneity in selective pressure is expected to 
be positively correlated with the degree of polymorphism. 

•  Strength of selective pressure is expected to be positively correlated with degree of 
polymorphism. 

•  Scale of gene flow is expected to be nonlinearly correlated with polymorphism, being 
positively related as it approaches the scale of change in selective pressure, and negatively 
related thereafter. 

 
In order to test this relationship, a model was constructed, using GIS, that measures the degree of 
heterogeneity in a given environmental variable that is connected through gene flow (genetically 
available) to a given pool of individuals. Gene flow was represented using probability 
distributions, and the contribution of each location to the measurement of heterogeneity was 
weighted by the relative chance of receiving an allele from each location. This model was 
applied to the range of A. araucana in Chile and Argentina (Figure 23), and measurements of 
genetically available heterogeneity were compared to empirically measured levels of genetic and 
adaptive trait polymorphism. A. araucana provides a good example on which to test the model, 
because its range spans mountainous regions with relatively high heterogeneity, and valleys and 
steppe with relatively low heterogeneity (species biology described in the methods section). 
Since GIS analysis is spatially explicit, this model inherently incorporates scale into the 
representation of the relationship between heterogeneity of selective pressure and gene flow, 
which shapes genetic structure. Since genetic diversity was measured on a small scale (over 
several hundred meters rather than at the level of population) it is hypothesized that areas with 
highest diversity will be those with the highest degree of heterogeneity within the region that is 
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connected by gene flow. This is compared with the null hypothesis that correlation between 
adaptive/genetic diversity and model predictions will be lower in models where various aspects 
of the relationship are controlled. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 23. Araucaria araucana (also known as the monkey puzzle tree) in its natural habitat 

in Argentina. 
 
Method 
 
Heterogeneity modeling: An overview 
The modeling procedure used to calculate genetically available spatial heterogeneity consists of a 
series of calculations and manipulations applied to a data set of interest using GIS analysis 
(performed here using ESRI ArcInfo, PCRaster, Microsoft Excel, and ERDAS Imagine). Data 
sets in GIS are made up of a grid of georeferenced cells whose resolution should be fine enough 
to account for the meaningful variation in the quantity being measured. Calculations performed 
in GIS are applied to all cells within the grid data set. While, ideally, the resolution (geographic 
distance represented by the cell size) for this type of study should reflect the size of the 
individual, this is not practically possible because of the sensitivity of satellite images, and the 
limits in computational power and sheer volume of data. As such, the cell size used here  
(100 m x 100 m) is considered a pseudo-population, being significantly larger than an individual, 
but significantly smaller and more representative than a population. 
 
Generally speaking, a data set representing an environmental variable of interest was prepared by 
eliminating all areas outside of the range of species distribution. This data set was then 
reclassified into a range of gradations in the variable of interest, with each cell (pseudo-
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population) having a corresponding environmental value, referred to hereafter as “niche”. For 
each pseudo-population in the grid data set, a two-dimensional probability distribution 
representing the chance of gene flow was then applied to the surrounding region. This was used 
to calculate the relative probability of a gene reaching the pseudo-population from every other 
pseudo-population in the region of analysis. As each pseudo-population had a corresponding 
niche, the relative probability of receiving gene flow from each different environmental niche 
could then be calculated by summing the probabilities of transfer from all pseudo-populations 
with the same environmental value class. These probabilities were then converted to “allele” 
frequencies by dividing each by the total probability of transfer from all pseudo-population 
niches. Shannon’s equation was then applied to calculate the relative diversity in the 
environments of the pollen donors available to the receiving pseudo-population. 
 
Model application 
Many aspects of the model, such as gene flow probability distribution, and method of 
reclassification of the environmental variable into niches, are heavily dependent on the ecology 
of the species being studied, and will therefore differ from one application to another. In the 
present example, wherever possible we used existing biological information on A. araucana to 
tailor the model to its specific characteristics. Similarly, the choice of environmental variable on 
which to test the model depends upon the nature of the genetic data sets to which its results are to 
be compared. 
 
In order to test the hypotheses described in the introduction, the model was run on three different 
environmental variable data sets: coldest annual temperature (COLD), number of months with 
less than 100 mm of rain (DROUGHT), and average precipitation during the dry season (DRY). 
Each of these iterations of the model was run three times—once excluding all areas outside of 
the current range of distribution of A. araucana, once excluding all areas outside of the predicted 
possible range of A. araucana (as calculated by DIVA), and once including all areas. To test 
possible correlations between pollen donor density and genetic diversity, the model was also run 
on a featureless map of A. araucana distribution. To act as a general control, the model was run 
on 10 randomly generated maps, with and without exclusion of areas outside of the current 
species distribution. For all iterations described above, the model was run three times using 
different probability distributions to represent gene flow (“Uniform”, a weightless 
kernel;“Cauchy”, a distance-weighted kernel; and “Wind”, a distance- and wind-direction-
weighted kernel). 
 
The R2 correlations were calculated between the results of the model run and three measures of 
genetic diversity for various traits in A. araucana (taken from Bekessy et al., 2002; 2003):  
 
•  Random amplified polymorphic DNA (RAPD) markers, delta 13-C (referred to hereafter as 

“carbon”; 
•  A time-averaged water use efficiency indicator), and  
•  Weight of roots relative to total plant mass (referred to hereafter as “roots”; also a drought 

resistance indicator). 
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Results and Discussion 
 
The final result of the model is a map of potential diversity, derived from the analyses of 
environmental heterogeneity (Figure 24). This result is then compared with the field-based data 
on genetic diversity to assess model performance (Figure 25). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 24. Result of the spatial heterogeneity modeling exercise. Areas in purple are 
predicted to have low genetic diversity, whilst areas in red are potentially the most 
diverse. This image only shows one small region of the full distributional area, 
and represents the spatial heterogeneity of the drought variable. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 25. Comparison between the modeled spatial heterogeneity of the DROUGHT 

variable (X axis), and the measured genetic diversity using the delta C-13 
indicator (Y axis). 
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As can be seen, there is significant correlation between our modeled values and the field-
measured values of genetic diversity. Figure 26 outlines in more detail the R2 correlations 
between the three genetic diversity databases and the spatial heterogeneity measured by the 
model under the various runs described above. 

 
Figure 26. R2 correlation between model results and three genetic diversity measures with 

the level of significance shown in pink (α = 0.5, 7 d.f.). 
 
All model runs on the DROUGHT and DRY environmental variables show significant levels of 
correlation with the delta 13-C diversity measures. None of the correlations with the roots 
diversity measures were significantly correlated, and only the wind kernel model of the COLD 
environmental variable had significant correlation to the RAPD diversity measures. 
 
High correlation between diversity in the drought resistance trait “carbon” and the model run on 
drought traits is evidence that the model is capable of predicting high levels of diversity. 
However, there were low and non-significant levels of correlation between the levels of diversity 
in the “roots” trait and all of the model runs. This could be partially explained by either lower 
selective pressure acting on “roots” or by different patterns of inheritance in the two traits 
(simple vs. polygenic), and will be examined further. Since the correlations with relative density 
of A. araucana and with the random controls were comparatively low, it is likely that the effect 
being observed here is largely due to environment-gene flow interactions. 
 
While correlations of the model with RAPD diversity were nearly significant in all cases, they 
were similarly high in the relative diversity of A. araucana, and are therefore more likely a result 
of density, rather than environmental effects. It is important to note that these correlations are all 
negative (as density increases, diversity decreases), which is an unexpected result, and we are 
currently investigating further. However, this could be the result of several factors. All 
populations had roughly equal levels of RAPD diversity whose confidence intervals overlapped 
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significantly, so these measurements could be a poor basis on which to test the model. Similarly, 
with only eight populations to test the model, all results are possibly due to random variation, 
and most of the RAPD correlations are borderline on the α = 0.5 level of significance. A final 
source of error that could be considerable in this respect is that A. araucana has undergone 
significant range reduction over a period of only one or two generations. Since this is likely very 
little time for the genetics to adapt to the current patterns of distribution, density effects 
measured using current distribution may be improperly interpreting the patterns of genetic 
structure formed by the earlier spatial range. 
 
While modeling a quantity as complex as wind direction is a difficult and error-prone process, 
higher correlations were found in the results of models that incorporated more complex 
probability distributions describing gene flow (Wind > Cauchy > Uniform). This suggests that 
including such factors increases the accuracy of prediction of the models. 
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2.4. Biological diversity in tropical forests: Cataloguing and modeling life’s 

richness 
 
Contributors: Andy Jarvis, Carlos Gonzalez; Mark Mulligan (King’s College, London) 
 
Abstract 
 
Research has continued on the use of aerial imagery and environmental models in predicting the 
distribution of tree diversity in tropical forests. Ground-based plot studies have now been 
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completed, and databases for over 25 plots, including over 4000 individuals, are now finalized. 
One product is a photographic catalogue of all species found in each of the two field sites—
Reserva Tambito, Cauca, Colombia, and Tiputini Biodiversity Station, Napo, Ecuador. These 
include lists of 240 species, and photos of 614 species. Each plot is also complemented by 
detailed data on topography (Figure 27), tree positions, and forest structure. Modeling of 
environmental variables and image processing of high-resolution digital photographs are now 
beginning to shed light on the spatial patterns of tropical diversity, and the potential 
environmental drivers behind it. This work remains in progress, and is likely to be completed in 
2004. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 27. Trees within the 1-ha plot, draped over the digital elevation model produced with 
50-cm resolution. 

 
 
2.5. Homologue development 
 
Contributors: Peter G. Jones (consultant), William Diaz 
 
Abstract 
 
Homologue is a new climate application being developed for the Tropical Fruits Program. It is 
based on the software structure of MarkSim, and uses an algorithm based on that of FloraMap. 
We have designed a generic version of the FloraMap algorithm. This takes the overall 
characteristics of species typical of a range of climate types, and applies a user-stipulated basic 
variance typical of an adaptation range. The algorithm now produces ESRI shapefiles of the 
climate probability coverage. We have determined a method of storing and retrieving probability 
integrals of soil characteristics, and are creating coverages for the tropics. Work has begun on the 
user interface in Delphi to interact with the Fortran dynamic link libraries that will do the 
analyses. 
 
Rationale 
 
The Tropical Fruits Program is deploying two major software tools to assist its goal of long-
range transfer of tropical fruit germplasm. CropIdent will use a large database of information on 
crop characteristics to match fruit crops to potential environments. However, this database does 
not exist at present, and must be built up as new information becomes available. Homologue will 
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provide a complementary function, and assist in the production of the CropIdent database. The 
basic concept is that a farmer’s field (target area) will have homologues somewhere in the 
tropics. Once these are known, the local crops in these areas can be investigated with the view to 
introduction in the target area. In this process, information will be gathered that will provide 
input to the CropIdent database. We also envisage Homologue being used to extrapolate from a 
small number of characteristic sites where fruit crops are known to do well. By combining 
Homologue probability estimates from these sites into a “cloud” of estimates, we hope to 
overcome the minimum accession set restrictions of FloraMap. 
 
Materials and Methods 
 
Climate probability mapping 
We compiled a set Eigenvectors and Eigenvalues from 25 FloraMap analyses. We chose to 
estimate the first five that account for over 96% of the variance in almost all cases. We mapped 
the probability surface from the components that explained 96% of the variance at levels over  
P > 0.3. We calculated the pixel coverage to get an estimate of the geographic area of adaptation. 
The variance of the accession points was also recorded. The adaptation area and variance defined 
the adaptation range. We extended these studies to 136 FloraMap analyses for a wide range of 
species, attempted to fit regression models to the eigenvectors, and encountered a number of 
problems. The first is that the sign of the eigenvector is ambiguous. This normally does not 
matter, but in this case a special program had to be written to determine the correct alignment by 
trying the fit with the sign in both directions. 
 
After various attempts to improve the model fits, including clustering the species by climate 
type, sorting by the number of accessions, and eliminating unusual eigenvectors, We decided that 
the task was beyond resolution. Even if we could have achieved a good fit with the individual 
eigenvectors, the complication of fitting all at once with restrictions to maintain orthogonality 
would have made the exercise too complicated. Figure 28 shows a typical example of a set of 
species clustered by climate type. The black lines are the fitted values from the best model we 
could fit, the red lines the actual eigenvectors. Although the R2 value is over 70%, the fit is not 
good enough to serve. 

 
Figure 28. Eigenvectors from 12 species in a cluster grouped by climate type. 
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We therefore decided to select a set of representative species, and borrow the eigenvalues and 
eigenvectors as they stand. This had the advantage that, when they are applied to the actual 
observed data, the probability model that results will be correctly orthogonal. To do this, we have 
devised a simple climate classification based on the temperature record, dividing the observed 
climates into five groups by mean temperature and five by the variance of temperature. Table 3 
shows the classification along with the color index for the maps of the classification in Figure 29. 
There are only 16 colors available in the palette for these maps, so the colors cross classes in the 
table. 
 
Table 3. Climate classification and color legend for the maps in Figure 29. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 29. Climate classes for development of the generic climate probability model. 
 
We classified 136 FloraMap analyses using this classification and selected the representative 
species for each group (Table 4). 
 

Climate classes by annual temperature characteristics
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Table 4. Representative species in each climate class used for the generic model. 
 
Variance Speciesa 

<1 Oxalis tuberosa Phaseolus 
leptostacheus 

P. vulgaris Vigna davyi V. nervosa 

1-2 Solanum nigrescens P. leptostacheus P. vulgaris V. davyi V. nervosa 
2-5 V. parkeri V. luteola V. vexillata Arachis burchartii A. duranensis 

5-10 Stylosanthes 
guianensis 

S. viscosa Bemisia tabaci A. glabrata A. duranensis 

>10 V. ambacensis V. venulosa Manihot aesculifolia A. cardenas A. duranensis 
Mean <15.5 15.5-19 19-22 22-24 >24 

 
a. Species in red are surrogates standing in where no species was yet available in that group. 
 
We hope to obtain more data sets from FloraMap users over the near future and fill out the table. 
We selected the eigenvectors of these species to represent the model for each climate. The 
eigenvalues were easier to model, and we derived regression models to estimate them for each 
climate. Based on this classification, we wrote a generic routine for climate probability 
comparison. We derived new climate files and indices, and determined that the compressed data 
can actually be stored in RAM in a space of about 20 Mb. This makes the algorithm much more 
efficient. We have written subroutines to load the data, produce the climate probability shapefile, 
and return a climate record on request. 
 
Soil characteristics probability mapping 
This section concentrated on working out how to provide and store the cumulative probability 
curves for the soil factors. Raw data from the World Inventory of Soil Emission potentials 
(WISE) soils database provided enough individual profiles for many of the characteristics in a 
reasonable proportion of soils. From these, we have calculated variances for depth, soil carbon, 
nitrogen, pH in water, KCl, and CaCl2, cation exchange capacity (CEC), and texture as sand, silt, 
and clay. There were a number of missing values in the resulting table, but most of these we 
filled with estimating regressions. This table of means and variances of the listed characteristics 
is now complete for all agricultural soils in the Food and Agriculture Organisation (FAO) 
classification. 
 
The format for the soil characteristic integral takes 12 bytes—2 bytes for the percentage of 
agricultural soil per pixel, 2 for the overall soil coverage per pixel, and 8 single byte scaled 
increments. End points for the x-axis of each soil integral are held in a table separate from the 
pixel integral file. We have developed an interpolator function for this integral that can handle 
any shape of monotonic probability integral. 
 
After a first read through the Latin American files, we determined that the data for soil carbon 
nitrogen and CEC need transformation to normalize the distributions. Carbon needs a natural log 
transformation, and both nitrogen and CEC need square root transformations. Other 
characteristics seem to be sufficiently normal to work without transformation. We developed an 
encoder that takes all soil mapping units falling with a climate pixel, sorts out the agricultural 
soils, and using the means and variances for each soil in each mapping unit, compiles a 
probability integral for each soil characteristic. Figure 30 show the probability integrals for soil 
carbon for three random pixels in Latin America. 
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Figure 30. Selected pixels, the probability integrals for soil carbon. 
 
User interface development 
We have started development of the user interface. The point selection and mapping routines are 
being derived from those of MarkSim, with the addition of capacity for displaying probability 
maps. The interface to the mapping dynamic link library (dll) is determined, and passing 
structures defined. We have determined an efficient way of holding the large data arrays for 
access by the Fortran dll. 
 
Results and Discussion 
 
The object of this exercise is to produce a demonstration version of Homologue within this year 
for demonstration to donors for support for a full system. To this end, we have restricted 
ourselves to using the existing 18-km climate grids, and some necessary functions will not be 
developed until later. One of these is the allowance for correlation among the soil characteristics. 
This can be overcome, but needs some theoretical work. Extending the product to more precise 
climate grids will have to wait until the new indexing systems are fully developed. Implementing 
these will require substantial change to the way the data are accessed in future versions, but this 
is not envisaged to be a great problem. 
 
 
2.6. Deforestation patterns and processes in the central Peruvian Amazon 
 
Contributors: Glenn Hyman, Javier Puig, German Lema, Sandra Bolaños 
 
Abstract 
 
This activity tracks deforestation patterns and processes during the last half century in the 
Central Peruvian Amazon. The study area is a benchmark site for research by CIAT, the Center 
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for International Forestry Research (CIFOR), and International Centre for Research in 
Agroforestry (ICRAF) on the Amazonian forest margins. Previous CIAT research revealed 
deforestation processes in the context of farmer decision making at the household level. This 
project seeks to understand deforestation processes and patterns for the 17,300 km2 Aguaytía 
watershed and Ucayali floodplain. What are the meso-scale determinants of deforestation, and 
how do these processes operate at different scales? We combined aerial photos and satellite 
images acquired since 1955 to examine the broader patterns of land cover change over time. 
Agricultural and population census data were used to compare development stages of villages 
that were cleared at different times over the last 50 years of colonization. Changes in land cover 
and land use are expressed in the distinctive land cover pattern of the Central Peruvian Amazon. 
 
Materials and Methods 
 
CIAT and partners have acquired air photos and satellite images for several dates going back to 
1955 (Table 5). The early photographs were part of the Peruvian government’s nationwide 
programs for mapping land cover. All subsequent images came from different platforms of the 
Landsat program. CIAT and partner organizations georeferenced and classified the imagery 
according to their own analysis needs. For the purposes of studying deforestation, we simply 
reclassified the land cover maps into forested and cleared classes. 
 
Table 5. Imagery analyzed by organizations working in the Central Peruvian Amazon. 
 
Date Platform Scale/resolution Organizationa 

1955 Air photos 1:20 000 APODESA 
1971 Air photos 1:20 000 APODESA 
1986 Landsat MSS 79 m CIAT 
1991 Landsat TM 30 m CIAT 
1993 Landsat TM 30 m IIAP 
1994 Landsat TM 30 m IIAP 
1995 Landsat TM 30 m CIAT 
1999 Landsat ETM+ 30 m CIAT 

 
a. APODESA, Apoyo a la Política de Desarrollo de Selva Alta; CIAT, Centro Internacional 

de Agricultura Tropical; IIAP, Instituto de Investigaciones de la Amazonía Peruana. 
 
The data should be interpreted with a degree of caution because of inconsistencies in remote 
sensing platforms, differences in spatial and radiometric resolution, and different preprocessing 
methods. We analyzed some of these problems and the challenges of developing time-series 
information from different sources (Hyman et al., 2002). While the combination of the different 
sources leads to considerable errors, the maps are suitable for deforestation analysis over the 
17,300 km2 study area (Aguaytía watershed and Ucayali floodplain near Pucallpa).  
 
Agricultural and population census data were aggregated to the village level for the Central 
Peruvian Amazon to support our analysis of medium-scale deforestation patterns and processes. 
Collected in 1993 (agricultural census) and 1994 (population), these national censuses provide a 
broad range of information on household and farm conditions. Through an agreement with the 
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National Institute of Statistics and Census (INEI, the Spanish acronym), data at household and 
village level were made available to this research project. 
 
Unfortunately, census data were unavailable for earlier periods in the colonization history of the 
Central Peruvian Amazon. An alternative way to represent the development process is to 
substitute spatial position in the deforestation continuum as a proxy for historical conditions at a 
single place. For example, we can assume that areas recently cleared are broadly representative 
of newly arrived colonists. Areas cleared in the past characterize conditions found in intensified 
agricultural systems where forests and soil resources had been depleted some time ago. Using 
spatial overlay, we determined the general time period that each village in the study area had 
been cleared. Data for the groups of villages that were cleared at different times were then 
analyzed to search for trends across the deforestation continuum. 
 
Preliminary Results 
 
Figure 31 shows a composite land cover change map for a subset of the study area. Our land 
cover maps allowed us to calculate the average annual deforestation rates over four periods since 
1955 (Figure 32). We have begun to put this information in historical and policy contexts of the 
Central Peruvian Amazon. Some of the driving forces of deforestation immediately apparent are 
the effects of road building, population change in Ucayali Department, economic activity in the 
forestry sector, migration, and agricultural development policies. Future work will include more 
detailed analysis of these processes, both at the scale of the larger study area, and in comparison 
with CIAT research at the household level. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 31. Deforestation bow wave in the Central Peruvian Amazon. 
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Figure 32. Deforestation rates in the Central Peruvian Amazon, 1955-1999. 
 
Our analysis shows the differences in household and farm characteristics from the 1993 and 1994 
censuses at different places in the deforestation continuum. For example, Table 6 shows that 
most farms in areas cleared in the 1950s are larger than those cleared at later dates. Surely there 
has been some consolidation of farm operations, as smallholders sold their farms to neighbors. 
Many other factors are likely to contribute to the differences in farm size. However, in general, 
the differences are characteristic of more intensive agricultural systems in areas that were cleared 
decades ago, compared to smallholdings and low technology systems at the forest margin. 
Differences in characteristics across the landscape, from areas deforested in the 1950s to those 
recently cleared, are evident for a range of variables analyzed in our research. These results 
confirm previous CIAT research on agricultural intensification and land use change at the 
household scale (Fujisaka and White 1998). 
 
Table 6. Percentage of farms in different size classes according to period that the village 

area was deforested. 
 

Date of imagery Farm size 
(ha) 1955 1974 1985 1996 1999 
0-5 17.0 28.3 56.7 25.1 67.0 
5-10 13.0   5.8 11.6 11.6 17.8 
10-20 19.3 19.7 12.3 18.0   8.9 
20-50 34.6 33.3 15.4 40.6   5.0 
50-100 10.4   5.8   3.0   3.7   1.1 
100-200   3.0   1.1   0.7   0.5   0.2 
>200   2.6   0.7   0.3   0.5   0.0 
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2.7. Geographic information and breeder opinions for ex-ante impact assessments 

of the Biofortification Challenge Program 
 
Contributors: Glenn Hyman, Elizabeth Barona, Claudia Perea, Alexander Cuero, Silvia Elena 

Castaño, Paul Billock, Jorge Cardona  
 
Abstract 
 
This activity supports ex-ante impact assessment of the Biofortification Challenge Program 
(BCP) by compiling geographic information related to the six phase-1 crops, and by soliciting 
the opinion of plant breeders on potential sites and countries for targeting and testing the results 
of their work. This project included the creation of a Web page and compact disk for viewing 
BCP information on a global scale. Correspondence with the crop leaders for each phase-1 crop 
gave us their opinions about the targeting and testing issues of this program, and their 
suggestions for countries and localities where BCP results could be directed. Administrative 
districts at the first level of aggregation were mapped for each BCP phase-1 crop. A preliminary 
analysis was made of where the BCP crops occur in close proximity, to suggest countries and 
places where economies of scale could be achieved by targeting and testing more than one crop 
in the same place. 
 
Materials and Methods 
 
Information on crops, soils, climate, and administrative districts was integrated into a spatial 
database for the BCP. We compiled existing information on crop production for the six phase-1 
BCP crops—wheat, maize, cassava, sweet potato, beans, and rice—from an ongoing project to 
map subnational production data for the entire world. The production data were derived from 
censuses and surveys, and linked to administrative district maps. These maps were merged 
together for Latin America, Africa, and Asia to create polygon maps giving production 
information in tons or in area harvested. To facilitate spatial analysis of the data, we converted 
the polygon data to dot density maps by randomly distributing points according to production 
totals in each polygon. 
 
Administrative boundary, climate, and soils data were compiled from available sources and put 
on the CD-ROM together with the crop production information. These data sets were put on our 
FTP site so that crop leaders in other Consultative Group on International Agricultural Research 
(CGIAR) centers could access the information. We also put the crop production and 
administrative boundary data on a Web site with dynamic viewing capacity (Figure 33). These 
data resources were developed to allow crop leaders and others working on the BCP to 
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dynamically view geographic information related to the six phase-1 crops. The crop leaders 
could use this information to help them select countries and local places where the BCP results 
could be targeted and tested. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 33. Dynamic map viewing on the Web at http://gisweb.ciat.cgiar.org/website/biofor. 
 
We used e-mail correspondence, and telephone and personal interviews to solicit opinions from 
the crop leaders on potential countries and sites for ex-ante impact analysis of the BCP. Through 
this communication, we developed a list of issues related to impact analysis for each crop. We 
also made lists of countries and places for targeting and testing. The country results were 
compared to a priority-setting analysis carried out by the International Food Policy Research 
Institute (IFPRI), and based on micronutrient deficiencies. 
 
Results and Discussion 
 
The results of the breeder survey were presented at the Planning Workshop for Impact 
Assessment and Policy Analysis Under the Biofortification Challenge Program on the 2nd and 3rd 
of September 2003 at IFPRI Headquarters in Washington DC. These results were then shared 
with breeders and other BCP scientists for subsequent planning meetings on the individual crops 
for the BCP. Selection of areas for targeting and testing continues in an iterative fashion as BCP 
scientists continue their planning for the overall program. 
 
Potentially, the BCP is interested in assessing impact for the different crops in the same places, 
reducing costs by avoiding duplication of effort in setting up the logistics of monitoring and 
evaluation studies. Also, there may be some interest in targeting BCP germplasm to places where 

http://gisweb.ciat.cgiar.org/website/biofor
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the diet includes a combination of the phase-1 crops. But where do the six phase-1 crops overlap 
in their geographic extent of production? We attempted to answer this question by conducting a 
spatial overlay analysis of the six global crop maps. We calculated the presence of production in 
arbitrarily defined, 1-degree grid cells for all the six crops, and for combinations that excluded 
rice and wheat. This analysis lacks information on the magnitude of production in an area. To 
add this dimension we calculated the Shannon diversity index, which provides a measure of the 
variety of the different crops as well as their magnitude. We used DIVA-GIS software to support 
these analyses (Hijmans et al., 2003). 
 
For LAC, the southernmost extension of Brazil shows production for all six crops (Figure 34a). 
However, this area is one of the wealthier parts of Brazil, and perhaps does not have as great a 
demand for biofortified crops as do other places. If we exclude rice and wheat, eastern Brazil has 
concentrations of the remaining four crops (Figure 34b). Other interesting areas for the 
combination of cassava, beans, sweet potato, and maize are in Colombia, Ecuador, El Salvador, 
and Guatemala. Haiti looks interesting for these four since it is generally considered to be the 
poorest country in the region. 
 
Malawi, Tanzania, and Uganda stand out in Africa for having most of the six phase-1 crops 
(Figure 34c). Malawi perhaps has as even a distribution of BCP phase-1 crops as any country in 
the world. The Shannon diversity map (not shown here) shows that most of the six BCP crops 
are present and abundant in Malawi. Burundi and Rwanda also appear interesting. In Asia, the 
six crops overlap the most at the border area between China and Vietnam, and in a few places in 
southern India (Figure 34d). The result in southern India is interesting, given micronutrient 
deficiency maps showing that region to be a hotspot (Meenakshi, 2003). Vietnam appears to 
have production for five of the six BCP crops throughout the country. 
 
The analysis of the overlap of the six crops should be considered preliminary, since it has several 
disadvantages. First, the placement of the grid mesh is arbitrary. Different placement gives 
different results. Second, these maps do not have any standardized unit. In some cases, the crop 
production is reported in tons, and in others it is reported in hectares. Different quantities are 
represented by the dots for different crops. For example 1 dot = 500 ha of cassava, but is equal to 
3000 tons of wheat. Nor did we try to standardize the crops according to calories or 
micronutrient content. This could be done in the future. Third, we used a geographic coordinate 
system, which does not preserve area as you move away from the equator. Fourth, these maps 
only show the variety of crops in a grid cell, but nothing about overall quantity. But, for the 
purpose of taking a quick look at crop overlap, the analysis gave us interesting results that we 
can build on in future analysis. 
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Figure 34. The number of different phase-1 crops in each 1-degree grid cell: (a) Latin 

America overlap for six crops, (b) Latin America overlap for cassava, beans, 
sweet potato, and maize, (c) Africa for six crops, and (d) Asia for six crops. 
Colors grading toward red indicate the presence of a larger variety of the six 
crops. Colors grading toward dark green indicate the presence of only one or two 
crops in the same area. 

 

(a) (b)

(c) (d) 
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Output 3. Analysis and prediction of socioeconomic factors influencing land 
use development 

 
 
3.1. Development of prototype software for identifying new crop niches and 

disseminating market data to stakeholders in Honduras: IntelAgro 
 
Contributors: Mark Lundy (SN-1); Ruben Dario Lopez, Wilson Vallecilla (Universidad 

Autonoma); William Diaz, Andy Jarvis 
 

 
Abstract 
 
In close collaboration with the Rural Enterprises project, we have developed prototype software 
to identify new crop niches in Honduras, and provide detailed market information about these 
crops.  In its current form, a user selects the geographic location of the farm/collective, and a list 
of crops that potentially might grow in the region appears.  Selecting any of these crops, the user 
is than shown detailed market information about price trends for major markets in the country. 
General information about cultivation and known buyers of the crop can also be accessed. The 
tool is targeted at extension agencies, NGOs, and even individual farmers who have access to 
telecenters. 
 
The software is very much at the prototype stage, and further development is required in the 
algorithms for predicting crop distribution (likely to be linked with GEMS), the quantity and 
quality of market data, and in the user interface. The following are being developed: 
 
•  Dynamic probabilistic predictions of crop performance for the region, which can be 

improved, given user input of site-specific traits (e.g., local soil conditions). 
•  Information on accessibility to markets given crops’ perishability. 
•  Automatic updating of market data, given Internet access, or manual means of importing 

updates divulged on disk/CD-ROM. 
•  Creation of user profiles so that users can save their specific details. 
•  Multi-variable prioritizing of potential crops for each site based on crop performance, 

market access, economic potential, and others. 
•  System for users to plan their planting dates and to examine possible prices at harvest. 
 
All functionality will be hierarchical in ease of use for non-experienced users, while more eager 
users are presented with options of greater detail and complexity. 
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3.2. Incorporating socioeconomic data and expert knowledge in complex spatial 
decision making 

 
Contributors: Rachel O’Brien (PE-4/IP-5, Curtin University), Robert Corner (Curtin 

University), Simon Cook, Michael Peters (IP-5) 
 
Abstract 
 
A wealth of information on adaptation of tropical crop species exists, but is often not accessible 
to its intended beneficiaries. Research was conducted to identify ways of incorporating different 
types of information, including biophysical, socioeconomic, and management data, as well as 
expert and farmer knowledge. These data and knowledge are then modeled to provide 
appropriate information to smallholder farmers in the tropics, to allow them to make better-
informed decisions regarding crop selection. 
 
Rationale 
 
This project integrates biophysical, socioeconomic, and management data together with expert 
knowledge to assist farmers’ decision-making processes. The approach is based on the following 
two main assumptions: 
 
•  A wealth of information on the agro-ecological adaptation of tropical crop species is 

available in CIAT-held and other databases. However, the access and hence utilization of 
this information needs to be improved. In addition, data are often uncertain or missing, and 
methods are needed to combine existing data with expert knowledge to provide better 
analysis. 

•  In evaluations of species adaptation to environmental conditions, agro-ecological 
information is often separated from socioeconomic factors influencing species adoption. 

 
The above assumptions are particularly the case for forage species, and this project grew out of 
the perceived need to address these issues for forages. Therefore, while the research is applicable 
to other crops, in the first instance it focuses on forages. Based on these assumptions, the 
targeting of forage germplasm is intended to enhance the utility of existing information, and in 
the future, to integrate environmental and socioeconomic adaptation of forage germplasm for 
multiple uses. It is anticipated that this approach will allow a more accurate and client-oriented 
prediction of possible entry points for forage germplasm. 
 
One product of this research will be a fully functional Web-based or CD-ROM tool, primarily 
designed for targeting forage germplasm in Central America. The primary target users are 
nongovernmental organizations (NGOs), development agencies, national research institutes, and 
decision makers in government. In conjunction with farmers, these users will be able to more 
effectively target suitable locations for new forages, with the aid of the tool. This will result in 
more informed choices being made, thus allowing more effective use of public funds dedicated 
to agricultural development and natural resource conservation. 
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Tools to better target forages will also help improve the well-being of smallholders by assisting 
them to more effectively utilize their resources in sustainable ways. The addition of carefully 
selected forages to a farming system has a plethora of benefits both for the farmers and for the 
environment, as well as the wider community. These benefits derive both from the direct 
influence of forage planting, and the indirect increase in cattle production and cropping system 
improvements, and include, for example, improved sustainable intensification, reduced erosion, 
and alleviation of protein and micronutrient deficiencies in the community. 
 
Materials and Methods 
 
Review of literature and of existing similar models and software is ongoing, with existing tools 
currently being evaluated to determine their appropriateness in representing expert spatial 
decision making, and particularly in targeting forage germplasm. Bayesian modeling has been 
identified as the most appropriate method, especially for decisions involving sparse and 
uncertain data. 
 
As a case study, a decision support tool to target forage germplasm is being designed and 
developed, using GIS technology. This targeting consists of identifying which forages would be 
suitable or successful in a particular location, given data and/or knowledge about the forages, and 
about the location in question. 
 
Data used in this case study include the CIAT Red Internacional de Evaluación de Pastos 
Tropicales (RIEPT) database (linking forage adaptation, establishment, and production to climate 
and soil factors), and GIS surfaces of elevation, rainfall, temperature, soil, population density, 
and distance to market for Central America, supplemented with expert and farmer knowledge. 
 
The tool is being implemented in Delphi 6.0 with MapObjects LT. It is envisaged that a future 
version of the tool will be Web-based. 
 
Results and Discussion 
 
Although a large amount of data is available in the RIEPT database, it is characterized by 
uncertainties, biases, errors, and omissions. Similarly, much of the available data is correlated. 
Data analysis combined with expert opinion has defined the factors to be used in the modeling 
process (Table 7). 
 
Literature on models and algorithms for habitat distribution prediction and spatial classification 
was reviewed. Commonly used methods include: 
 
•  Multiple linear regression,  
•  Generalized Linear Methods (GLM),  
•  Generalized Additive Models (GAM) and other statistical techniques, 
•  Rule-based systems, 
•  Habitat envelopes, 
•  Classification and Regression Trees (CART), 
•  Probability modeling, including Bayesian modeling and belief networks, 
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•  Artificial intelligence approaches, including Artificial Neural Networks (ANN) and Multi-
Agent Systems (MAS), and 

•  Cellular automata. 
 
Table 7. Data used in model specification and model application for a decision support tool to target forage 

germplasm. 
 
Data Derived froma Source for model 

specificationb 
Source for model 
application 

Fine scale (1-4 km grid cells): 
Elevation (m)  RIEPT where 

available, GIS data 
GIS data 

Mean annual rainfall (mm) Monthly rainfall RIEPT where 
available, GIS data 

GIS data 

Consecutive dry months (< 60 mm) Monthly rainfall RIEPT where 
available, GIS data 

GIS data 

Holdridge life zones Monthly rainfall, mean 
monthly temperature 

RIEPT where 
available, GIS data 

GIS data 

Soil pH  RIEPT Farmer 
Soil texture % sand, % clay, % silt RIEPT Farmer 
Soil fertility % organic matter, P RIEPT Farmer  
Shade tolerance  Experts Farmer 
Drought tolerance  Experts Farmer 
Salinity tolerance  Experts Farmer 
Waterlogging tolerance  Experts Farmer 
Aluminum tolerance  Experts Farmer 
Frost tolerance  Experts Farmer 
Intended use  Experts Farmer 
Risk aversion  Confidence in data or 

knowledge 
Farmer 

Coarse scale (8-32 km grid cells): 
Population density  GIS data GIS data 
Distance to market Roads, population 

centers 
GIS data GIS data 

Soil pH FAO classification GIS data GIS data 
Soil texture FAO classification GIS data GIS data 

 
a. FAO, Food and Agriculture Organization. 
b. RIEPT, Red Internacional de Evaluació de Pastos Tropicales; GIS, geographic information 

systems. 
 
Most of these methods are inappropriate for the nature of the problem. Lack of reliable and 
complete data precludes most statistical techniques. An additional requirement is that the model 
should be transparent, i.e., it should be logical and obvious to the user why a species is being 
suggested. The best candidates are rule-based systems, CART, and Bayesian modeling. Of these, 
Bayesian modeling has been selected because of its ability to deal with uncertainties and 
incorporate expert knowledge. 
 
Tool development is progressing for the case study of forages in Central America. The tool 
allows users to select a location of interest, and define characteristics of the location and desired 
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characteristics of the forage species. They are then presented with a selection of suitable forage 
species, which they can interrogate for more information (Figure 35). 
 

 
Figure 35. Suitable forage species with options for interrogation. 
 
The data and parameters for the tool are derived from RIEPT data, updated with expert 
knowledge. This expert knowledge is either directly input by forage experts, or derived from 
SoFT (Selection of Forages for the Tropics) data. SoFT is an international project in which CIAT 
is involved. It began in 2002, and aims to collect and make accessible expert knowledge about 
tropical forages. Probabilities are updated graphically (Figure 36), and experts can examine maps 
to verify the parameterization of the model (Figure 37). 
 
A paper was submitted to the journal Agricultural Systems (O’Brien et al., 2003) reviewing the 
role of tropical forages, and making the case for a spatial decision support system, including 
examples from the tool shown above. Papers were presented also at conferences, outlining the 
development of the tool and the modeling process (O’Brien et al, 2002a; 2002b). 
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Figure 36. Graphically updated probabilities. 

 
Figure 37. Map of adaptation related to elevation. 
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3.3. Development of materials and activities for capacity building and training on 

sustainability indicators to close the gap between information and decision 
making 

 
Contributors: Manuel Winograd, Andrew Farrow; Giovanni Ruta, John Dixon (World Bank 

Institute); Andre Carletto, David Grey (World Bank); Gilberto Gallopin 
(Economic Commission for Latin America and the Caribbean [ECLAC]) 

 
Abstract 
 
For an indicators initiative that is strategic and oriented to the long-term, and to achieve 
ownership from users, a training and capacity building component needs to be included. 
Capacity (or its lack) to produce and use information is currently one of the main obstacles to 
successful indicator initiatives. Training in indicator initiatives involves at least two stages. First, 
a component is needed to train the individuals involved in collecting data, and in developing 
indicators and information. Second, capacity in the institutions, and policy and decision makers 
that will use the indicators and information must be bolstered. 
 
Rationale 
 
Indicator products and tools can transform data into information and information into actions, 
and could thus help people and institutions to make better decisions. However, one of the most 
difficult tasks is to translate and communicate scientific information into policymaking, given 
the characteristics and nature of the processes. For example, whereas scientists are familiar with 
uncertainty and complexity, policymakers often seek certainty and deterministic solutions and 
responses. Indicator initiatives are most effective if scientific information and policymaking 
needs are incorporated into a rigorous decision framework as knowledge, not ignorance. 
Although different approaches exist for narrowing the science and policymaking gap (i.e., 
enhance communication or increase confidence), one of the principal components is related with 
the creation of users’ capacities to develop and use information. In fact, as a result of different 
indicator initiatives, it can be seen that products and tools by themselves will not make better 
decisions. Neither is it enough to provide well-developed products and user-friendly tools to the 
relevant users and institutions. Instead, real capabilities need to be created on how to produce 
and use the information products and tools for decision making. 
 
The way to create these capabilities is to train personnel of the institutions and decision makers 
on how to use and develop indicator products and information tools. The final goal is to get 
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“ownership” from involved users of indicators and information (i.e., decision makers and 
policymakers, advisors and consultants, ministries and other institutions, and data producers and 
developers). Despite the recognition that indicators are useful tools for policy analysis, most 
decision makers are not using them to make decisions. Without training and capacity building, 
obtaining results and feedback from users and institutions is difficult. Capacity building is also 
crucial for correct and effective use of the information, once disseminated. In fact, for any 
indicator initiative, to achieve ownership from different users, a training and capacity-building 
component should be included. Training in indicator initiatives involves at least three steps. First, 
a component is needed to train the individuals involved in collecting data and developing 
indicators, indices, and information. Second, capacities and skills must be created in the decision 
makers and other users of the information generated. Third, capabilities and mechanisms need to 
be created to analyze, communicate and translate the information to the end users. 
 
Materials and Methods 
 
Decision making, just like development, is a dynamic process, and is carried out at different 
levels of society, taking into account different social, economic, environmental, institutional, and 
political aspects. In each stage of the decision-making cycle, different users/audiences take part, 
and require and use different types of information and tools. In practice, the training sessions and 
materials could be addressed to two types of audience: (1) to decision makers that use the 
information (i.e., Ministers, advisers); and (2) to technical staff that develop the information (i.e., 
technicians, consultants). These two groups have different needs and responsibilities, implying 
two different types of training activities and material. Given the importance of improving the use 
of available information for decision making, it is sensible to concentrate on the “use of 
information”. 
 
Training and capacity-building activities should help: 
 
•  Get feedback from users and institutions, 
•  Obtain long-term results from indicators initiatives, 
•  Bring together all national institutions that develop and use data, indicators, and 

information, 
•  Harmonize the methods used to produce and disseminate information, and  
•  Introduce the institutions to the use of information tools, as well as analysis and use of the 

final information. 
 
Capacity building and training could include formal and informal activities. Informal activities 
(i.e., visit to institutions, related indicator workshops and meetings) could help train individuals 
in the production and use of information, identify users and institutional needs, and create 
awareness about the distribution and use of indicators for decision making. Formal activities 
(i.e., face-to-face training, distance learning courses) could help create capacities in the 
institutions and users, identify users’ and institutional needs, bring together scientist and 
policymakers to identify different information needs, and get feedback about indicator initiatives. 
 
Results and Discussion 
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The training materials are organized in six modules, and based on lecture materials and recorded 
videos to introduce the themes of each module (Winograd et al., 2003). Power Point 
presentations illustrate the different themes and contents, lecture materials extend knowledge 
about these, and application exercises apply the knowledge. According to available materials in 
partner institutions, the modules will be developed with existing and new products. 
 
Module contents are: 
Module 1: Introduction to the CD-ROM: use, help, and contents (Winograd and Farrow, 2002c). 
Module 2: Information and decision making in the context of sustainable development: Closing 

the gap between policies and actions (Winograd and Farrow, 2002a). 
Module 3a: Introduction to sustainable development indicators (SDI) methods and information 

systems: From theory to the use of information (Winograd and Farrow, 2002b). 
Module 3b: Examples and applications of SDI: From theory to the use of information. 
Module 4a: Design methodologies of SDI: Steps to go from diagnosis to solutions. 
Module 4b: Design methodologies of SDI: Working at different levels and scales of decision and 

policymaking. 
Module 5: Methods for the production, distribution, and use of SDI: From data to decision 

making. 
Module 6: Practical exercises on methods, design, production, and use of SDI. 
 
The training and capacity-building activities scheduled were: 
 

•  2-7 November 2002: Distance learning on indicators and information for sustainable 
development for Central America, transmitted from the World Bank, Washington, D.C. 
to Central American countries Global Development Learning Network (GDLN) centers 
(65 participants from El Salvador, Guatemala, Nicaragua, and Costa Rica). 

•  2-6 June 2003, Course-Workshop on sustainability indicators for Latin America and the 
Caribbean, held in ECLAC headquarters in Santiago, Chile, in the context of the World 
Bank Institute/ECLAC / Swiss Development Cooperation (SDC) regional training project 
(55 participants from Mexico, Haiti, Puerto Rico, Dominican Republic, Cuba, Costa 
Rica, Panama, Chile, Bolivia, Brazil, Colombia, Venezuela, Argentina, El Salvador, and 
Peru). 

•  June 2004, Course-Workshop on sustainability indicators for Latin America and the 
Caribbean, held in ECLAC headquarters in Santiago, Chile, in the context of the World 
Bank Institute/ECLAC /SDC regional training project. 
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3.4. Interpreting small area estimates of food consumption in Ecuador 
 
Contributors: Andrew Farrow; Carlos Larrea (consultant, Facultad LatinoAmericana de 

Ciencias Sociales [FLACSO]) 
 
Abstract 
 
We have used a household survey and the 1990 population census to estimate values of food 
consumption per person at fine spatial resolution. These small area estimations provide both a 
direct information product to decision makers, and an indicator that we will use to test our 
hypotheses of the determinants of food insecurity and poverty. We show that food consumption 
varies significantly within Ecuador, that the headcount ratio of people below the hunger line is a 
robust measure, and that spatial analysis of these results is likely to yield insight into the 
processes of food acquisition. 
 
Rationale 
 
The goal of this activity is to identify how access to food varies spatially in Ecuador, in order to 
benefit many different institutions in both targeting their resources and their research, 
specifically the capacity of the Ecuadorian government to design policy or development 
interventions necessary to improve food security. We use food consumption per person as an 
indicator of food security, which provides baseline data that we will analyze in conjunction with 
biophysical and economic variables. 
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Materials and Methods 
 
We estimated food consumption per person, and published statistics for each district (parroquia) 
using regression models based on the 1995 Living Standards Measurement Survey (LSMS), and 
the 1990 housing and population census. Food consumption per person was calculated directly 
from the results of the1995 LSMS. For this study, food consumption was the amount spent on 
food items and the monetary value of food that was produced by the household. The LSMS is 
only representative at the regional level (Ecuador has three continental regions: Coast, Sierra, 
and Amazon; Figure 38a). In order to map food consumption or perform analysis we estimated 
its value at a higher spatial resolution, the fourth level administrative unit, or parroquia, as it is 
known in Ecuador (Figure 38b). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 38. (a) Three continental regions of Ecuador (left-right: Coast, Sierra, Amazon); and 

(b) Parroquias – the fourth administrative level. 
 
The only data sources that are representative at the parroquia level are population or agricultural 
censuses. The 1995 LSMS contains a number of variables that can also be found in the 1990 
population and household census. Using these variables to construct a model of food 
consumption for individuals questioned in the survey, we subsequently applied the parameters 
(β) to individuals in the census and estimated their consumption of food in sucres (in 1995, US$1 
equaled roughly 2500 sucres) (Equation 2). 
 

yi = βXi +  εi (2) 
1.1 

 
Where Xi is the vector of characteristics for household I; εi is a random disturbance term, and yi is 

)1(3 3 −ptionfoodconsum . 
 
Household income is considered a good predictor of food consumption. The first step in the 
creation of the regression models was the estimation of household income, as a function of 
individual characteristics such as the educational level of the head of household, type of 

(a) (b) 
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occupation, and experience. Four income functions were developed for (1) urban and (2) rural 
salaried workers, and (3) urban and (4) rural non-salaried workers. 
 
The second step was to create eight independent models in order to adequately capture the 
regional differences in income and productivity. Regression models were created for the 
following regions:  
 
•  City of Quito, 
•  Urban population of the Sierra region (except Quito), 
•  Rural population of the Sierra region, 
•  City of Guayaquil, 
•  Urban population of the Coast region (except Guayaquil), 
•  Rural population of the Coast region, 
•  Urban population of the Amazon region, and 
•  Rural population of the Amazon region. 
 
(The Galapagos were included in the rural coast model.) 
 
The estimates of food consumption per person are an improvement on earlier indicators of 
poverty, which used the same data sources. However, some limitations remain in the confidence 
of these projections that are most apparent in the Amazon region, where the sample size used in 
the 1995 LSMS was small. Also, the model for rural Amazon can only be said to be 
representative for the recent colonizers of this region, and does not take into account the 
indigenous population. 
 
Given the estimation of food consumption, we decided if the individual was food non-poor or 
food poor, i.e., if their consumption was sufficient to meet their dietary needs or not. We used 
two monetary values, which represent the cost of a basket of food goods that provides 2237 
kilocalories per person per day. The basket of goods is a combination of foodstuffs commonly 
available and consumed by the population. The two “hunger line” values were 45,900 sucres per 
fortnight and 35,052 sucres per fortnight, and were provided by two different World Bank 
studies in Ecuador. 
 
Results and Discussion 
 
Statistics of food consumption per person at the 4th administrative level 
The highest resolution of spatial data available for Ecuador is for the 4th administrative level or 
parroquia. Summary statistics of mean consumption and GINI coefficient of consumption were 
created for each parroquia. For each hunger line, we analyzed the distribution of consumption 
below the hunger line and calculated the proportion of individuals below the line (also known as 
the headcount ratio, Figure 39), the amount of resources needed to bring everyone up to the 
hunger line (the hunger gap, equivalent to the poverty gap measure used in poverty studies), as 
well as the hunger severity index, which is the sum of the square of the hunger gap, and the Sen-
Shorrocks-Thon (SST) index. 
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Figure 39. Percentage of population below the hunger line (headcount ratio), and inequality 
of food consumption. Red colors signify high headcount ratio, whilst black dots 
signify high GINI coefficients. 

 
Analysis of these indices shows that, although the Sierra region has the highest headcount ratio 
of people below the hunger line, the greatest inequality of food consumption is in the Amazon 
region and the province of Esmeraldas. 
 
Sensitivity analysis of choice of hunger line 
Each of these variables can be used singly or converted into a ranking scheme, depending on the 
purpose of the intervention that is planned. We have analyzed ranks of parroquias using the 
headcount ratio for both hunger lines, and observed a good correlation. Both the Spearman and 
Pearson rank correlation coefficients are 0.959 (significant at the 0.01 level). However, when we 
analyzed the spatial distribution of change in rank (Figure 40), we noticed a tendency for 
parroquias in the Amazon region to move up in the ranking when the lower hunger line is used 
(which is consistent with the high GINI coefficient shown in Figure 41), and parroquias in the 
Sierra region move down the table. 

Figure 40. The 200 parroquias with highest headcount ratio using the hunger line of (a) 
45,900 sucres, and (b) 35,052 sucres. 

(a) (b) 
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The results of the sensitivity analysis show that the headcount ratio is a robust measure even 
when two quite different hunger lines were utilized. 
 
Spatial structure explored 
We analyzed the distribution of food consumption to see if there were any patterns, and to 
determine the spatial dependence of mean food consumption per person per district. Weighted 
centroids were calculated for each district, and these points entered into geostatistical software 
for analysis. We produced a semi variogram for 1n (mean consumption) that showed some 
spatial dependence and anisotropy (Figure 41). We noted, however, that the intercept of the 
semivariogram is high, and almost half of the variation is not accounted for between parroquias. 
Spatial autocorrelation values are not that significant, the global value of Moran’s I is 0.238001. 

 
Figure 41. Isotropic semi-variogram of 1n (mean consumption). 
 
In order to better show the level spatial dependence, we introduced two variables that were at the 
extremes of spatial dependency—one variable that randomly assigned existing values of mean 
consumption to the parroquias (Figure 42a), and one which was based on the locations 
themselves, the distance from the central city of Ambato (Figure 42b). 

 
Figure 42. Isotropic semivariogram of (a) random 1n (mean consumption), and (b) spatially 

dependent variable. 
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This analysis suggested that further spatial analysis of food consumption at the district scale 
might reveal new insights, but that conditions within the district account for much of the 
variation in food consumption values. 
 
 
3.5. Spatial analysis of water productivity in terms of livelihood sustainability in 

upper and lower catchments 
 
Contributors: Andrew Farrow, Jorge Rubiano, Simon Cook, Laura German (ICRAF) 
 
Abstract 
 
We have developed a model of water productivity in terms of livelihood yield. This can be 
applied to basins in order to analyze the efficiency of water use and identify areas where water 
resources can be better utilized, as well as those areas where radical water conservation measures 
may be necessary. Reliable data are the key to developing this model, and further verification 
will be required in test basins. 
 
Rationale 
 
A water productivity index is commonly applied to areas or catchments to determine the 
productivity of each drop of water in terms of agricultural yield, for example kilograms of 
harvested crop per liter of water used. We wish to expand this measure to take into account the 
number of sustainable livelihoods that are supported per meter cubed of water—our livelihood 
yield. We intend to compare different catchments within a basin to see which catchments are 
more water efficient than others, and to identify where opportunities exist to increase water 
productivity, or conversely identify areas where the system will not allow more livelihoods to be 
sustained. 
 
Materials and Methods 
 
We start with Equation 3. 
 
[Water productivity] = Livelihoods supported = Net productivity gain per person (3) 
                                          Water use                           Water in – Water out 
 
Where production is comprised of a combination of agricultural production, industrial 
production, and health maintenance. 
 
We have chosen the Guayas River in Ecuador as a benchmark basin (Figure 43), which in 1990 
had a population of 3.55 million distributed amongst 153 districts or parroquias. Having chosen 
the basin, we need to find data on population, the importance of agriculture and industry in the 
basin, and documented problems with health. The catchments within the basin also need to be 
chosen. Ideally, these catchments would be identified using criteria such as: 
 
•  Elevation and slope characteristics, 
•  Population density, 
•  Climatic factors, 
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•  Sociocultural factors, and 
•  Agro-ecosystem characteristics. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 43. Guayas Basin, Ecuador, showing 153 parroquias (in shades of orange) and 

populated places (in red). 
 
However, in this pilot desk-study, we were constrained by lack of data and time, so we used the 
most crucial data set, river discharge, to determine our catchments. Discharge information was 
available for only six gauges in the basin (Vinces, Daule, Chimbo, Guayas, Quevedo, and 
Zapotal), and the catchments for each of these points were digitized using elevation and river 
courses as a guide (Figure 44). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 44. Subcatchments and river discharge gauges, Guayas Basin, Ecuador. 
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To calculate the water use for each catchment we needed to know the water input as well as 
discharge. Two sources of precipitation data were used to calculate the annual water input—the 
Hijmans spline interpolated (http://bnhm.berkeley.museum/gisdata/worldclim/worldclim.htm), 
and climate data sets used in the FloraMap product (Jones, 1991; Jones and Gladkov, 1999). 
Monthly mean values were summed and multiplied by the land area to give an annual volume of 
water input to the system. Tables 8 and 9 show annual water use for the catchments within the 
Guayas basin. 
 
Table 8. Water use in the Guayas Basin, Ecuador (Hijmans climate data)a. 
 
Catchment Discharge 

(m3 s-1) 
Discharge 

(m3 y-1) 
Inputb 

(m3 y-1) 
Rainfall 
(m3 y-1) 

Net use 
(m3) 

Guayas 1144 36,077,184,000 35,162,640,000 17,633,000,000 16,718,456,000 
Daule   270   8,514,720,000 n.a. 14,910,300,000   6,395,580,000 
Vinces   191   6,023,376,000   7,442,496,000   2,039,370,000   3,458,490,000 
Quevedo   236   7,442,496,000 n.a.   7,994,240,000     551,744,000 
Chimbo   198   6,244,128,000 n.a.   3,130,570,000 -3,113,558,000 
Zapotal   220   6,937,920,000 n.a.   5,053,470,000 -1,884,450,000 
 
a. Total discharge is a mean of 1144 m3 s-1, equivalent to 1144 * 60 * 60 * 24 * 365 => 36,077,184,000 m3 y-1. 
b. n.a. = data not available. 
 
Table 9. Water use in the Guayas Basin, Ecuador (FloraMap climate data). 
 
Catchment Discharge 

(m3) 
Discharge 

(m3 y-1) 
Inputa 

(m3 y-1) 
Rainfall 
(m3 y-1) 

Net use 
(m3) 

Guayas 1144 36,077,184,000 35,162,640,000 19,159,000,000 18,244,456,000 
Daule   270   8,514,720,000 n.a. 14,404,000,000   5,889,280,000 
Vinces   191   6,023,376,000   7,442,496,000   2,180,150,000   3,599,270,000 
Quevedo   236   7,442,496,000 n.a.   9,192,030,000   1,749,534,000 
Chimbo   198   6,244,128,000 n.a.   3,293,700,000  -2,950,428,000 
Zapotal   220   6,937,920,000 n.a.   7,101,470,000       163,550,000 
 
a. n.a. = data not available. 
 
Results and Discussion 
 
This is work in progress, and current results show about half of the picture. We are able to show 
the amount of water available per person (Table 10); we now have to analyze how that water is 
used, and what are the water transfers in quantity, as US$ or agricultural products. 
 
Table 10. Total number of livelihoods supported (FloraMap climate data). 
 
Catchment Net use 

(m3) 
Total number of people 

supported 
Consumption 

(m3/person/year) 
Guayas 18,244,456,000 1,194,430  15,275 
Daule   5,889,280,000    324,566  18,145 
Vinces   3,599,270,000      75,099  47,927 
Quevedo   1,749,534,000    142,030  12,318 
Chimbo  -2,950,428,000    151,302 -19,500 
Zapotal      ,163,550,000    107,308    1,524 

http://bnhm.berkeley.museum/gisdata/worldclim/worldclim.htm
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From the tables above, it can be seen that some data issues need to be resolved. The catchment of 
Chimbo apparently has more water leaving the catchment than is being rained on it (thus a 
negative value for population per m3), this may be due to occult precipitation (fog), which is not 
being measured, unreliable discharge data, differences in time periods between rainfall 
measurements and discharge, or poor interpolation of climate data. 
 
The results are intuitively correct in the sense that some of the catchments have little rain and 
many people, whilst others have lots of rain, large incoming rivers, and very few people—but 
large rice farms! 
 
References 
 
Jones, P.G. 1991. The CIAT climate database version 3.41, machine readable data set. Centro 

Internacional de Agriculture Tropical (CIAT), Cali, CO. 
Jones, P.G.; Gladkov, A. 1999. FloraMap: A computer tool for the distribution of plants and 

other organisms in the wild; version 1, 1999. CD-ROM with 87 p indexed manual. CIAT 
CD-ROM Series. Centro Internacional de Agricultura Tropical (CIAT), Cali, CO. 

 
 
3.6. Targeting agricultural research using hotspots of undernutrition in Ecuador 
 
Contributors: Andrew Farrow, Rosalba Lopez, Elizabeth Barona, Claudia Perea; Boru 

Douthwaite, Jorge Cabrera (Participatory Research in Agriculture project [IPRA]) 
 
Abstract 
 
A multi-scale spatial cluster analysis of the headcount ratio was undertaken to derive hotspots of 
significantly high concentrations of undernourished people. Weighted centroids were entered 
into the Geographical Analysis Machine (GAM) using the headcount ratio for each district. 
These hotspots have been published on an Internet Map Server, which allows CIAT and partners 
to query the strength of these hotspots in combination with location of participatory agricultural 
research projects. 
 
Rationale 
 
Much effort has been put into obtaining values for food consumption per person at the 4th 
administrative level in Ecuador. There are a number of potential users of this information, not 
least CIAT itself. This information must be analyzed and communicated in ways that suit the 
purpose of each potential user. In this case, we provide an information product that will aid the 
targeting of participatory agricultural research in traditional “food security” crops by providing 
hotspots of undernutrition. 
 
Materials and Methods 
 
The GAM is a data exploration tool, and has been used to search for clusters of leukemia. The 
tool uses a moving circle to define the sample of the population, and then analyzes the 
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population at risk (in our case we assume that all the population is at risk of being food-poor), 
and the actual number of people who are food-poor, and determines whether this represents a 
statistically significant proportion. The strength of this significance is recorded, and the window 
moves on to the next location over the whole surface of data points. The process is then repeated, 
but with a larger circle radius so that the population at risk (potentially) increases each time. 
 
For our data, we used the total population as the population at risk, and the number of individuals 
below the hunger line as the number of cases. The starting size for the circle was 10-km radius, 
the overlap between samples was 10 km, and the maximum circle size was 100-km radius. GAM 
used a Monte Carlo simulation to determine the significance of the proportion of cases. 
 
Results and Discussion 
 
Figure 45 shows three clusters of parroquias with a significant number of people below the 
hunger line of 45,900 sucres: in Imbabura (northern Sierra), Chimborazo (central Sierra), and 
Loja (southern Sierra). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 45. Results of Geographical Analysis Machine (GAM) run with minimum radius of 

10 km and maximum radius of 100 km, using Monte Carlo simulation. 
Background shows headcount ratio mapped on parroquia centroids (red = high, 
green = lower). 

 
We are currently discussing the utility of this hotspot map with our partners in Ecuador, and 
other potential users. We will also run a sensitivity analysis on the results produced using 
different hunger lines, and by separating rural from urban populations. 
 
All the maps produced by this country case study are being published on an interactive map 
server that is accessible to a wide range of users, and easy to update and add information. Our 
map server is being updated, and we are currently experimenting with ESRI ArcIMS software, 
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which will allow partners to add information and comments to the published maps (Figure 46). 
We are also trying to incorporate near-real time indices of vegetation status similar to many 
Famine Early Warning Systems (FEWS); this will make our Web site more dynamic. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 46. Adding “mapnotes” to map of locations of Local Agricultural Research 

Committees in northern Ecuador. 
 
The locations of Local Agricultural Research Committees (CIALs, the Spanish acronym) have 
been digitized, and included on the project Web site. This will help CIAT, the International 
Institute for Rural Reconstruction (IIRR), and the Instituto Nacional Autónomo de Investigaciones 
Agropecuárias (INIAP) to plan the type of investigation required in the different agro-ecological 
and socioeconomic zones in Ecuador. 
 
 
3.7. Poverty analysis in the Peruvian Amazon 
 
Contributors: Glenn Hyman, Carlos Larrea (consultant), German Lema 
 
Abstract 
 
CIAT’s Peruvian Amazon benchmark site has been the focus of several poverty mapping 
exercises to better understand pathways to improved livelihoods. This report summarizes some 
of those analyses, and adds insight on land cover and land use patterns. We started our poverty 
research in Peru by looking at basic unmet needs, since this information is available in the 
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national census. These indicators work less well in the Amazon, which led us to search for other 
ways to measure poverty. We used multivariate statistical analysis to construct indices for 
different well-being categories—education, household assets, and agricultural resources. The 
indices were compared with land cover maps to investigate the relationship between agricultural 
intensification, deforestation, and poverty. 
 
Materials and Methods 
 
Initially, we used the “Basic Needs Unmet” methodology to map poverty in the Central Peruvian 
Amazon. The United Nations and other international organizations have promoted this method 
for all of Latin America. The main drawback of the methodology is that the indicators are 
intended for cross-country comparison and use at regional scales. This method often neglects the 
particularities of local conditions. For example, roofing material often indicates a household’s 
capacity to afford solid construction materials, and thus provide adequate housing. But in the 
Peruvian Amazon, with extreme heat and humidity, thatch roofing will usually keep the house 
relatively cool, and can easily be constructed from locally available materials. Another common 
poverty indicator is whether a house has indoor plumbing for human waste removal, indicating 
health and sanitation conditions for the household. But on the Amazon floodplain, plumbing is 
not practical, since the houses are built on stilts and the land is flooded during 4 or 5 months of 
the year. The available basic needs indicators reflected the need for broad regional comparisons, 
not our need to assess local conditions. 
 
Since the basic needs information was deficient, we needed other measures of household wealth 
and well-being. Our approach was to break down the problem and consider well-being according 
to household goods and infrastructure, education, employment, and agricultural resources. We 
acquired household level census data from the agricultural and population censuses. Then, we 
assigned variables from the census to each of our categories. For example, in the category of 
household goods and infrastructure, we identified 25 variables that reflect the condition of the 
household. These variables included house type, tenure arrangements (owned, rented, etc), 
construction materials, presence of utilities such as electricity and water, number of rooms per 
person, and presence of appliances, among others. We applied multivariate statistical analysis, 
including factor analysis and principle components analysis, to the set of variables in each 
category in order to eliminate factors that were redundant, or explained only small parts of the 
variation in the data. We used techniques that permitted us to work with both continuous and 
ordinal data. We constructed indices for each category—household, education, employment, and 
agricultural resources. We also constructed a combined index, summing the effects of each 
category index. The indices were constructed at household level, and then aggregated to village 
level. 
 
An additional analysis was constructed to investigate relationships between poverty, agricultural 
intensification, and deforestation. What are relative poverty levels for villages on the current 
forest margin compared to those in core areas deforested at mid-century?  In the core areas where 
forests were cleared long ago, has intensification resulted in less relative poverty? For all of the 
villages in the Central Peruvian Amazon, we determined the time period when the area was 
deforested using land cover maps going back to 1955. Since the poverty indices were built from 
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the 1993 and 1994 agricultural and population censuses, we might expect villages in the core 
areas to be less poor compared to those on the current forest margin. 
 
Results 
 
Our results show two predominant spatial patterns related to poverty in the Peruvian Amazon 
study area. First, proximity to the city of Pucallpa and the principal roads of the study area is 
related to well-being levels (Figure 47). The closer a village is to the city or major road 
infrastructure, the more likely that village will be relatively better off. This effect is most clearly 
evident with respect to education. In villages nearer the city and main roads, literacy, number of 
years of formal instruction received, and net rates of school attendance are all higher. The 
agricultural resources index also shows spatial concentration related to roads and the city.  

Figure 47. Household poverty index. Higher index numbers indicate less poverty relative to 
lower index numbers. 

 
A second pattern that is evident is lower levels of well-being on the floodplain compared to the 
uplands. This pattern needs to be investigated in more detail. The presence of indigenous groups 
on the floodplain may bias our indices. Since many floodplain dwellers leave their farms during 
the rainy season, they may be less likely to accumulate household goods, which were part of the 
index. 
 
Our results confirm earlier CIAT work at the household level that shows the pathways from 
initial slash-and-burn systems to more intensified systems over time. Areas near the city and the 
main road were deforested long ago. They have intensified agricultural production, including 
more diversified annual crops, improved pastures, livestock systems, and more tree crops such as 
citrus. Figure 48 shows that these villages, which were deforested before 1960, have less poverty 
(higher index number) relative to those cleared more recently. The margins of the study area are 
the focus of slash-and-burn agriculture, little diversification, and lack of agricultural resources 
such as livestock in the system. 
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More work is needed to confirm the results presented here. This research has implications for 
targeting research and development interventions between uplands and floodplain, and between 
core and periphery. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 48. Poverty indices from 1993-94 population and agricultural census of Peru 

according to period of forest clearing. 
 
 
3.8. Assessment of forest and agro-ecosystem trade-offs in the humid tropics 
 
Contributors: Douglas White (CIAT) as a contributor to the “Alternatives to Slash-and-Burn” 

(ASB) system-wide programme of the CGIAR. Other institutions involved are 
CIFOR, ICRAF, IFPRI, the International Institute for Tropical Agriculture 
(IITA), and the Tropical Soil Biology and Fertility Programme (TSBF). 

 
Abstract 
 
The ASB program is currently executing a crosscutting sub-global Millennium Ecosystem 
Assessment (MEA) study entitled “Forest and agro-ecosystem trade-offs in the tropics,” based 
on research advances that interest policymakers in Peru and beyond. Research findings are 
summarized from Ucayali (Coronel Portillo Province) and Loreto (Alto Amazonas) in Peru, of 
particular relevance to the MEA process. 
 
Rationale 
 
The MEA is an international work program designed to meet the needs of decision makers and 
the public for scientific information concerning the consequences of ecosystem change for 
human well-being and options for responding to those changes. The MEA was launched by the 
United Nations (UN) Secretary-General Kofi Annan in June 2001 to meet assessment needs of 
the Convention on Biological Diversity, Convention to Combat Desertification, the Ramsar 
Convention on Wetlands, and the Convention on Migratory Species, as well as needs of other 
users in the private sector and civil society. If the MEA proves to be useful to its stakeholders, it 
is anticipated that an assessment process modeled on the MEA will be repeated every 5–10 
years, and that ecosystem assessments will be regularly conducted at national or subnational 
scales.
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Materials and Methods 
 
The MEA synthesizes information from scientific literature, data sets, and scientific models, and 
makes use of knowledge held by the private sector, practitioners, local communities, and 
indigenous peoples. All MEA findings undergo rigorous peer review. Six ASB research sites, 
which serve as the basis of the assessment, represent major agro-ecosystems of the forest 
margins of the humid tropics, including the western Amazon in the neotropics, the Congo Basin, 
and lowland and montane Southeast Asia. Each site includes forests with globally significant 
biodiversity and forest-derived agro-ecosystems that differ in their ability to supply the various 
environmental functions of natural forests, and in their roles in providing sustainable livelihoods. 
The sites represent some of the richest centers of global biodiversity that currently are under 
extreme threat. All ASB sites are located within the Tropical and Subtropical Moist Broadleaf 
Forest Biome that has a human population of some 500 million. The domain of ASB is this 
intersection of global environmental problems and poverty at the margins of the remaining 
tropical forests. The assessment will be user driven: 
 
•  The MEA focuses on ecosystem services (the benefits people obtain from ecosystems), 

how changes in ecosystem services have affected human well-being, how ecosystem 
changes may affect people in future decades, and response options that might be adopted at 
local, national, or global scales to improve ecosystem management, and thereby contribute 
to human well-being and poverty alleviation. Ecosystem services highlighted in this 
assessment include: above and belowground biodiversity, carbon stocks and greenhouse 
gas emissions, agronomic sustainability, returns to labor, sustainable land use alternatives, 
and hydrological, ecological, and other environmental services at the watershed/landscape 
level. The specific issues being addressed by the assessment have been defined through 
consultation with the MEA users. Training and capacity building for ASB partners will 
enable them to rise to the unconventional challenges they now face in balancing 
environment and development objectives. 

•  Data and methods for assessment at the landscape/watershed scale, community-based 
measurement of environmental impacts, and negotiation support tools. 

•  A strategic typology of key stakeholders, and a better understanding of the most effective 
and efficient means to secure their participation in NRM solutions when there are 
conflicting interests. 

•  Global (pantropic) synthesis of ASB results. 
 
Results and Discussion 
 
Through consultation among its partners, ASB has identified priorities that include the 
evaluation of linkages between biodiversity and profitability, and the identification of indicators 
for monitoring biodiversity and ecosystem health, which can be used by a range of stakeholders, 
including community groups. Its aim is to enhance local and national capacity to develop 
decision support for adaptive, sustainable management of tropical forest ecosystems.  
 
The MEA will: 
 
•  Identify priorities for action, 
•  Provide tools for planning and management, 
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•  Provide foresight concerning the consequences of decisions affecting ecosystems, 
•  Identify response options to achieve human development and sustainability goals, and 
•  Help build individual and institutional capacity to undertake integrated ecosystem 

assessments, and to act on their findings. 
 
A report describing the approach and methods used in the MEA—Ecosystems and Human Well-
being: A Framework for Assessment—will be published in 2003. The technical assessment 
reports produced by each of the four MEA working groups will be published in 2005, with short 
syntheses distilling the findings for ease of use by specific audiences. Each of the MEA 
subglobal assessments will produce additional reports to meet the needs of their own audiences. 
All printed materials will be complemented by an information- and data-rich Internet site, 
capacity-building activities, and briefings and workshops designed to help communicate the 
findings, tools, and methods to the users. 
 
 
3.9. Risk and income stability: Distinguishing two factors behind long-run technology 

adoption decisions 
 
Contributors: Alejandra Engler-Palma (Instituto de Investigaciones Agropecuarias, Chile), 

Dana L. Hoag (Colorado State University), Douglas White 
 
Abstract 
 
The impacts of risk, risk preference, stability, and stability preferences on decision making are 
explored as they relate to the adoption of long-run investments. Generalized Expected Utility 
(GEU) is used to disentangle risk and stability in technology adoption decisions. A comparative 
statics analysis between time-additive Expected Utility (EU) and GEU approaches demonstrates 
that adoption decisions are influenced differentially by income risk and stability. The results 
show that the risk aversion parameter in the EU model combines the deterministic and stochastic 
components of expected income rather than evaluating the stochastic variability only, therefore 
leading to a biased estimation of risk aversion. 
 
Rationale 
 
There is increasing evidence that risk and stability can be very different, even though they are 
often treated in the literature as if they were the same (Epstein and Zin, 1989; 1991; Weil, 1990; 
Lence, 2000). Both risk and stability involve changes to income flows stemming from an initial 
investment, such as when agricultural technology is adopted. Risk is associated with the 
stochastic (i.e., unexpected) performance of the investment over time, while stability concerns 
the deterministic (i.e., expected) income path over time. 
 
Understanding the source of variation, expected or unexpected, is crucial in agriculture and 
NRM. While many studies attribute sluggish adoption of long-run investments, such as forestry 
enterprises, to risk (Repetto, 1987; Armecher et al., 1993; Parks, 1995; Chavas and Holt, 1996; 
Shively, 1998; Batz et al., 1999), a small, but growing, body of studies find that stability, or 
income flow uniformity, is more important than risk (Öhlmer, 1998; Vitale and Sanders, 2002). 
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Such confusion over the source of income variation could be a major reason why many policies 
that address risk have not stimulated adoption as expected. Policy strategies to address risk, 
including crop insurance or market futures, differ from strategies to smooth inter-temporal 
income, such as inventory credits or storage (Quendeba et al., 2002). By taking into 
consideration deterministic and stochastic of portions variation, more effective policies could be 
developed that encourage technology adoption for environmental protection, job creation, and 
other social objectives that require long-term investments. 
 
Methods 
 
A generalized version of the EU model developed by Selden (1978) and Kreps and Porteus 
(1978; 1979) explores the risk and stability relationships between the technology characteristics 
and farmer preferences. The EU model has been successfully used to examine asset pricing and 
consumption-savings decisions, showing that individuals have a preference for stability that 
cannot be fully captured by risk aversion measures alone (Hall, 1988; Epstein and Zin, 1989; 
Weil, 1990; Lence, 2000). Our contribution to the literature is to classify the principal 
relationships of different levels of risk and stability with a range of preferences for risk and 
stability, and to identify situations where financial or policy instruments could be designed to 
take advantage of this knowledge, thus improving economic efficiency and welfare. 
 
An individual seeks to maximize his or her utility over time by planning consumption subject to 
the performance of available technology alternatives. In addition to this technology constraint, a 
credit constraint is imposed to facilitate the analysis. While prohibiting the borrowing and 
lending of capital across time may appear overly restrictive, the assumption reflects many real-
world investment decisions, especially in development settings. The financing technology 
investments rarely include differential annual payments. 
 
Equation 4 reveals that utility depends on three technology characteristics, represented by the 
variables PV (present value), b (stability level), and σ2(risk level), and on two preference 
parameters, α (stability) and β (risk). 
 
 
 (4) 
 
 
Results and Discussion 
 
Policymakers and financial lenders can influence PV, b, or σ2 separately or together to encourage 
adoption. Policymakers may wish to encourage the adoption of long-run investments to stabilize 
income in a community, to provide jobs, or to discourage the production of private goods with 
high externalities, such as annual crops that require high-levels of pesticides. Financial 
institutions may wish to more accurately assess risk or stability premiums. 
 
For individual decision makers who already implicitly balance risk and stability trade-offs, 
Equation 4 formalizes the relationship between PV, b, or σ2, and facilitates analysis of 
technology adoption decisions. A decision maker maximizes utility through the choice variables 
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PV, b, or σ2, given their personal preferences for risk, and stability and discount rate. We explore 
the relationship of these choice variables across their ranges, in order to represent a diverse array 
of technology adoption contexts. Since the first order conditions of Equation 4 with respect to 
these variables are too complex to solve analytically, we explore the relationship amongst the 
choice variables empirically with comparative static analysis, and provide graphical 
presentations to facilitate interpretation of the results. 
 
For expository purposes, we initially consider a scenario of technology with the following 
characteristics: PV = 100 monetary units (mu), ρ = r = 0.95, and σ2 = 10 mu. Farmer preferences, 
in contrast, represent a wide range of possibilities. The modeling portrays a wide range of farmer 
preferences with three increasing levels of risk (β = 0.0056, 0.01, 0.5), and five increasing levels 
of stability (α = 0.5, 2, 5, 10, 50). Risk preferences, β, reflect the risk premiums estimated by 
Jullien et al. (2000), while stability preferences, α, were assigned to maximize sensitivity in our 
results. We proceed systematically by looking at the more common risk-return (PV) trade-off, 
examine how stability affects that relationship, and then provide a stability-return comparative 
analysis. 
 
The trade-off between risk and returns is commonly examined with the mean-variance efficiency 
approach (Hardaker et. al., 1997). Figure 49 presents the iso-utility (i.e., indifference curves) for 
different degrees of risk aversion under the assumptions of a moderate degree of stability 
preference (α = 0.5), and a perfectly even distribution of the expected income (b = 0.5). As 
expected, there is a trade-off between risk and PV. The iso-utility curves of a risk-averse decision 
maker slope upwards, and form a family of curves representing different levels of utility. The 
utility function in Equation 4 confirms the expected result that the iso-utility curves become 
steeper for more risk-averse decision makers. 

Figure 48. Iso-utility curves for present value (PV) – Risk level (standard deviation) trade-
offs given a stability preference (α) = 5, risk aversion (β) = 0.0056, 0.01, 0.02, 
and a stability level b = 0.5. 
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In the scenario above, the effects of stability have been controlled, instead of ignored as they are 
in traditional mean-variance efficiency and other comparable risk analyses. Risk analysis that 
overlooks the effects of income stability implicitly assumes iso-utility curves of the form: PV = 
U(σ2: β). Numerical results from Equation 4, however, reveal that the mean-variance trade-off is 
also affected by stability and stability preferences: PV = U(σ2: α, β, b). 
 
Empirical results change dramatically under a circumstance of uneven income flow. Figure 49 
shows a second scenario, where income flow is assumed to be uneven (i.e., unstable). The same 
high risk-aversion iso-utility curve (β = 0.02) is presented as in scenario 1, but with an 
assumption of uneven income flow (b = 0.3). In scenario 1, stability is ignored de facto by setting 
b = 0.5, and thereby leads to the conclusion that people with high degrees of risk aversion will 
trade a relatively large share of present value in order to reduce risk. In this second case, 
however, the effect of uneven income flow, with b = 0.3, overwhelms the effect of risk. The PV 
– risk trade-off for an uneven flow is nearly non-existent as represented by the nearly horizontal 
line in Figure 50. Such a difference has important policy implications. When the income flow of 
a technology alternative has low stability, high levels of risk preference have a very small impact 
on the PV. This suggests that decision makers are concerned about future income variation, 
whether caused by risk or stability. 

 
Figure 50. Iso-utility curves for present value (PV) – Risk level (standard deviation) trade-

offs at stability levels (b) = 0.5 and 0.3, given a risk aversion (β) = 0.02 and 
stability preferences (α) = 5. 

 
Stability and PV trade-offs 
Another way to demonstrate the importance of stability is to contrast risk-PV iso-utility curves 
with stability-PV iso-utility curves. We derive the iso-utility curves for stability and PV for 
different stability and a given risk preference. Five different iso-utility curves are drawn in 
Figure 51, one for each stability preference examined. 
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Figure 51. Iso-utility curves for present value (PV) – stability (b) trade-offs given risk 

preference (β) = 0.01and stability preferences (α) = 0.5, 2, 5, 10, 50. 
 
Technology adopters would require an increase in PV to sacrifice income stability, as expected. 
For example, a person with a high preference for stability (α = 50) would be willing to give up 
US$126 to achieve stability from 0.5 to 0.2, that is, from receiving half of the income in each 
year to obtaining 20% one year, and 80% the next. A person with low preference for stability 
would only be willing to sacrifice about US$70 to obtain the same amount of stability. In 
addition, the higher the stability preferences (α), the steeper the iso-utility curve (indicating a 
larger trade-off between PV and stability). 
 
The graphical analysis of Figure 51 is akin to Figure 49, only this time the relevant trade-off 
relationship is stability-PV instead of risk-PV. In this analysis, risk was held constant, although it 
allows for a trade-off analysis for alternatives with different risk levels Figure 50 demonstrates 
the stability-PV iso-utilities for a combination of moderate stability and high-risk preferences, 
and two different levels of risk. The lower risk level has a standard deviation equivalent to a 0.2 
coefficient of variation, or 20% of the expected value, and the higher risk level is set at a 0.5 
coefficient of variation. The stability-PV trade-off is higher for a lower risk level. Therefore, the 
lower the risk involved in the productive alternative, the more the individual is willing to trade 
PV for stability. Consider the advantage in reducing the variability of the expected income for 
alternatives that are more unpredictable. Although the risk level is already high, the new stable 
expected income remains an important source of variability. Nevertheless, the individual could 
still receive a highly variable income. In this scenario, the individual is willing to pay a lower 
amount of his/her income for a more stable expected path. If the risk level is low, the impact of 
improving the stability of the expected income is greater, thus implying the individual would be 
willing to sacrifice more income for a stable expected path. 
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Risk and stability 
The risk level of a technology becomes a less important factor in the investment decision as 
stability of the alternative presents an uneven expected path. This condition holds for all risk 
preferences. A graphic exposition may help explain. To illustrate, we contrast two technology 
alternatives in Figure 52. Alternative A has a relatively uneven distribution of the income (b = 
0.3) while Alternative B is perfectly even (b = 0.5). The risk level is identical for both, as shown 
by the span covered by the dotted lines. For this example, an individual should expect a highly 
variable, or uneven, income path for A, but not for B. Nevertheless, because the outcomes are 
stochastic, it is possible for A to deliver a more even path than B. More importantly, although 
risk considerations are present, any action to reduce risk will not make the returns more stable. 
Consequently, an individual facing this situation would be willing to trade relatively less PV for 
risk in a stable environment. The more stable, or even, the income stream, the greater importance 
will be apportioned to risk, and accordingly efforts to adjust for risk will have a greater impact. 

 
Figure 52. Comparing income paths for a distribution b = 0.3 (Alternative A), and a 

distribution b = 0.5 (Alternative B). 
 
Comparing the GEU and the traditional time-additive EU approach 
Analysts cannot be certain from where variability originates, or how best to address it, when risk 
and stability preferences are not accounted for independently (see Equation 4). To provide 
further insight, we compare empirical results of the proposed GEU model to the time-additive 
EU approach (Equation 5). The traditional EU model using a time-additive approach is 
equivalent to adding the expected utilities for each period over time, whereas the GEU model 
adds the certainty equivalents over time in order to separate the stochastic and expected sources 
of variation. 
 
The traditional EU model yields the following expression of utility (U): 

 
For heuristic purposes, we assume that preferences with respect to the uncertain outcome are 
represented by an exponential function with a constant absolute risk aversion (ARA) coefficient 
as used in Weil (1990). PV is the present value of the alternative, b is the portion of present value 
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earned in period one, and r is the market discount factor. Two preferences are represented by the 
parameters α (stability) and β (risk). 
 
As described in Table 11, EU and GEU are compared across five scenarios with different 
combinations of stability and PV (low, medium, high, and very high). With one exception, the 
EU model yields the same rankings as the GEU model at the extreme ends of the preference 
scales: a low level of risk aversion (β = 0.0056) and a low elasticity of intertemporal substitution 
(EIS) (α = -0.9), or a high risk aversion (β = 0.02) and high EIS (α = 10). Since the EU model 
can yield the same results as the GEU, the two sources of variability remain largely 
undistinguished in the literature. The GEU model, however, can reveal important differences as 
shown in Table 12. Therefore, the risk aversion parameter in an inter-temporal EU model 
evaluates alternatives for the deterministic and stochastic components together, rather than the 
stochastic variability alone. In other words, β is more a “variability” aversion parameter than a 
risk aversion parameter. This conclusion supports the need for a model that employs unique 
parameters of risk aversion and stability preferences in order to more accurately reflect their 
independence. 
 
Table 11. Present value and stability scenarios. 
 

Alternative Scenarioa Present valueb b – stability 
1 LpvHs 200 0.50 
2 LpvMs 200 0.70 
3 MpvLs 300 0.10 
4 HpvLs 500 0.90 
5 VHpvVLs 700 0.99 

 
a. L = low, M = moderate, H = High, VH = very high, VL = very low, pv = present value and s = stability. 
b. In monetary units (m.u.). 
 
Table 12. Rankings under the Generalized Expected Utility (GEU) and Expected Utility (EU) models at 

different levels of stability preferences and risk aversion. 
 

GEU rankinga  EU rankinga Alternative 

High stability  
α = 10 

(all levels of risk 
aversion) 

Low stability  
α =- 0.9 

(all levels of risk 
aversion) 

 Low risk 
aversion 

β = 0.0056 

Moderate risk 
aversion 
β = 0.01 

High risk 
aversion  
β = 0.02 

1 LpvHs
 HpvLs  MpvLs MpvLs LpvHs

 

2 LpvMs MpvLs  HpvLs LpvHs LpvMs 
3 MpvLs VHpvVLs  VHpvVLs LpvMs MpvLs 
4 VHpvVLs LpvHs  LpvHs VHpvVLs VHpvVLs 
5 HpvLs LpvMs  LpvMs HpvLs HpvLs 

 
a. L = low, M = moderate, H = High, VH = very high, VL = very low, pv = present value and s = stability. 
 
Conclusion 
 
An accurate estimate of farmer preferences regarding the role of each component of variability is 
not trivial, since such information could affect how different technology and policy strategies 
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could be designed to encourage the adoption. Many technologies that display uneven income 
streams are socially and environmentally desirable, where benefits accrue sporadically and in the 
long-term. As simulated in the comparative statics analysis, the impact of risk on individual 
behavior is very low when the income flow is unstable. Therefore, efforts to reduce risk, which 
are a common strategy, will experience limited success in encouraging technology adoption. In 
this case, a more appropriate strategy would be to foster a credit system that smoothes expected 
income over time. In contrast, risky technologies with a stable income path are more 
appropriately addressed with instruments such as insurance or facilitating futures markets. 
 
The GEU approach can also benefit other aspects of farm management decisions. An interesting 
application of this approach is in inventory management. Rosenswieg and Wolpin (1993) and 
Bierlen et al. (1998) have shown that stochasticity of income has an important effect on the 
inventory and durable input use. Their work has shown how cattle inventories are used to absorb 
financial shortages and to smooth income flow, and, consequently, consumption. Farmers use 
inventory as a strategy to reduce risk, and to manage the expected income stream. Therefore, 
stability preferences could be an important explanatory variable in inventory management 
strategies. For example, farmers in India use their inventory of bullocks to smooth consumption 
when income is lower than the average. Research indicates that the sale of bullocks in inter-
regional markets increases when income is low, and decreases when income is high, thereby 
showing that inventory is used as an income stability strategy (Rosenswieg and Wolpin, 1993). 
 
Technology adoption decisions and inventory management are not the only strategies used by 
farmers to generate a stable income path over time. As shown by Mullen et al., 1988, 
Langemeier and Patrick (1990), and Chen et al. (1999), saving is another strategy. Many 
empirical consumption-saving models show that the Marginal Propensity to Consume (MPC) is 
close to zero, explained by a precautionary saving model approach. Using the life cycle model 
approach, saving motives can be extended also to an income-smoothing strategy, showing that 
farmers look for a stable and safety income rather than safety alone. 
 
The dimensions of decision analysis usually have been restricted to returns and risk. We wanted 
to open this two-dimensional space to a third dimension: expected variability (stability). The 
implications explored in this work were restricted to strategies needed to encourage the adoption 
of desired technologies; however, we believe that this approach could be powerful in 
understanding individual behavior in different aspects of farm management decisions. 
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3.10. Population change in Latin America and the Caribbean and support to 
global population mapping efforts 

 
Contributors: Glenn Hyman, German Lema, Claudia Perea, Elizabeth Barona, Alex Cuero, 

Silvia Elena Castaño, Jorge Cardona 
 
Abstract 
 
Since 1998, our group has been developing population information on Latin America for use in a 
wide range of research projects. This year, we made a major update in the data set, created a 
Web site to serve the information, and made an analysis of data use since we started the program. 
We joined our effort with Colombia University’s Gridded Population of the World (GPW), and 
will be co-authors on the third version of their global data product. Within CIAT, the digital 
maps of population for the region have been used for analyzing the population pressure on 
biodiversity and protected areas, estimating impacts of climate change, for characterizing 
representative watersheds, and for analysis of ex-ante impact of agricultural technologies. We 
made these data available for download, and have analyzed their use by our clients. 
 
Materials and Methods 
 
We manage this data set with ESRI shapefiles for the geographic elements, and with dBase files 
for the tabular data. We use SAS software to manipulate the attribute database, and ArcGIS for 
the spatial data. Our first version of the data set included about 10,000 administrative districts in 
the region. This year, we reached the level of 20,500 districts with new, more detailed data for 
Brazil, Honduras, Ecuador, and Peru. We also have included 2000-round census data for 17 
countries (Belize, Costa Rica, Mexico, Panama, Brazil, Puerto Rico, Argentina, Bolivia, Chile, 
Paraguay, Uruguay, Dominican Republic, Guyana, Honduras, El Salvador, Cuba, and Jamaica). 
Once all the new data were incorporated into our database, we calculated inter-censal growth 
rates between the two latest censuses to standardize the data to the year 2000. We have also used 
our growth rate database to predict population for every year back to 1950. The next step is to 
convert the data set from a polygon shapefile to a raster surface showing population density per 
square kilometer. We use an accessibility surface to weight each cell in a raster array according 
to its proximity to roads and towns. 
 
Several activities were initiated this year to document this database, and to serve the digital maps 
to CIAT clients. Our Web site holds all relevant information on the project, including the 
documentation of the methodology, quick-look graphics of the digital maps, standardized 
metadata, population change animations, an interactive map for viewing and query, and a 
download page (http://gisweb.ciat.cgiar.org/population/index.htm#). The project has 
incorporated best practices in GIS data management by incorporating spatial data infrastructure 
concepts. We created the metadata using the FGDC standard, which allows the inclusion of the 
data set in global spatial data search archives through the CIAT spatial data clearinghouse node. 
The interactive map is made with the open source MapServer software, and includes the Web 
Mapping Services (WMS) connectors, which enable users of different software systems to read 
the data set. The download page includes online forms that must be filled out before users can 

http://gisweb.ciat.cgiar.org/population/index.htm#
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download the data set. One additional improvement to the Web page is that we have mirrored the 
site in Spanish. 
 
Our group received a contract to support global population mapping efforts with Colombia 
University, the World Bank, and IFPRI. The contract included the Latin American update of 
population data, construction and error checking of a populated places database, and digitizing 
tactical pilot charts (TPCs) from Africa (Figure 53). The settlement data are being use to give our 
entire population mapping efforts better ability to distinguish between urban and rural 
population. For each TPC, we digitized the location of the settlement, and searched for 
information on the population of that urban area. 
 

 
 
Figure 53. Index map of the tactical pilot charts (TPCs) in East Africa. 
 
Results and Discussion 
 
This year we compiled information from everyone who has downloaded the population database 
since we established it on the United Nations Environment Program (UNEP) Global Resources 
Information Database (GRID) Web site in Sioux Falls, South Dakota. A database of downloads 
includes contact information for each person accessing the data set, and their intended use for the 
data. The results in Table 13 show that 8,102 different CIAT clients have downloaded 16,442 
raster surfaces from the Web site since 1998. There are fewer downloads in 1998 because the 
Web site was not established until late in that year. Over half of all downloads during the 5 years 
of service occurred in 1999 and 2000. In subsequent years, the number of downloads declined. 
We expect them to increase again now that we have updated information from the 2000 census 
round and have better spatial resolution. 
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Table 13. Downloads of population surfaces since 1998. 
 

Data set downloads  Individual clients Year 
(no.) (%)  (no.) (%) 

1998   1074     6.5    285     3.5 
1999   4407   26.8  1998   24.7 
2000   4346   26.4  2166   26.7 
2001   2714   16.5  1480   18.3 
2002   2623   15.9  1444   17.8 
2003   1278     7.9    729     9.0 

Total 16442 100.0  8102 100.0 
 
Table 14 shows a crude categorization of the uses of the data according to our download 
database. In the future, some categories could be merged, and others eliminated. Nevertheless, 
the table gives a rough idea of the uses of the data set. Most uses are for research and education 
in population and demography. More than 450 downloads were used by students in theses and 
dissertations. Some of the downloads were apparently used by students of geographic 
information science and systems. More analysis is needed on the individuals who download the 
maps. Now that the Web site has been translated into Spanish, we expect to have new users for 
these data in the future. 
 
Table 14. Categorization of downloads of the population database according to use. 
 

Year Use of the Information 
1998 1999 2000 2001 2002 2003 

Total 

Research   239   631   753   542   365   277   2807
Education   180   475   546   408   295   209   2113
Project work   152   463   345   402   249   176   1787
Mapping     73   221   192   165   119     84     854
Unique studies     53   121   161   141     87     62     625
Geographic info. systems     46   141   123   105     76     54     545
Analysis     39   147   108   118     69     60     541
Training     36   111     96     82     60     42     427
Testing     26     69     80     60     43     30     308
Research papers     25     67     77     58     42     29     298
Theses and dissertations     38   118   103     89     64     45     457
Other   167 1843 1762   544 1154   210   5680

Total 1074 4407 4346 2714 2623 1278 16422
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Output 4. Analysis and prediction of vulnerability of land use systems to 
significant external events 

 
4.1. Definition and use of vulnerability indicators for decision making to close the 

gap between research and action 
 
Contributors: Manuel Winograd; Jean Pierre Muller, Aurelie Botta (Centre de coopération 

internationale en recherche agronomique pour le développement [CIRAD]); Tom 
Downing, Gina Ziervogel, Lisa Segnestam (Stockholm Environmental Institute 
[SEI]) 

 
Abstract 
 
Vulnerability is emerging as a critical part of any sustainable development strategy. It focuses 
not only on past and actual conditions, but also looks at the viability of the process, and on 
possible conditions in the future. Vulnerability as a dynamic and complex process requires 
indicators that allow understanding the linkages and relationships between society and the 
environment across temporal and spatial scales. Information will allow knowing the viability of 
sustainability, and the vulnerability of the development process and its components. Without 
information on vulnerability, it is difficult to define strategies, policies, and actions, and apply 
the adapted responses and options. 
 
Rationale 
 
Decision making and policymaking refer necessarily to assessment, measurement, and synthetic 
quantification of vulnerability. Vulnerability assessments are important, as well as the 
assessment process, in order to know who is vulnerable, how vulnerable, why vulnerable, and 
where vulnerability is located. Measuring vulnerability, as well synthetic quantification, is 
important in order to know how to quantify vulnerability, which information is needed, who are 
the users of information, what are the rules, scales, and level of the information, and how to 
communicate appropriate information. In other words, the challenge is how to define indicators 
to assess, measure, and synthesize information on vulnerability. 
 
Although vulnerability is linked with all components of development, in the case of many 
developing countries, one important factor that affects development and sustainability is 
vulnerability to climatic natural hazards, which mostly became natural disasters, and the possible 
increase given climatic change. In this context, the starting place for defining and designing 
vulnerability indicators is: 
 
•  The lack of frameworks to produce useful and accurate information for decision making, 

policymaking, and planning; 
•  The absence of application of precautionary principles that are one of the main causes of 

the increase of vulnerability; 
•  The orientation of strategies, policies, and actions to solve the consequences more than 

prevent the causes that imply that, for example, “climatic natural events” became “climatic 
natural disasters”; and 
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•  The fact that usually early warning, planning, and decision making are based more on 
“fashion issues” than on real information about risk, vulnerability, and natural events 
uncertainty. 

 
The literature on vulnerability, vulnerability assessment, and vulnerability indicators has grown 
enormously over the past 10 years. Nevertheless, vulnerability has no universally accepted single 
definition, and there is no agreement on the general and practical conceptual models and 
frameworks to define and use indicators. In this context, the goal is not to create a new 
definition, to enlarge the list of vulnerability concepts, but landing a practical model and 
framework to define and use indicators for policy and decision making. This practical framework 
is based on a definition of vulnerability as the physiology (i.e., functions, dynamics, and 
synergies) of changes on the environment and the society, with the goal of determining the risk 
of adverse outcomes for a specific unit or group facing a variety of perturbations or stresses, and 
identify factors that reduce response capacity and adaptation to stresses. The product will be 
indicators, indices, and information to analyze specific effects as caused by multiple factors, to 
be used as strategic guidance for policy and decision making. 
 
Materials and Methods 
 
System model 
A framework must be defined that can be used as a model to define and use vulnerability 
indicators including a system model (i.e., structure/functions, health/integrity, goods/services); a 
vulnerability model (i.e., vulnerability = risk – response/options); and an indicator model (i.e., 
indications, aggregation, standardization, scaling, weighting), and finally the testing and 
application phase. 
 
The system model defines a way to map arbitrary system characteristics onto the identified 
components of vulnerability. A system model defines a hierarchical decomposition of the notion 
of a system, where particular system definitions (e.g., based on structure and/or function or 
ecosystem services provided) can be fitted in order to allow consistent identification and 
selection of indicators. An explicit system model ensures coherence, generality, levels 
integration, and scale compatibility. A system conceptualization is applied to the model to define 
steps (risk, vulnerability, options, and responses) and specific notions of “symptoms”, 
“linkages”, and “syndromes” (Figure 54). A suitable system model should: (1) be able to 
accommodate different system components under a common vision; (2) provide a generic layout 
and a coherent system of constraints to develop guidelines to serve as a base for vulnerability 
indicators; and (3) be suitable to the definition and calculation of vulnerability indicators 
according to a model of vulnerability. 
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Figure 54. Definition of the system model. 
 
Vulnerability model 
Vulnerability has no universally accepted single definition. Nevertheless, regardless of which 
framing is adopted, the important point is to ensure that the choice of vulnerability and model is 
made explicit, and that the analysts and stakeholders are clear about the interpretation of the 
different terms (Figure 55). 
 
Indicators model 
The goal of the indicators model is to identify and define, in function of the system and 
vulnerability model, a set of adapted indicators (Figures 54 and 55). We should know whether an 
indicator applies to any of the system properties, causing each of the components of vulnerability 
outlined in a system and vulnerability model, by expressing, for example, how much a 
component or condition is inherently at risk of losing its role in the maintenance of the system’s 
function, or how well it is performing its role. As previously mentioned, given the broad nature 
of vulnerability issues, and with some practical application in mind, the definition of a first set of 
indicators was made for climatic issues (Table 15). Not all steps and components could be linked 
to a single indicator or index; for example, it is not easy and rigorous indicators of resilience can 
be described in general, but it is often possible to identify proxy indicators whose 
characterization depends on the definition of the system. In Table 15, the set of indices are to be 
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used mostly at regional and national scales and to define strategies and policies, while the 
indicators set is to be used mostly at national and local scale, and to apply and monitor policies 
and actions. In this way, the information allows us to predict regionally and nationally, and act 
nationally and locally. At the same time, it is important to note that most indices come from the 
aggregation and weighting of the proposed indicators, to allow users to use detailed or 
aggregated information. 
 

 
 
Figure 55. Definition of vulnerability and indicators model. 
 
Although vulnerability indicators could be defined at a particular scale, it is important to 
recognize and analyze that there are significant cross-scale interactions because of the inter-
linkages of economic, social, and environmental systems. The aim is to analyze what the 
“architecture” of stresses, responses, and coping resources and strategies are over multiple 
scales. A very important cyclical aspect, mostly not well analyzed, is why and how, more and 
more, natural events became natural disasters. One of the main cause of this situation is due to 
the institutional and social condition and structures, which create a series of linkages, symptoms, 
and behaviors that lead from natural events to natural disaster, and can be summarized as 
“syndromes” (Figure 56). 
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Table 15. Possible vulnerability indicator set for climate issues. 
 

Risk-response options Indices Indicators 
Risk:   

Environment Climatic risk index Risk of flood 
Risk of drought 
Risk of landslides 
Location of fires 
Land use at risk 

Society Accessibility index Poor at risk 
Population at risk 
Infrastructure at risk 

Vulnerability:   
Environment Environment 

vulnerability index 
Changes in temperature and precipitation due to 

climatic changes 
Ecosystem recovery rate 
Land use recover rate 

Society Vulnerability index Welfare accessibility 
Health accessibility 
Household structure 
Housing quality/condition 

Options:   
Environment Land use index Land use options 

Production systems options 
Urban land use options 

Society Prioritized vulnerability 
index 

Prevention standards/policies 
Early warning systems 
Insurance coverage 

Responses:   
Environment Vulnerable environment 

hotspots 
Potential land use changes 
Future predominant habitats 

Society Vulnerable social 
hotspots 

Prevention plans 
Emergency programs 
Location of reconstruction and mitigation projects 
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Figure 56. The social syndrome: From natural events to natural disasters. 
 
Tools to define and use vulnerability indicators 
Past research on vulnerability has focused almost entirely on single stressor-receptor 
relationships, and currently little is known about cumulative and synergistic effects of multiple 
stressors and /or events. There is a need therefore to take on the challenge of analyzing multiple 
stressors/events (including those emanating from nature and socioeconomic systems), the 
probability and degree to which different areas and groups are exposed to such “suites” of 
stresses, and the impact that the risks related to multiple and interacting stressors have on 
different areas and groups. To carry out this research, besides indicator sets, we need to explore 
the potential available tools to define and use vulnerability indicators, and to assess vulnerability. 
As depicted in Table 16, an analysis of different tools available shows the adaptation for the 
different steps of indicators development, testing, validation, and application.  
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Table 16. Vulnerability indicators: Identification of tools for research/action. 
 

Stepsa Tools 
1 2 3 4 

Main applications/uses 

1. Agent-based 
modeling 

  X X Understanding and formalizing of actors behavior and their 
interaction at multiple scales and levels. Identify indicators for 
different stakeholders and test usefulness of information. 

2. Bayesian/ 
statistic 
analysis 

X X   Reassess probabilistic data in function of new information. Test 
and validate indicators and data. 

3. Brainstorming/ 
checklist 

X X X X Build matrix and lists of ideas, knowledge, options, and responses. 
Help identify candidate indicators. 

4. Cost-benefit 
analysis 

  X X Economic valuation of options and responses. Identify 
socioeconomic indicators. 

5. Cross-impact 
analysis 

  X X Test robustness of risk assessment and dependencies between 
events. Test and validate indicators and data. 

6. Environmental 
assessments 

X X X X Understanding and analyzing environmental conditions and 
impacts before design options and responses. Identity indicators for 
the different steps. 

7. Expert 
judgment 

X X X X Technical assessment in the field on specific issues and 
alternatives. Identify and select appropriate indicators. 

8. Focus group X X X X Selected groups of stakeholders that analyze options and responses 
on certain issues. Identify and select appropriate indicators. 

9. GIS tools X X X X Compilation and mapping of data into indicators and aggregate 
indices at different scales, and identification of options and 
responses to support decisions. 

10. Multi-criteria 
analysis 

X X X X Scoring and weighting of options and responses using indicators, 
indices, and many decisions criteria. 

11. Risk analysis   X X Approaches to decision uncertainty. Test and validate indicators.  
12. Scenario 

analysis 
  X X Fuller picture of implications of uncertainty gained through 

simultaneous variation of key uncertainties. Fuller picture of 
implications of alternatives gained through simultaneous variation 
of key options.  

13. Sensitivity 
analysis 

  X X Identification and analysis of which variables contribute most 
towards uncertainty. Test and validate indicators. 

14. Stakeholder 
consultation 

X X X X Consultation with individuals and groups affected by future options 
and responses. Identify and select appropriate indicators. 

15. Vulnerability 
profiles 

X X X X Mapping of different indicators and indices of vulnerability for 
different groups. 

SOURCE: Modified from Downing et al., 2003. 
 
a. Step 1, Risk; Step 2, Vulnerability; Step 3, Options; and Step 4, Responses. 
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Results and Discussion 
 
Environmental or social indicators alone are not sufficient to explain vulnerability. Proxies’ 
indicators, like accessibilities (i.e., to markets, to health centers, to food, to the poor), are 
important qualifying factors. In fact, at the moment, assessments are adapted for short-term 
assessments, but there is a need of analysis of the long-term risks (i.e., cumulative effects of 
Hurricane Mitch on vulnerability to future natural events). It is important to note that some of the 
indicators used during the research were useful in planning reconstruction and urgent responses, 
but not adapted all the time for exploring long-term options and mitigation responses (Kok et al., 
2002; Winograd, 2002; Downing et al., 2003). 
 
The use of information for decision making and planning needs to go beyond simply monitoring 
the catastrophic effects of natural disasters on the economy, the society, and the environment, 
and the planning of reconstruction after the catastrophe has already occurred. What is needed is 
the possibility to go from short-term reaction to the immediate consequences, to the prevention 
of the direct and indirect causes in order to mitigate against future possible effects. A first step 
towards this is to analyze the location of development and reconstruction projects after events, 
such as Mitch, and to analyze the actions needed to solve the immediate consequences in the 
short term. However, there is a need for policies and actions to prevent the long-term 
consequences of natural events. This distribution of support needs to be urgently addressed if the 
decrease in risk and vulnerability to future natural events is a priority. 
 
Vulnerability assessment and indicators need to be scenario-driven to explore coping strategies 
and adaptation options, and to build resilience. The identification of drivers of vulnerability 
needs to link the present and future with the application of qualitative and quantitative techniques 
for “mapping” vulnerability (i.e., qualitative approaches such as cross-impact matrices, multi-
attribute typologies; and quantitative approaches such as input-output models, and agent-based 
modeling). At the same time, there is a need to identify the appropriate indicators to snapshot 
present and future status to analyze dynamic vulnerability. The information needed should allow 
also analyzing shocks and surprises that could have disproportionate effects for the vulnerable 
groups and areas. 
 
One of the main issues to build social and environmental resilience is related with the access to 
appropriate, good, and updated information at all levels of decision making that will allow us to 
produce recommendations and capacities to reduce vulnerability through a reduction in exposure 
and sensitivity to stresses, and to mobilize information to reduce uncertainty in decision making, 
policymaking, and planning. At the same time, indicators must be analyzed in the context of a 
broader framework of vulnerability. The focus of risk mapping is on quantifiable data, because 
they give a definitive view of indicators that can be compared across municipalities, countries, 
and regions, allowing prioritization of high-risk populations. However, such data are often static. 
If these quantifiable models are not qualified with an understanding of local political, social, and 
economic conditions, and the recognition of their static characteristics, the value of a risk map 
will be diminished. 
 
Finally, one of the key issues to have success with any indicators initiative is to create capacities 
to produce and use information. To create real capacity, it is not enough to give already 



 102

developed frameworks, methods, tools, recommendations, and information to the institutions and 
decision makers. Training them in how to develop vulnerability assessments, how to use 
information, and how to improve policy and decision making and planning, to allow institutions 
to get “ownership” is equally, if not more, important. To create and improve the capacities in the 
institutions, we need to develop training activities at the different levels of decision making and 
planning, and build manuals and guides on vulnerability assessment and indicators. 
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4.2. Vulnerability Study in Honduras 
 
Contributors: Jorge Rubiano, in collaboration with SEI staff 
 
Abstract 
 
The project aims to understand the cross-scale institutional processes creating differential 
vulnerability to natural hazards among rural communities in Honduras. Household interviews, 
focus groups, and workshops were performed in the Mico Quemado mountains, the Ulua River 
area, and the rural area of Nacaome, Valle, in Honduras. The specific threats to which these 
communities were more exposed were landslides in the Mico Quemado mountains, floods and 
droughts in Ulua River, and droughts in Valle, which appears the most vulnerable. Resource 
management is a key strategy that in the three study sites is affected by lack of planning and 
corruption. In the three areas, people are located in highly risky sites mainly because of 
inexistent alternative options. Their state of poverty is also the cause of specific land and water 
management strategies that cause additional disasters. This poverty level increases the level of 
exposure of the community. If vulnerability is referred to as specific threats, poverty can be 
considered as a type of permanent disaster. The scale at which action needs to be focused will 
depend on the type of problem that needs to be solved. The communities of this study area are 
vulnerable to natural disasters mainly because of the effects of heavy rains or hurricanes. 
Without infrastructure and production means, recovery is almost impossible. An insurance 
scheme should be available, given the uncertainty of the events. 
 
Rationale 
 
The motivation for the project comes from the general concern to reduce vulnerability to natural 
hazards, and more specifically to address two issues that are regularly identified as needing 
further methodological development and case study evidence—cross-scale and sequential 
aspects of vulnerability. The overall goal of the project is to understand the cross-scale 
institutional processes creating differential vulnerability to natural hazards among rural 
communities in Honduras through their influence on forest management, community settlement 
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patterns, sources of income and assets, and coping strategies. This goal is addressed through 
three intermediate projects objectives: 
 
(1) Evaluate how the current pattern of vulnerability has been shaped by past hazards events 

and policy responses on the social-environmental relationships within and among 
communities. 

(2) Identify the scales of social organization where coping resources, responses capabilities, 
and entitlements supporting resilience and adaptation are located, and describe the 
processes of accessing or transferring those resources across scales. 

(3) Contribute to vulnerability reduction through improving the ability of vulnerability 
assessment and reduction effort to integrate cross-scale and sequential aspects of 
vulnerability. 

 
Materials and Methods 
 
To obtain direct information regarding the internal and external driving forces that are triggering 
vulnerability at the local level, household interviews, focus groups, and workshops were 
performed in three different rural areas of Honduras. The three sites were: 
 
(1) Hillsides of the Mico Quemado range at the municipality of El Negrito, Yoro. 
(2) Right margin of Ulua River, Atlantida and Yoro departments. 
(3) Rural area of Nacaome, Valle department. 
 
Table 17 gives the basis of comparison among the three communities. The first two sites have a 
strong biophysical and socioeconomic relationship. The springs of the Pelo River are located in 
the Mico Quemado mountains. The Pelo River watershed has an area of 47.4 km2, and it drains 
into the Ulua River (a basin of 20,600 km2) near the bridge that gives access to El Progreso 
coming from the northwest. The road that connects the communities of the Mico Quemado range 
links the towns of El Progreso and El Negrito. El Progreso is where the main economic activities 
occur, attracting marketable products from the surrounding areas, including Mico Quemado and 
El Negrito zones. 
 
Table 17. Basis for comparison among three communities in Honduras—characteristics and differences in 

basic indicators. 
 

Communities Basic indicators 
Mico Quemado mountains Ulua River Nacaome, Valle 

Description of area 
(slopes, proximity 
to rivers, altitude, 
etc.) 

The Pelo River springs are located in 
the Mico Quemado mountains. The 
Pelo River watershed has an area of 
47.4 km2. The Pelo River, together with 
the Yuguela and Mataguineo streams, is 
the main water source for the city of El 
Progreso (third in Honduras by 
population size). The protected area is 
about 3590 ha. Altitude is between 800 
and 950 m. Communication is poor 
despite proximity to these towns; 
quality of roads and public transport are 
not an asset. 

The municipality of El 
Progreso covers an area 
of 547.5 km2. (Plan de 
Emergencia Municipal, 
El Progreso, Yoro, 
2001). 
 
 

Nacaome municipality 
covers an area of 
496.2 km2.  

Continued. 
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Table 17. (Continued) 
 

Communities Basic indicators 
Mico Quemado Ulua River Nacaome, Valle 

Number and share of 
female-headed 
households 

3 out of 32 6 out of 41 12 out of 33 

Size of population 781 Mico 
Quemado area  

156,056 El Progreso 
  37,095 El Negrito 

51,985 

Share women/men 56%/44% Mico 
Quemado area 

52%/48% El 
Progreso 
49%/51% El Negrito 

51%/49% 

Share urban/rural 100% rural 39%/61% El 
Progreso 
34%/66% El Negrito 

29%/71% 

Most common 
hazard threats 

Landslides, 
storms, winds 

Floods, droughts Droughts, pests, floods 

Most severe hazard 
threats 

Landslides Floods Droughts 

Hazard history 
(type, occasion, 
duration) 

Hurricane Mitch, 
1998, 1 week 

Storm Michelle, 
1999, 1 week. Floods 
due to EL Cajon 
Dam, 1999. 
Hurricane Mitch, 
1998, 1 week. 

Drought, 2000 and 2001 
Hurricane Mitch, 1998, 1 week. 

Most important, 
second-most 
important, and third-
most important 
livelihoods 

Most families 
work in 
agriculture 
(beans and 
maize) and cattle 
production. 

Banana, sugarcane 
and oil palm 
plantations. Annual 
crops are planted in 
small proportions in 
areas non-prone to 
floods. 

Crops grown in this area: basic seeds such as 
maize, beans, maicillo, rice; tree fruits, banana, 
vegetables and tuber roots such as cassava and 
sweet potato. The alluvial zone comprises the 
central and lower area of the Nacaome 
municipality. The area is covered by improved 
grass, sugarcane, melon, and watermelon. This 
is the main productive area of the municipality. 
The coast is characterized by the production of 
shrimp, salt, and ecological tourism. Land use is 
for cattle 35%, basic seeds 34%, vegetables 
11%, melon 9% and shrimp 2%. 

Wealth/income 
levels per person 
(♀/♂) 

2-3 US$/day 3-4 US$/day Less than 2 US$/day 

Rate of un-
employment (♀/♂) 

- - 12% 

 
Household interviews, focus groups, and workshops 
The topics covered with the household interviews included demographics, land tenure and land 
use, services (water, sanitation, electricity, health, communications, education), migration, 
historical perception of environmental changes, self perception of problems affecting quality of 
life, risks, and natural hazards. Thirty-two interviews were made for the first case, 44 for the 
second, and 33 for the third. Formal and informal focus groups were carried out in each of the 
places to develop the same set of topics, but stimulating discussion between participants to 
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gather opposite and controversial visions. For the first and third cases, focus groups were 
organized with women exclusively in order to address gender implication of natural threats. In 
the second case, the focus group had a mixed composition. 
 
The families selected for interviews in the first and second cases were both located in the 
municipalities of El Progreso and El Negrito, because both municipalities share land along the 
right margin of the Ulua River. The families selected for interviews in the third case were 
distributed throughout the Nacaome municipality of Valle. 
 
Two workshops were carried out at the end of the fieldwork sessions, one in the north of 
Honduras (for the two first cases), and the other in Nacaome, Valle. A set of key questions was 
used to guide the development of the workshops. Such questions dealt with important topics to 
be analyzed, and were chosen according to internal discussions with the research team and 
preliminary data obtained from the household interviews. The workshops consisted of a 4-hour 
meeting in which the participants (farmers, and NGO and government institution members) 
answered the questions and openly discussed their findings. 
 
Documentation from local libraries, governmental organizations (GOs), NGOs, and newspapers 
were also gathered and used in the analysis. To guide the analysis, the questions set in the 
reference framework of the present project and those used in the workshops were answered for 
the three locations in a comparative and complementary way. The results are being processed in 
collaboration with SEI. The final report is expected to be ready by the end of 2003. Preliminary 
findings are presented in the following section. 
 
Preliminary Conclusions 
 
To track the factors and sequence of events that triggered vulnerability in the study sites, we 
need to keep in mind the specific threats to which communities were more exposed: landslides in 
the Mico Quemado mountains, floods and droughts in Ulua River, and droughts in Valle. 
 
The dynamics of nature and society force us to think of this as a process. Figure 57 depicts this 
process in a general way. First, external forces shape what happens at the local level. At the top 
of the system, these are extreme climate events, and the global economy and policy. The first 
affect the natural landscape with different patterns of rainfall, soils, winds, and droughts, among 
others, which also have a regional or local pattern. The second affect what societies do in a race 
to adapt themselves to the constraints exerted by global and local dynamics. Depending on the 
type of human intervention on the landscape, natural events can be translated into threats. Human 
interventions are regulated by means of regional and local institutions for resource management. 
Depending on the practical implementation of regulation, as well as on its fitness in time and 
space with the demands of society and nature, society is more or less vulnerable to the existent 
threats. The combination of these two, threats and vulnerability, defines the risk of a disaster 
becoming a fact. 
 
Figure 58 illustrates the application of this conceptual model focused on the biophysical 
components. 
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Figure 57. Relationships and effects between external driving forces and resource 

management. 

 
Figure 58. Chain effects of hurricanes and droughts triggered by water and land management 

practices. 
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Climate patterns and climate global change are affecting the frequency of hurricane and drought 
seasons. Their impact on the landscape is mediated by the way in which water and land is 
managed. In the Mico Quemado mountains, deforestation and slash-and-burn agriculture are 
triggering hazards such as landslides, avalanches, sedimentation, fertility loss, and erosion, and 
in the long term and with effects in downstream areas, water pollution, flooding, and loss of 
biodiversity for collateral effects. 
 
The Ulua River study site is being affected by the way land and water is managed both locally 
and in the upstream catchments. The Pelo River watershed is not the only catchment in the area, 
but it is the more visible from the perspective of cause and effects analyses. Other catchments in 
the Ulua Basin are having a cumulative impact on floods of the lower part of the Ulua River. 
 
In the Valle study site, the process is very similar, but with a more complex end of effects in this 
chain of subprocesses. The Fonseca Gulf is being strongly impacted on its subcomponents: Loss 
of mangroves and wetlands, reduction in marine life, sedimentation with the ultimate 
consequence of reduction of productivity, unemployment, migration, and water conflicts. Figure 
59 illustrates the influence of social components on this process. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 59. Social factors affected and affecting the vulnerability of a place and its linkages 
with poverty. 
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Central America has a key characteristic of being a place for the frequent occurrence of 
hurricanes and droughts. With current technological knowledge, it seems impossible to modify 
this. What society can modify is the impact of these events upon the human population, and 
reducing its vulnerability. Vulnerability is the degree of exposure of a person or community in 
face of a specific threat, for example, the location of houses and their structure, a person’s age 
and gender, the natural conditions of the landscape (instability for the landslide case). 
Vulnerability is a function of the location and current state of infrastructure, such as schools, 
hospitals, roads, and supply markets. Vulnerability is also a function of the community strategies 
to assume the before, during, and after of a disaster. Prediction, prevention, and mitigation are 
relevant during the “before”—informing people about how to act in a disaster event, what to do 
to reduce its effects, etc. In the “during” state of the disaster, contingency plans, emergency 
actions, attention to people, etc. are required; in the “after” state, rehabilitation, restoration, etc 
are needed. Strategies from insurances, credits, etc. are also important, considering that some 
disasters are unavoidable. 
 
Resource management is then a key strategy that in the three study sites is affected by lack of 
planning and corruption. As mentioned above, depending on the practical implementation of 
regulation, as well as in its fitness in time and space with the demands of society and nature, 
population is more or less vulnerable to the existent threats. Natural threats, such as hurricanes 
and droughts, are events affecting communities, producing disasters. In addition to these, social 
events trigger the disaster. Corruption, mismanagement, lack of planning, and poor education are 
social events, both internal and external, that trigger disasters. The result is expressed in the 
migration, unemployment, and poverty levels observed. 
 
In the three study sites, the observed strategies that modified the vulnerability state were 
community organization, committed and focused institutional support, making people aware of 
threats and ways of coping with them, and basic support to cover urgent needs without creating 
dependency on external aid. Of the three sites, Valle seems to be the most vulnerable. The 
existence of food aid programs is an expression of the lack of community capacity to recover by 
itself. Although in the Ulua River area, threats are more frequent, people seem to be better 
prepared. A strong community organization is reassuring the population to avoid tragedies by 
self-means. In the Mico Quemado mountains, the impact of natural events (landslides) is 
relatively low in comparison with floods and droughts occurring in the other two sites. This 
makes this community less vulnerable to natural disasters. It is important to note that the Mico 
Quemado community has less access to resources compared with the Ulua River community. In 
a certain way, the Mico Quemado community presents a higher degree of poverty, but is less 
vulnerable to natural hazards. In the Ulua River area, the less poor, which were the banana 
employees, were the most affected, and could be considered the most vulnerable. Considering 
this, vulnerability is a state that depends highly on the community organization and property 
rights of resources upon which they rely. In the three study sites, people are located in highly 
risky sites mainly because of inexistent alternative options. 
 
When a disaster occurs, the community is left without the production means required to self 
maintain and cover their basic needs, such as food, housing, health, and education. This is what 
is observed in the three sites. Their state of poverty is also the cause of specific land and water 
management strategies that cause additional disasters. This poverty level increases the level of 
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exposure of the community (more houses located in danger zones, bad quality of new houses, 
etc.). People could escape a disaster or poverty state by reducing the threats where possible 
(modifying land and water management strategies), and reducing vulnerability through the 
design of strategies to allow them to improve their capacity to cope with the threat, and 
consequently to overcome it by self-means. States achieved after a disaster trigger the 
vulnerability to new occurrences of similar or additional disasters. There is a loop in the chain of 
events that leaves people in conditions that make their recovery yet more difficult. If 
vulnerability is referred to as specific threats, poverty can be considered as a type of permanent 
disaster. Poverty is the expression of lack of resources to overcome socioeconomic threats. A 
person or a community not able to overcome by itself a catastrophic event can be considered in a 
state of disaster. This is because there are threats whose effects are seen in the long term, such as 
erosion, desertification, and pollution. These threats can be causing a disaster expressed in the 
state of poverty of the study areas. 
 
The scale at which action needs to be focused will depend on the type of problem that needs to 
be solved. The communities of this study area are vulnerable to natural disasters mainly because 
of the effects of heavy rains or hurricanes. The consequences are landslides, road blockage, 
house destruction, crop destruction—in few words, the infrastructure and production means. 
Without any of these, recovery is almost impossible. An insurance scheme should be available 
given the uncertainty of the events. 
 
 
4.3. Land use change dynamics 1984–2000 in San Dionisio, Nicaragua 
 
Contributors: Sandra Bolaños, Luz Amira Clavijo, Otto Madrid, Thomas Oberthür 
 
Abstract 
 
Landsat Thematic Mapper images were acquired for the period 1984-2000 for CIAT’s Nicaragua 
benchmark site in San Dionisio, Nicaragua. The images were georeferenced and geometrically 
corrected, then classified using supervised classification, based on ground samples. Land uses 
that could be distinguished reliably included forests (including coffee under shade trees), pasture 
(combining natural and improved pastures), annual crops, sparsely vegetated zones, fallow 
vegetation (including coffee without shade trees), and bare soils. The main conclusion is that 
trends in land use allocation favor the degradation of the resource base. Issues contributing to 
this include an increased area of bare soils and sparsely vegetated lands, a substantial decline in 
area grown to pasture, a decline in forest areas (particularly in riparian river zones), and 
occurrence of reforestation in suboptimal zones. 
 
Rationale 
 
Changes in land use, especially in the context of natural resource variability, are likely to affect 
natural resources and ecosystems in a complex manner. In addition to their global dimensions, 
land use changes have profound regional environmental implications. Land use changes affect 
the hydrological cycle by influencing how precipitation is intercepted, and how it is retained in 
soils. Land use change also influences local soil erosion and nutrient losses, and might determine 
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the intensity and frequency of environmental hazards. Related to this is the ability to provide 
environmental services that can be threatened because of inappropriate land use. Thus, a better 
understanding of land use dynamics is central to the issue of sustainable rural development. 
 
Determining the effects of land use change largely depends on an understanding of past and 
current land use patterns. These can then be linked to projections of future land use. Land use 
change classifications contribute to understanding the process of land use change, the impacts of 
different land use decisions, and how they will be complicated by resource variability. This type 
of research provides the scientific underpinning for land use decision making and projections of 
future land use. 
 
For Central America, information on land use change pattern is rare. This study will contribute to 
closing this information gap in a zone where many of CIAT’s research activities are centered. 
 
Materials and Methods 
 
Image preparation 
Landsat TM images were acquired for the years 1984, 1987, 1989, 1993, 1997, and 2000 (pixel 
spacing 28.5 m; Table 18). These images were geometrically corrected using the viewing 
geometry of the satellite orbital parameters and ground control points (GCPs) using 
OrthoEngine 1 software. The method corrects geometrically multiple images by linking them to 
the same GCPs (Toutin, 1997). Ideally, GCPs link two or more images, although reliable links 
often are achieved only between one or two images. For georeferencing control points with high 
precision, GPS were obtained in a 2002 field survey. 
 
Table 18. Acquisition date of images used in the analysis and their source. 
 

Image type Date Sourcea 

Landsat TM5 05-May-1984 USGS 
Landsat TM5 28-Apr-1987 USGS 
Landsat TM4 08-Mar-1989 USGS 
Landsat TM5 06-Jan-1993 USGS 
Landsat  19-Dec-1997 MAGFOR 
Landsat 7 ETM+ 04-Apr-2000 MAGFOR 

 
a. USGS, United States Geological Survey; MAGFOR, Ministerio Agropecuário y Forestal. 
 
Orbital information was not available for images of 1993, 1997, and 2000, and was obtained 
from the Internet or adapted from other images with the same satellite. The images were then 
ortho-rectified using the geometric model and a digital elevation model (DEM). The ortho-
rectification process corrects the relief displacement for each pixel in the image using the 
elevation value from the corresponding pixel in the DEM. The DEM had been generated from 
aerial photos using an automated photogrammetric approach in OrthoBase Professional 2 

software. The DEM was corrected for disturbances introduced by vegetation and abrupt changes 
in terrain using a correction algorithm available in PCI 1. 
                                                 
1 Copyright   1996-2002 by PCI Geomatics. All rights reserved worldwide. 
2 Copyright   1996-2002 by ERDAS. All rights reserved. 
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Next, atmospheric correction algorithms were applied in order to eliminate haze variation over 
the images. Figure 60 shows the result of a typical atmospheric correction algorithm using the 
high point spread approach from ERDAS

2. However, this method introduced a fine landscape 
fragmentation, as can be seen in the original image (Figure 60a), likely caused by a textural 
change. For this reason, invariant features in the image, such as clear water or dry bare soil, were 
used for a trial and error histogram matching procedure (Beaulieu, 2002) to remove haze 
variation (Figure 61). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 60. Atmospheric correction for 1987 image using high spread algorithm: Haze in 

original image (a) is removed, but it causes a fine fragmentation in the image (b). 
 
Radiometric normalization of the images was difficult because of differences between image 
acquisition dates and the change in related environmental conditions. Images were therefore 
normalized using principal components analysis (PCA). The PCA compresses the information 
content of image bands, thereby further reducing the atmospheric noise. 
 
Land use classification 
Field sampling in the study area was conducted in 2002 to produce a training and validation data 
set to facilitate land use classification in the images. The survey generated a set of 298 points, 
133 of which were used for the classification process and 165 for the classification accuracy 
evaluation. At each point, the geographical x, y, and z coordinates were determined with a high-
precision GPS. Actual land use was also recorded. Furthermore, together with farmers, historical 
land use was defined for each sampling point for years where satellite images were available. 
 
The 2000 image was classified first because it was the most recent. Multi-spectral PCA, 
vegetation indices, and tasseled cap transformation were used to enhance the spectral signals for 
improving the automatic separation of different land uses. A combination of spectral bands 3 
(0.63 nm–0.69 nm), 4 (0.76 nm–0.90 nm), 5 (1.55 nm–1.75 nm), the first and second principal 
components, and the normalized differential vegetation index (NDVI) were finally used in a 
supervised classification, together with 133 points from the field survey to determine the land 
use categories. 
 
For the classification accuracy test, each of the 165 validation points from the field survey was 
visited in all original images. The historical land use as indicated by the farmer was examined 

(a) (b) 
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with respect to the spectral signals in the original images. Spectral signals were very clear in all 
original images for forests and bare soils. The points were not used in the accuracy evaluation if 
the spectral information indicated one of these two land uses, but local land use information of 
farmers was different. However, spectral signals could not differentiate clearly between annual 
crops, fallow systems, and pastures. Where spectral signals and local information differed for 
these land uses, more weight was given to local information, and it was used also to evaluate the 
classification. 
 
Most of the images contained cloud cover, which therefore was removed from the images, and 
only those areas that were cloud free in all images were used for further analyses. Grid maps 
were generated, and land use categories and the land use cover change quantified in a GIS. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 61. Histogram comparisons for images in bands 1, 2 and 3: a, c, and e are histograms 

for original bands; b, d, and f are histograms for corrected bands. Correction was 
done by applying linear regression to the original bands. Strong atmospheric 
effects, seen in the (a) and (b) histograms were clearly corrected, as shown in the 
(c) and (d) histograms. Band 3 (histograms e and f) is more influenced by 
vegetation behavior than by atmospheric noise, and therefore correction was less 
successful. 

(a) (b) 

(c) (d)

(e) (f)



 113

Results and Discussion 
 
Technical aspects 
Image georeferencing. Traditional georeferencing methodologies with separate geometric 
models for each image in a set for analysis of land cover change are not useful for pixel-by-pixel 
comparison, because of mismatch between pixels in different images. The more robust geometric 
model, which includes the viewing geometry, was therefore necessary. This model was 
developed using geocoded points from a georectified image (Landsat TM 06/01/1987) obtained 
from the Global Land Cover Facility Web site. This robust model was used with the 
photogrammetric DEM in the ortho-rectification process of the analyzed images. The root mean 
square error (RMSE) in x, y coordinates for 11 images in the geometric model was 0.8 pixels, 
about 100 GCP per image. 
 
DEM generation and editing. Forty aerial photos were processed with 18 precise GCPs taken 
by Leica200 system GPS, and the RMSE for the DEM generated was about 0.47 photo pixel  
(2.5 m). The DEM was evaluated with a set of 165 GCPs, and the average error was about 8.5 m. 
In some areas, where the DEM pixel value was higher than 20 standard deviations of the average 
value for the analysis window (size 3 x 3), the DEM was edited and corrected using DEM editing 
algorithms in PCI 1, and focal functions in ARCGIS 3. 
 
Radiometric calibration and atmospheric correction. The atmospheric noise removal was 
done with histogram matching, using pseudo-invariant points (PIPs) taken by (a) visual 
interpretation, and (b) feature space analysis. Pseudo-invariant points are points almost 
“invariant” during the period of land cover observation, and any variations in the digital values 
for PIPs are not due to changes on ground target properties. When the images are obtained over 
multiple years, or with different geometric viewings, sensors, or soil moisture conditions, PIP 
selection for the comparison of spectral values becomes difficult and imprecise. The atmospheric 
correction using trial and error to match the histograms can be tedious when done for more 
images. Therefore, atmospheric correction and radiometric normalization had to be addressed 
using results from a PCA. 
 
Classification. Using only the spectral bands separating the signatures of similar land cover 
classes such as maize and pastures was impossible, and therefore principal components 1 and 2 
had to be integrated. These were able to better discriminate the spectral signals from these land 
uses than the combinations of the original bands (or other tested transformations). Additionally, 
the NDVI was integrated in the classification in order to correct the topographic effects over the 
digital levels (shadows and brightness), and to better separate forest and clouds, which is 
sometimes difficult with principal components. This multi-spectral set of bands 3, 4, 5, PC1, 
PC2, and NDVI was used for each image, and a supervised classification was conducted together 
with the ground samples 
 
Accuracy assessment. The accuracy of the classification was tested with 165 samples, and 
accuracy levels ranged from 69% for annual crops to 100% for forested land use (Table 19). This 
was judged sufficient for further analyses. 
 
                                                 
3 Copyright   2000-2001 Environmental Systems Research Institute. 
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Table 19. Accuracy (%) of the classification according to land use type.a 

 
Year Land cover 

1984 1987 1989 1993 1997 2000 
Forest / shaded coffee   97 96   96   95 88 100 
Pastures   93 75   85   94 92   93 
Annual crops   69 83   85   71 81   82 
Fallow / coffee without shade   90 77   75   71 80   80 
Bare soil 100 80 100 100 67   83 
Sparse vegetation   91 90   94 100 92 100 
 
a. Classification accuracy for forest is high, except for 1997 when radiometric differences in 

this image caused by viewing angle of the satellite made classification more difficult. 
Classification accuracy for bare soil, pastures, annual crops, and fallows was lower in dry 
years when soil moisture is lower, which generates similar spectral signals for these 
classes. 

 
Land use change dynamics 
Table 20 outlines the overall change dynamics from 1984 to 2000. Pastures experienced the 
single largest change, decreasing by about 18%. Area grown to forests, including shaded coffee 
systems and annual crops, decreased slightly. By contrast, zones that have fallow or coffee 
systems without shade increased by 9%. Largest increases recorded were 297% for areas that are 
sparsely vegetated, and 12% for bare areas. However, these overall changes did not alter the 
overall hierarchy in land use allocation: In 1984 and in 2000 pastures, annual crops and forests 
are the dominant land uses. 
 
Table 20. Land use change dynamics in the San Dionisio area, Nicaragua, presented as total 

areas and absolute changes for 1984-2000. 
 

Land use (ha)  Absolute change Land usea 

1984 2000  ha % 
FSC 1771 1691    -80   -5 
PAS 3256 2680  -576 -18 
MAZ 1735 1649    -85   -5 
CWS 1118 1220    103     9 
BAS   856   960    104   12 
SAV   180   714    534 297 

 
a. Land use: Shaded coffee (FSC), pasture (PAS), annual crops (MAZ), fallow / coffee 

without shade trees (CWS), bare soil (BAS), and sparse vegetation (SAV). 
 
Loss of pastures and increase of sparsely vegetated zones and bare soils is particularly 
concerning because this probably indicates an increased overall trend of land degradation. While 
we consider these trends generally true, some uncertainties about the exact magnitude remain 
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because the date of the image acquisition may compound some facts: The 1984 image was taken 
in May when annual crops had been sown and germinated; the other images were obtained 
between December and April, when land is under fallow after an annual crop, or is being 
prepared for a new annual crop (Table 18). Therefore, some of the zones classified as sparsely 
vegetated are likely to be only temporarily in this stage. 
 
In Tables 21 and 22, these overall changes are broken down into five segments—1984-87, 1987-
89, 1989-93, 1993-97, and 1997-2000. These tables permit tracking the changes from one land 
use into another (Table 21), and quantify in addition to the overall change the spatial (local) 
redistribution of a particular land use (Table 22). Figure 62 illustrates spatially where these 
changes have occurred for pastures. Maps like those for Figure 62 were made for all six land 
uses. 
 
The data in the matrix (Table 21) represent changes in land use distribution. For example, there 
were 1771 ha of forest in 1984, which was reduced to 1754 ha in 1987. However, only 1390 ha 
of forest remained where they were in 1984, the remainder is found in 1987 in new locations. 
Those parts that used to be forested in 1984, but no longer in 1987, had been changed to pasture 
(85 ha), annual crops (36 ha), fallow / coffee without shade trees (226 ha), bare soil (26 ha), or 
are now sparse vegetation (9 ha). Some areas that in 1984 were pasture (82 ha), maize (43 ha), 
fallow / coffee without shade trees (227 ha), bare soil (11 ha), and sparsely vegetated (1 ha) are 
forested in 1987. 
 
Pastures and annual crops. Tables 21 and 22 illustrate the practice of rotating land between 
pasture and annual crops. The relatively large proportion of forests that is converted into pastures 
is alarming! This trend increases from 1989 to 2000. While pasture itself is considered a 
sustainable option, this might be less so if it is at the expense of forests. During the first phase of 
the investigation, the pasture change dynamics are apparent, but almost everywhere in the area 
the dynamics become more localized in the following years. And most of it occurs in the lower 
regions along the waterways. Local redistribution of annual crops is moderate in most 
investigated phases, except during 1993 to 1997, when annual crop production areas remained 
stable (Table 22). No explanation can be offered for this observation. 
 
Bare soils and sparse vegetation. Local redistribution is particularly high in zones that have 
bare soils or are sparsely vegetated (Table 22). It appears that, while pastures are frequently used 
to recuperate an area of bare soils or sparsely vegetated zones, the converse occurs elsewhere. 
Second, the dynamics in zones dominated by bare soils also show a distinct pattern that has as 
main feature an increase of bare soils in the center of the area in the last phase of the 
investigation. This increase coincides with a decrease of annual crops. Some of these changes 
might therefore be related to the time of image acquisition. 
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Table 21. Land use dynamics in the San Dionisio area, Nicaragua, 1984-2000, presented in 1984-87, 1987-
89, 1989-93, 1993-97, and 1997-2000 time steps, for six different land uses. Results (totals) for 
the first year of each time step are presented horizontally, and those for the end of each time step 
vertically. (Figures are rounded.) 

 
 Land use (ha) Land usea 

(different years) FSC PAS MAZ CWS BAS SAV 
Total 

 1987 (ha) 
FSC 1390     85     36   226   26     9 1771 
PAS     82 1529   693   304 230 417 3256 
MAZ     43   655   453   188 125 271 1735 
CWS   227   338   125   335   60   32 1118 
BAS       11   395   243     36   82   89   856 

19
84

 in
 h

a 

SAV         1     80     27     20   14   38   180 
 Total 1754 3082 1577 1110 537 856  
  1989 (ha) 

FSC 1299     71     16   357     6     4 1754 
PAS   112 1325   901     97 267 379 3082 
MAZ     30   391   706     43 197 210 1577 
CWS   213   262   103   458   39   36 1110 
BAS     21   167   154     28   87   81   537 19

87
 in

 h
a 

SAV       6   210   387     22   78 154   856 
 Total 1680 2426 2267 1005 674 863  
  1993 (ha) 

FSC 1306   121     12   166     5   70 1680 
PAS   164 1009   629   215 232 178 2426 
MAZ     50   787   948     69 329   83 2267 
CWS   231   374     96   153   36 114 1005 
BAS     16   164   329     23 115   27   674 19

89
 in

 h
a 

SAV     10   331   345     18 130   29   863 
 Total 1778 2787 2358   644 847 501  
  1997 (ha) 

FSC 1113   155     31   311   20 147 1778 
PAS   179 1355   521   261 127 343 2787 
MAZ   155   626 1273     64 105 136 2358 
CWS   208   153     35   137   21   90   644 
BAS     65   504     33     33 143   69   847 

19
93

 in
 h

a 

SAV   118   155     49     91   16   73   501 
 Total 1839 2948 1942   897 433 858  
  2000 (ha) 

FSC   953   229   165   398   43   50 1839 
PAS   222 1078   694   313 372 268 2948 
MAZ     66   721   429   162 340 223 1942 
CWS   280   125   106   310   33   42   897 
BAS     15   167     63     36   93   58   433 

19
97

 in
 h

a 

SAV   155   360   192       0   78   73   858 
 Total 1691 2680 1649 1220 960 714  
 
a. Land use: Forest, which includes shaded coffee (FSC), pasture (PAS), maize (MAZ), coffee without shade 

trees / dense fallow (CWS), bare soil (BAS), and sparse vegetation (SAV). 
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Table 22. Land use change dynamics in the San Dionisio area, Nicaragua, presented as 
absolute changes, and local spatial redistributions of land uses for 1984-2000. 
Dynamics are presented in five time steps including 1984-87, 1987-89, 1989-93, 
1993-97, and 1997-2000, for six different land uses. 

 
Land use (ha) Local spatial redistribution Land 

usea 
1984 1987 

Absolute change 
(ha) (ha) (% of 1987 area) 

FSC 1771 1754   -17   364 21 
PAS 3256 3082 -174 1552 50 
MAZ 1735 1577 -158 1124 71 
CWS 1118 1110     -8   774 70 
BAS   856   537 -319   455 85 
SAV   180   856   676   818 96 
 1987 1989 (% of 1989 area)
FSC 1754 1680   -73   381 23 
PAS 3082 2426 -656 1101 45 
MAZ 1577 2267   690 1561 69 
CWS 1110 1005 -105   547 54 
BAS   537   674   137   587 87 
SAV   856   863       7   710 82 
 1989 1993   (% of 1993 area) 
FSC 1680 1778     97   471 27 
PAS 2426 2787   361 1778 64 
MAZ 2267 2358     91 1410 60 
CWS 1005   644 -361   491 76 
BAS   674   847   173   732 86 
SAV   863   501 -362   472 94 
 1993 1997   (% of 1997 area) 
FSC 1778 1839     61   725 39 
PAS 2787 2948   161 1593 54 
MAZ 2358 1942 -417   669 34 
CWS   644   897   253   760 85 
BAS   847   433 -415   289 67 
SAV   501   858   356   785 92 
 1997 2000   (% of 2000 area) 
FSC 1839 1691 -147   738 44 
PAS 2948 2680 -267 1602 60 
MAZ 1942 1649 -292 1220 74 
CWS   897 1220   323   910 75 
BAS   433   960   527   867 90 
SAV   858   714 -144   641 90 
 
a. Land use: forest, which includes shaded coffee (FSC), pasture (PAS), maize (MAZ), 

coffee without shade trees / dense fallow (CWS), bare soil (BAS), and sparse vegetation 
(SAV). 
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Figure 62. Changes occurring in amount of pasture area in San Dionisio, Nicaragua, 1984-

2000. 
 
 

1984-87 1987-89

1989-93 1993-97

1997-2000 

Rivers 
 
Pasture area that remained 
from last analyses period 
 
Pasture area lost compared 
with last analyses period 
 
New pasture area 
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Forests. Forests are generally mainly concentrated in the higher areas and in the riparian buffer 
zones. However, the riparian buffer zones especially are disappearing. Reforestation is mainly 
occurring in the southern and northern parts of the highlands, and in the central east of the zone. 
The maps made of the six land uses highlight in particular the high loss of forest in the latest 
phase of the investigation. These losses are found everywhere along rivers / creeks. Conversion 
of forests in riparian zones into, for example, pastures for dairy / meat production might have 
severe environmental consequences. There is also a conversion from forest areas to dense fallow 
systems or coffee without shade. While this change occurs in both directions, more forest is 
converted into dense fallow systems than vice versa. This may be related to changing coffee 
systems under shade trees to systems without shade. In the years from 1984 until 1993, local 
redistribution of forests is low, but increases substantially during the last two investigated time 
steps (Table 22). This fact is probably related to the increased replacement of riparian forest in 
the lower zones, and reforestation in the higher zones of the area. 
 
Fallows. Changes in fallow / coffee without shade occur, as expected, mainly along the edges of 
forest zones. An increase of this land use type is observable also in the later phases of the 
investigation, in particular in the center of the area. Some of the forest lost along the riparian 
zones is converted into this land use type, probably reflecting the first phase of forest 
degradation, and not, as elsewhere, a recuperation of land by means of fallowing. 
 
Some of the changes in the last phase of the investigation have to be seen in the context of 
Hurricane Mitch, which devastated much of Central America in 1998. The increase of bare soils 
and the occurrence of annual crops in higher zones might be one effect. Furthermore, most 
landslides that were triggered by Mitch in 1998 occurred in zones close to rivers that had 
previously been converted from forests to pasture and other land uses (Figure 63). 
 

 
Figure 63. Land use allocation of forests (brown) in (a) 1984 and (b) 2000, together with 

distribution of the locations of the 1998 Hurricane Mitch-triggered landslides 
(dark blue), San Dionisio, Nicaragua. Patches in black and light blue are clouds. 

 

(a) (b)
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Table 23 shows land use distribution in 1984 and 1997, the year before Hurricane Mitch, and the 
corresponding percentages of landslides located in the respective land uses. First, it becomes 
clear that pastures have an over-proportionally high percentage of landslide locations. The other 
two land use types with the same situation are bare soils and sparse vegetation, i.e., already 
degraded lands. Second, if 1997 land use distribution patterns had been the same as those in 
1984, the percentage of landslide locations in pasture would have been even higher. However, 
the percentage of landslide locations contained in forests would have been much lower under this 
scenario! While the areas under these two land use types did not change substantially, the actual 
allocation in the landscape has obviously changed, i.e., deforestation occurred in areas not prone 
to landslides, and reforestation occurred in landslide-prone zones. Conversely, while still far 
from optimal, pastureland-use allocation was less risky with respect to landslide occurrences in 
1997 than it was in 1984. 
 
Table 23. Percentage of area in each land use type, and percentage of locations of the 1998 

Hurricane Mitch-triggered landslides that would have fallen in each land use type, 
in 1984 and 1997, San Dionisio, Nicaragua. 

 
Land use Area land use 

type, 1984 
Landslide 

locations, 1984 
Area land use 

type, 1997 
Landslide 

locations, 1997 
Forest 20 11 21 18 
Pasture 37 46 33 39 
Annual crops 19 17 22 18 
Fallow 13 15 10   8 
Bare soil 10 10   5   6 
Sparse vegetation   2   1 10 11 
 
The increase of (degraded) sparse vegetation and associated landslide risk is very concerning, 
particularly because much of the riparian forests had been converted into this land use type. The 
loss of riparian forests is even more disturbing, given the associated loss of the buffering and 
filtering effect. It is likely that water quality, not only under conditions of hazardous events such 
as Mitch, will degrade. 
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4.4. Spatial analysis of household vulnerability to El Niño in coastal Ecuador 
 
Contributors: Andrew Farrow, Victor Soto, Carlos Nagles, Simon Cook, Andrew Jarvis; 

Hernán Caballero, Ramon Intriago (Universidad Técnica de Manabí, Portoviejo, 
Ecuador); Iain Lake, Neil Adger (University of East Anglia, Norwich, UK) 

 
Abstract 
 
We aim to map the spatial dimensions of vulnerability to climatic events in order to gain insight 
into the spatial processes that determine vulnerability, and to target spatially explicit 
interventions, such as agricultural innovation, that reduce vulnerability to low welfare levels. We 
have developed a hypothesis that household vulnerability is linked to their asset profile, and that 
the identification of vulnerable assets using spatial analysis will increase the accuracy and 
usefulness of vulnerability assessments. 
 
Rationale 
 
Households are to varying degrees vulnerable to damages or losses that result in changes in their 
livelihood and welfare. Damage and losses are the result of environmental, human, or economic 
hazards. Long-term impact of exposure to hazards depends on the susceptibility of the household 
to damage, and the ability of the household to recover from losses. In addition, households sense 
and perceive their own vulnerability to low welfare levels, and these perceptions affect decision-
making processes. This study investigates the effects of the El Niño phenomenon on households 
in coastal Ecuador. 
 
Assessments of household vulnerability to environmental hazards allow for a more efficient 
targeting of disaster mitigation (Anderson, 1995 (cited in Heijmans, 2001) and relief efforts 
(Jaspars and Shoham, 1999), productive projects (Chacaltana, 2002), dissemination of 
information (Golnaraghi and Kaul, 1995), and construction of policies (Chaudhuri et al., 2002) 
whose objective is to reduce vulnerability and improve social welfare. 
 
In this study, we link vulnerability assessments to the sustainable livelihoods framework. Our 
hypothesis is that some assets are more important than others in determining household welfare, 
and that households will be vulnerable when their most important assets are susceptible to 
damage and have a high probability of being exposed to environmental hazards. Assets will be a 
combination of characteristics of the household and its members, and assets provided by the 
community or the environment in which the household is located. 
 
Materials and Methods 
 
We have devised a conceptual framework that will allow us to investigate the importance of 
assets for household vulnerability (Figure 64). 
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Figure 64. Conceptual framework of vulnerability assessment. 
 
This framework consists of a number of activities, which were to: 
 
(1) Determine which household and district level assets contribute to household welfare levels 

– which assets are most important, how to quantify them; 
(2) Determine which assets are susceptible to hazards associated with the El Niño 

phenomenon; 
(3) Define the exposure levels of hazards associated with the El Niño phenomenon; 
(4) Account for spatial variation in the importance of assets (rural/urban, regional); 
(5) Determine what data should be collected for case study areas in order to validate the results 

produced and the weighting schemes; 
(6) Interpret the primary data, and modify inputs and assumptions of the vulnerability index; 

and 
(7) Investigate scale issues with regard to the livelihood domain, both intra-domain processes 

and extra-domain processes. Incorporate these issues into the existing conceptual 
framework. 

 
We can report progress on activities 1, 3, and 5. 
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Determining the importance of assets to household welfare 
The importance of each asset will vary according to the transforming structures and processes 
that the household experiences (Blaikie et al, 1994; DFID, 2001; Soussan et al., 2001). However, 
empirical studies of the importance of assets have shown that particular assets (such as years of 
schooling) have increased welfare levels (World Bank, 1996). Combinations of assets may have 
synergistic effects on consumption, what Moser (1998) calls the “right mix”. For instance, 
human capital (know-how) and financial capital will affect the ability to invest in small 
businesses. 
 
Our initial hypothesis, based on studies of Ecuadorian welfare levels and expert knowledge, is 
that education, home ownership, household size, access to land and water, and employment 
status will be very important determinants of welfare (Moser, 1998). We therefore expect human 
capital and natural capital to be very important asset groups. 
 
We have chosen consumption as an indicator of household welfare. Consumption is a means to 
an end, which is the satisfaction of certain basic needs, but it may also be perceived as a means 
in itself. Alternative indicators of welfare could include longevity, health status, infant mortality 
rates, or maternal mortality rates, as well as the more difficult to measure perceptions of freedom 
or happiness. Household consumption is typically comprised of the following groups: 
 
•  Food consumption, 
•  Non-food consumption (such as detergents and clothing), 
•  Consumer durables (a rent value is imputed), and 
•  Housing (and utilities) (a rent value is imputed). 
 
Health and education are generally not included in consumption aggregates because they are 
lumpy purchases, happen at particular points in the life of the household members, or may be too 
complex to represent. Business costs are never included in consumption aggregates (Deaton and 
Zaidi, 2001). We must ensure that the items used to calculate consumption are not also those 
assets that we will analyze (Table 24). 
 
Given the large number of variables, we have identified three options for reducing their number: 
 
•  Manually identify co-linearity between variables; 
•  Use factor analysis or PCA to identify clusters of components of variables; and 
•  Use stepwise regression to identify the variables with most explicatory power. 
 
We are currently at the stage of preparing the consumption aggregate from the 1995 LSMS, and 
extracting the asset variables from the same survey. We are also in the process of deciding the 
most appropriate way of representing variables, such as soil fertility, for the districts in which we 
find the sample clusters for LSMS95. 
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Table 24. Assets to be included in analysis of household vulnerability. 
 
Assets Type Sourcea Scaleb 

Human capital:    
Literacy status Ratio (binary – can read and write, or not) LSMS95 ind 
Language spoken  Nominal (Spanish, Quechua, Shuar) LSMS95 ind 
Education level  Ordinal LSMS95 ind 
Employment status  Nominal LSMS95 ind 
Health status  Ratio (number of days work lost) 

Ratio (binary – has been ill or not) 
LSMS95 ind 

Social capital:    
Transfers from kin  Ratio (binary – has the household received 

transfers?) 
LSMS95 hh 

Amount of time in the community  Ratio (no. of years living in the location) LSMS95 hh 
Natural capital:    

Agricultural producer Ratio (amount of land) LSMS95 ind 
Agricultural worker Ratio (binary – is Ag. worker or not) LSMS95 ind 
Access to water for personal use Ratio (amount of time to get water) LSMS95 hh 
Quality of water for personal use Nominal (treatment of water in house) LSMS95 hh 
Waste removal methods  Nominal LSMS95 hh 
Tenancy of land worked  Nominal (owned, rented, with title) LSMS95 hh 
Livestock owned  Ratio (number of animals – value if sold) LSMS95 hh 
Access to irrigation equipment for 
agricultural use  

Ratio (amount and sale cost of equipment) LSMS95 hh 

Quality of land worked (erosion, 
soil fertility, slope) 

PH (percentage values or fuzzy) 
Texture (percentage values or fuzzy) 
Drainage (percentage values or fuzzy) 
Fertility (percentage values or fuzzy) 
Depth (percentage values or fuzzy) 
Erosion (percentage values or fuzzy) 
Slope (percentage values or fuzzy) 
Ratio (self-assessed sale price) 

Combined District 

Number of crop stress-free days (Percentage values or fuzzy) CIAT District 
Access to forest resources (Percentage values or fuzzy) EcoCiencia District 

Physical capital:    
Type and quality of housing  Nominal (type) LSMS95 hh 
Number of rooms  Ratio LSMS95 hh 
Provision of utilities (water, 
electricity) to the household  

Ratio (binary – yes/no) LSMS95 hh 

Economic use of household  Ratio (binary – yes/no house has a 
business) 

LSMS95 hh 

Road infrastructure Ratio (percentage paved roads) EcoCiencia District 
Access to road infrastructure Ratio (time to paved roads) Modeled District 

Financial capital:    
Remittances (pension flows)  Ratio (annual amount) LSMS95 hh 
Remittances (from migrant 
workers)  

Ratio (annual amount) LSMS95 hh 

Liquid assets (consumer durables 
that can be sold)  

Ratio (sale price) LSMS95 hh 

Liquid assets (livestock that can 
be sold)  

Ratio (sale price) LSMS95 hh 

Access to credit  Ratio (amount borrowed) LSMS95 hh 
 
a. LSMS95 =1995 Living Standards Measurement Survey; CIAT = Centro Internacional de Agricultura 

Tropical; EcoCiencia = Fundación Ecuatoriana de Estudios Ecológicos, Ecuador. 
b. hh = household; ind= individual. 
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Defining areas susceptible to flooding and landslides 
One of the key inputs into making the risk maps is a DEM. This is essential for any hydrological 
and flood modeling or studies of risks of landslides, both of which are hazards in coastal 
Ecuador. There are two existing products for Ecuador: 30-arc second GTOPO30 DEM from 
USGS or an unpublished DEM from the Fundación Ecuatoriana de Estudios Ecológicos 
(EcoCiencia) with a 1-km resolution derived from a TIN, which was created from contours 
whose origin is not documented. Neither of the two existing sources is suitable for hydrological 
modeling, given the lack of metadata and the poor spatial resolution. In an attempt to improve 
this situation, we have produced an alternative DEM, based solely on river channels and contour 
lines, both provided by EcoCiencia. This product has a number of imperfections, not least 
inconsistency in places between the river channels and the contour lines, with rivers flowing 
upstream. 
 
During May 2003, the National Aeronautics and Space Administration (NASA) released a 
preliminary version of a 3-arc second SRTM90 DEM, which covers the whole of Ecuador. An 
initial analysis of the DEM shows a great number of localized sinks. These mean that drainage 
patterns are not realistic, so some modification will be necessary using our knowledge of the 
drainage patterns in Ecuador. Another observation is the large number of data holes, especially 
prevalent over water or in areas of highly variable terrain, for instance on steep valley slopes. 
Some holes are considerable in size, and preliminary interpolation calculations have given 
unsatisfactory results for them (Figure 65). 
 
 
 
 
 
 
 
 
 
 
Figure 65. Initial analysis of digital elevation model: (a) Areas in white have no data, cell 

size = 90 m; (b) Interpolation of data for whole area; (c) Interpolated areas where 
no data exist are unrealistic. 

 
It is clear that another data source is needed to provide more information for these holes in order 
to improve the interpolation. The GTOPO30 offers a source of information for filling these 
holes, but it needs to be compared with the SRTM data sources to see if there is any systematic 
difference between the two. In order to compare the two sources, we have aggregated the SRTM 
data so that there is only one value for each cell in the GTOPO30 surface. Areas where there is a 
predominance of NoData values in the SRTM surface will be discounted; for all other areas a 
mean value will be calculated for the aggregation. 
 
The differences between the two sources show some interesting patterns (Figure 66). What is 
surprising is that the residuals are grouped into positive and negative areas—rather than showing 
a random or spatially systematic pattern. This is probably the result of poor data used in the 
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compilation of the GTOPO30 data, especially as a preliminary check with other data shows a 
better correlation with the SRTM data than with the GTOPO30 data. This means that the use of 
the GTOPO30 to aid in interpolation will have to be done with great care using local regression 
statistics—a result of using Geographically Weighted Regression (GWR). 

 
Figure 66. Difference between SRTM data and GTOPO30 data sources. Blue areas show 

large negative residuals (SRTM significantly lower than GTOPO30), green areas 
show large residuals. 

 
GWR gives us two parameters for each data point—the intercept, and the multiplication factor to 
be applied to the GTOPO30. Having applied these parameters to the GTOPO30 data, we 
attempted the interpolation of the missing data areas. The interpolation has proven to be a 
sticking point; no computer has been able to complete the interpolation procedure. An alternative 
procedure is to create contours using the buffered points, then create a grid using these contours 
(which fills in the holes), and then use these grid values for the holes whilst retaining the original 
values for the areas with data. This procedure is significantly faster than the point interpolation. 
This data set just needs to be adjusted using the river network to make it hydrologically sound, 
and to remove a small number of localized sinks. 
 
Determine what data should be collected for case study areas in order to validate the results 
produced and the weighting schemes 
Our project includes a data collection phase in the Province of Manabí, a coastal province of 
Ecuador, which was badly hit by heavy rains associated with the 1997-98 El Niño phenomenon. 
We are considering a semi-structured interview method in three districts, one in central Manabí, 
one in normally dry southern Manabí, and one in the wetter north of Manabí. Questions will 
include: 
 
•  Assets and livelihoods 

- Can the household explain its conception of welfare? 
- Can the household identify its most important asset in maintaining its welfare? 
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•  Impacts, losses and damages 
- Which areas were affected by floods, mudslides, and landslides caused by heavy rains 

associated with the El Niño phenomenon? 
- What types of damages were incurred (e.g., loss of life, destruction of houses, loss of 

crops in the field, and loss of animals.)? 
- Were there outbreaks of illnesses associated with flooding, mudslides, or landslides? 
- Did long-term welfare suffer as a result of damages? 

 
•  Coping strategies and adaptation 

- If they suffered damages during the El Niño phenomenon, how did they manage to 
recover? 

- Has the household taken precautions to mitigate the effects of future events? 
- Has the state or have NGOs been involved in rehabilitation, preparation, or mitigation 

projects in the district? 
 
Alternatives would include less-structured interviews with key informants or focal group 
sessions in the same districts.  
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4.5. Evaluation of available GIS-based models for landslide prediction under 
extreme climatic events 

 
Contributors: Steffen Walter, Sandra Bolaños, Thomas Oberthür, Jorge Rubiano, Axel 

Schmidt (IP-5) 
 
Abstract 
 
Spatial information is often readily available to run GIS-based models for landslide prediction. 
The problem is that most modeling approaches are not developed to specifically predict landslide 
occurrences caused by extreme climatic events. For San Dionisio, Department of Matagalpa, in 
Nicaragua, deterministic and probabilistic GIS-based modeling approaches were compared to 
simulate the landslides triggered by Hurricane Mitch in 1998. Results show that common 
deterministic approaches are insufficient and fail to adequately explain the processes underlying 
landslides caused by extreme events. Probabilistic models delivered more promising results; 
critical areas especially were more accurately identified. These models correlate known landslide 
locations with other available data. The landslide locations are thereby used to identify the 
environmental features related to the available data that have a high probability of triggering 
landslides. 
 
Rationale 
 
Headlines about natural disasters abound worldwide. The Münchener Rückversicherung 
(2000) registered a dramatic increase, both in numbers of events, and in economic damage over 
the last 50 years. In 1998, Hurricane Mitch devastated large areas of Central America. Despite 
high, sustained wind speeds of over 200 km h-1, it was not the winds, but the associated rainfall 
that caused most destruction (DeWalt, 1998). In terms of agriculture, catastrophic floods and 
landslides damaged much of the cropland in this region. While flooding is an effect comparably 
easy to understand, landslides are highly complex. Hills withstand decades of rain, storm, and 
drought, with or without human interaction, then suddenly collapse. Agricultural research is 
conducted frequently on-farm in representative study regions. However, there is often no 
vulnerability analysis with respect to landslide occurrence for these regions. Geotechnical studies 
and engineering projects to assess and stabilize potentially dangerous sites can be costly (BC 
Geological Survey, 1998), and are very time consuming. A simple but reliable tool for landslide 
assessment would be of tremendous value. 
 
Spatial information is often readily available to run off-the-shelf, GIS-based models for landslide 
prediction. However, most of the current modeling approaches are based on common landslide 
risks. Underlying parameters are, for example, derived from average rainfall distribution maps. 
Others use mean annual rainfall as described by Babu and Mukesh (2002). As a result, most 
studies do not account for landslide risks under extreme climatic events. It is unknown how, and 
if, available GIS-based models or modeling approaches will account for such occurrences. In 
general, their data demand is tailored rather towards data describing average or common (and 
thus expected) conditions, and does not include variation as caused by extreme events. Although 
these events are rare, the effect often destroys in hours the work of decades, even generations. 
This study will compare deterministic and probabilistic modeling approaches for their ability to 
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account for extreme events. We chose Stability Index Mapping (SINMAP; Pack et al., 1998b) as 
deterministic, and extension for ArcView Weights of Evidence (ArcWofE; Kemp et al., 1999) as 
probabilistic model. 
 
Materials and Methods 
 
General background 
The San Dionisio municipality is located about 150 km northeast of Managua, Nicaragua’s 
capital city. The study area comprises about 173 km2. Altitude ranges from 299 to 1266 masl. 
Slope values are between 0 and 62. Annual rainfall is between 800 and 1600 mm, with the rainy 
season occurring usually between April and November of each year, and the dry season in the 
remaining months. Average temperature varies between 20 °C and 27 °C. No precipitation 
records are available for the San Dionisio or the Matagalpa region for the time of Hurricane 
Mitch. However, the literature states that exceptional rainfall occurred for 6 consecutive days 
(USGS, 1998). Amounts of up to 600 mm of rain on a single day are mentioned (DeWalt, 1998) 
that washed away hillsides (Abramovitz and Dunn, 1998). 
 
Pastures cover about 57% of the San Dionisio region. The main annual crops cultivated are 
maize and beans, covering about 35% of the study area. In about 6% of the study area, coffee is 
the most important cash crop, and is cultivated with or without shade. 
 
Data 
The information collated for this study includes: 
•  A DEM, established from aerial photos taken in 1996, with a resolution of 15 m. 
•  A map showing the rivers in the study area at a scale of 1:50 000. 
•  Road data at 1:50 000 scale. 
•  A map showing rainfall and temperature patterns at a scale of 1:50 000. 
•  A land use map from 1996 at 1:50 000 scale. 
•  Basic soil information derived from the 1:500 000 scale map, which identifies and 

describes six regions with different soil types (Soil Survey Staff, 1999): Lithic Haplaquoll 
(MH-4, region 1), Typic Usthorthent (EC-5, region 2), Vertic Tropudalf (AE-4, region 3), 
Ultic Tropudalfs (AD-4, region 4), Vertic Tropudalfs (AE-5, region 5), and Vertic and 
Aquic Argiustolls (ME-5, region 6). Additionally available was a 1:50 000 soil map for 
parts of the region. 

•  All observable landslides in the study area recorded in a 5-week field survey with a high-
precision GPS, resulting in 121 points for further analysis. 

•  Landslide locations were further described and information on slope, vegetation density 
and type (McDonald et al. 1990), current land use, basic soil data (finger texture, Munsell 
moist color, percent gravel) recorded. Soil data were taken at a depth of 5 cm at the closest 
undisturbed point to the location where the landslide coordinates were recorded. 

 
Spatial analyses 
ArcView 3.2 (ESRI, 1996) was used for spatial data analyses, including running the models 
SINMAP and ArcWofE. The ArcView Spatial Analyst 1.1 extension, as a requirement for these 
models, and the Grid Analyst 1.1 extension were mainly used. SINMAP is a grid-based 
predictive tool of terrain stability that can be applied in almost any region, but the underlying 
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theory is restricted to shallow, translational landslides (Pack et al., 1998a; 1998b). Pack et al. 
(1998a) state that the theoretical basis of SINMAP is the infinite plane slope stability model, 
coupled with a steady-state topographic hydrologic model as pioneered by Montgomery and 
Dietrich (1994), but with an important difference in that cohesion is retained in the infinite slope 
stability model. Topographic variables are automatically computed from a DEM. Important 
assumptions underlying the SINMAP theory include that the subsurface hydrologic boundary 
parallels the surface, and that soil thickness and hydraulic conductivity are uniform. Soil 
thickness is interpreted perpendicular to the slope. Edge effects are neglected. A dimensionless 
cohesion factor is established, combining cohesion due to soil and root properties, and soil 
density and thickness. The resulting factor gives a ratio of the cohesive strength of the soil 
relative to its weight. Uniform probability distributions with upper and lower bounds of 
parameters account for parameter uncertainty (Pack et al., 1998a). 
 
As input, SINMAP needs a DEM, calibration regions, mapped locations of landslides, and the 
values of calibration parameters. Calibration regions are subzones of the total area for which 
selected properties are assumed to be uniform enough for further analysis (Pack et al., 1998b). 
The 1:500 000 soil map units were used as calibration regions. Only the small calibration region 
2, located at the northeast boundary of the watershed, has no landslide points. Required 
calibration parameters include the ratio of recharge over transmissivity (R/T ratio), a 
dimensionless cohesion factor (C), and the soil friction angle (phi). The R/T ratio is a soil 
parameter quantifying the ratio recharge (R = amount of water infiltration into the soil) over 
transmissivity (T = water flow within the soil). According to Pack et al. (1998b), the R/T ratio 
multiplied with the sine of the slope can be interpreted as the length of the hill slope required to 
develop saturation. The dimensionless factor for cohesion combines soil and root properties on 
the one hand, and soil density and thickness on the other. The angle of internal friction according 
to Satterlund and Adams (1992) equals the angle of natural repose when loose soil particles are 
poured into a pile. 
 
The input parameters required by SINMAP have to be defined prior to an analysis. The values 
are entered in terms of upper and lower bounds. For the initial quantification of these values, two 
approaches are possible. The default values that are automatically set by SINMAP uniform for 
all calibration regions can be used as first input. Alternatively, user-defined values can be entered 
for each calibration region. A calibration process can be used to adjust the user-defined or default 
values to achieve the best possible result. This procedure includes an interactive visual 
calibration, adjusting parameters using observed landslides as reference. Within the calibration 
process, all values can be adjusted separately by calibration region. User-defined values should 
need little adjustment, because they already reflect the conditions to be simulated. Initial values 
for this study were estimated, based on expert knowledge about the calibration regions (Table 
25). After running the model with expert values, parameters were calibrated to increase the 
utility of the model output for decision makers. All results were compared with those generated 
by default settings. Region 2 was excluded from the analysis because no landslides occurred 
there. 
 
The output most valuable for landslide risk assessment is a stability index (SI) map with an 
individual stability value for each grid cell. The SI is the probability that a location is stable 
assuming a uniform distribution of parameters. SINMAP differentiates between six different 
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classes, representing ranges of the calculated SIs (Table 26). The total area for which SINMAP 
calculated results is less than the area of the study region, about 130 km2. Furthermore, from the 
72 landslide training records, SINMAP only used 55. Similarly, from the 49 validation records 
SINMAP only used 43. Reasons why the model reduced the area and included landslide 
occurrences could not be identified. 
 
Table 25. Initial settings for the Stability Index Mapping (SINMAP) modeling parameters by calibration 

regions: Values are estimates based on expert knowledge. 
 

Region  R/T ratioa Cohesiona  Friction anglea 

Number Code  Lower Upper Lower Upper  Lower Upper 
1 MH-4  200 500 0 0.12  15 20 
2 EC-5  default default default default  default default 
3 AE-4  200 500 0 0.15  13 20 
4 AD-4  100 300 0 0.10  20 30 
5 AE-5  300 600 0 0.25  10 15 
6 ME-5  200 500 0 0.20  15 20 

 
a. Lower and upper thresholds; R/T, ratio of recharge over transmissivity. 
 
Table 26. Stability index (SI) definitions. 
 

Condition Class Predicted 
state 

Parameter range Possible influence of factors not modeled 

SI > 1.5 1 Stable Range cannot model 
instability 

Significant destabilizing factors required 
for instability 

1.5 > SI > 1.25 2 Moderately 
stable 

Range cannot model 
instability 

Moderate destabilizing factors required 
for instability 

1.25 > SI > 1.0 3 Quasi-stable Range cannot model 
instability 

Minor destabilizing factors required for 
instability 

1.0 > SI > 0.5 4 Lower 
threshold 

Pessimistic half of range 
required for instability 

Destabilizing factors are not required for 
instability 

0.5 > SI > 0 5 Upper 
threshold 

Optimistic half of range 
required for stability 

Stabilizing factors may be responsible for 
stability 

0 > SI 6 Defended Range cannot model 
stability 

Stabilizing factors required for stability 

SOURCE: Pack et al. (1998b). 
 
The ArcWofE (Kemp et al., 1999) is a quantitative probabilistic method combining evidence to 
support a hypothesis. Originally developed for non-spatial application in medical diagnostics, the 
method has been adapted to GIS applications in the 1980s to map mineral potential (Kemp et al., 
1999; Raines et al., 2000). ArcWofE is designed to operate with an adequate number of known 
(landslide) occurrences (training data). If no training points are available, the weighting can be 
based on expert judgment. This also allows developing various scenarios to reflect several expert 
opinions. The method is based on Bayes’ rule of probability (Bonham-Carter, 1994; Kemp et al., 
1999). The prior probability of finding a point (landslide) in a unit area is derived from the 
training point density. During the analyses, evidence is added to update the prior probability into 
posterior probability of finding a point, which either increases or decreases depending on the 
strength of the used evidence. Conditional independence is assumed between the sources of 
evidence (Kemp et al., 1999). This assumption is usually never completely satisfied. But the 
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results are not much affected if the assumption is violated (Raines et al., 2000). Correlating the 
source data with the training data creates strength (weight) of evidence (evidential themes), 
which can be in the form of binary or multi-class maps. Positive values indicate that more 
training points are related with the source data than would be expected by chance, while negative 
values indicate the opposite. A value of zero indicates that no spatial correlation could be 
identified (Kemp et al., 1999; Raines et al., 2000). In this analysis, the available data sets that 
were used as evidence included topographic data generated from the DEM (elevation, slope, 
aspect, curvature), roads and rivers, the 1:500 000 soil map, a 1:50 000 soil map covering parts 
of the study area, and the 1:50 000 land use map. The output of the model is a map showing 
probabilities of landslide hazards based on the combined evidence. Besides this map, statistical 
tables are created that allow identifying the quality of the result, and the importance 
(contribution) of each evidential theme to the result. 
 
Model validation is one of the main tasks of this study. Two issues arise: (1) The accuracy of the 
prediction, measured in occurrences of landslides falling into regions categorized as high risk by 
the model, and (2) the value of the map for decision makers, indicated by the amount of the area 
assigned to each risk category. In other words, models can be calibrated to be highly accurate, 
but practically useless, if all land is assigned the highest risk category, thereby mapping all 
landslide occurrences correctly. For the evaluation of the quality of the prediction, 40% of the 
landslides were excluded from the modeling procedure, and used for evaluation only. In 
SINMAP, this was done randomly for each calibration region. The selection by calibration 
region was chosen to avoid a possible over- or under-representation of one or more calibration 
regions. ArcWofE provides a menu that allows random selection of landslides. 
 
Results and Discussion 
 
The SINMAP modeling 
All SI values below 1 refer to conditions that are highly unstable, and thus risky. They are 
usually accounted for in three classes. Similarly, three classes describe land with low landslide 
risk. In Table 27, the three SINMAP classes that characterize risky land have been combined, 
and the percentage of landslides (training and validation data) that fell into the land assigned to 
these three classes has been calculated for the examined model settings. The area characterized 
as risky is also included in this summary. 

 
Table 27. Summary of the results from Stability Index Mapping (SINMAP): Percentage of landslides 

(correctly) located in land that was characterized as risky by SINMAP (i.e., with SI < 1), and 
percentage of area classified as risky. The ratio of correctly located landslides over the area 
characterized as risky is also given. 

 
Landslides (%) Setting 

Input Evaluation Total 
 Area2 (%) Ratio 

Expert 89 88 88  75 1.17 
Calibration 78 79 78  65 1.20 
Default 13 12 13  11 1.18 

 
The mapped results generated by model parameters based on expert knowledge (Figure 67) show 
that about 89% of the calibration landslides, and about 86% of the validation landslides, are 
located in areas with an SI of 1 or less. About 75% of the study area is classified as having SI 



 
 

133

values below 1. Classes with SI values of 0 and 0-0.5 have been combined in one class. The 
individual calibration regions contribute to this result in different ways: Regions 3, 5, and 6 have 
75% of the area classified as risky. The accuracy of prediction in these calibration regions is 90% 
(region 3) and 100% (regions 5 and 6). In calibration region 1, about 84% of the area is classified 
as risky. Accuracy of prediction is about 92%. Region 4 maps about 54% of the area with an SI 
of less than 1 with a prediction accuracy of 71%. 

 
Figure 67. Stability index (SI) map for expert settings. 
 
In the calibration, we attempted to increase the proportion of landslides captured in regions 
characterized as risky, while simultaneously reducing the area classified as such. As a result of 
parameter adjustment, the amount of the area classified as risky decreased to 65%. The accuracy 
of prediction decreased to 78% (Figure 68). In calibration regions 3, 5, and 6, the risky area is 
close to 65%. Prediction accuracy in region 3 decreased to 86%, and remained at 100% in 
regions 5 and 6. Region 1 has 69% of the area classified as risky. The prediction accuracy 1 
decreased to 58%. Region 4 reaches a prediction accuracy of about 57%, with only 48% of the 
area classified as risky. 
 
The default values, representing normal climate conditions, differed from the previous settings 
(Figure 69). Overall, about 13% of the landslides are located in areas considered risky. However, 
in region 4, about 43% of the landslides are located correctly in the 8% of the area classified as 
risky. In region 5, 25-32% of the landslides are predicted on 8% of the area, while in region 6 no 
landslides have been located correctly, although about 12% of the area is considered unstable. 
The result for region 1, where about 20% of the area is classified as unstable, is interesting. 
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Figure 68. Stability index maps for calibration. 

Figure 69. Stability index  maps for default settings. 
 
The ArcWofE Modeling 
SINMAP delivers values based on an SI; in ArcWofE, the results are probabilities. Deciding 
from what probability an area can be considered to be at risk is problematic. Of help here is the 
prior probability calculated by dividing the number of landslides by the number of unit areas. It 
is more likely to have landslides if the posterior probability is higher than the prior probability. 
For evaluation purpose, the results were reclassified into five classes: class 1 shows the lowest 
probabilities, class 5 the highest, i.e., land is most at risk of landslide occurrence. 
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Various combinations of evidential themes were evaluated to identify the setup for the final 
analysis. Criteria to select this ideal combination included comparison of the conditional 
independence, and the significance of the respective evidential theme. Accordingly, the prior 
probability of landslide occurrence was updated into a final response theme of posterior 
probabilities with evidence from the land use data, the 1:500 000 and 1:50 000 soil maps, the 
distance to rivers and roads, aspect, slope angle, and elevation. This combination of evidential 
themes has a conditional independence value of 0.88. Values below 1 indicate that one or more 
evidential themes are not completely conditionally independent (Pack et al., 1998b). If the 
assumption of conditional independence is not satisfied, the posterior probabilities will be large, 
and should rather be thought of as relative favorabilities (Raines et al., 2000). 
 
As in SINMAP, only 60% of the landslide points were used building the evidential themes and 
the response theme. Overall, 63% of the points used in the modeling process are located in land 
that has a posterior probability of landslide occurrence higher than the prior probability, 
compared to only 50% of the validation points. ArcWofE calculates the uncertainty about the 
probability values as variations about the respective value. If this variation is deducted from the 
posterior probability, only 42% of the validation landslides are located in land with posterior 
probabilities higher than the prior probability. By contrast, when variation values are added, 
about 70% of the points are located in such areas. 
 
Reclassification of the posterior probability map in five classes with equal intervals (Figure 70) 
leads to a distribution of probabilities and classes as described in Table 28. About 74% of the 
landslides fall into class 1. About 26%, or 32 landslides, are located in land assigned to classes 2 
to 5. These classes combined have a landslide density of about 2.1 landslides km-², compared to 
0.69 landslides km-² as average for the total study area. 
 

 
Figure 70. Posterior probability map. 
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Table 28. Equal interval classification of the posterior probability map with the area and landslides per class. 
 

Posterior probability  Area  Landslides (no.) Class 
From To  (km²) (%)  Input Evaluation 

1 0.000 0.124  158.15 91.3  50 39 
2 0.124 0.249    11.38   6.6  11 14 
3 0.249 0.373      2.42   1.4    4   1 
4 0.373 0.497      1.15   0.7    5   1 
5 0.497 0.621      0.20   0.1    3   3 

 
The final response theme is computed by combining all evidential themes. For this purpose, 
evidential themes undergo a weighting process. The contribution of evidence for the occurrence 
and/or absence of landslides of each evidential theme is expressed by the confidence value. High 
confidence values equal high contribution. Values below 1.96 indicate, with α = 0.05, that a 
theme does not add significant evidence (Pack et al., 1998b). The river and the soils have the 
highest contribution. 
 
The list below shows the evidential themes and the respective confidence value. The confidence 
value is a measurement of the contribution of an evidential theme towards the final result. 
 

Evidential theme Confidence value
Rivers 3.1705 
Soil 1:500,000 3.1362 
Soil 1:50,000 3.1280 
Aspect 2.9910 
Slope 2.5202 
Land use 2.1645 
Roads 1.8684 
Elevation 1.8506 

 
Conclusions 
 
SINMAP is able to distinguish between areas at higher risk, and areas at lower risk. However, 
the amount of area classified as risky is seriously overestimated. The overestimation of critical 
area greatly reduces the utility value of the result, because hotspot zones cannot be identified. 
SINMAP works with a variety of general assumptions, which are limited to situations with a 
foreseeable, hence understandable, parameter behavior. During extreme meteorological 
conditions, the behavior of certain parameters, such as subsurface water flow, might take 
surprising turns. Zinck et al. (2001) mention that the complexity of the processes and 
interactions, and the catastrophic character of landslide events make it difficult to work with 
deterministic-based models. Pack et al. (1998b) show that good results can be achieved with 
SINMAP, when it is used in landslide risk assessment for normal climatic situations. The 
application of SINMAP for normal situations in the study area allows classifying the overall 
landslide risk as low in normal years. 
 
The results from ArcWofE identify some hotspots of landslide occurrence: About 26% of all 
landslides are located within 8.7% of the total study area. Some factors that contribute to the 
likelihood of landslide occurrence under extreme climatic conditions were identified, including, 
for example, the proximity to rivers. The obvious disadvantage of the probabilistic approach is 
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the availability of data that can easily be explored with the model. However, newly available 
topography data and improved hydrologic models will likely contribute substantially to 
increasing the utility of probabilistic models under extreme climatic events. 
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Output 5. Methods of capturing farmers’ knowledge in land use decision 
support: Site-specific agronomic management in tropical cropping 
systems 

 
5.1. Site-specific development: Specific information for specific decisions 
 
Contributors: Simon Cook, Thomas Oberthür, Peter Jones, Rachel O’Brien, Douglas White; 

James Cock (IP-6); Mark Lundy (SN-1) 
 
Rationale: What is site-specific development? 
 
Site-specific development is the use of geographic information to solve practical decision 
problems typified by questions such as: “Where can I grow this?” or “What can I grow here?” 
The basic argument is: Farmers and their advisors need specific information to support specific 
decisions. Failure to provide this need burdens decision makers with errors of generalization that 
are potentially extremely costly. The value of specific information is proportional to the errors it 
removes. 
 
How will site-specific development contribute to CIAT goals of poverty alleviation? When 
people think of site-specific agriculture, they frequently associate it with precision agriculture, 
and normally picture rich farmers using high-tech equipment to control fertilizer inputs. This 
type of application of site-specific agriculture is probably irrelevant to CIAT’s research to 
support poor farmers. However, we postulate the opposite, namely that the central purpose of 
site-specific agriculture—to use geographic information to support site-specific decisions—far 
from being an irrelevance, could be essential to efforts to underpin agricultural development. 
Here we clarify the concept of site-specific development, and outline our plan to deliver practical 
outcomes that provide new opportunities for poor farmers to improve their well-being. 
 
Methods: Applying site-specific development to agricultural development 
 
The idea of site-specific development is explained through the following 4-stage approach: 
 
Step 1: Define the value of site-specific development. 
Step 2: Develop a range of applications that use site-specific information that assist farmers and 

others to make rational, knowledge-based decisions. 
Step 3: Establish a network of participants – information providers and users. 
Step 4: Through application, develop methods and tools to ease the processing of information. 
 
The aim is to establish a cyclical process of learning. Following the initial assessment, research 
should be stimulated by applications, developed in consultation with users; methods and tools are 
reviewed and applications refined for the next application. 
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Step 1: Defining the value of site-specific information 
 
Potential value of site-specific information 
Poor farmers and their advisors need information to help them advance in an uncertain world. 
Uncertainty, from factors such as climate, pests, markets, or simple preference, prevents good 
decision making. It is reduced by information. General information is helpful, specific 
information is much better. Farmers respond quickly to information that is specific about their 
area, farm, or field, because it is perceived as relevant to their particular circumstances. 
Empirical evidence suggests that perceived relevance is more important to decision makers than 
scientific accuracy. This aspect of the problem can be paraphrased as: Scientists focus on 
statements that are generally true, decision makers prefer statements that are relevant to their 
specific situation. This important aspect of the problem is expanded with reference to specific 
examples in Section 5.2 (Increasing the relevance of scientific information in hillside 
environments). 
 
The value of information is proportional to the improved decisions that are enabled by a 
reduction of uncertainty. Two errors are common, which we call here Type I and Type II. A 
Type I error occurs when a farmer fails to act in a way that would have been beneficial. A Type 
II error occurs when a farmer does something that is harmful, or at least non-beneficial. Many 
examples have been cited of Type II errors, such as deforestation, adverse crop selection, or 
marketing failure. But, despite new evidence to the contrary, the prevailing sense is that poor 
farmers appear risk averse, hence more prone to Type I errors. In short, poor farmers tend to 
change too slowly to get ahead in a world that is changing around them. Our goal is to deliver 
information to reduce both types of error. 
 
Uncertainty can be described in relation to its two components of ignorance and variability 
(Ferson and Ginzburg, 1996). Ignorance is addressed through research that explains, through 
general truths, the underlying nature of things that vary. Site-specific development addresses the 
uncertainty introduced by variable expression of those truths at a given place and time. For 
example, a plant breeder may develop a new bean variety that resists drought. While the 
variation of resistance in the field is rarely specified, in practice, field data normally reveal 
surprisingly large variance, even over short distances, that results in persistent uncertainty. This 
affects the farmer. Before adoption, a farmer is likely to want to know whether drought is likely 
in this site, this year. If the variation between sites is significant, specific information can help 
significantly reduce this source of uncertainty. 
 
Quantitative analysis of the value of site-specific information is possible, but requires an estimate 
of the “ideal” decision that would be made, given perfect foresight of the outcome. Such 
methods exist in economics. Section 5.4 (Estimating impacts of GIS research: Using rubbery 
scales and fuzzy criteria) explores some analytical frameworks for this. For now, quantitative 
analysis is deemed unworkable. In the interim, we adopt a pragmatic approach to identify the 
variation according to the following simple concept that: 
 

total variation = manageable variation + unmanageable variation  + noise 
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An interim goal of providing site-specific information is to identify manageable site variation by 
(a) reducing noise (unexplained variation), and (b) resolving (known) manageable from (known) 
unmanageable variation. 
 
How is site-specific information used? 
The value of site-specific information is related to the degree of variation that is managed. This 
becomes apparent to a farmer once a situation is clarified (i.e., noise-reduced, “drought situation 
is likely”), and the controllable component resolved (“drought controlled by changing planting 
date”). Site-specific information has two practical modes of use: 
 
(1) Site-specific information can be pushed “forward” into a problem, to answer questions 

about what might be, such as: “Where is drought likely?” “Where can I grow forage 
species x?” Or “What can I grow at this location?”4 

(2) Site-specific information can be pulled “backwards” out of field observation, to explain 
why, for example, a given variety of beans always does poorly in certain specific parts of a 
hillside. 

 
In reality, the process is cyclic. Forward predictions are compared with what actually happens 
and used to improve the model for subsequent prediction (Figure 71). 

 
Figure 71. Cyclic process of obtaining site-specific information. 
                                                 
4 Note that in standard GIS usage, the sense is reversed, i.e., forward chaining starts with evidence and searches for a 
reason for variation, backward chaining starts with a hypothesis and searches for evidence. 

Model represents 
and simplifies 
complex reality 

Forwards: 
Model predicts for the 
decision maker what 
is expected 

Backwards: 
Model interprets what 
happened for better 
decisions next time 

Real world 
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Forward application of site-specific information 
Forward application of site-specific information is simplified by prior judgment that the site-
specific information is likely to be useful, following which it is offered to the decision maker to 
assist him/her to divert resources in space or time. The classic example is the use of suitability 
mapping, which offers information that can help decide where to grow certain crops, under 
certain management assumptions. 
 
The direct users of such information are rarely farmers. Based on predefined models, this 
information has a high scientific content. It tends to be valued most by researchers or other 
specialists who know how to reinterpret the information for strategic decisions. It tends to be 
most successful when used to reduce “noise” for global or regional scale definition of spatial 
variation. 
 
Examples in this report of this approach using frequentist statistical approaches include 
FloraMap (see Section 1.4 and various applications in Sections 2.1, 2.2, and 2.3), and 
Homologue (Section 2.5). Applications using Bayesian modeling include estimation of prime 
areas for forages in Central America (Section 3.2), or catchment classification in the Andes (see 
Section 7). 
 
Backwards interpretation of site-specific information 
While forward application has been highly successful at identifying broad scale variation in site 
condition, its ability to resolve decision uncertainty tends to weaken as it approaches the locus of 
physical change. This weakness is introduced by the prior judgment about the information that is 
required, which tends to overlook other sources of decision uncertainty—such as short-range 
variation and farmer preferences—that also strongly influence decisions (see Rowe [1994] for a 
full description of the range of sources of uncertainty in decisions). Forward prediction is a 
valuable (and often the major) step towards the final definition of what types of variation are 
manageable. 
 
A complementary approach, is to work backwards from site-specific information, which 
characterizes the variation that has already occurred, and infer, with the farmers, how much of 
this is manageable. Several options exist to determine how much of this variation is manageable. 
In decreasing proportion of use these are: 
 
•  Intuition: Farmers intuitively recognize many major features of variation. While eschewed 

by scientists, intuition on the basis of partial information is widely accepted by farmers 
(and others) as the principal means of arriving at a decision. Examples from the Andes and 
Peru are included in Sections 5.2, 5.5, and 5.6. The development of participatory mapping 
tools is described in the 2002 Annual Report. 

•  Analysis of variance with respect to known factors, such as fertilizer or crop variety. 
Section 5.3 demonstrates the analysis of low-cost airborne imagery to evaluate farm-based 
crop trials. 

•  Comparison of actual observations with expectations derived from forward prediction 
expert knowledge or simulation modeling. The use of Decision Support System for 
Agrotechnology Transfer (DSSAT) v 4.9 promises a powerful local explanatory tool. 
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•  Compiled data from many sites can be used to determine the “best” practices for sites with 
specific conditions. 

 
Step 2: Application development  
 
The preceding report describes nearly 30 separate activities aimed at providing site-specific 
information for land use decisions. The decision makers in these examples are mainly 
policymakers and researchers. 
 
While we have no intention of ignoring these “high-level” decision makers, we now want to 
focus more effort on providing relevant information to farmers and other local decision makers. 
Experience shows that the general ideas must be converted as quickly as possible into specific 
applications that deliver practical outcomes, such as changing land management or accessing 
new market opportunities, and for these we have chosen high-value fruits and niche coffee, since 
these match CIAT’s mandate for work in hillsides and development of competitive agriculture. 
Concept notes are being prepared with the Tropical Fruits Program and Agro-Enterprise Project 
for submission to donors. 
 
Methods are being developed through collaboration with the Centro Nacional de Investigaciones 
de Banano (CENIBANANO) and with the Centro Nacional de Investigaciones de Caña 
(CENICANA). 
 
Step 3: Establish a network of information users and providers 
 
Experience also shows that a spectrum of participants is required to adopt the information within 
a vertically integrated chain. The network includes researchers, private and public sector 
organizations, and grower organizations. 
 
A keynote presentation at the 4th European Conference on Precision Agriculture attracted interest 
from international scientists from the University of Illinois, University of Florida, Silsoe 
University (UK), and University of São Paolo (Brazil), all of whom have significant experience 
in both precision agriculture and tropical agriculture, following which a special session on Site-
Specific Development has been invited by the President of the 7th International Conference on 
Precision Agriculture, in Minneapolis.  
 
The applications below for high-value fruits, specialty coffee, and forages all involve 
information chains that include growers organizations and extension agencies. 
 
In the hillsides of much of Central America and the northern part of South America, coffee has 
been the traditional cash crop, and its cultivation has brought wealth to regions such as the coffee 
zone in Colombia. However, coffee sold as a commodity faces the same problem as most 
agricultural commodities: real prices are declining year after year, and hence coffee farmers’ 
incomes are inexorably decreasing. On the other hand, certain areas or sites that have suitable 
characteristics can produce specialty coffees, for which there is a buoyant demand, and prices are 
good. The solution to the dilemma of the coffee growers would seem to be to produce specialty 
coffees in those sites that possess the particular conditions required for the production of high-
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quality specialty coffees, and to diversify into new high-value crops, such as fruits, in those areas 
that are not apt for specialty coffees. 
 
Within this context, spatial analysis will be used to determine which sites are appropriate for 
specialty coffee production, utilizing the information available on coffee quality and production 
on existing coffee farms. For those sites not suitable for specialty coffee, site characteristics will 
be used to determine what alternatives might be grown there, and this information would be 
coupled with market analysis to determine which of these products could readily be marketed. 
 
Step 4: Develop methods and tools for specific applications 
 
This approach is in its first year of development. Methods and software tools include: 
 
•  Homologue 
•  CropIdent 
•  Expector_clone 
•  IntelAgro 
•  Participatory 3-d mapping 
•  Kite aerial photography 
 
Discussion: A comprehensive approach to using geographic information 
 
These principals of applying spatial information to problems of rural development are not new to 
PE-4. However, site-specific development signals a significant shift of emphasis that 
complements previous research, and is intended to provide a more comprehensive framework for 
both the regional, and detailed participatory resource mapping: 
 
•  Bottom-up and top-down: The ultimate target of site-specific information is individual 

decisions made by farmers at specific locations, on the basis of local or foreign information 
that is relevant to the particular local circumstances. Thus, regional or global information 
may be redefined and complement local information. 

•  Demand driven: Objectives are defined principally from the viewpoint of the decision 
maker. The purpose is to remove uncertainty that obstructs good decision making. Decision 
makers include farmers, community or industry organizations, policymakers and 
researchers. 

•  Decision specific: Site information targets specific decisions by participants in an 
information and value chain. We track the use of spatial information through the decision 
process by means of dialogue with the users. 
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5.2. Increasing the relevance of scientific information in hillside environments 
through understanding of local soil management in a small watershed of the 
Colombian Andes 

 
Contributors: Herman Usma, German Escobar, Luz Amira Clavijo, Thomas Oberthür, 

Edmundo Barrios (PE-2), Simon Cook 
 
Abstract 
 
This research explores the question of how scientific information can improve local agronomic 
management using concepts of uncertainty classification and uncertainty management. 
Information and data on local management of soil fertility based on a local classification system 
of soil quality were collected from a small watershed in Cauca, Colombia. We argue that local 
knowledge is not sufficient to cope with uncertainty introduced by a rapidly changing agriculture 
including, for example, increasing land pressure, unpredictable market forces, and climate 
change. We have suggested how scientific knowledge can contribute to solutions, based on an 
analysis that relates Cohen’s (1985) and Rowe’s (1994) uncertainty concepts to local knowledge. 
 
Rationale 
 
Farmers generally possess a large body of knowledge about physical resources on their farms, 
but it is mainly based on what can be seen on their land, rather than on generalized knowledge. 
Although farmers are aware of the ecological changes induced by their land management, their 
understanding of the underlying causes is probably incomplete, and prevents better soil 
stewardship. This pushes the system beyond empirical evidence. The lack of specific knowledge 
concerning environmental processes, such as nutrient leaching or nutrient fixation in cropping 
systems, creates uncertainty that obstructs sound decision making when changes have to be 
made. This uncertainty prevents farmers from taking decisions that are too risky, and may have 
contributed to their reputation of being risk averse. Uncertainty is removed by information that 
explains the resources and their management, and how they may respond to change. 
Consequently, there is interest in analyzing opportunities that arise from integrating scientific 
and local knowledge. The objective of this work is to examine the usefulness of assessing local 
knowledge (e.g., Berkes, 1999), and of uncertainty management (Cohen 1985; Rowe 1994), as a 
way to identify opportunities for scientists and farmers to reduce systematically agronomic 
uncertainty. 
 
Materials and Methods 
 
Concepts of local knowledge and uncertainty  
Berkes (1999) considers traditional ecological knowledge (TEK) as “knowledge handed down 
through generations”, and local knowledge as described in this study as more recent knowledge. 
Orlove and Brush (1996) and Berkes (1999) suggest that TEK systems contain various levels. 
The first level refers generally to local knowledge of animals, plants, soils, and landscape that is 
based on empirical observation, but which by itself is not sufficient to ensure sustainable use of 
resources. That is why there is a resource management system at the second level that integrates 
local knowledge with techniques and tools. Natural resource management requires awareness of 
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ecological processes, and the appropriate use of relationships between key agronomic 
characteristics of the cropping system and management options. The third level pertains to social 
institutions, and the fourth to a worldview, including religious beliefs and ritual practices. 
Farmers taking resource management decisions in highly variable landscapes, such as hillsides, 
are always faced with uncertainty about the outcome of decisions. In describing uncertainty 
according to metrical, temporal, structural, and translational contributions, Rowe (1994) explains 
how it extends through many parts of the decision problem. Metrical uncertainty is introduced by 
errors associated with the estimation of parameters in a spatially varying resource base. 
Temporal uncertainty is associated with fluctuations of processes over time. Structural 
uncertainty is related to the imperfection of the decision model itself. Translational uncertainty 
arises from differences between the perspectives of individuals involved in the decision process. 
Farmers seeking rational decisions of what to do must opt for a strategy to deal with the 
uncertainty. 
 
Therefore, we propose extending these explanations of uncertainty with engineering, inference, 
and discounting strategies to manage uncertainty, as proposed by Cohen (1985). Engineering 
tries to reduce the range of possible outcomes by control of variation; it reduces risk, and enables 
farmers to avoid using potentially uncertain information in the decision-making process. This 
tends to be an expensive option, and is only used where the reward is sufficiently secure to 
justify the expense. The next option is to infer which of the possible outcomes is most likely. 
Information is used to determine the inference and improve its accuracy, but because the 
information is imperfect, uncertainty remains. Farmers often feel confident enough to select 
action on the basis of relatively vague or imprecise information. The third option is discounting. 
This option accepts that it is not possible or useful to control or predict the outcome with 
reasonable certainty. The most rational response is to prepare for a range of outcomes.  
 
Local farmers’ information 
Studies on land management and knowledge about local soil indicators were conducted using 
semi-structured questionnaires with all the farming families (n = 64) of the Potrerillo watershed. 
This covers about 380 ha, and is located in Cauca Department, in the mid-altitude Colombian 
Andes. Detailed land use allocation and fertilizer management were characterized in two 
representative farms of the Potrerillo watershed (Table 29). Gerardo Cifuente’s farm represents 
the trend towards market orientation, where almost the entire farm is dedicated to coffee, 
intercropped with short-term cash crops, such as papaya and plantain. Manuel Trujillo’s farm 
represents the attempt to achieve food production, some external income, and conservation goals 
with coffee-dominated yet diversified cropping systems. Slope of the farms was generated from a 
DEM. 
 
Simple nutrient balances (NPK balance = fertilizer NPK + recycled NPK – NPK removal at 
harvest) were calculated for coffee and cassava and their associated plants using low, medium, 
and high concentrations of N, P, and K in chicken manure  (low: N = 1.5%, P = 1%, K = 1.2%; 
medium: N = 2%, P = 1.2%, K = 1.7%; high: N = 3.4%, P = 1.8%, K = 2.7%) to estimate the 
gains and losses of nutrients. Papaya was not included in the balance because of lack of data. 
Avocado was not taken into account because of its low tree density. The balance estimations are 
not considered a precise model, but indicate general trends of NPK in the system. 
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Table 29. Land use allocation, field slope, and fertilizer management in two selected farms of the Potrerillo 
watershed, Cauca, Colombia. 

 
Actual land usea ALSQb CLSQc Fertilizer used Slopee 
GC1 Pasture TB Stable None 3 - 28, 22 
GC2 Coffee  TB Stable Scenario 1 5 - 26, 19 
GC3 Pasture TC >> TB None 13 - 24, 20 
GC4 Coffee TC >> TB Scenario 2 5 - 27, 16 
GC5 Coffee/papaya TC >> TB Scenario 2 3 - 25, 16 
GC6 Coffee/papaya TC >> TB Scenario 2 3 - 18, 13 
GC7 Coffee/plantain TR >> TB Scenario 2 7 - 20, 16 
GC8 Oranges TR >> TB None 11 - 24, 21 
GC9 Coffee/cassava TR >> TB Scenario 2 11 - 21, 16 
GC10 Coffee/Guamo TB << TC Scenario 3 10 - 27, 22 
GC11 Coffee TR >> TB Scenario 4 4 - 29, 21 
MT1 Cassava TR >> TB Scenario 5 10 - 21, 17 
MT2 Cassava TC Stable Scenario 5 11 - 24, 16 
MT3 Cassava TB >> TC Scenario 5 11 - 19, 15 
MT4 Cassava TB >> TC Scenario 5 11 - 19, 14 
MT5 Beans TB Stable Scenario 5 16 - 18, 17 
MT6 Cassava TB Stable Scenario 5 3 - 18, 13 
MT7 Cassava TB Stable Scenario 5 2 - 18, 12 
MT8 Tomato TB Stable Scenario 5 2 - 18, 11 
MT9 Bush fallow TR >> TB None  1 - 19, 13 
MT10 Pasture TB << TC None 10 - 22, 17 
MT11 Cassava TB >> TC Scenario 5 5 - 16, 10 
MT12 Capsicum TC Stable Scenario 5 1 - 15, 9 
MT13 Coffee/plantain TB << TC Scenario 5 14 - 17, 15 
MT14 Coffee/papaya TB << TC Scenario 5 1 - 16, 15 
MT15 Coffee/avocado TR >> TB Scenario 5 3 - 19, 15 
MT16 Bush fallow TC >> TB None 1 - 20, 15 

 
a GC = Gerardo Cifuente; MT = Manuel Trujillo; Pasture usually is Brachiaria decumbens Stapf; / implies 

intercropping. 
b. ALSQ = actual local soil quality class; TB = tierra buena (good soil), TR = tierra brava (angry soil), TC = 

tierra cansada (tired soil). 
c. CLSQ = ongoing change of actual local soil quality class towards different soil quality class; >> change 

towards, << change from. 
d. Scenario 1: (A) 250 g chicken manure, 50 g urea, and 50 g K per seedling during planting, and (B) chicken 

manure per plant for medium-aged plants (50 g) and mature plants (20 g) annually at first flowering.  
Scenario 2: (B), and 100 g chicken manure per seedling during planting. 
Scenario 3: Tree legumes as shade trees. 
Scenario 4: (B), and 50 g urea and 50 g compound 15-15-15 fertilizer per seedling during planting.  
Scenario 5: 250 g of chicken manure, and (if money available) a handful of urea per seedling during 
planting and at first flowering. Lime broadcasted before planting. 

e. Slope range and average of field (degrees). 
 
Quantitative soil information 
To help investigate local and formal knowledge, four local soil quality classes were used, and 
after consultation with farmers, 40 fields were selected representing soil classes and most land 
uses. Field centers were recorded using a GPS. Soil cores were collected (0-20 cm), one at the 
center of the field, and five within a 5-m radius around the center. The six samples were bulked, 
air-dried, and ground to pass through a 2-mm sieve. Soil analyses were conducted using standard 
laboratory procedures (Table 30). The Bray-II test was used to characterize plant-available P. 
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Fractionation of soil organic matter (SOM) following the Ludox Method was used to separate the 
light fraction SOM (LFSOM) as a sensitive measure of identifying differences in SOM in 
tropical cropping systems. Calculation of potential N mineralization (PNM) followed standard 
methodologies. 
 
Table 30. Statistics for soil samples collected in the Potrerillo watershed, Cauca, Colombia (n = 40). 
 

Soil characteristics a Unit Mean Minimum Median Maximum 
Clay %     41.00     18.00     38.00     73.00 
Silt %     28.00     18.00     28.00     42.00 
Sand %     31.00       8.00     32.00     49.00 
pH        4.20       3.60       4.20       5.10 
OC %       6.00       0.14       5.95     13.20 
PNM µgN g-1 d-1     14.00       0.20     14.00     33.00 
NO3 mg g-1       8.90       0.50       3.00     54.00 
NH4 mg g-1     13.00       1.30     10.80     55.40 
LFSOM g kg-1       1.90       0.20       2.00       4.60 
Bray-IIP mg kg-1       2.30       0.40       1.40     11.70 
K cmol kg-1       0.37       0.04       0.32       1.16 
Ca cmol kg-1       1.60       0.14       1.21       5.83 
Mg cmol kg-1       0.68       0.10       0.53       1.81 
Color      17.90       8.30     16.70     39.00 
Elevation m 1561.00 1532.00 1561.00 1588.00 
Slope degree     14.00       1.00     15.00     25.00 
Aspect degree   177.00       7.00     1850   346.00 

 
a. Soil characteristics: Clay, silt, and sand by the hydrometer method; pH KCl in 1N 1:1; OC by Walkley-

Black wet oxidation (Black, 1965); PNM, potential N mineralization (Anderson and Ingram, 1993); NO3, 
available soil nitrate (1N KCl extraction); NH4, available soil ammonium (1N KCl extraction); LFSOM, 
Ludox light fraction soil organic matter obtained by size density separation (Meijboom et al., 1995); Bray-
II P, 0.1 N HCL + 0.03 N NH4F at 1:10 soil to solution ratio for 40 s (Bray and Kurtz, 1945); K, Ca, and 
Mg, 1 N ammonium acetate at pH 7 using a 1:5 soil to solution ratio (30-m shaking; Page, 1982); color, 
Redness Index (Thompson and Bell, 1996). 

 
Statistical analyses 
Data were assessed for normality using histograms and the W value of the Shapiro-Wilk test that 
allowed a direct comparison of the distribution’s fit. The homogeneity of variance and 
covariance matrices was confirmed with Sen and Puri’s test. Summary statistics were computed 
for the soil data. Multiple discriminant analysis was applied to determine whether quantitative 
soil properties distinguish the perceived local soil classes, and to examine which quantitative soil 
properties have predictive ability within the concept of the local soil quality classes. 
 
Results and Discussion 
 
Local soil information 
The interviews with Potrerillo farmers revealed perceptions of soils and their management at two 
distinct levels. The first was of specific observable characteristics, and constitutes the local 
knowledge of the local taxonomic classification. The local soil knowledge is expressed through 
descriptive adjectives, and includes, for example, tierra negra (black, there are also other colored 
soils), tierra ceruda (high clay soil), tierra granosa (well-structured soil), or tierra humeda 
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(moist). Farmers usually relate these specific characteristics with the ability of soils to retain or 
lose water, or the ease of soil preparation. The second level integrates information about the 
specific location, native vegetation, land suitability, and the potential of the soil for change. At 
this level, farmers of the Potrerillo watershed perceive their soils as good - tierra buena, tired - 
tierra cansada, angry - tierra brava, and bad - tierra mala. This level constitutes the resource 
management system described by Orlove and Brush (1996), and Berkes (1999). Most 
importantly, the Potrerillo farmers’ concept of resource management is not static and accounts 
for the transition from one form of tierra into another. Farmers are aware that these changes can 
occur, given a certain cropping intensity or inadequate soil management. 
 
Analyzing the land use classification of the two farms selected for detailed study illustrates the 
different objectives of Potrerillo farmers. While Gerardo Cifuente produced mainly coffee for the 
market, Manuel Trujillo preferred an integrated production system with focus on coffee 
intercropping and cassava cultivation (Table 29). While Gerardo Cifuente employed the same 
fertilization strategy in tierra cansada and tierra brava, he modified this for tierra buena. 
Nutrient balances were positive for all concentrations of N, P, and K in the manure, except where 
nutrient-demanding plantains were involved (Table 31). Manuel Trujillo’s cassava cultivation 
extracts soil nutrients from his land; coffee, pasture, or fallows were used to replenish soil 
nutrient stocks. Nutrient balances of N and P were generally positive. But, in most cases, cassava 
and plantain depleted the soil’s K reserves.  
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Table 31. Simple nutrient balances for selected fields of Don Gerardo Cifuente’s farm (GC) that were 
derived by subtracting uptake of nitrogen (N), phosphorus (P), and potassium (K) through 
harvested products from inputs provided through chicken manure, and recycling of crop and 
product residues. Balances are presented for scenarios calculated with high, medium, and low 
concentration of N-P-K in the applied chicken manure. 

 
Primary (P) crop balanced 

(kg ha-1) 
 P + secondary crop 

balancee (kg ha-1) 
CNCa ALSQb 

 
Field / cropc 

N P K  N P K 
TB GC2 Coffee   11   2 40  - - - 
TC GC4 Coffee   17   3 41  - - - 
TC GC5 Coffee/papaya   17   3 41  - - - 
TC GC6 Coffee/papaya   17   3 41  - - - 
TR GC7 Coffee/plantain   20   3 41   31 32 -209 
TR GC9 Coffee/cassava   20   3 41   97 49    93 
TB GC10 Coffee/Guamo 107 16 75  - - - 

High 

TR GC11 Coffee   20   3 41  - - - 

TB GC2 Coffee     9   2 40  - - - 
TC GC4 Coffee   15   2 40  - - - 
TC GC5 Coffee/papaya   15   2 40  - - - 
TC GC6 Coffee/papaya   15   2 40  - - - 
TR GC7 Coffee/plantain   18   2 40     1 20 -230 
TR GC9 Coffee/cassava   18   2 40   58 32    66 
TB GC10 Coffee/Guamo 107 16 75  - - - 

Medium 

TR GC11 Coffee   18   2 40  - - - 

TB GC2 Coffee     9   1 39  - - - 
TC GC4 Coffee   15   2 39  - - - 
TC GC5 Coffee/papaya   15   2 39  - - - 
TC GC6 Coffee/papaya   15   2 39  - - - 
TR GC7 Coffee/plantain   18   2 39  -10 15 -241 
TR GC9 Coffee/cassava   18   2 39   44 26    52 
TB GC10 Coffee/Guamo 107 16 75  - - - 

Low 

TR GC11 Coffee   18   2 39  - - - 
 
a. CNC = concentration of NPK in chicken manure. 
b. Actual local soil quality class; TB = tierra buena, good soil; TC = tierra cansada, tired soil; TR = tierra 

brava, angry soil. 
c. Numbers refer to fields (see Table 29); / implies intercropping. 
d. Simple balance = Fertilizer NPK + Recycling – Removal at harvest. Sources of information are mentioned 

in Materials and Methods. 
e. Papaya not included because of lack of information. 
 
Quantitative soil information 
In general, chemical characteristics of tierra brava and tierra buena were very different to those 
of the other two groups; tierra buena usually had high values for total organic C, LFSOM, and 
Bray-II phosphorus, and exchangeable bases were at a moderate level except for potassium. On 
the other hand, tierra brava was generally nutrient depleted, with particularly low values for 
exchangeable bases and Bray-II phosphorus. Characteristics of tierra cansada and tierra mala 
were similar, with the notable exception of LFSOM, exchangeable potassium, and soil color 
(Table 32). Discriminant analyses revealed that color index, pH value, PNM, and exchangeable 
potassium were the characteristics with most discriminatory power (at P < 0.05). In the 
discriminant analyses, it was found that the parameters of most local soil quality classes differed 
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from one another. Tierra brava was very distinct from all other local soil quality classes, and 
particularly from tierra buena and tierra mala. Only tierra mala and tierra cansada were in fact 
similar. Furthermore, three significant discriminant functions were related with particular soil 
characteristics separating the local soil classes. The importance of individual soil characteristics 
for discrimination across the three functions, as measured by the potency index of Hair et al. 
(1992), was in the order of color index > pH value > PNM > exchangeable potassium. 
 
Table 32. Mean values for the soil samples collected in the Potrerillo watershed, Cauca, Colombia, in the 

local soil quality classes. 
 

Soilsb Soil characteristicsa Unit 
Tierra buena Tierra cansada Tierra mala Tierra brava 

Clay %     38.00     32.00     37.00     67.00 
Silt %     29.00     32.00     28.00     21.00 
Sand %     33.00     36.00     35.00     12.00 
pH        4.00       4.70       4.50       3.80 
OC %       7.80       4.20       5.60       1.20 
PNM µgN g-1 d-1     17.70        8.70     13.70       1.60 
NO3 mg g-1     13.80       4.20       3.10       3.80 
NH4 mg g-1     18.30       7.30        9.90       2.40 
LFSOM g kg-1       2.40       0.40       2.00       0.80 
Bray-IIP mg kg-1       3.00       1.80       1.90       0.70 
K cmol kg-1       0.30       0.44       0.64       0.12 
Ca cmol kg-1       1.58       2.51       1.78       0.46 
Mg cmol kg-1       0.75       0.56       0.81       0.28 
Color      11.90     25.00     18.10     35.80 

Elevation m 1556.00 1577.00 1568.00 1550.00 
Slope degree     13.00     14.00     13.00     18.00 
Aspect degree   172.00   181.00   190.00   170.00 

 
a. See Methods for details, average values; PNM, potential N mineralization; LFSOM, light fraction soil 

organic matter. 
b. Tierra buena, good soil (n = 21); tierra cansada, tired soil (n = 5); tierra mala, bad soil (n = 9), and tierra 

brava, angry soil (n = 5). 
 
Local knowledge and local soil management 
Land pressure in the region has forced local farmers to shorten the fallow period despite a proven 
approach to fallowing using indicator plants and soil indicators to guide management. These 
external pressures have led farmers to change their cropping systems. Some farmers establish 
systems that are fully market driven (e.g., Gerardo Cifuente), others focus on diversified 
production and sustainable systems (e.g., Manuel Trujillo). As a consequence, some of the 
traditional land use allocation indicators become obsolete. 
 
While the farming systems investigated employ different cropping strategies, maintaining or 
improving soil productive capacity is at the heart of the management. But in the absence of 
specific information, Gerardo Cifuente and Manuel Trujillo respond to agronomic uncertainties 
by managing the fertility of their soils largely by regular fertilizer applications (discounting), 
partly complemented by regeneration under perennial or fallow systems (inferring). This practice 
reflects a lack of detailed understanding by farmers of the underlying processes leading to soil 
nutrient availability. Farmers’ interest is in production rather than the underlying soil processes. 
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Nevertheless, better understanding can promote more efficient use of nutrient resources by 
improved synchronization of soil nutrient availability with crop demand. This improvement can 
result in reduced costs and less loss to the environment (Cobo et al., 2002). 
 
One of the problems associated with the use of locally produced and marketed chicken manure is 
its variable nutrient content. Gerardo Cifuente (Table 32) applied only small and uniform 
quantities of chicken manure, relying mainly on the contribution of tree legumes (Table 29) and 
recycling of leaves, pruning material and pulp, and parchment and skin from processing coffee 
berries. Additionally, he took into account the ability of the relatively deep-rooting coffee plants 
and Guamo trees to access a larger store of nutrients. His strategy used this information about the 
recycling of nutrients to minimize the use of externally sourced manure. Nutrient balances were 
positive for all concentrations of N, P, and K in the manure except where plantains were 
involved, and the system appeared ecologically stable. Manuel Trujillo applied substantially 
larger quantities of chicken manure, always at the same rate (Table 29). He also was growing 
more annual crops than Gerardo Cifuente, and relied much less on the nutrient pumping 
advantages of perennial systems. He was concerned to make sure that enough P was available in 
his soils that had generally low concentrations of plant available phosphorus (Tables 30 and 31). 
He tried to realize this goal by applying sufficient quantities of chicken manure (Table 33). 
However, the strategy proved to be inefficient when the nutrients in the manure were high and 
low, particularly with respect to P in tierra buena soils. This strategy is likely to contribute to the 
cyclical, probably unnecessary, transition from tierra buena to tierra cansada during intensive 
production of cassava and other annual crops (see also K values in Table 31). 
 
Local soil management and agronomic uncertainty 
Uncertainty concepts were applied to the typical decision problem faced by Potrerillo farmers of 
whether or not, how, and where to invest scarce resources of chicken manure: temporal 
uncertainty underpins many decisions where farmers have to decide whether or not a particular 
site has been depleted in nutrients, and loss of productive capacity or irreversible degradation is 
becoming a real threat. There are other sources of temporal uncertainty, such as trying to predict 
the impact of chicken manure quality on soil nutrient availability. Furthermore, unpredictable 
changes in the price can make chicken manure a costly investment that is often unnecessary 
(Table 33). 
 
Metrical uncertainty is introduced by errors associated with the estimation of the spatially 
varying nutrient supply capacity of a productive area. Smallholder hillside farmers generally rely 
only on their observational skills in conjunction with plant indicators that provide information 
about the level of soil fertility that they cannot directly measure. The issue is further 
compounded by the fact that farmers often derive their management strategy from a small sample 
of individual observations without a model on which to base predictions. For example, if a 
farmer uses indicators only found in one part of the landscape (such as dark brown soil at the 
foot slope) to derive fertilizer applications for a crop grown anywhere on the farm, metrical 
uncertainty has been increased because of insufficient indicator samples. Another source of 
metric uncertainty is the limited ability of farmers to relate the observed outcomes to a range of 
input variation. Exposure to involuntary risk is often the consequence: Manuel Trujillo 
underestimates the magnitude of inefficient fertilizer application, exposing himself to 
unnecessary financial risks. Gerardo Cifuente, on the other hand, applies a partial inference 



 152

approach, involving knowledge about the large positive effects of nutrient recycling by perennial 
systems that enables him to reduce the degree to which uncertain information, such as spatial 
variation of soil processes, is incorporated into his management. 
 
Table 33. Simple nutrient balances for selected fields of Don Manuel Trujillo’s farm (MT) that were derived 

by subtracting uptake of nitrogen (N), phosphorus (P), and potassium (K) through harvested 
products and erosion estimates for cassava monoculture from inputs provided through chicken 
manure, and recycling of crop and product residues. Balances are presented for scenarios 
calculated with high, medium, and low concentration of N-P-K in the applied chicken manure. 

 
Primary (P) crop balanced 

(kg ha-1) 
 P + secondary crop 

balancee (kg ha-1) 
CNCa ALSQb Field / cropc 

N P K  N P K 
TR MT1 Cassava  75 44  42  - - - 
TC MT2 Cassava  71 43  33  - - - 
TB MT3 Cassava  63 41  13  - - - 
TB MT4 Cassava  63 41  13  - - - 
TB MT6 Cassava  63 41  13  - - - 
TB MT7 Cassava  62 41  13  - - - 
TB MT11 Cassava  63 41  13  - - - 
TB MT13 Coffee/plantain 51 24  73  45 44 -191 
TB MT14 Coffee/papaya 51 24  73  - - - 

High 

TR MT15 Coffee/avocado 61 25  73  - - - 

TR MT1 Cassava  37 28  16  - - - 
TC MT2 Cassava  33 27    6  - - - 
TB MT3 Cassava  25 25 -14  - - - 
TB MT4 Cassava  25 25 -14  - - - 
TB MT6 Cassava  25 25 -14  - - - 
TB MT7 Cassava  24 25 -14  - - - 
TB MT11 Cassava  25 25 -14  - - - 
TB MT13 Coffee/plantain 33 16  60    5 27 -219 
TB MT14 Coffee/papaya 33 16  60  - - - 

Medium 

TR MT15 Coffee/avocado 42 17  60  - - - 

TR MT1 Cassava  24 23    3  - - - 
TC MT2 Cassava  20 21   -7  - - - 
TB MT3 Cassava  12 19 -27  - - - 
TB MT4 Cassava  12 19 -27  - - - 
TB MT6 Cassava  12 19 -27  - - - 
TB MT7 Cassava  12 19 -27  - - - 
TB MT11 Cassava  12 19 -27  - - - 
TB MT13 Coffee/plantain 26 13  53   -9 21 -232 
TB MT14 Coffee/papaya 26 13  53  - - - 

Low 

TR MT15 Coffee/avocado 36 14  54  - - - 
 
a. CNC, concentration of NPK in chicken manure. 
b. Actual local soil quality class; TB, tierra buena (good); TC, tierra cansada (tired); TR, tierra brava 

(angry). 
c. Numbers refer to fields (see Table 29); / implies intercropping. 
d. Simple balance = Fertilizer NPK + Recycling – Removal at harvest. Sources of information are mentioned 

in Materials and Methods. 
e. Papaya not included because of lack of information, avocado not included because of very low tree density 

per ha. 
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In addition, the mental decision-making model itself is uncertain, related to the imperfect 
knowledge used to create the mental model of the decision-making process leading to structural 
uncertainty. This arises because we have to portray a continuous array of processes, linked 
through space and time, and is particularly serious because hillside farmers base their decisions 
on what they can see, which may not include all relevant factors. 
 
Translational uncertainty arises from contrasts between the perspectives of individuals involved. 
For example, farmers may view information differently to the extension officers or scientists 
who advise them. Hillside farmers examine information from a predominantly pragmatic 
viewpoint, and recognize specific practical aspects of the problem that may be imperceptible to 
the advisor. Scientists may demonstrate with confidence a statistically significant difference in 
coffee yields of one particular cultivar grown in two different landscape positions, but a farmer 
may view that difference as insignificant because the price obtained at the market will not 
compensate for efforts to implement site-specific fertilization. 
 
Conclusions 
 
Rowe’s (1994) uncertainty scheme in conjunction with an analysis of cropping strategies using 
Cohen’s (1985) classification can be used as a framework to explore the potential value of 
scientific knowledge to agronomic management. Metrical uncertainty can be reduced by more 
precise definition of the relationship between inputs and response. Unlike farmers in intensive 
cropping systems, hillside farmers do not have access to modern monitoring techniques. But they 
do possess long experience and understanding. These accumulated observations can be related to 
measured soil parameters, or their local counterparts, providing opportunities for the 
development of spatially explicit indicators. This is essential for farmers, because they generally 
do not have access to measurable soil data on which to base management. 
 
Specifying the phase of crop development for which such a relationship is valid can reduce 
temporal uncertainty. Farmers have already assembled considerable experience when deciding, 
for example, when to start cultivation again in a plot under fallow. Scientists can help make 
farmers’ experiences made in traditional systems transferable to new cropping circumstances by 
relating them to underlying processes. For example, indicator plants can be selected specifically 
and grown in new cropping systems. Furthermore, temporal uncertainty may be efficiently 
reduced using crop growth modeling. 
 
To reduce structural uncertainty, scientists need to understand whether variation in soil resources 
and their interaction with other factors matters to farmers, and if so, how much of it farmers are 
willing and able to manage. Enabling farmers to pool their knowledge, and encouraging 
scientists to learn from this collected wisdom, is necessary to formulate actions in terms relevant 
to the hillside farmer, thereby establishing the basis for effective, sustainable site-specific 
management at the farm-scale. 
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5.3. Applying low altitude imagery to improve genetic resource management: The 

example of participatory selection of beans (Phaseolus vulgaris L.) 
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Mosquera, Rosa Noelia Naranjo, Juan Carlos Barona, Thomas Oberthür, 
Matthew Blair (IP-1), Andrew Jarvis, Simon Cook 

 
Abstract 
 
This study illustrates the use of spatial information with high spatial resolution in local 
management of genetic resources. Images were acquired using a developed robust technique. 
Information contained in the images was shown to be related to various bean growth 
characteristics. The information can therefore be used in early prediction of bean yields, which is 
potentially valuable for (participatory) plant breeding experiments. Because of its easily 
understandable information content and content presentation, and the robustness of the 
technology at a budget price, the methodology is a potentially powerful way of generating and 
providing information to local managers of genetic and natural resources. This report first 
introduces the technology, and then presents some research results. 
 
Rationale 
 
For some years, the value of spatial information, much of it remotely sensed, has been 
recognized. It provides information about three dimensions (coded by x, y, and z coordinates) 
that is important for implementing sustainable local land management. The goals of local 
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management include increasing farm income, reducing environmental risks, and the conservation 
and sustainable use of biodiversity. Local land managers usually know about variation in genetic 
resources associated with natural resources, but management rarely accounts for this variation. 
Without complementary information it is difficult for local land managers to control variation 
precisely. 
 
Traditionally, spatial information had generally low resolution (e.g., from long-established 
satellites such as Landsat or National Oceanographic and Atmospheric Administration [NOAA]). 
Recently, this remotely sensed spatial information from satellites has increased its spatial 
resolution, e.g., Quickbird or Ikonos. High-resolution satellite imagery provides a rich amount of 
continuous information across a region. Semi-automated or fully automated analyses of high-
resolution imagery can provide large amounts of scientific data otherwise costly and time-
consuming if taken manually. For example, information on forest plantations has greatly reduced 
the costs of monitoring, and enabled more precise management. Additionally, areas relatively 
inaccessible to ground-based measurement or monitoring can be studied with relative ease. 
However, the cost of acquisition and the form of provision limit the use for local agronomic 
management. While high in spatial resolution, the information ignores the rich understanding of 
the variable resources possessed by local experts (farmers, conservationists, etc.). 
 
If presented in an accessible form, small-scale, high-resolution information could be of 
potentially high value for local managers, for a range of problems that are more or less unique to 
the site where the information is applied. Here, even the best commercially provided, remotely 
sensed information is rarely adequate to support decision making. This is particularly so in many 
tropical smallholder farming systems. One solution is to generate and provide the information 
endogenously. Different, often hand-held instruments, or instruments mounted on mobile 
platforms measuring radiation interception and reflectance, complement destructive field 
sampling. These types of measurements have generally quickly and easily produced data at the 
point scale, but are inadequate for larger experiments or monitoring conducted by community 
research groups or applications, such as detailed local biodiversity monitoring. Only spatial 
information that enables stakeholders to overcome operational limitations can contribute to 
precise management. 
 
Recently, the potential of low aerial photography captured from kite and balloon platforms has 
been identified to overcome some of the aforementioned constraints. We make use of this early 
research to further improve the approach by benefiting from now easily available components, 
such as micro video transmitters, and lightweight construction materials. The general availability 
of technology components facilitates the development of information generation and delivery: 
Traditionally low-resolution spatial information was generally delivered top-down to institutes, 
often to address formal problems. With its availability for individual and community-based, local 
management decisions, a different process of using the information must be acknowledged. Like 
the information generation, information use is specific to the decision-making process, and needs 
to evolve within the local experts’ own frame of reference. 
 
This report aims first to introduce a technique developed for the acquisition of low altitude 
imagery that is simple, but robust, affordable, and technically sound. Second, it illustrates the 
process of information acquisition using a case study from bean selection. 
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Materials and Methods 
 
Image acquisition and processing 
The image acquisition was done using a 35-mm SLR Pentax camera or a D-40 Olympus digital 
camera, flown from kites or balloons. The whole system consists basically of kites or balloons, 
an aluminum cradle suspended from the kite line that houses camera and camera control 
components, and a ground remote control unit (Figure 72). The systems’ platform needs to be 
capable of flying in various wind conditions in a stable manner, must lift itself, the camera rig, 
and the kite line. To cope with varying wind conditions, we fly differently sized kites, and utilize 
helium balloons when high accuracy of positioning the platform is required or no wind blows. 
 

 
Figure 72. The image acquisition system including: Kite (left), camera cradle with digital 

camera (middle), and ground remote control unit (right). 
 
The camera rig is attached to the line 25-30 m below the kite or balloon, using a system devised 
in 1911 by Pierre L. Picavet to dampen the movement of the rig in the air. Frequently, because of 
strong winds, further motion dampening is desirable, and a sailcloth vane is mounted on the 
Picavet. This dampens sideway swings, and because of its dihedral shape also compensates for 
blow-aways, when the wind tilts the cradle leeward. The sail’s main carbon boom is inserted into 
a tube on top of the Picavet, and secured with a spring wire clip. The Picavet system is used with 
brooxes hangups™ that connect the Picavet system to the flying line. 
 
The cradle has a control receiver permanently attached. Clips are used to connect the antenna to 
the frame. The connected tilt servo rotates about 85°, from straight down to almost straight 
horizontal, mimicking the position of the joystick on the ground controller. The pan servo is 
attached to the upper frame with 1:4 reduction gears, topped by the suspension system used to 
connect the cradle to kite or balloon line. This servo revolves 360° endlessly to point the camera 
anywhere horizontally. If not flown, the camera set-up rests on three carbon-tube legs attached 
into sockets at either side of the cradle. A standard, 4-channel Futaba radio control FM 
transmitter is operated as the remote control of the camera set-up. Controller joysticks rotate the 
camera set-up horizontally or vertically, and operate the camera shutter. Attached to the remote 
control unit are a video receiver and a pocket TV receiver, which functions as monitor. A small 
video camera is mounted below the SLR Pentax camera that shows an approximation of the 
picture. From digital camera, however, the digital picture captured by the camera is transmitted 
to the ground, emulating the display of the camera’s Liquid Crystal Display (LCD) screen. 
Images from the digital camera are saved usually as tiff or high-resolution jpg files, and directly 
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downloaded to the computer. Infrared or standard color slide films are used with the SLR 
camera. These are scanned after development, and saved as tiff files for further processing. 
 
On the monitoring sites GCP, usually styropor plates of about 20-cm diameter, attached to small 
posts, are distributed. The geographic coordinates of these GCPs are determined, and serve to 
georeference the images. The desired final spatial resolution of the images, which determines the 
flying altitude, and therefore the area captured in one image, defines how many GCPs are 
required. Each image needs at least four GCPs for accurate georeferencing. The images were 
georeferenced in ERDAS 8.5©. Bean vegetation was classified and analyzed using the object-
oriented image analyses package eCognition 2.1©. 
 
The bean experiment 
The experiment was located in Darien, in the Cauca department of Colombia. Darien has an 
altitude of 1400 m above sea level, an average temperature of 20 ºC, and about 1300 mm of 
rainfall in a bimodal distribution. The soil is an Andosol. In April 2002, 10 different bean 
genotypes were sown in an experiment using complete randomized block design with three 
repetitions, with genotypes as treatments. The five rows in each treatment were 5 m long, and 
separated by 50 cm. A border of two rows was planted around the whole experiment (Figure 73). 
 

 
Figure 73. Monitored, complete randomized block design with 10 different bean genotypes 

in three repetitions: AFR 188, AFR 298, AFR 612, AFR 619, BRB 181, CAL 
143, CAL 96, Chocho, G 4494, and Radcerin were the tested genotypes. 

 
Images were taken at preflowering (29 April and 3 May 2002) and between flowering and pod 
filling (14 June 2002, about 1 month before harvest). During the 2 days before each image 
acquisition until 2 days after, field data were collected destructively and non-destructively. 
Destructive data collection was conducted in the fifth row of each repetition where plants were 
harvested in a 50-cm section of the row. These samples were first used for leaf area 
determination in the laboratory using a Licor LI-3100. Then samples were dried for 72 h at 70 
°C, and dry weight determined for stems, leaves, and pods. Diameter and height were recorded 
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for one plant in the second and one plant in the fourth row at each image acquisition. 
Fluorescence and chlorophyll estimates were taken at these two plants, using the readings of a 
PEA Hansatech and a SPAD 502 Minolta respectively. These readings were taken at leaves 
where a clip was used to temporarily interrupt the photosynthesis. Grain weight was determined 
at harvest for each repetition from the total area. Data from these measurements were analyzed 
statistically using the methods of moments, analyses of variance (ANOVA), and linear 
regressions. 
 
Results and Discussion 
 
Figure 74 illustrates the image analyses results: The original photograph was georeferenced in 
ERDAS and then segmented in eCognition into groups of image cells, i.e., objects, by 
maximizing differences between the objects with respect to object shape and color. The objects 
were used in a supervised classification to separate and classify bean genotypes. Classified 
images were analyzed in a GIS to quantify vegetative area. Vegetation information was then 
analyzed together with ground information from field sampling. 

 
Figure 74. Original photographic image (a) georeferenced in ERDAS, and (b) subjected to a 

segmentation and classification in eCognition to facilitate the quantification of 
bean growth characteristics. 

 
Statistical analyses are presented below using data derived from images taken with a digital 
camera 29 April, 3 May, and 14 June, and field data obtained at harvest on July 10 (all in 2002). 
Yields range from less than 728 kg ha-1 to 1588 kg ha-1. The ANOVA analyses presented in 
Table 34 confirm that the differences of bean yields between genotypes are highly significant at 
P < 0.01. 
 
Similarly, vegetative area data derived from images taken at three different dates (29 April 2002, 
3 May 2002, 14 June 2002) were subjected to statistical analyses. The results of these analyses 
are shown in Table 35. Clear differences are seen between the genotypes and over time.  
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Table 34. Bean yields (kg ha-1) from genotypes used in the selection experiment (complete 
randomized block design with three repetitions) at Darien, Valle del Cauca, 2002.  

 
Bean yield, three repetitions (kg ha-1) Genotype 

Meana s 
CV 

AFR 188      954 bcd 160 17 
AFR 298     1066 bcd 326 31 
AFR 612    886 cd 315 36 
AFR 619 1588 a 726 46 
BRB 181     1348 abc 618 46 
CAL 143   1395 ab 579 42 
CAL 96       911 bcd   46   5 
Chocho   759 d 253 33 
G 4494      1080 bcd 255 24 
Radcerin    728 d 173 24 

 
a. Results from a post-analysis of variance (ANOVA) Duncan’s multiple range test for 

genotype yield differences are included. Yields followed by different letters are highly 
significantly different from one another. 

 
Table 35. Bean vegetative area derived from digital camera images taken at three different 

dates. 
 

Mean bean vegetative area from three repetitions in m2 Genotype 
10 May 2002 17 May 2002 23 June 2002 

AFR 188 0.68 2.72 5.98 
AFR 298  1.46 4.02 4.50 
AFR 612 0.74 3.09 5.33 
AFR 619 3.53 6.05 8.06 
BRB 181 1.21 3.33 6.09 
CAL 143 1.95 4.26 7.57 
CAL 96 0.80 2.94 3.79 
Chocho 1.00 2.77 2.69 
G 4494 1.02 3.36 6.14 
Radcerin 0.55 2.49 4.22 

 
Vegetative growth is clearly observable until the last date of image acquisition, which is about 1 
month before harvest. Comparison with data presented in Table 36 illustrates a clear relation 
between vegetative area and bean grain yields. To further reveal the relationships between 
vegetative growth characteristics and crop performance, correlation analyses were conducted 
using data from non-destructive field sampling (i.e., image information, and plant height and 
diameter) together with data from destructive field sampling and laboratory analyses (i.e., yield 
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data, dry matter, and laboratory leaf area index information). Various interesting facts are 
revealed, including: 
 
•  Correlation between yield and data from non-destructive sampling is generally strong, but 

highest between total biomass and vegetative area. 
•  Vegetative area determined from images, and leaf area index determined in the laboratory 

are generally very highly correlated. The strength of correlation decreases, however, in the 
late phase of crop development. This is probably related to the fact that image-derived 
vegetative area will include more non-leaf components in this late development phase of 
the plant. 

•  Vegetative area derived from images corresponds also very well with dry matter samples 
determined destructively during the growing phase. The observation made above, that the 
correlation strength decreases in the late phase of plant development, holds also for 
vegetative area-dry matter relations. 

•  It appears that only few image data are sufficient in the first development phase of the plant 
as, for example, information generated from images that were taken on 17 May 
corresponds well with field observations made on 11 and 24 May. 

 
Table 36. Pearson correlation coefficients between bean growth characteristics determined non-destructively 

in the field or using images taken by digital cameras, and destructively using field sampling and 
laboratory analyses. 

 
Destructive  Non-destructive 

 Vegetative areab  Plant diameterc  Plant heightd Growth 
characsa. 

Veg. 
areab 

 10.05. 17.05. 23.06.  11.05. 24.05. 19.06.  11.05. 24.05. 19.06. 
Grain yield 11.07  0.71 0.71 0.62  0.35 0.57 0.60  0.30 0.65 0.51 
Total yield 11.07  0.81 0.84 0.81  0.50 0.60 0.55  0.36 0.62 0.49 
LAI 11.05  0.76 0.73 0.39  0.47 0.54 0.38  0.27 0.42 0.27 
BML 11.05  0.78 0.73 0.41  0.48 0.57 0.39  0.29 0.50 0.36 
BMT 11.05  0.75 0.72 0.37  0.48 0.55 0.39  0.30 0.47 0.32 
LAI 24.05  0.85 0.83 0.54  0.59 0.58 0.51  0.38 0.51 0.33 
BML 24.05  0.86 0.84 0.56  0.60 0.58 0.48  0.36 0.51 0.34 
BMT 24.05  0.84 0.80 0.49  0.59 0.53 0.49  0.36 0.46 0.28 
LAI 19.06  0.61 0.67 0.65  0.27 0.63 0.50  0.27 0.65 0.53 
BML 19.06  0.53 0.59 0.65  0.20 0.57 0.45  0.25 0.64 0.55 
BMT 19.06  0.60 0.65 0.48  0.28 0.53 0.40  0.23 0.55 0.41 

 
a. LAI, leaf area index determined in the laboratory from a sample taken in a 50-cm section of one row from 

each repetition; BML, dry biomass of leaves, derived from a 50-cm section of one row in each repetition; 
BMT, dry biomass of whole bean plants, derived from a 50-cm section of one row in each repetition. 

b. Area covered by bean vegetation derived from images taken by a digital camera. 
c. Plant diameter, average for a repetition from two plants. 
d. Plant height, average for a repetition from two plants. 
 
Encouraged by these results, the possibility of using information from non-destructive sampling 
for prediction of bean yields was examined. Simple linear multiple regression approaches using 
models and without intercept were applied to the data. Three regression approaches are presented 
in Table 37, one that exclusively uses information about vegetative area of the bean plants 
derived from images acquired with a digital camera, and two approaches that also include easily 
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obtainable information from non-destructive field sampling. One of these approaches uses a 
regression model without intercept. The moderately high to very high R-squared values are an 
indicator that the models fit the data well. The developed models explain generally more than 
50% of the variance in the data; the model without intercepts almost 100%. 
 
Table 37. Results from regression analyses conducted to evaluate the possibility of predicting bean grain 

yield from image information and non-destructive field sampling. 
 

Regression parameters Analysisa Plant characteristics 
BETA B Intercept R2 Adjusted R2 

Vegetative area  17.05  0.15   3.25    
Vegetative area  23.06  0.26   2.59    
Vegetative area  10.05  0.40   9.90    

A 

    21.51 0.55 0.50 
Vegetative area  10.05 -0.03  -0.69    
Plant height  24.05  0.30   0.68    
Plant diameter  19.06  0.32   1.39    
Plant diameter  11.05 -0.56  -5.94    
Vegetative area  17.05  1.16 22.81    
Vegetative area  23.06 -0.34  -3.61    

B 

    23.12 0.78 0.68 
Vegetative area  17.05  1.08 18.97    
Plant height  24.05  0.45   0.75    
Plant diameter  11.05 -1.00  -4.28    
Plant diameter  19.06  0.73   1.53    
Vegetative area  23.06 -0.28  -3.09    

C 

    - 0.96 0.95 
 
a. A: Only vegetative area, derived from images acquired by digital camera at three flight dates, was used as 

independent factor. Information from all repetitions and all genotypes was included.  
B: In this regression, information from images, and information from non-destructive field sampling, i.e., 
plant height and diameter from three different dates, were used. However, only two repetitions per 
genotype were used to develop the regression models. Grain yield data from the other 10 repetitions were 
reserved as validation data. 
C: As B, except that no intercept as used in this regression analyses, and the origin was forced to zero. 

 
The B coefficients indicate the contribution of the various independent factors to the model. It is 
interesting that vegetative area around flowering (mid-May) has consistently a high positive 
contribution to bean yield prediction. By contrast, vegetative area determined in the phase of pod 
filling often contributes negatively to yield. It is also noteworthy that the early measurements of 
plant diameter indicate a negative contribution to yield development of this growth trait. 
However, this changes in later growth stages. This may be related to the fact that large plant 
diameters early in the plant development prevent an optimal development of plant density, while 
diameter becomes important in the later growth phases when optimal plant density has been 
established. 
 
The regression models that include information from images and field sampling have been 
developed and trained using only 2/3rd of the available data. The other one third was used as 
validation data. 
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In conclusion it can be said that: 
 
•  There are strong relationships between information contained in aerial images captured in 

low altitude, using kites and globes, and growth characteristics of beans. 
•  Information derived from these images has therefore the potential to: 

(1) Replace destructive field sampling;  
(2) Generate parameters for crop growth simulation models; and  
(3) Serve as decision aid in plant breeding experiments, but particularly so in participatory 

plant breeding. 
 
 
5.4. Estimating impacts of GIS research: Using rubbery scales and fuzzy criteria  
 
Contributors: Douglas White and PE-4 staff 
 
Abstract 
 
Research projects that use GIS produce many economic, environmental, and social impacts that 
are difficult to determine and compare. Knowledge, information, and training are upstream 
research outputs that modify decisions and policies, which in turn lead to final impacts. The 
complexity of this domain, however, prevents such a linear cause-and-effect analysis. Other 
contextual forces, both past and concurrent, also affect change directly and indirectly. Changing 
markets and policies, along with the effects of other projects and shared learning processes, 
obscure the ability to attribute impacts to any single effort. Comparing research projects implies 
also determining inputs. Projects have different time frames and levels of financial and scientific 
resources. Moreover, projects involve different levels of beneficiary/partner participation at 
different geographic scales, and may require years to realize impact. Such an intricate backdrop 
obstructs effective project planning and evaluation. Here we develop a rapid and comprehensive 
method to systematically estimate impacts and effectiveness of GIS research. Six summary 
criteria are used: three represent the development goals of poverty alleviation, environmental 
preservation, and economic growth; two scalar criteria refer to how different spatial scales and 
levels of participation affect the process by which research influences the development goals; 
and one criterion reflects the cost of research. Using qualitative measures, scientists assess the 
potential impacts of their numerous research projects. A case study of the CIAT Land Use 
project demonstrates that qualitative measures can be used to compare research projects. 
Analysis results reveal numerous positive and negative correlations amongst the six summary 
criteria. The methods employed provide a transparent framework for periodic scientist discussion 
that facilitates better goal definition and project improvement. 
 
Rationale 
 
Natural resource management and integrated natural resource management (INRM) are relatively 
new CGIAR objectives.5 In addition to increasing agricultural productivity, research objectives 
                                                 
5 The distinction between NRM and INRM can be subtle; for more on the evolution of these approaches see 
Douthwaite et al. (2003), Fujisaka and White (2003). Here, we do not distinguish between the two; the term INRM 
is used to describe both. 
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added broader development objectives of: (1) alleviating poverty, (2) preserving the 
environment, (3) spurring economic growth, and (4) facilitating organizational/institutional 
change. While these objectives were sometimes embedded within earlier research efforts, they 
have become more explicitly important following the vanguard of modern ecological and social 
science. 
 
But identifying and measuring the impacts of such an extensive INRM research agenda remains 
difficult. For example, GIS research is upstream products of knowledge, information, and 
training that modify decisions and policies, which in turn lead to final impacts. Two major issues 
confound efforts to assess its impact: (1) clearly identifying the multiple cause-and-effect 
relationships, and (2) determining appropriate precision of measurement instruments. The 
objective of this study is to provide a rapid, comprehensive, and generalized method to evaluate 
the impact of GIS research. Three objectives of INRM—poverty alleviation, environmental 
preservation, and economic growth—are used as summary development goals (Reardon and 
Vosti, 1995). Research outputs affect change with respect to one, two, or all three. A pair of 
additional measures considers the process by which research influences the development goals: 
(1) the level of participation, and (2) the spatial scale at which research, and impacts, take place. 
Impacts are evaluated in a systematic and transparent manner using qualitative criteria. Research 
outputs of the CIAT Land Use project serve as the case study. 
 
Methods 
 
We employ three unconventional methods to comprehensively estimate the impact of INRM 
research projects. One, multiple evaluation criteria correspond to the numerous objectives and 
sub-objectives of INRM. Two, scientists subjectively assess the impact of their own projects. 
Three, elicited responses are qualitative measures analyzed using descriptive statistics and 
correlations between the multiple objectives. 
 
The multiple objectives inherent to INRM research require appropriate recognition and 
measurement of different impacts. Six summary criteria are used to estimate the impacts of 
research projects, similar to those used by Kelly et al. (1995), Campbell et al. (2001), and the 
International Livestock Research Institute (ILRI; Kristjanson and Thornton, 2002). Three criteria 
relate to the development goals of poverty alleviation, environmental preservation, and economic 
growth; two scalar criteria, level of participation and geographic scale of research impact, take 
account of INRM processes; one summary criterion estimates the cost of the research (Figure 
75). Together, these criteria answer the basic questions of what, when, where, how, who, and 
how much. 

 
Figure 75. Impact assessment of integrated natural resource management research and 

questions addressed. 
 

Development goals (what, when) 
Poverty alleviation (Equity) 
Environmental sustainability 
Economic growth 

Scalar adjustments 
Geographic (where) 
Participation (how, 

h )

Research costs (how much)
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The three development goals form the first half of the summary impact criteria. They encapsulate 
the key objectives of INRM research—the what question. As they appear, however, the three 
criteria are difficult to understand, and require additional criteria in order to minimize 
individualistic interpretations. Two of the goals, environmental preservation and poverty 
alleviation, use a pair sub-criteria in order to evaluate relative importance of the problem, and the 
ability of the research project to affect change. These sub-criteria have a temporal aspect to 
them—the when question. Severity refers to the current state of the problem, whereas 
vulnerability considers future seriousness of the problem being addressed by research. The 
vulnerability component attempts to address perceptions of fragility or lack of resilience to 
exogenous shocks. The third goal, economic growth, employs more traditional economic 
measures. Since the poverty alleviation goal captures aspects of severity and vulnerability, the 
economic growth criterion is relatively straightforward. A research project is evaluated according 
to the size production difference, and what the change represents within overall household 
income. More sophisticated economic models could be used in order to more accurately estimate 
the economic benefits, but again they are time consuming and expensive to implement. 
 
Two scalar criteria address the process aspects of INRM research impacts. The first scalar 
estimates the geographic coverage impact—the where question. Given that development 
processes occur at different organizational levels, INRM research includes higher scales of 
analysis above the field plot and farm. Research may have a tendency to focus on a specific 
region and have pervasive effects, or research may be wider in scope and influence a lower 
percentage. To capture this possibility, estimates are made regarding the percentage of people or 
land area affected at four different scales—community, nation, continent, and globe. In the case 
of economic impacts, the geographic scalar estimates both the rate of adoption per given area and 
at different area scales. 
 
The second scalar refers to the level of participation—the how and who questions. Research that 
includes other scientists and development workers is deemed to have higher “buy-in”, so impacts 
have a higher probability of occurring and lasting longer. Beneficiaries of research take on more 
active roles by determining and implementing the research and development agenda. Such a 
participatory approach is seen to be more sustainable—following the adage of “teaching a person 
to fish.” As a result, INRM approaches empower numerous people, ranging from farmers and 
extension workers to policymakers and fellow scientists. Besides improving the potential of 
individuals, these efforts also build social capital that encourages development processes. 
 
To capture the human and social capital impacts, research outputs are evaluated according to a 
scale of participation. The scale functions on a cumulative basis. Research that produces 
scientific journal publications alone has the lowest score. Adding technical reports/Web site/CD-
ROMs raises the score to the next level. The previous outputs, along with training and the 
establishment of a user/discussion network, receive a higher score. A demonstrated policy 
change, at any spatial scale from community to globe is the highest level. This scale estimates 
the level of policymaker empowerment at scales ranging from the farmer, who is a private 
policymaker/manager, to administrators who may influence policy over much larger spatial 
areas. 
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The final criterion addresses research costs—the how much question. Research costs are a 
function of the number of scientists involved, the percentage of time they dedicate to the project, 
and the number of years the project requires. This estimate also serves as an estimate of the size 
of the project. 
 
A case study of intermediate INRM impact: GIS research 
Geographic information systems with associated spatial analysis are an example of INRM 
research that does not lead to direct impacts. Nevertheless, research does have influence; the 
challenge is to derive valid estimates of impacts. Scientists of the Land Use project evaluated 
their research projects (n = 31) according to the above criteria (see list below). Qualitative 
measures systematically recorded their subjective assessments. Measures were intentionally 
imprecise to avoid pseudo-precision. Four categories were employed, scores ranging from 0 to 3; 
intermediate values were also used (e.g., 2.5). Higher values represent positive, desired traits. 
Table 38 presents a summary of the criteria, subcriteria, and qualitative scoring scales. 
 

Research projects of the Land Use project. 
Climate database 
FloraMap 
MarkSim 
Accessibility and spatial interaction analysis 
Food security and poverty mapping 
Consortium of Spatial Information 
DSS for agricultural projects and land use 
Rural sustainability indicators 
Role of local knowledge in NRM 
High spatial resolution imagery 
Participatory 3-D mapping 
Targeted wild relatives conservation 
Wild beans and climate change 
Maize and climate change 
Whitefly and climate change 
Food insecurity mapping (Ecuador) 

Local and scientist views of NRM 
Spatial interactions of dairy production 
DSS of Andean infrastructure 
Basic needs index for Central America. 
Landslide prediction 
Land use change Nicaragua 
Socio-spatial decisions of forages 
Measure/model forest biodiversity 
Genotype selection in participatory bean 
exp. 
Cassava resilience on hillsides 
Soil macrofauna at catchment scale 
Remote sensing for planning 
Tropical precision agriculture 
Land use planning training (Ecuador) 
Ecoregional research network 

 
All subcriteria except those of geographic scale are equally weighted. Since a central objective of 
the CGIAR is to produce international public goods, research that affects change at larger 
geographic scales receives greater weight. Amongst the four categories (community, national, 
continental, global), the two lower scales use a multiplier of 0.2, while the latter scales are 0.3, 
thereby summing to one. 
 
Scientists scored their research projects within an electronic spreadsheet. Estimates were not 
made in isolation; scientists compared their evaluation scores with those of other projects. Cells 
of the spreadsheet acquired darker hues as scores increased, in order to facilitate rapid visual 
recognition of the score, and comparison with other project assessments. The survey instrument 
was administered with the author present to clarify questions. 
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Table 38. Impact assessment criteria of integrated natural resource management research and 
qualitative scales. 

 
Goal / process criteria Subcriteria Qualitative scale descriptors 
Economic impact Production change 

Percentage of household 
income 

0 = none 
1 = low 
2 = medium  
3 = high 

Environmental impact Severity 
Vulnerability 

0 = negative  
1 = neutral  
2 = good 
3 = excellent 

Poverty alleviation 
impact (Equity) 

Severity 
Vulnerability 

0 = none 
1 = low 
2 = medium  
3 = high 

Geographic coverage 
(population affected) 

Community 
National 
Continental 
Global 

0 = 0-24% 
1 = 25-49% 
2 = 50-74% 
3 = 75-100% 

Participation  
(level of 
decentralization) 

Scientists 
Development workers 

0 = only scientific journal 
publications 

1 = plus technical reports/Web 
site/CD-ROM 

2 = plus training/networks 
3 = plus policy change 

Research cost No. of scientists 
Percentage of time 
Time period (years) 

0 = none 
1 = low 
2 = medium  
3 = high 

 
Systematic inquiry of the development goal, processes, and costs enables the examination of 
various hypotheses:  
 

Ho: Survey results of GIS research projects are homogenous 
Scientists will be unwilling to distinguish the potential impacts of their research outputs.  
 
Ho: Perceived impacts of GIS research are equal with respect to three development goals   
Research projects are multi-objective; investments demonstrate a balance amongst the goals. 
 
Ho: Research at higher spatial scales is inversely related to decentralized research approaches 
Participatory approaches typically occur at local levels. GIS research and analysis at higher 
scales, as with policymakers, is rarely collaborative. 
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Ho: Higher cost research is more decentralized 
Participatory research processes require more time to coordinate efforts, and have expensive 
travel costs. 
 
Ho: Research to alleviate poverty spurs economic growth 
Issues of economic growth are highly important to the reduction of poverty. 
 
Ho: Poverty alleviation research focuses on site-specific regions 
The issues of poverty are highly contextual, requiring in-depth analysis of geographic 
regions. 

 
Results and Discussion 
 
Analysis of the qualitative data provides numerous insights into how GIS scientists view the 
influence of their research. The qualitative data enabled rapid and systematic examination of 
general interrelationships between development goals, processes, and costs. Quantitative 
summary statistics (e.g., mean, standard deviation, and correlation coefficients) were used to 
analyze the elicited scores. In comparison to quantitative analyses, the potential of qualitative 
analyses to make detailed inferences has many limitations. The qualitative measures employed 
do not use a common metric, therefore results amongst the different measured criteria are not 
directly comparable. 
 
Scientists estimated modest impacts of their research on average (Figure 76). GIS research was 
seen to have similar qualitative effects (~1.6) on economic growth and environmental 
preservation. Since the two qualitative scales differ, these translate into medium-low impact on 
economic growth, and between neutral and good impact on the environment. Research toward 
the equity goal had stronger perceived impact (1.9). This result reflects the poverty alleviation 
strategy and tactics of the GIS project. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 76. Ex ante impact assessment estimates of Land Use project (mean, standard 

deviation). 
 
The standard deviations about the mean of the elicited responses were similar, about 0.46 for the 
economic, environment, and participation criteria (Reardon and Vosti, 1995). These somewhat 
large standard deviations imply that researchers were able to distinguish different levels of 
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project impact, and rate them accordingly. The process criteria of INRM also received medium-
low ratings, along with the cost index. Again, all comparisons between the indices must be made 
with care; elicitation of responses was accomplished by evaluating a research project per criteria. 
No assessments regarding the relative importance of the criteria were conducted. These summary 
results are more a demonstration of the behavior of the indices than a comparison between the 
distinct criteria. 
 
Correlation coefficients examine general tendencies of the qualitative data and produce logically 
consistent results (Table 39). The correlation coefficients compare the entire group of projects 
with respect to the development goals, processes, and costs. Some results were anticipated, 
others not. An expected result, for example, was that research that addresses economic growth is 
highly correlated (0.62) with poverty alleviation (equity). The criteria appear to have much 
thematic overlap. Also, impacts of the development goals are highly correlated with research 
costs, ranging from 0.40 with economic development to 0.67 of environmental preservation. 
Surprisingly, however, more participatory approaches are only slightly positively correlated with 
research costs, 0.25. At the risk of pseudo-precise results, correlations greater than 0.37 are 
statistically significant at α =0.05. 
 
Table 39. Correlation coefficientsa of geographic information systems research impacts. 
 
 Economic Environment Equity Participation Geographic Cost 

Economic 1.00 -0.11 0.62* -0.06 0.27 0.40* 
Environment  1.00 -0.08 0.36 0.20 0.67* 
Equity   1.00 -0.22 -0.23 0.59* 
Participation    1.00 -0.30 0.25 
Geographic     1.00 0.42* 
Cost      1.00 

 
a. * statistically significant (r > 0, α = 0.05). 
 
The levels of research participation are positively and negatively correlated with the different 
development goals. Participatory methods are positively correlated with the environmental 
research, but are negatively correlated with themes of economic growth and equity. This result 
may be due to the management requirements of natural resources by local people, whereby 
participatory approaches are more effective. A negative correlation between increased 
participation and larger geographic scales (-0.30) appears to support this result. Also, research at 
the community level reveals a tendency of employing a more participatory approach (correlation 
coefficient = 0.38). 
 
Of the six criteria examined, geographic scale contains the most subcriteria. A more detailed 
analysis of responses reveals that scientists perceive that their research has more pervasive 
impact at smaller scales (Figure 77). Average assessments of impact, equally weighted, range 
from medium (1.9) at the community level to just above low (1.1) for global. The variation about 
the mean also changes according to scale. From national to global scales, standard deviation 
becomes larger as scale increases. The standard deviation of GIS research impacts at the 
community level was relatively high. 
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Figure 77. Perceived impacts of geographic information systems research per geographic 

scale (mean, standard deviation). 
 
Correlation coefficients of the geographic subcriteria are both negative and positive (Table 40). 
Community level research is negatively correlated with all higher scales, ranging from –0.13 at 
the national level to –0.59 continental level. This implies that research that has greater perceived 
impact at specific communities is not easily generalized. Research impacts at higher scales are 
positively correlated. This could mean that once beyond the community level, research impacts 
are generally applicable and scales have less distinction and fewer implications. The high 
positive correlation between global and continental research supports such an inference. 
 
Table 40. Correlation coefficients of geographic information systems research impacts at 

geographic scales. 
 
 Community National Continental Global 

Community 1.00 -0.13 -0.59* -0.36 
National  1.00 0.45* 0.29 
Continental   1.00 0.70* 
Global    1.00 

 
a. * statistically significant (r > 0, α = 0.05). 
 
Returning to the hypotheses posed in the previous section, many of them were founded. 
Scientists were willing and able to distinguish the potential impact of their research outputs. 
Variability in responses was reflected by the standard deviations about the means. Scientists also 
assessed different levels of impact to the three development goals. The overall mean of the three 
goals by project was 1.6, with a standard deviation of 0.4. This is the average of the means, 
which is not equal to the mean of the averages (1.7) as depicted in Figure 77. 
 
Participatory GIS research is more costly. Time required to coordinate research with others is 
likely to be longer than a scientific publication strategy. Travel costs are also likely to increase 
when more people are involved. With respect to specific development goals, some analysis 
outcomes are expected. Results fail to reject the hypothesis that GIS research impacting 
economic growth also alleviates poverty. The two impacts of research projects are highly 
correlated (0.62). In contrast, GIS research that addresses poverty alleviation does not 
necessarily occur at a community scale. Projects demonstrate a nearly negligible positive 
correlation (0.07). 
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GIS research benefits (i.e., impacts) tend to increase as costs increase (Figures 78 and 79). Both 
cost and benefit estimates demonstrate sufficient dispersion, supporting the inference that 
scientists could distinguish their work using qualitative measures. Vertical groupings of results 
are an artifact of the categorical nature of the cost estimates and equal weighting of the 
subcriteria. Scientists tended to respond using integers and in-between half values (e.g., 2.5). 
This could signify that insufficient detail was provided with the subcriteria and associated scales, 
thereby causing scientist to respond with broad estimates. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 78. Benefits (additive scales) versus costs of geographic information systems projects. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 79. Benefits (multiplicative scales) versus costs of geographic information systems 

projects 
 
Summary analyses using two different associations amongst the criteria reveal different results. 
Figure 78 is based upon a simple additive association, where total score is the sum of the five 
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criteria. All the criteria are weighted equally. In Figure 79, the three development goal impacts 
were scaled by the level of participation and geographic coverage. The process criteria were used 
as multipliers. As a result, the summary scores of many of the projects change, as can be seen by 
the different estimate positions within the vertical groupings. 
 
Discussion 
 
The use of unconventional methods to estimate the impact of INRM research projects raises 
more questions than it answers, especially with regard to: (1) goals and their definitions, (2) 
multiple interpretations and measurement, and (3) their relation and analysis. 
 
One, the comprehensive nature of INRM research requires that impact assessment (IA) include 
multiple evaluation criteria that correspond to numerous objectives and subobjectives. But 
achieving accurate measures against criteria are another matter. Given the complexity of research 
projects and their impact context, the use of precise measures would be invalid. The goals of 
INRM research are subjective concepts that not only are ill defined, but also are distortable by 
emotion or personal bias. Despite estimation challenges, many scientific disciplines attempt to 
objectively measure subjective phenomena. Psychologists, for example, estimate intelligence and 
personality traits (Dalkey and Rourke, 1971). Such characteristics are imprecisely defined, and 
thus open to interpretation. Similarly, economists use survey instruments to measure subjective 
characteristics, for instance consumer preferences. Although these types of estimates are not 
considered to be highly exact, they provide a basis with which to analyze difficult-to-define 
subject matter. The initial broad tendencies can be identified, contrasted, and further explored. 
 
Two, eliciting expert opinion is one manner in which to estimate research impacts. Personal 
biases and preferences, however, can affect responses. Overstating research impact is a tempting 
strategic behavior to satisfy desires of professional advancement or personal ego. Although 
personal subjective judgments remain within an evaluation, the transparent peer-review 
evaluation process minimizes such potential behavior by providing a checks-and-balances 
system. 
 
Many concepts are ill defined because of multiple themes embedded within. Poverty, for 
example, is a well-known concept, but difficult to fully characterize. Besides a World Bank 
definition of income being less than $1 per day, other aspects of the condition require 
recognition, such as empowerment, opportunity, and nourishment. Thus, the use of subcriteria 
that represent aspects of the larger concept facilitates more general understandings, and reduces 
personal interpretations. 
 
Three, qualitative measures limit the ability to conduct rigorous quantitative analysis. Partly as a 
result of unclear goal and criteria definitions, this study relies upon direct comparison between 
projects in order to estimate impacts. Since the categorical evaluation scales do not always 
provide consistent interval measures (Scheibe et al., 1975), the associated numerical values need 
to be analyzed with caution. For example, the concepts and criteria of the poverty alleviation and 
economic growth development goals appear to overlap. This may lead to problems of double 
counting, which in turn may skew summary results away from the environmental preservation 
goal. Similarly, the process criteria of GIS research, participation, and geographic scale, could 
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also benefit from further refinement. Their relationship to the development goals, whether 
additive or multiplicative, also requires discussion. 
 
The weights of the indices are subjectively determined. Analysis results directly depend upon the 
weights, since they determine the relative importance of the criteria. The ILRI study, for 
example, established their relative values via expert opinion. Yet, other views of diverse INRM 
stakeholders are also important to consider (Kelley et al., 1995). Future research could contrast 
the preferences and priorities of stakeholder groups with Analytical Hierarch Process (Saaty, 
1995) or Delphi (Turoff, 1970) methods. 
 
To describe processes, research-to-development causal pathways are often used to explicitly 
document the intermediate links between the final impacts of research outputs (Gottret and 
White, 2001; Douthwaite et al., 2003). Pathways help establish a plausibility of impact by 
explaining the context, and identifying conditions or concurrent interventions that are required in 
order for impacts to occur. Three points along the path are distinguished: (1) outputs, immediate 
products of a project after using the given inputs, (2) outcomes, consequences of the outputs, and 
(3) impacts, the broader and longer-term goals. Scientist responsibility and control over specific 
activities declines as one moves along the pathway from a research output to a development 
impact (Smutylo, 1998). Causal pathways, however, are difficult to compare since no summary 
measures are developed. The participation criteria used in this study attempt to estimate the 
strength and magnitude of the pathway links. Indicators of participation could include more 
detailed assessment of processes, such as those of Biggs (1989) and Lilja and Ashby (1999). 
 
Questions of analytical rigor 
Quantitative economic IAs of Green Revolution crop improvement research established a high 
standard for broader INRM impact assessment approaches to meet. A single monetary value 
describing research benefits has indisputable appeal when making decisions. Such an estimate is 
easy to comprehend and compare with other research efforts.  
 
Impact assessments come in many forms, and differ in analytical rigor. On one side of a 
continuum representing different levels of rigor are quantitative IAs (Figure 80). Systematic and 
mathematically sophisticated methods provide objective estimates of research impacts. Most of 
these concern economic impacts (Pardey et al., 1991; Alston et al., 1995; Alston et al., 2000). 
Econometric models are often used to estimate not only the overall magnitude of benefits but 
also how these benefits are distributed, such as toward the poor (Binswanger, 1980; Ravillion, 
2001). Use of a common metric, a monetary measure such as dollars, facilitates comparison 
amongst different studies. 
 
 
 
 
 
 
 
 
Figure 80. An impact assessment methods continuum representing different levels of 

analytical rigor. 
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On the other side of the continuum are descriptive IAs. Despite their rather informal and 
subjective methods, they are often persuasive. Anecdotes of research success include tales of 
improved farm earnings, increased farmer participation in research processes, or sustainable 
management of resources. Such human-interest stories can be effective in conveying to listeners 
and readers that impact has been achieved. The relevance and potential impact of individual 
successes can, in theory, be scaled out to larger populations and geographic areas by posing 
plausible arguments regarding others who face similar conditions and challenges. 
 
These two extremes of impact assessment, quantitative and descriptive, tend to measure different 
types of impact. Rigorous studies typically focus on research outputs that address only one or 
two of the development goals. Such studies usually concern private or on-farm economic 
benefits or the public economic benefits of research for a specific commodity (e.g., rice, maize) 
over a larger geographic region. In contrast, descriptive studies are used to explain the benefits of 
multi-objective, INRM-type research, especially improvements in difficult-to-measure 
development processes. Since many actors and scales are involved, these benefits are often 
public in addition to private in nature. Rarely are these studies conducted over large geographic 
areas, but focus on groups of farmers or specific communities (Schioler 1998; 2002). 
 
Between these extremes appear qualitative IA approaches. These studies often employ both non-
economic quantitative and qualitative measures to estimate diverse impacts of research (see 
Horton et al., 1993). Indicators and indices summarize before and after conditions to estimate 
impacts. Participatory monitoring and evaluation fits into this realm (Guijt, 1998). While this 
scoring approach can address a broad research and development agenda, it tends to be site 
specific. Increased local participation highlights local concerns, and thereby reduces the ability to 
compare results with other IAs (Gottret and White, 2001). 
 
Conclusion 
 
The methodological approach used in this study appears to both conflict and concur with that of 
the recent literature. In many cases, evaluators should seek to “establish plausible links” between 
research investments and development impacts, rather than to “prove causation” or “measure 
impacts” of research on summary development goals (EIARD, 2003). 
 
No matter how well intended or well developed evaluative activities are, they can and probably 
will have unintended and undesired side effects, thereby jeopardizing effectiveness and 
performance. One way around such an uncomfortable result is to perceive evaluation as 
providing a learning function that facilitates knowledge building in the collaborative 
development contexts. More then ever before, larger numbers of different stakeholders are 
involved in evaluation and impact assessments (Leeuw, 2000; Horton and Mackay, 2003). 
 
Raising questions is perhaps one of the latent objects of this study. Despite analyzing concepts 
with fuzzy generalized criteria and rubbery scales, discussion of how to measure the impacts of 
research projects spurs further analysis of how to upstream research outputs more effectively. 
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5.5. Farmers’ perception, knowledge, and preferences of land management 

strategies, San Martín, Peru 
 
Contributors: Kristina Marquardt, Simon Cook; Lennart Salomonsson, Magnus Ljung, Ulrika 

Geber (Swedish University of Agricultural Science [SLU]); Mario Arévalo 
Rivera, Hugo Ruel Chota Salas (Proyecto de Apoyo Rural de la Amazonía 
[PRADERA]) 

 
Abstract 
 
Farmers’ perception, knowledge, and preferences of land management strategies have been 
further explored throughout workshop series and in-depth interviews. The results show 
interesting land management techniques carried out by farmers, such as different plant residue 
treatments, burning techniques, and fallow management. The work also suggests that farmers 
relate soil fertility and land restoration with a “forest perspective” more than with soil-related 
characteristics. This project will continue to explore this perspective by continuing its work on 
soil, but viewed through a “filter” of the vegetation in the fields and the fallows. 
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Rationale 
 
This reporting is part of a larger research project on resilient land management strategies in the 
western Amazon, performed in Peru, and financed by the Swedish International Development 
Agency (SIDA). So far, the project’s research process has included an initial learning cycle 
focused on agricultural characteristics, including community characteristics, and socioeconomic 
context. This work has continued during the first half of 2003 with an in-depth study of agro-
ecosystem and landscape characteristics, as well as the soil erosion and degradation situation. 
 
The objective has been to study resilient land management strategies by focusing on farmers’ 
experience, innovation, and experimentation. The research therefore explores land management 
from several perspectives—agro-ecosystem characteristics, farmers’ learning processes, and 
socioecological resilience. The main research questions were: (1) What are the farmers’ 
perspectives on soil fertility, and how do they describe the problem with land degradation? (2) 
How do innovative farmers themselves deal with land degradation and land conservation in 
terms of techniques, management knowledge, and learning processes? 
 
Material and Methods 
 
The methodological framework used in this project is action research, meaning a systemic 
research approach striving for action and change through learning. The research work is done 
together with a local NGO, PRADERA. The work is carried out in the villages of San Miguel 
and Chazuta, both within a 2-hour trip of the region’s largest city, Tarapoto. The villages were 
selected because of their differences in livelihood conditions, and the possibility of comparing 
different strategies to handle land degradation. The inhabitants in both villages are mainly 
mestizos, colonists that arrived in the area two to three generations ago, but there are also 
minority groups of the indigenous Quechua-Lamista people. The researcher has exclusively 
worked with mestizo farmers in this study. 
 
Five workshops were organized to explore the present situation of land degradation, farmers’ 
future visions of local agriculture, and preferences of farmer experimentation. During these 
events, the farmers defined what land management activities they wanted to test on their land. 
The workshops were complemented with individual farm visits to support the farmers in their 
experimentation, and to deepen the understanding on local agro-characteristics. During the field 
visits, semi-structured interviews were performed, touching on topics such as problematic weeds, 
soil characteristics, fallow management, plant residue management, weeding and slash 
techniques, and burning landscape dynamics. The researcher made field visits to 13 selected 
families in Chazuta, and 11 selected families in San Miguel. Parallel to this, the researcher kept a 
detailed research diary. 
 
Results and Discussion 
 
Results show that farmers are testing different strategies in order to handle their situation of 
erosion and land degradation, and that these land management techniques are interesting from a 
land management perspective. Examples of farmers’ land management techniques are, for 
example, various ways to handle plant residues in the field (i.e., spread, in piles, stuffed in 
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ditches, or like longer strings), all with their specific usefulness, depending on different weed 
management, weather conditions, and labor access. There is also a variation in how fields are 
burned—lighter or harder burning, all at once or patchy, or not burned at all, depending on the 
weather conditions, previous vegetation in the field, and field preparations. Several techniques 
are used for speeding up the fallow reestablishment, such as leaving sprouts to stand while 
weeding, and planting the nitrogen-fixing guaba trees (Inga edulis) in the field so that the fallow 
will grow with lushness in a shorter amount of time. However, the most widespread use of these 
farmers’ techniques to handle erosion and land degradation is found in San Miguel, the more 
degraded area. This suggests that the farmers in San Martín are responding and adapting to the 
new conditions of erosion and land degradation, and are handling the situation by experimenting 
with different land management techniques. 
 
During the workshops, the farmers decided on what to try in their fields in order to keep down 
erosion and land degradation. All farmers without exception chose to work with reforestation. 
During earlier work in the area, there was also a clear focus from the farmers wanting to direct 
“soil related questions” to a “forest perspective”. This has made the project reflect on the 
importance of the point of departure when talking about agriculture and soil. It seems as if when 
we, as agronomists, see soil as the very initial position for agriculture, the farmers in San Martín 
see the plants as the starting point. When we see a field, we think about the soil characteristics, 
what kind of crops it would be possible to grow, and what risks there are in terms of erosion and 
land degradation with these soil characteristics. But when a farmer sees a field, he thinks about 
what kind of necessities the particular plant he planned to sow requires (its sensibility to wind, 
competition of other plants, its water necessity, drought resistance, cold sensibility, etc.). Fallow 
and forest are important notions for the farmers in a land conservation context. We therefore 
want to continue to explore land-improving actions within the frames of the farmers’ own 
understanding of fertility and land conservation. The project will continue its work on soil, but 
viewed through a “filter” of the vegetation in the fields and the fallows. It seems reasonable and 
important to adapt the project’s land management approach, to arrange supportive land 
management activities, but from a “forest perspective”. One consequence of this is that the 
continued collective experimentation (planned for October 2003) on land recuperation will be 
focusing on fallow management instead of, as planned, on cover crops. 
 
 
5.6. Farmers’ experiential learning processes for constructing more 

socioecological resilience, San Martín, Peru  
 
Contributors: Kristina Marquardt, Simon Cook; Lennart Salomonsson, Magnus Ljung, Ulrika 

Geber (SLU); Mario Arévalo Rivera, Hugo Ruel Chota Salas (PRADERA) 
 
Abstract 
 
The research will focus on learning for constructing more socioecological resilience (e.g., social 
organization, processes of knowledge and learning). This will be approached through a series of 
workshops and field visits in two villages, aiming at elaborating a design for a locally improved 
fallow. The activities will include topics such as selection of beneficiary plants, risk evaluation 
of harmful weeds that we do not wish to propagate, fallow time discussions, adaptation to space 
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specific conditions, and sources of seeds and sprouts. The elaborated design then will be 
performed as a collective experiment within the local labor interchange system, choba choba. 
This research work is part of a longer project on land degradation. Actual fieldwork started in 
October 2003. 
 
5.7. Soil macroinvertebrates as affected by land use, topography, and sampling 

depth in a tropical micro-watershed in the Colombian Andes 
 
Contributors: Fernando Sevilla, Thomas Oberthür, Edmundo Barrios (PE-2), Otoniel Madrid 
 
Abstract 
 
Soil macrofauna and their biodiversity are considered an important component in tropical agro-
ecosystems. Until recently, soil fauna have been studied only at the field scale. We conducted 
research at micro-watershed scale to understand the implications of topography, land use, and 
sampling depth on strategies of studying soil macrofauna beyond field scale. Results revealed 
that land use alone as sampling unit, which is the general practice in soil macrofauna research, 
will not provide accurate results about soil macrofauna biodiversity distribution in the landscape. 
Topography and sampling depths are equally important factors in describing the spatial 
distribution of soil macrofauna at landscape scale. 
 
Rationale 
 
Effects on soil biodiversity have been generally documented at plot scale in agricultural and 
natural ecosystems. Only a few studies have a landscape-level focus (Millán de la Peña et al., 
2003), trying to understand the latter as a space of adjacent, but diverse, spatial ecosystems 
(Irmler and Hoernes, 2003). While recent research has revealed some relations between species 
diversity and ecosystem processes, uncertainty remains about the extrapolation of results 
obtained in small-scale experiments to landscape levels (Loreau et al., 2001). 
 
The main objective of the present work is to test the hypothesis that evaluation of soil 
macrofauna according to land use in not sufficient in hillside environments to develop a thorough 
understanding of spatial distribution of abundance and diversity. It is argued that other factors, 
such as topography, would help us better understand the distribution of soil organisms within 
agricultural landscapes. To illustrate our argument, we apply statistical analyses to data of soil 
macroinvertebrates collected at the landscape scale in a small tropical watershed of the 
Colombian Andes. 
 
Methods 
 
The study was carried out in the Potrerillo micro-watershed in the mid-altitude Colombian Andes 
(Caldono district, Cauca department). The micro-watershed is located at 1400-1750 m, with the 
center of the study region at latitude 2° 48´ N, longitude 76° 32´ W. Rainfall follows a bimodal 
pattern, peaking in March-May and September-November, with a mean annual rainfall of 1900 
mm, and the temperature usually ranges between 17ºC to 24 ºC. The terrain of the 380-ha micro-
watershed is undulating. Slope, ranging up to 30 degrees, was derived from a digital elevation 
model (Horn, 1981). Local farmers explicitly include the topographic positions of high plains, 
slopes, depressions, and alluvial valley bottoms in their land use allocations. The soils, derived 
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from volcanic ashes, have been classified as Oxic Dystropepts. They are generally acid soils, 
with low to moderate levels of fertility, and favorable physical properties. 
 
The cropping systems comprise annual staple (e.g., cassava, maize, and beans) and cash crops 
(e.g., peppers and tomato), intercropped perennials (e.g., coffee with plantain and coffee with 
papaya), fallows, and pastures. Thirty-nine percent of farming families in the watershed have a 
productive area of between 1 and 2 ha, and 38% own between 3 and 8 ha. Although cropping 
systems include a range of crops, most of the agricultural activities are centered around coffee 
production and a few annual market crops. Some farmers dedicate almost all their land to coffee, 
but most use up to 60% of their productive area for coffee systems, and grow annual cash and 
staple crops on the remaining land. The traditional coffee systems generally include various 
species of shade plants, including plantain, whereas farmers have recently shifted to growing 
coffee either in monoculture or together with papaya. Only tomatoes, coffee, and plantains are 
likely to receive fertilization that includes mostly chicken manure, but is sometimes 
complemented by compost, coffee pulp, and commercially available compound fertilizers. Any 
fertilizer available is applied at a constant rate per plant, usually during planting (Cerón 2001). 
 
To investigate soil macrofauna, the four local topographic positions were used as strata, and 
upon consultation with farmers, 40 fields were selected representing main land uses. Land uses 
included pasture, secondary forests, shade coffee, and natural fallows. Field centers were 
recorded using a global positioning system. At each site, two soil monoliths of 25 x 25 x 30 cm 
separated by 5 m were extracted following the method recommended by the TSBF Institute 
(Anderson and Ingram, 1993). Each monolith was divided into four successive layers (i.e., litter, 
0-10 cm, 10-20 cm, 20-30 cm), and macroinvertebrates were collected from each layer in the 
field. Adult macroinvertebrates were kept in alcohol solution (70%), and larvae and insects in 
formol (10%). In the laboratory, the macroinvertebrates were allocated to six main orders, 
including earthworms (Annelida), beetles and white grubs (Coleoptera), ants (Hymenoptera), 
myriapods (Chilopoda), pseudoscorpions (Pseudoescorpionida), and spiders (Arachnida). These 
were counted (abundance, individuals m-2), and weighed (biomass, g m-2). The biomass was 
corrected because all invertebrates lose weight as a result of fixation in alcohol (19% for 
earthworms, 9% for ants, 11% for Coleoptera, 6% for Arachnida and Myriapoda, and 13% for 
other macroinvertebrates). 
 
Summary statistics were computed for all data, and for data organized according to topographic 
position, land use, and sampling depth (Table 41). ANOVAs were calculated for data organized 
according to these three factors. The different strata of the classification approaches, i.e., land 
use (natural pastures, secondary forests, shaded coffee, natural fallows), topography (interfluve, 
toeslope, backslope, depressions), and sampling depth (leaf layer, 0-10 cm, 10-20 cm, 20-30 cm) 
were analyzed for their within-unit variability, following the procedures described by Leenhardt 
et al. (1994). 
 
Additional soil cores were collected (0-20 cm), one at the field center, and five within a 5-m 
radius of it. The six samples were bulked, air-dried, and ground to pass through a 2-mm sieve. 
Soil analyses were conducted using standard laboratory procedures. The Bray-II test was used to 
characterize plant-available P, fractionation of SOM used the Ludox Method, and PNM followed 
standard methodology described in Anderson and Ingram (1993). Soil data were investigated 
jointly with soil macrofauna data using correlation analyses. 



 

 
 
 
Table 41. Descriptive statistics of soil macrofauna groups: Information for biomass (BM, in g m-2) and abundance (D, in individuals m-2) is presented for 

all data (n = 160). 
 

Soil macrofauna groupsb 

Ants  Spiders  Beetles  Earthworms  Myriapods  Pseudoscorpions 
Meansa 

BM2 D3  BM D  BM D  BM D  BM D  BM D 
From all data:                
Mean 0.2   338  0.0     5    3.4   41    11.4     75  0.0   16  0.0     4 
Min 0.0       0  0.0     0    0.0     0      0.0       0  0.0     0  0.0     0 
Max 6.4 5256  2.0 104  64.7 480  202.8 1616  1.7 216  0.2 136 
s 0.8   659  0.2   13    8.1   64    27.9   170  0.2   35  0.0   17 
Land use:                 
SC, n = 40   0.3 a     204 b    0.1 b       4 b        3.1 ba     32 b      14.1 a           62 ba        0.1 ba     28 b    0.0 a     12 a 
NP, n = 40   0.2 a     605 a    0.0 b       4 b      5.9 a     70 a          9.5 ba       131 a      0.0 b       6 c    0.0 a       0 b 
NF, n = 60   0.2 a     167 b    0.0 b       3 b      2.1 b     23 b      14.7 a         50 b      0.0 b       3 c    0.0 a       1 b 
SF, n = 20   0.2 a     590 a    0.1 a     16 a        2.7 ba     56 a        1.7 a           61 ba      0.2 a     48 a    0.0 a       4 b 
Topographic positions:              
DEP,n = 20   0.4 a     304 b    0.1 a       6 a      5.5 b     38 b      24.4 b         76 b      0.1 a     33 a    0.0 a     21 a 
BS, n = 100   0.2 a     274 b    0.0 a       6 a        2.1 cb     32 b        3.1 c         42 b        0.0 ba     16 b    0.0 b       2 b 
TS, n = 20   0.1 a     132 b    0.0 a       3 a      0.6 c     16 b      40.1 a         114 ba      0.0 b       3 b    0.0 b       1 b 
IF, n = 20   0.3 a     901 a    0.0 a       6 a    10.3 a   111 a      11.3 c       194 a      0.0 b     10 b    0.0 b       0 b 
Sampling layer:                
LL, n = 40   0.2 a     154 b    0.1 a     15 a      1.8 b     28 b        0.5 b           8 a        0.1 ba     18 b    0.0 a     13 a 
L10, n = 40   0.2 a     465 a    0.0 b       4 b      6.2 a     88 a      22.9 a       181 a      0.1 a     34 a    0.0 b       2 b 
L20, n = 40   0.3 a       414 ba    0.0 b       1 b        3.8 ba     35 b      17.2 a         90 b      0.0 b         8 cb    0.0 b       0 b 
L30, n = 40   0.2 a       321 ba    0.0 b       1 b      1.6 b     13 b        5.7 b         19 c      0.0 b       4 c    0.0 b       0 b 
 
a. SC = shaded coffee, NP = natural pasture, NF = natural fallow, SF = secondary forest, DEP = depression, BS = backslope, TS = toeslope, IF = 

interfluve, LL = leaf litter, L10 = 0-10 cm, L20 = 10-20 cm, and L30 = 20-30 cm. 
b. Values followed by the same letter are not significantly different from one another at P < 0.05. 
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Results 
 
Results suggest that if soil macrofauna are studied at the landscape scale, it is not sufficient to 
emphasize land use as the only source of influence on the distribution of the various soil 
macrofauna groups. In fact, the distribution of some groups, including ants, beetles, and 
earthworms, appears to be less sensitive to impacts stemming from land use than to topographic 
position or sampling depth. 
 
The abundance and vertical distribution of macroinvertebrates of the soil, such as spiders, 
myriapods, and pseudoscorpions, are negatively affected in land use where vegetative structure 
and leaf litter (natural pasture and natural fallow) is limited. However, in the topographic 
position categories, these same groups of macrofauna show greatest abundance in depressions, 
where shade coffee is located. This shows that both classification by land use and topographic 
categories give important and complementary information for a better understanding of the 
factors affecting the distribution of biomass and density of soil macroinvertebrates. 
 
The sum of the mean densities of macrofauna groups, such as Coleoptera and earthworms, was 
greater in land uses with predominant herbaceous vegetation (natural pasture and natural fallow) 
compared with the densities of these same groups in uses with the presence of trees and higher 
vegetation (secondary forest and shade coffee). This shows an apparent relationship of certain 
macrofauna groups with determined land uses. This could be complemented with biodiversity 
studies. Shade coffee and secondary forest, although influenced by human activity, may be 
considered within programs of biodiversity conservation since it has been proved that they are 
refuges of diverse macroinvertebrate groups, among others, which can be of benefit as a source 
of biological control options in Andean agricultural landscapes. 
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5.8. Estimating soil water parameters 
 
Contributor: Arjan Gijsman 
 
Rationale 
 
A soil’s water content at field capacity and wilting point are crucial input parameters for 
cropping systems simulation models such as DSSAT. These parameters can be measured in the 
field or by sampling a soil and measuring them in a laboratory. Many estimation methods 
resulted from this by fitting a mathematical equation through the data points of a large number of 
measured soils, and relating the water holding capacity of the soil to its texture, and sometimes 
SOM content. A new soil is then estimated on the basis of its texture (and SOM). 
 
Materials and Methods 
 
Since in reality any linear or curvilinear fit generalizes too widely, such an approach often results 
in rather poor estimates. Gijsman et al. (2002) compared eight methods, and found that none 
really gave a good estimate. They also concluded that basing a method on laboratory-measured 
data is not good, because field capacity or wilting point as measured under lab conditions may be 
quite different from the values they are supposed to represent in the field. 
 
This is why they came up with a new approach (Jagtap et al., 2003), in which no mathematical 
fit is done, but a large database of field-measured data is created and compared with the soil-to-
be-estimated. The results of the six most similar soils in the database (similarity in texture and 
SOM) are then combined by weighting them with their degree of similarity. This method has 
been named the “Nearest Neighbor” method, because of its searching for the most similar soils 
(i.e., the nearest neighbors). This approach only depends on being able to build up a large 
database of field-measured data. 
 
Results 
 
At present we have more than 350 soils or soil layers in the database, covering soils of many 
texture combinations and many SOM concentrations. The aim is now to widen this database, 
which is complicated because very few scientists measure the water-holding characteristics in the 
field, whereas there are thousands of lab-measured data available. 
 
This work is carried out in collaboration with the University of Florida, Dept. of Agricultural and 
Biological Engineering. 
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6. News bulletin “News from the Land Use Project” 
 
Contributors: Jenny Correa, Liliana Rojas, Thomas Oberthür, PE-4 staff, and external 

researchers 
 
Abstract 
 
The news bulletin, “News from the Land Use Project”, is published fortnightly, and forms part of 
the project’s organizational strategy to strengthen internal communication and discussion. This 
year, the organization of the contents was changed, emphasizing the Land Use research themes 
and organizational activities. 
 
Objectives 
 
Strengthen internal communication and discussion of the activities of the Land Use Project, and 
illustrate activities carried out by each work group 
 
Material and Methods 
 
News is received, edited, and adapted to the presentation format. It is then diffused through 
electronic mail to Project members and other CIAT personnel that have expressed interest in 
receiving it. 
 
Results 
 
Through the bulletin, the work groups of the Land Use Project share information about their 
activities, achievements, and advances. The information serves to document other informative 
CIAT bulletins. 
 
From December 2002 to September 2003, 25 editions were published, and one special version 
dedicated to summaries, presented by international personnel for external revision of the Project 
by the Center-Commissioned External Review (CCER), scheduled for November 2003. 
 
Project members have been stimulated in sharing information. This has been seen in the 
progressive increase of support to the news bulletin, which has guaranteed the continuity of 
information, and the quality of contents (Table 42, Figure 81). 
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Table 42. Percentage of contribution by research theme October 2002-September 2003. 
 

Period Research themea 

July-Sept 
2003 

Apr-Jun 
2003 

Jan-Feb 
2003 

Oct-Dec 
2002 

Average

Data capture   6.93   4.0 11.54   5.21   6.15 
CGIAR CPWF 10.89   9.6   9.61   4.17   8.55 
Site-specific agricultural development 17.82   9.7 11.54 13.54 13.10 
Convenio Colombia group   0.00   0.0   0.00   1.04   0.27 
Indicators of vulnerability   2.97   3.2   5.77   1.04   2.94 
Biological mapping 14.85 15.2 13.46   9.37 13.37 
Socioeconomic mapping and spatial 
epidemiology 

11.88   7.2   5.77   8.33   8.56 

General and administration-organizational 
news 

29.70 43.2 30.77 42.71 37.7 

REDECO   4.95   8.0 11.54 14.58   9.36 
 
a. CGIAR, Consultative Group on International Agricultural Research; CPWF, Challenge 

Program on Water and Food; REDECO, Red Ecorregional para América Latina. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 81. News Bulletin: Percentage of participation and number of contributions by research 

theme, October 2002-September 2003. (For acronyms used, see page 236.) 
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7. Water and Food Challenge Program 
 
7.1. Introduction: Water, agriculture, and poverty alleviation 
 
Contributors: Martha Otero, Jorge Rubiano, Simon Cook 
 
Rationale 
 
According to several recent reports, the world faces an emerging water crisis. The humanitarian 
picture is bleak: 40,000 people die each day because of insufficient access to adequate, safe 
water; each year, children and adults suffer an estimated 4 billion cases of diarrhea, leading to 
millions of deaths and chronic weakening. The situation appears to be worsening. The World 
Bank estimates that by 2025, as many as 4 billion people could be living under conditions of 
severe water stress. 
 
Ultimately, a problem of this magnitude cannot fail to attract political attention. Investment, 
already large, is increasing further to try and address the problem. The UN has called for a “Blue 
Revolution” to repeat the successes of the Green Revolution in averting widespread food 
insecurity (Annan, 2000). The World Bank sees water as providing the “driver of a new path of 
development in which economic growth is linked to social equity and environmental 
responsibility”. Further, it suggests “poverty reduction is not possible without delivery of clean 
water to the 1.1 billion people who do not have it”, and devotes one sixth of lending (US$3 
billion) on water development projects. The Global Environment Fund’s (GEF’s) total 
investment in water issues is overUS $1.37 billion. The total annual investment is much larger—
about US$75 billion, according to the World Water Council. This is expected to increase to a 
staggering US$180 billion by 2025. 
 
Most of this investment goes into development of supply and distribution infrastructure, in which 
the CGIAR has no capacity. So what is the role of the Consultative Group (CG)? The simple 
answer is that agriculture provides a substantial opportunity for improvement because it is the 
main user of water. Overall, 70% of global water is used to produce food. A moderate 
improvement in water productivity (the volume of water used to produce a given quantity of 
food) could liberate sufficient water to solve the impending crisis. In addition to being the 
greatest user of water, it is also the greatest abuser, loading more contaminants and potential 
contaminants into water supplies than household and industrial users combined. The opportunity 
is to improve water management by better managing the agricultural system. Agriculture, being 
the greatest user, provides a manageable lever for improvement. 
 
The international research centers supported by the CGIAR, and their partners, bring together an 
immense pool of resources, technologies, and knowledge about agriculture, capable of producing 
breakthroughs in the productivity of water used for food production. The CG system’s public 
goods nature and poverty alleviation focus is crucial to ensure that advances in increased water 
productivity are directed at foodstuffs and agriculture, livestock, and fisheries systems that are 
relevant for the poor. 
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So why has opportunity not been addressed by the CG until now? A problem of this scale and 
complexity is beyond the capacity of individual CG centers, or even the CG as a whole, to make 
significant impact. Significant impact can occur only through concerted attention from several 
CG centers, acting in consort with a range of partners. Through the integrating concept of the 
Challenge Program (CP), the aim is to identify and address researchable targets in five themes: 
 
(1) Improving water productivity of crops, farms, and catchments; 
(2) Improving equity and efficiency amongst water users at catchment scale; 
(3) Protecting and enhancing aquatic ecosystems and fisheries; 
(4) Developing integrated water basin management; and 
(5) Improving the global and national food and water system. 
 
The Challenge Program on Water and Food 
 
The CGIAR Challenge Program on Water and Food (CPWF) proposes to launch an ambitious 
research, extension, and capacity building program that will significantly increase the 
productivity of water used for agriculture. The CPWF is managed by an 18-member consortium, 
composed of five CGIAR/Future Harvest Centers, six National Agricultural Research and 
Extension Systems (NARES) institutions, four Advanced Research Institutes (ARIs), and three 
international NGOs. 
 
Organizational structure of the CPWF 
CIAT is one of 18 members of the CP Steering Consortium. As one of five theme leaders (with 
International Water Management Institute [IWMI], International Rice Research Institute [IRRI], 
International Center for Living Aquatic Research Management [ICLARM], and IFPRI), CIAT is 
also a member of the CP Management Team. Figure 82 outlines the organizational structure. 

Figure 82. Outline of the organizational structure of the Consultative Group on International 
Agricultural Research (CGIAR) Challenge Program (CP) on Water and Food. 
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Timeline 
The timeline for Competitive Funding Cycle 1 has been as follows:  
 
•  Call for preproposals/concept notes, Monday 2 December 2002 
•  Contracting Independent Reviewers for each theme, Jan-March 2003 
•  Submission of concept notes by mid-April 2003 
•  Selection of projects to go to full proposal, June 2003 
•  Proposal preparation phase, June-Sept 2003 
•  Full proposal submissions, 15 Sept 2003 
•  Independent review processes and final project selection, Sept–Oct 2003 
•  Award of 2-year and 5-year project funding, 10 Oct 2003 
•  Research projects commence, 1 November 2003 
 
Results 
 
The following outputs have been generated through PE-4, as leader of Theme 2. The title of 
Theme 2 has been changed from “Multiple Use of Upper Catchments” to “Water and People in 
Catchments: Enabling Efficient and Equitable Water Use”, to clarify that Theme 2 focuses on 
interactions between people, regardless of whether they inhabit upper, middle, or lower 
catchments. 
 
Development of Theme 2 Web site 
This includes: 
 
•  Updated information about the CP for concept note and full proposal developers 
•  Annotated literature review on Ecosystem Valuation  
•  Draft report of gaps in Theme 2 research portfolio 
•  Theme 2 Conceptual Framework: Guide for Researchers 
•  Links to Water CP sites and over 250 other sites related to water and agriculture. 
•  Bibliographic database (mainly gray literature 
•  Contacts 
 
Conceptual framework 
An updated version was prepared by: Brent Swallow (ICRAF), Ruth Meinzen-Dick (IFPRI), and 
Nancy Johnson (CIAT), with comments and additions from Bruce Campbell (CIFOR), Helle 
Ravnborg (Denmark’s International Studies [DISS]), Boru Douthwaite (CIAT), Theib Oweis 
(International Center for Agricultural Research in the Dry Areas [ICARDA]), Mac Kirby 
(Commonwealth Scientific and Industrial Research Organisation [CSIRO]), and Christian Valentin 
(Institut de recherche pour le développement [IRD]). 
 
The conceptual framework provides a more detailed articulation of the research problems 
described in Background Paper 2 of the CP full proposal (submitted September 02). This 40-
page document is intended to help research proposal developers align themselves to predominant 
issues in Theme 2, which is about improving equitable and efficient water use in catchments. 
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Management of preproposals and proposals for Phase I of the Competitive Grants process 
Fifty-one of 331 (16%) concept notes were submitted on behalf of Theme 2. Thirty-nine of these 
successfully passed through to the full proposal stage, representing about 40% of the total. We 
expect 5-10 of these to be approved as full projects from Phase 1. Theme 2 priorities have been 
expounded at kickoff workshops in the Mekong, Limpopo, Nile, Indus Gangetic, and Karkhe 
basins. 
 
Development of preproposals and proposals in CIAT 
On behalf of the CP, we organized five information sharing and planning meetings to assist 
CIAT scientists to strengthen their contributions to the CP. In early meetings, scientists were 
dubious about their potential contributions. The numbers of CIAT-nominated concept notes (13 
as project manager, and over 20 as significant collaborator), and full proposals (15) that resulted 
suggest that the process was successful in alerting CIAT scientists to potential opportunities in 
these relatively new applications of research. 
 
Management Team activities 
Management Team Meetings have been held in Penang, Colombo, Cairo, Paris, and Washington. 
Tasks included teambuilding, developing the competitive grants process, developing the 
commissioned research process, identifying CP management functions, budgeting, and report on 
Gap Analysis. 
 
Special projects 
Theme 2 commissioned two special reports: 
 
(1) Participatory research techniques: Commissioned from the CGIAR-Participatory Natural 

Resource Management (PNRM) Working Group. Report posted July 2003. 
(2) Valuation of environmental services: University of Maine. Annotated bibliography posted 

October 2003. 
 
Baseline Conference. Nairobi, November 2003 
Preparation of Theme Brochures. CP brochures. 
Organization of specialist workshop on Scale and Integration Issues.  
 
Work produced during the program 
•  CGIAR Challenge Program on Water and Food Web site: http://www.waterforfood.org/ 
•  Theme 2 Web site: http://gisweb.ciat.cgiar.org/wcp/ 
•  CGIAR, 2003. An overview of participatory research and learning processes and their 

relevance to watershed management and development. Available in: 
http://gisweb.ciat.cgiar.org/wcp/download/cpwf_pr.pdf 

•  CGIAR, 2003. Challenge Program on Water and Food, Progress Report no. 01. Year 0, 
Inception Phase. Available in: http://www.waterforfood.org/text/CPProgressReport01.doc 

•  CGIAR, 2003. Water, poverty and agriculture interactions in upper catchments: Key 
concepts and issues. Conceptual framework Theme 2: Multiple uses of upper catchments, 
Challenge Program on Water and Food. Available in: 
http://gisweb.ciat.cgiar.org/wcp/download/CFTheme2.pdf 

http://www.waterforfood.org/
http://gisweb.ciat.cgiar.org/wcp/
http://gisweb.ciat.cgiar.org/wcp/download/cpwf_pr.pdf
http://www.waterforfood.org/text/CPProgressReport01.doc
http://gisweb.ciat.cgiar.org/wcp/download/CFTheme2.pdf
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•  Dalton, T. 2003. Ecosystem service valuation and watershed resources, an annotated 
literature review. Prepared for The Challenge Program on Water and Food. Available in: 
http://gisweb.ciat.cgiar.org/wcp/download/ecosystem_valuation.pdf  

 
Identified work for 2004 
 
On 1 November 2003, the CPWF completes its Inception Phase. By this time, the governance 
structure will have been established, the first round of competitively funded projects will have 
been chosen, and the research objectives drafted through theme and basin priorities. These will 
be displayed at the Baseline Conference in Nairobi in November 2003. Envisaged activities in 
2004 include: 
 
•  Guidance for commissioned research, following gap analysis; 
•  Engagement with the processing of applications for Phase II preproposals and proposals; 
•  Development of community of practice amongst Theme 2 projects—workshops and 

seminars; 
•  Contribution to capacity building amongst basins; 
•  Management Team activities; and 
•  Monitoring progress related to Theme 2 research within projects and synthesize results. 
 
At this stage, CIAT is still developing a strategic vision of how CIAT will interact with the 
CPWF. 
 
Reference 
 
Annan, K. 2000. Millenium report of the Secretary-General of the United Nations. Available in  

http://www.un.org/millenium/sg/report/ 
 
 
7.2. Anticipating extrapolation, an example with the Challenge Program Andean 

Basins 
 
Contributors: Jorge Rubiano, Martha Otero, German Lema, Victor Soto 
 
Abstract 
 
The objective of the current study is to apply classification methodologies to determine how 
representative of the Andes are the catchments selected by the Consorcio para el Desarrollo 
Sostenible de la Ecorregión Andina (CONDESAN) for doing research in the CPWF. The 
diversity of biophysical and social conditions across the Andes requires an experienced eye at the 
moment of selecting specific sites on which to concentrate efforts. Two systematic methods: A 
combination of WofE and Logistic Regression (LR) methods, and Fast Cluster analysis, were 
used to determine the similarity of selected sites with those excluded. 1-km pixel size variables 
covering most of the Andes ecoregion were used—total annual rainfall, elevation, length of 
growing period, land cover, roads, and total population. Results showed complementarities 
between the two methods in presenting a probability surface of similarity across the Andes, and a 

http://gisweb.ciat.cgiar.org/wcp/download/ecosystem_valuation.pdf
http://www.un.org/millenium/sg/report/
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clustering of similar sites inside and outside of the pilot catchments. The output information is a 
strong base to devise plans for the extrapolation of research findings. 
 
Rationale 
 
The CPWF, is preparing the path to develop and implement strategic research throughout nine 
basins located in the tropics of Africa, Asia, and South America. Selection of research sites 
inside these basins obeys a mix of criteria that makes it impossible to cover their whole extent. 
Thus, pilot sites are needed, and the research outputs obtained in the selected pilot sites will be 
the basis for the solution of similar problems in neighboring or similar areas in the same or 
different basins. 
 
With the aim of anticipating the process of extrapolation, two classification methods applied to 
spatial information are presented here as a guide available to the research community in targeting 
appropriate sites for their strategic research. It is assumed that research outputs obtained in one 
place are more feasible to extrapolate in the most similar sites somewhere else. The two 
methods—(1) a combination of WofE and LR, and (2) Fast Cluster analysis—are 
complementary in the sense that the first provides a probability value to measure the similarity of 
a place located at an individual or a set of pilot basins with the remaining area of the landscape. 
The second classifies the information available for the spatial context into several classes, 
allowing the identification of similar areas across the basin with those of the pilot ones. These 
two methods, described in the following paragraphs, were applied in the Andes ecoregion, using 
the preliminary defined pilot sub-basins as the pilot sites for the whole region. 
 
Pilot catchments suggested by CONDESAN were used as training areas to help in defining the 
variables characterizing those catchments, and in identifying similar areas outside pilot 
catchments. The selection of the variables that characterize the pilot catchments, called 
explanatory variables, are intended to integrate biophysical, social, and economic aspects, 
depending on the data availability. 
 
Methods 
 
Weights of Evidence and Logistic Regression models 
These two models are different techniques based on the log linear model for multivariate 
analysis. Using these techniques, a probabilistic distribution can be obtained of the occurrence of 
modeled events, and the uncertainty and sample space can be reduced for further inquiries. An 
advantage of a Bayesian approach is that it allows explicit recognition of multiple perspectives 
(Spiegelhalter et al., 2000). It answers questions such as: “How should a piece of evidence 
change what we currently believe?” (Spiegelhalter et al., 1999). In addition, the Bayesian 
paradigm offers a natural and consistent way of framing a problem and achieving data 
integration, and developing methodological solutions (Herriges and Kling, 1998). These methods 
have not been used before in the identification of catchment similarity. 
 
For the purpose of “catchment similarity modeling”, preliminary selected catchments by 
CONDESAN were located on the South American map. Then, a group of variables available for 
the whole of the Andean range were used as criteria for the classification. The characteristics of 



 191

these places were treated as evidence, and represented by layers of geographical data. The 
geographical locations of “pilot catchments” (also called the dependent or response variable), 
together with the variables available (evidential or explanatory variables), were used to build 
probabilistic models of catchments similarity. These models were then used to estimate the 
location of sites similar to those expressed by the evidence. Figure 83 summarizes the process 
followed to obtain the probability maps. Characteristics represented by the evidential themes 
found inside the pilot catchments are used to score the rest of the area with a posterior 
probability value. 

 
Figure 83. Summary of the steps for building the probabilistic model. 
 
Model building. WofE and LR are integrated in the spatial analysis tool, Arc-Spatial Data 
Modeller (Arc-SDM; Kemp et al., 1999). It is an add-in extension to ArcView 3.2a (ESRI, 
2001). This extension was developed originally for mapping mineral potential, but it can be used 
also to predict the probability of occurrence of point objects in other domains. Before running the 
model, four general steps were required. 
 

1. Pilot catchments preparation. Data files containing the areas of the catchments were 
first converted to a raster map with 1-km pixel size, from which a layer of points was created, 
one point per each km2 (Figure 84). The total area of the catchments is 54,175 km2, with the 
same number of training points. 
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Figure 84.  Andean eco-region (study area) and pilot catchments. 
 

2. Explanatory variable preparation. The full set of explanatory variables used in this 
study is presented below (see page 236 for acronyms used). WofE was used to convert the 
variables into binary maps. Collet (1991) suggests that the replacement of a continuous variable 
by a binary one implies a loss of information, and so this procedure should only be used when 
the circumstances demand it. 
 
List of variables selected as evidential themes 
Variable Source 
Total annual rainfall Agro-ecological distributions for South America - FAO 
Elevation GTOPO30 (DEM 1 km) Hydro1K - USGS 
Length of growing period Agro-ecological distributions for South America - FAO 
Land use South America land cover characteristics database 

Land Process Distributed Active Archive Center 
USGS Land Use/Land Cover System Legend 

Total population Latin America and Caribbean Population Distribution Database 
prepared by CIAT Land Use Project 

Roads WWF - CIAT 
 
Given the volume of data and the potential number of combinations generated by the original 
classes of each variable, the variables “length of growing period”, “population”, and “roads” 
were converted to binary ones. In the case of the variables “rainfall” and “elevation”, three 
different continuous classes were kept instead of two. For the variable “land use”, seven 
categories were preserved. 
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Figure 85 presents an example of reclassification of variables, using the contrast C as the cut-off 
for the variable. When LR is combined with WofE, a basic assumption considered in the analysis 
is that the probability of occurrence of a “similar place” (determined in this case by the layer of 
points) decreases exponentially with distance from a class “x” of an explanatory variable. In 
order to incorporate this exponential decrease in the logistic model, new representations of the 
explanatory variables were created, assigning distance buffers to the original ones, or existing 
classes were used instead. To select the cut-off of the original explanatory variable, weights and 
contrast for each distance corridor, and its variation with distance were calculated for each 
variable measuring the WofE. The optimum cut-offs for classifying patterns into binary 
presence/absence for the jth pattern was determined from Equation 6:  

 
Figure 85. Example of a variable reclassification. 
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CLASS AREA (Sq Km) AREA (Units) # POINTS W + S (W+) W - S (W-) CONTRAST

1 773420.633 29746.9474 949 0.2605 0.0330 -0.0475 0.0151 0.3079
2 665495.629 25595.9858 1703 1.0319 0.0251 -0.2582 0.0166 1.2901
3 745275.733 28664.4513 791 0.1110 0.0361 -0.0178 0.0149 0.1287
4 717319.142 27589.1978 1211 0.5920 0.0294 -0.1208 0.0156 0.7128
5 662660.235 25486.9321 434 -0.3826 0.0484 0.0414 0.0143 -0.4240
6 1501644.180 57755.5454 269 -1.6915 0.0611 0.2627 0.0142 -1.9542
7 627873.975 24148.9991 67 -2.2114 0.1223 0.1072 0.0139 -2.3186

 Contrast for Rainfall Classes 
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Under normal conditions, the maximum value of the weight (W+ - W-) gives the cut-off at which 
the predictive power of the resulting pattern is maximized, but the best binary predictor map 
corresponds with the cut-off class in which the contrast (C) is higher (Bonham-Carter et al., 
1988). The contrast, C, is the absolute difference between W+ and W-, and measures the 
correlation strength between the evidential points and the binary pattern (Agterberg et al., 1993). 
However, “the process of converting multiclass maps to a binary form can either be carried out 
subjectively, using expert judgment, or statistically, so as to determine the threshold that 
maximizes the spatial association between the resulting binary map pattern and the point pattern” 
(Bonham-Carter, 1994, p. 319). 
 

3. Setting the parameters of the model. Once the variables are ready, the next step was 
to set up the parameters for the logistic regression calculation. It consisted of: 
 
•  The study area: The area comprised by the countries of Colombia, Venezuela, Ecuador, 

Peru, Bolivia, and Chile was selected as the study area, with an area of 6,882,759 km2. 
•  Training points: 54,175 in number, equal to the area of CONDESAN catchments in km2. 

Running the model using 100% of training sites was restricted by the system capacity. 
Tests were carried out randomly using 30%, 20%, and 10% of points to identify an 
appropriate set. Differences between the three different sets were not considerable, so 10% 
was finally selected for running the model. 

•  The unit area (km2) of analysis: The unit area was calculated using Equation 7: 
 

Suggested Value = (total study Area / total training points) / 40 (7) 
 
This value is a guideline, but typically the unit area should be about the same or smaller 
than the suggested unit area, and the important thing is to select a unit cell that is small 
relative to the study area, and possibly meaningful for the training sites (Gary Raines, 
personal communication, 2001). In this case, the suggested value was 26. 

•  Initial probability: When setting the initial parameters, the initial probability was calculated 
by dividing the total number of points by the total study area in units. This value will be the 
reference to compare to the posterior probabilities obtained after running the model. 

 
4. Running the model. The list of evidential themes was given as an input to calculate 

the posterior probability response themes, which show the probability of finding a place 
throughout the whole area, such as those signaled by the points. The whole process was repeated 
twice, in the first run (run 1) the variables weakly associated with the evidential points were 
identified, and excluded for the second run (run 2). The prior probability6 value was compared 
with the posterior probability7 values and the areas with posterior probability lower than the prior 
were masked (Figure 86). 
 
 

                                                 
6 Prior probability assigned to the frequency of occurrence of an event. In this case, the prior probability is equal to 
the number of training points in the pilot catchments over the total number of points of the study area. 
7 Posterior probability assigned to some event or group of events (explanatory variables) on the basis of the observed 
frequency calculated from a prior probability by Bayes’ theorem. 
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Figure 86. Most similar areas (a) considering the whole set of variables in run 1, and (b) 

excluding weakest variables of run 1, using Weights of Evidence (WofE) 
posterior probability. 

 
Pilot catchments: Virtual Andes basins representing the ecoregion. The Andes basin is a set 
of west- and east-flowing catchments (collectively conceived as the “virtual” Andean basin) 
between the Andes Cordillera and the Pacific/Atlantic Oceans, located in Bolivia, Peru, Ecuador, 
Colombia, Argentina, and Chile. The CONDESAN coordination proposed the system formed by 
the catchments shown in Figure 84. Table 43 presents the surface area, maximum and minimum 
annual rainfall, and elevation for the different catchments. The total area of these catchments 
sums to about 50,000 km2, composed of small catchments of no more than 160 km2, up to 
catchments like Arequipa with an area of 19,500 km2. 
 
The catchments are located either in areas of high rainfall, such as La Miel, with a maximum 
annual rainfall of 7000 mm, or in dry areas, such as the Jequetepeque and Arequipa catchments, 
in which the maximum rainfall is near 800 mm in the upper part and zero near the coast. The 
location of the catchments in respect to altitude also varies widely. The upper part of all the 
catchments is above 2400 m, and down to sea level in some cases. 
 
Selected explanatory variables. The variables selected for the analysis were chosen trying to 
integrate different aspects that can characterize an area in terms of biophysical, social, and 
economic aspects, and depending on the geographical data availability. Table 44 presents the 
selected variables, known as evidential themes, and their source. 

   

(a) (b) 
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Table 43. Area, rainfall, and elevation of the Andean pilot catchments. 
 

Rainfall  Elevation Basin Country Area (km2)
Maximum 

(mm) 
Minimum 

(mm) 
 Maximum 

(m) 
Minimum (m)

Neusa Colombia     460 1372   640  3696 2317 
La Miel Colombia   1300 6936 1883  3626   151 
Cauca River 
tributaries 

Colombia 12500 4000 1057  4084 602 

El Angel (Mira) Ecuador     330 1431   407  4131 1659 
Ambato Ecuador   1400   956   463  5291 2427 
Piura Peru   1100   795   235  3444   148 
Alto Mayo Peru   8600 1600   976  2498   582 
Jequetepeque Peru   4700 1300     11  4225       0 
Arequipa Peru 19500   823       1  5053       0 
Colomi Bolivia     160   728   593  4024 3103 

 
 
Table 44. Weights and contrasts obtained in run 1. 
 
Case 1          
EVIDENCE_T W1 W2 W3 W4 W5 W6 W7 CONTRAST_ CONFIDENCE
Road 0.6743 -0.2711      0.9454 6.3301 
Rainfall 0.7004  0.3604  -1.2789   1.9792 47.7049 
Popul -0.4252 1.0683      1.4935 50.0990 
Lgp 0.9302  -0.3159     1.2462 43.4549 
Eleva -1.1153 0.8623 1.1148     2.2301 61.5265 
Landuse -0.3741 1.1699 0.3489 -1.1565 -5.7601 0.8336 -2.7877 6.9301 0.6930 
Basins_pt.shp 5442.0 219599.15 0.0248       

 
Probabilistic maps results. 

Case 1: Including all the variables. Figure 87(a) shows the posterior probability map 
obtained with the whole set of variables. The prior probability of finding a similar place to the 
CONDESAN Basins within the Andes was 0.0248. In order to identify those areas with a higher 
probability than the initial one, areas with lower values were masked, and the most probable 
similar areas are highlighted in red in Figure 86a. The area with a posterior probability higher 
than the prior probability was 2,010,732 km2, equal to 29.2% of the study area. Table 43 presents 
the value of the contrasts for each of the variables in run 1. The higher the C values, the stronger 
the association between the response and the variables explaining the model. The studentised C 
value for each of the coefficients, which is the contrast divided by its standard deviation lower 
than 2, is considered not significant at 97.5% of confidence. Changing this level of confidence 
allows the inclusion or exclusion of other variables into or from the model. Values of C for the 
variables “roads” and “length of growing period” were very low in comparison with “land use” 
and “elevation”. A second run of the model was executed excluding the variables with the lowest 
C values. 
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Figure 87. Weights of Evidence (WofE) posterior probability map of (a) run 1, including the 

whole set of variables, and (b) run 2, excluding weak variables identified in run 1. 
 

Case 2: Excluding evidential themes not representative. Figure 87(b) shows the 
posterior probability map after excluding the weak associated variables identified in run 1. To 
facilitate visualization of results, Figure 86(b) masks those areas with a lower probability than 
the initial one. In this case, the area with a posterior probability higher than the prior was 
190,0881 km2, which is 27.6% of the total study area. Figure 88 presents a comparison of the 
results between run 1 and run 2. The exclusion of “roads” and “length of growing period” 
reduced the total area by 109,851 km2, and these were located at the Pacific coast, near the 
Guajira in Colombia, and in the high Andes of Chile. 

 
Figure 88. Comparison of areas obtained with runs 1 and 2. 
 
 
Identifying similar places to the Miel Basin. As mentioned 
before, the biophysical and social characteristics of the 
CONDESAN basins vary within a wide range. Also, the 
methodology was applied not for all basins at the same time, but 
just one of them; in this case the Miel Basin in Colombia was 
used as the training area. As expected, areas in the Andes similar 
to the Miel Basin (Figure 89a) did not coincide with results from 
previous cases (Figure 89b). When using the whole set of basins, 
the most similar areas were located along the south-north 
mountainous range, while in this individual case the similarity 
was found in the Amazon, the Colombian valleys, the Colombian 
Pacific Coast, the northern region of Chile, and some areas in 

Venezuela. These areas are similar to Miel Basin in characteristics, such as high humidity during 

(a) (b)
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the year and high values for the length of growing period. From the map, it is clear that the area 
most similar is the one near the Miel Basin region. 
 

 
Figure 89. Miel Basin Weights of Evidence (WofE) posterior probability maps (a) most 

similar areas, and (b) with Miel Basin as training points. 
 
Fast clustering procedure 
 
This procedure is designed for disjoint clustering of very large data sets with two or three passes 
over the data on the basis of the Euclidean distances. It combines a method for finding initial 
clusters with a standard iterative algorithm for minimizing the sum of squared distances from the 
clusters means. The software used is FASTCLUS, and it was directly inspired by Hartigan’s 
leader algorithm (1975) and MacQueen’s K-means algorithm (1967). 
The FASTCLUS procedure performs a disjoint cluster analysis on the basis of distances 
computed from one or more quantitative variables. The observations are divided into clusters, 
such that every observation belongs to one, and only one cluster; the clusters do not form a tree 
structure as they do in the CLUSTER procedure. The FASTCLUS procedure is intended for use 
with large data sets, with 100 or more observations. With small data sets, the results may be 
highly sensitive to the order of the observations in the data set (SAS/STAT User’s Guide). 
 
The FATCLUS procedure operates in four steps: 
 
(1) Observations, called cluster seeds are selected. 
(2) Optionally, assigning each observation to the cluster with the nearest seed forms temporary 

clusters. Each time an observation is assigned, the cluster seed is updated as the current 
mean of the cluster. 

(3) Optionally, assigning each observation to the nearest seed forms clusters. After all 
observations are assigned, the cluster seeds are replaced by the clusters means. This step 
can be repeated until the changes in the cluster seeds become small or zero. 

(a) (b) 



 199

(4) Assigning each observation to the nearest seed forms final clusters. 
 
The initialization method of the FASTCLUS guarantees that if clusters exist such that all 
distances between observations in the same cluster are less than all distances between 
observations in different clusters, and if the correct number of clusters to find is specified, then it 
always finds such a clustering without iterating. 
 
A subset of the variables used in the first method was used with the FASTCLUS technique. 
Population, length of growing period, elevation, and rainfall were used in a first run. The outliers 
of population forced the creation of two big clusters corresponding with rural and urban areas. 
To eliminate this effect, population was excluded in a second run of the classification procedure 
and nine different groups were obtained as depicted in Figure 90. Table 45 presents the range of 
values of each variable describing the nine clusters. When cross-tabulating the clusters with the 
pilot basins, the extent of each cluster can be identified inside each sub-basin, and the proportion 
of each class as part of the whole set of basins. Clusters 4, 5, and 8 cover more than 60% of the 
selected basins (Table 46), and represent about 60% of the whole study area (see below) 
 

Area (km2) of clusters obtained with FASTCLUS method in the Andes Ecoregion 
Cluster Area 

1     18041 
2   392703 
3 1329709 
4 2723006 
5   729796 
6     38722 
7   269872 
8   642626 
9   724102 

Total 6868577 
 
Table 45. Maximum, minimum, and mean cluster groups characteristics. 
 

Elevation (m) Length of growing period 
(days) 

Annual rainfall (mm) Group 

Mean Min Max Mean Min Max Mean Min Max 
  1   147.8       1 2520 177.0     0 288 5356.4 4361 7326 
  2 1479.6   413 4209 330.0 188 464 2628.5   879 4953 
  3   546.6       1 2135 147.9     0 306   655.4       0 2026 
  4   294.6       1 2164 309.1 213 499 1952.3       6 2965 
  5 4000.9 2179 6603   73.3     0 301   405.2       5 2200 
  6   157.7       1 2035 341.3 258 486 6672.8 5680 8977 
  7   370.1       1 2417 180.7     0 268 2484.2 1460 4617 
  8 2658.4 1105 5544 181.6     0 403   839.5       0 2839 
  9   268.1       1 2809 347.0 166 492 3355.1 2848 5736 
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From Table 45 the main characteristics that describe each group can be distinguished. For 
example, groups 5 and 8 are areas of high elevation, groups 4 and 6 are areas of high humidity 
over the whole year, and groups 1 and 6 are areas of high rainfall. 

 
Figure 90. Clusters distribution produced with elevation, length of growing period, and 

rainfall. 
 
Table 46. Areas (km2) of each sub-basin, tabulated by cluster zones. 
 

Clusters Sub-basin 
2 3 4 5 6 8 9 

Total area by 
sub-basin 

La Gallega (Piura)       0.0   403.2         0.0         0.0   0.0   242.2     0.0     645.4 
Bigote (Piura)       0.0   170.1         0.0         0.0   0.0     74.7     0.0     244.7 
Neusa       0.0       0.0         0.0         0.0   0.0   404.8     0.0     404.8 
La Miel   476.2       0.0     443.0         0.0 19.9     16.6 158.4   1114.1 
Jequetepeque       0.0 1542.1         0.0       25.7   0.0 2567.5     0.0   4135.3 
El Angel       0.0       0.0         0.0         0.0   0.0   278.7     0.0     278.7 
Colomi       0.0       0.0         0.0       22.4   0.0   130.2     0.0     152.6 
Cauca tributaries 3736.3       0.0   5163.9         0.0   0.0 1839.9     0.0 10740.2 
Arequipa       0.0 3733.0         0.0 13904.9   0.0   998.8     0.0 18636.6 
Ambato        0.0       0.0         0.0       14.1   0.0 1185.4     0.0   1199.5 
Alto Mayo       0.0     89.6   5827.6         0.0   0.0 1454.2     0.0   7371.4 

Total area by zone 4212.4 5937.9 11434.5 13967.1 19.9 9193.0 158.4 44923.3 
% of whole basins       9.4     13.2       25.5       31.1   0.0     20.5     0.4     100.0 

Clusters in the 
catchments 

4 

2 

8 

e.g., Cauca tributaries 
belongs to clusters 2, 4, 
and 8 
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The most predominant groups in the pilot catchments are the groups or clusters 4, 5, and 8 (Table 
46); note that zones 1 and 7 are not represented by any of the sub-basins. Figure 91 shows the 
similarity areas. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 91. Similarity areas depicted by FastClus method. Dissimilar areas to the selected 

Consorcio para el Desarrollo Sostenible de la Ecorregión Andina (CONDESAN) 
basins are highlighted in black. Areas in color represent the different proportions 
found in selected basins according to total percentage of Table 46. 

 
Discussion 
 
The two methods presented here differ either in the classification procedure or in the type of 
outputs. The first method uses a Bayesian search on layers of the attributes describing the study 
region, based on the values of the attributes found in the pilot basins, which are considered the 
training points. The output is a continuous layer of probabilities of finding a similar place with 
the characteristics found in the pilot basins. The second method uses an iterative Euclidian 
distance algorithm to classify the space in clusters according to the attributes used to describe the 
area. Pilot sites are considered at the end of the process, outside of the classification method. It 
also provides ranges of the values found for each cluster. In this sense, both methods are 
complementary, the first giving an integrated measure of the similarity of any location to the 
provided training sites, and the second describing the characteristics of each variable used in the 
search for each of the produced clusters. If available, additional attributes from biophysical or 
human systems can be incorporated, probing their compatibility in format and coordinate 
systems. Once the probability and cluster maps are produced, additional or complementary 
analyses are potentially feasible, such as identifying the values of other attributes inside specific 
probability ranges or specific clusters. 
 

Clusters
1
2
3
4
5
6
7
8
9
No Data
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8. Ecoregional Network for Tropical Latin America (REDECO) Report 
 
The network has over 3200 members and organizations in Latin America and some North 
American and European countries that receive and exchange information related with the 
management of natural resources and rural development. The work of the list server is combined 
with a Web page and Ecoregional Bulletin, where all information arriving from the different 
members and organizations is recorded. 
 
8.1. Ecoregional Bulletin 
 
Contributors: Liliana Rojas, Jenny Correa 

 
http://www.redeco.org/boletin03/boletinecorregional34.htm 
 
Abstract 
 
The electronic Ecoregional Bulletin is sent out every 2 weeks to a community of 3200 users who 
make up the REDECO list. Through the sections of Events, Opportunities, Information 
Resources, Contacts of Interest, and Land Use Project, this mechanism for diffusion of 
information has supported the increase of Web site consultations, and the number of Network 
inscriptions. 
 
Objectives 
 
•  Diffuse information about activities being carried out by members of the Network, and 

Land Use Project and CIAT results. 
•  Support the information disclosure work that is carried out through the list server and Web 

site of the Ecoregional Network. 
 
Material and Methods 
 
We select, classify, and document information, and put together an electronic bulletin in the form 
of mail, based on the Word template, and prepare the contents in html form for later circulation 
on the electronic list and publication on the Web site. 
 
Results 
 
In March 2003, the presentation format of the bulletin was modified, moving from pdf to a mail 
format, following a template designed in Word. This change has guaranteed a wider reception of 
the bulletin by users. At the same time, release of the issue has been changed from weekly to 
every 2 weeks. 

http://www.redeco.org/boletin03/boletinecorregional34.htm
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From November 2002 to September 2003, 28 editions were released, through which news was 
diffused on research and/or products generated within the Land Use project (Table 47). 
 
Table 47. Types of information (from users, Land Use project, and CIAT) diffused through the Ecoregional 

Bulletin, November 2002-September 2003. 
 

No. of messages 
2002  Jan-Sept 2003 

Type of message 
sent 

N D  J F M A M J J A S 

Total 

Events 17 6  6 11 16 14 10 9 9 10 11 119 
Opportunities 12 6  5   9   6   6   6 7 6   5   8   76 
Information 

resources 
15 9  6   9   6   7   6 6 5   5   6   80 

Contacts of interest 16 6  6   5   6   6   7 7 9 10   6   84 
Requests for 

information 
  3 1  2   2 -   2   2  5   9 -   26 

Information on 
activities and 
results of Land 
Use Project 
research 

  4 2  2   3   2   2   2 2 2   2   2   25 

 
Events are classified according to Network themes (see list below). 
 

Themes of events diffused 
Theme Publications (no.) 
Natural resources 31 
Rural development 18 
Agriculture 17 
Environmental legislation and education 10 
Forestry management   3 
Geographic information   3 
Biotechnology   1 

 
 
8.2. Web site 
http://www.redeco.org 
 
Contributors: Jenny Correa, Liliana Rojas, Claudia Perea, IS Unit, Jorge Gallego 

(Communications Unit) 
 
Abstract 
 
Information supplied through the Ecoregional Bulletin is further extended through the Web site. 
Thanks to its periodic updating and the pertinence of its contents, the site has a high volume of 
visits and pages accessed each month, in comparison with Web sites of other CIAT projects. 
The IS Unit gave training on the Action Applications (APC) tool, with the view of making the 
contents of the Events and Opportunities sections more dynamic. 

http://www.redeco.org
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Objectives 
 
•  Support the work of information diffusion that is carried out through the list and the 

Ecoregional bulletin. 
•  Make known, to the community that visits the Web site, the products and activities that its 

user are carrying out, and those of CIAT and the Land Use Project. 
 
Material and Methods 
 
Information was selected, edited, and formatted in html format, using the program Dreamweaver 
and Fireworks (images editor). Documentation, maintenance, and updating of the site is ongoing. 
 
Results 
 
In 2003, the REDECO Web site showed a progressive increase in the number of visits, pages 
accessed, and documents downloaded, compared with 2002 (Figure 92). 
 

 
Figure 92. Red Ecorregional para América Latina (REDECO) Web site statistics, Oct 2002 

to Sept 2003. 
 
Since June 2003, the Web has been used as a testing space by the IS Unit to implement the APC 
tool that operates based on online forms and applications that can be accessed directly by the 
user (to begin with it has been applied to the Events and Opportunities subsites). 
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8.3. Dealing with requests for information 
 
Contributors: Liliana Rojas, Jenny Correa, Land Use Project members; Mariano Mejía, Jairo 

Sandoval (Information and Documentation Unit) 
 
Abstract 
 
Requests for information are selected and attended to through the electronic list, when the theme 
is pertinent to those of the Network and it is possible to contact the research area or expert within 
CIAT. They are also published in the Ecoregional Bulletin and the Web site. 
 
Objectives 
 
•  Receive, diffuse, and interchange information with Network users. 
•  Serve as a link for users so that they can contact others with common interests; this 

facilitates the exchange of experiences, lessons, tools, methodologies, and useful 
information for the development of activities. 

 
Material and Methods 
 
Of the total requests for information received, a large number are attended to through the 
electronic bulletin, and the remainder are edited and published in the Ecoregional Bulletin on the 
Web site. 
 
Results 
 
In the period November 2002 to September 2003, about 80 requests were received from 10 Latin 
American countries. Twenty five of these requests were published in the Ecoregional Bulletin 
and on the Web site. Below we list the types of organizations to which consultants belong. 
Figure 93 shows the themes of interest. 
 

Types of organization to which consultants belong 
Organization Participation (%) 
Academic institution 34.6 
National/international research institution 23.2 
Grass-roots organization 19.2 
Consultant 15.4 
Nongovernmental organization   3.8 
Governmental organization   3.8 
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Figure 93. Themes of information requested between November 2002 and September 2003. 
 
List user inscriptions and withdrawals 
 
Contributors: Liliana Rojas, Jenny Correa 
 
Abstract 
 
Inscriptions to the Network are made directly through the electronic list, on visits to CIAT, and 
on the form available on the Web site, which is received at the REDECO site. 
 
Material and Methods 
 
Inscriptions are received and added to the list of users. Basic and institutional information is 
stored in Excel for later transference to Oracle. These processes aim at enlarging the Directory of 
Experts, “Expertise”. 
 
Results 
 
The availability of the inscription form for the electronic list on both the Web site and the 
Ecoregional Bulletin has made the process more dynamic. In 2003, for example, we received 545 
requests for inscription compared with 343 in 2002, representing an increase of 37%. To date, 
the Network has a membership of 3200, of which about 1500 receive basic and institutional 
information, and 340 have been included in the “Expertise” Directory. The remaining 1700 users 
receive minimal information (name, country, and electronic address). 
 
In 2003, about 500 user registries with missing information (name and country) or nonexistent 
address were eliminated. 
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8.4. Increasing the value of information through active networking 
 
Thematic Network on Tropical Fruits 
 
Contributors: Liliana Rojas, Jenny Correa, James Cock (IP-6), Thomas Oberthür, Simon 

Cook, Humberto Becerra, Otoniel Madrid, Germán Escobar; Fabián Leonardo 
Cortés (IS unit), Jhon Jairo Hurtado (SN-1). 

 
Abstract 
 
This year, making use of REDECO’s Internet experience to generate a flow and exchange of 
pertinent, updated information, the Tropical Fruits Program and REDECO plan to create a 
thematic network of users interested in the theme of tropical fruits. The network will facilitate 
identification of the demand, capture, and diffusion of specialized information, and will promote 
dialogue between users interested in belonging to the network. From May 2003, the theoretical 
framework of the Thematic Network on Tropical Fruits was developed, and a survey prepared 
aimed at the REDECO community. To date, 130 replies have been received from persons 
interested in becoming members. 
 
Objectives 
 
The main objective is to capture and systematize valuable information on tropical fruits from 
groups of farmers and/or producers, development agencies, and agricultural ministries, according 
to context, returning information to these same users to contribute to the development of their 
activities, via a virtual space. Specific objectives are to: 
 
•  Capture dispersed local knowledge on production systems, crop management, markets, and 

commercialization of different tropical fruit species, to later integrate into pilot information 
management tools developed at CIAT. 

•  Promote interactivity and interchange of knowledge and experiences among those 
interested in the theme of tropical fruits. 

 
Material and Methods 
 
A survey in Spanish was prepared in Word format to be later sent out through the electronic list 
to REDECO users. The survey was published on the English and Spanish versions of the 
REDECO and Tropical Fruits Program Web sites. Completed surveys were revised and 
reorganized. Excel was used to store answers received, and then information was reclassified and 
documented. For Network administration, a directory was created in the personal address book 
from Outlook, and a list of addresses from the mail list server, “Mailman”. The statistics 
package, Statistica, was used for statistical analysis. The information was then organized in 
summary tables to facilitate the design of graphics in Excel. 
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Results 
 
General aspects 
To date, 130 replies have been received, and tabulated in Excel, including basic and institutional 
information of those interested, the names of the five prioritized fruits according to interest, the 
type of information available, what information respondents required, and what they were 
willing to share. Of the five fruits prioritized in the 130 replies, common and scientific names 
and family were checked and documented. This work was complemented with the grouping of 
open answers according to discipline or general areas. 
 
Countries from which interested users replied were grouped into regions: 
 
Region 1 – Central America (Mexico, Guatemala, Honduras, El Salvador, Nicaragua, Costa 

Rica, and Panama) 
Region 2 – Andean zone (Colombia, Ecuador, Peru, and Bolivia), and 
Region 3 – Mercado Común del Sur (MERCOSUR – Argentina, Uruguay, Paraguay, and 

Brazil). 
 
Preliminary results 
Region 2 had the greatest number of users interested in belonging to the Thematic Network of 
Tropical Fruits (69%), followed by Region 1 (24%); see Figure 94. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 94. Percentage of replies of those interested in joining the Thematic Network on 

Tropical Fruits by region (Andean zone, Central America, and Mercado Común 
del Sur [MERCOSUR]). 

 
The types of institutions to which those interested belonged were academic institutions, NGOs, 
and national or international research institutes (Figure 95). 
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Figure 95. Type of institutions of those users interested in joining the Thematic Network on 

Tropical Fruits. 
 
The most preferred fruits identified by users interested in joining the network were Musa spp., 
Mangifera indica, Carica papaya, Passiflora spp., and Solanum spp. Region 2 showed 
preference for Solanum spp, Citrus spp., Passiflora spp., Musa spp., Carica papaya, Mangifera 
indica, Ananas comosus, Annona spp., Rubus glaucus, and Physalis peruviana (in order of 
importance). Region 1 preferred Citrus spp., Mangifera indica, Carica papaya, Persea spp., 
Musa spp, and Annona spp. (in order of importance). All three regions showed some preference 
for Musa spp. (Figure 96). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 96. Fruit species prioritized by region (Region 1, Central America; Region 2, Andean 

zone; Region 3, Mercado Común del Sur [MERCOSUR]). 
 
Figure 97 shows the channels, or means of communication, through which information reaches 
users. 



 211

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 97. Percentage of access to means of communication identified by users interested in 

forming part of the Thematic Network on Tropical Fruits. 
 
 
9. Information and Communications for Rural Communities (InforCom) 

Project 
 
9.1. Section 2:  Planning for rural development 
 
Abstract 
 
This section addresses how territorial entities and community-based organizations can use 
planning as a mechanism for rural development, and how scientists and information providers 
can use planning as an entry point into development. This work began in 1999 as the “Land Use” 
component of the agreement between CIAT and the Ministry of Agriculture and Rural 
Development (MADR, the Spanish acronym), and this year has seen the addition of case studies 
in Bolivia, Peru, and Senegal. We aim at facilitating the use of information by local stakeholders 
for the management of their natural resources by providing methods and tools, documented 
examples of planning, and principles (or insight) that can help successful planning and the 
efficient use of information. These are developed through case studies in specific locations, and 
are then diffused through training events, seminars, reports, and publications, as well as through 
the CIAT Web page. This year in Colombia, the prototypes of a series of decision support tools 
were “launched” and made available through the CIAT Web page. They will continue to be co-
developed with users in Colombia. Following CIAT’s restructuring, this group was placed in the 
new project “Information for Rural Communities (InforCom)”, under the Rural Innovation 
Institute. 
 
Introduction 
 
We are aiming at validating a series of hypotheses on why certain approaches work better than 
others, why planning simply does not work in certain circumstances, and why information is 
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seldom used for decision making. This research component, which we had previously 
approached by trial and error through development applications, is just beginning to emerge 
more formally.  
 
Scientists and information providers can use planning as an “entry point” to rural 
development 
Planning is part of the coordination and management process of any individual, group, or 
organization. In some cases, the law requires official planning mechanisms, which makes them 
less appealing, but turns them into a predictable process to which scientists and information 
providers can link. Decentralized countries are divided into a hierarchic arrangement of 
“territorial entities” that are responsible for coordinating development activities and resources 
over their entire territory, both urban and rural. These entities are obliged to conduct regular 
planning exercises, supported with monitoring and evaluation. Although these exercises are often 
perceived as bureaucratic requirements, and are not sufficiently taken advantage of, they are 
extremely valuable mechanisms to coordinate the various players of rural development. Local 
groups and administrations can make good use of planning if they are proactive, and approach 
the exercises with a learning attitude, where local actors consider the different actions they (and 
others) have to conduct to reach a desired future. 
 
During planning, monitoring, and evaluation, participants have to determine their desired 
situation, and periodically evaluate and compare it with their present one. They then have to 
consider different possible actions that they can put forward to get closer to the desired 
conditions, and determine what contributions are needed from outside. When they make 
decisions, they are actually making hypotheses about what should work best, and they can 
validate these through monitoring and evaluation. Indeed, as they go along, they observe the 
consequences of their decisions and actions, and eventually adjust their plans, learning in the 
process. Planning groups can benefit from the input of scientists, experts, and information to 
better evaluate their situation and their context, to broaden their range of possible options, to 
explore their long-term implications, and eventually to choose between them. Scientists and 
information providers can benefit from these exercises to put their knowledge to work, and to 
better focus their research and data collection regarding the needs of rural development 
processes. They can even work on testing local hypotheses with local groups. To participate in 
local development, they need not necessarily participate actively in the meetings of local groups, 
but can be linked to them through information communication technologies (ICTs). 
 
Planning as a research theme in itself 
The systems approach to planning that we are promoting is not something fundamentally new, as 
many aspects of rural development have been approached systematically for decades. However, 
we have some research hypotheses that we want to verify through our case studies: 
 
•  Planning, where groups engage in a continuous process of diagnosis, action planning, and 

monitoring and evaluation, can greatly improve local learning, rural innovation, and the 
capacity of rural populations to adapt to adverse or changing conditions (this can seem 
obvious, but considering how few consistent processes of planning are being implemented, 
we think this hypothesis is worth demonstrating). 
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•  Many of the obstacles related to planning and politics result from an inadequate sense of 
responsibility on the part of leaders and citizens, or are related to counterproductive logic, 
such as looking at issues with a “winners and losers” perspective, being obsessed with 
growth (either economical, social, or emotional) at the detriment of the group’s well-being, 
the quest for quick and easy gain, a dependence on assistance, or a focus that is too short 
term or too restricted to certain economic sectors. These can be strongly moderated by 
adopting a logic of progression towards long-term and collective goals. This logic can be 
developed in planning workshops where participants discuss their desired future conditions, 
their possible contributions, and the contribution they need from other players (or requests). 

 
•  During diagnosis, monitoring, and evaluation, information is not used optimally if 

participants and planners do not have a clear idea of their desired future conditions. Clearly 
stating these allows indicators to be defined, and allows a reference with which to compare 
observed conditions. In their absence, diagnosis and monitoring remain purely descriptive, 
not allowing judgment, and thus reducing the possibilities of learning in the process, and 
data can be accumulated without ever being used for decision making. 

 
•  Different hierarchic levels of territorial administration can improve the coordination of 

their development efforts by articulating various “contributions” and “requests” of the 
players from one level to the next, from the bottom up. This approach can be used in the 
articulation of municipal plans at departmental level, and of departmental plans at national 
level. 

 
Context of the development of research activities on planning in CIAT 
This work began in 1999 with the contribution of the Land Use project to the agreement between 
CIAT and MADR. We wanted to put geographical information and decision support tools 
(DSTs) at the service of decision makers so they could improve the rationality of land use. 
Planning mechanisms, required from all administrative levels, and that can also be implemented 
at the village level, appeared as our best entry point, for the reasons mentioned above. Through 
our case studies in Colombia, described in more detail later, we observed that the potential of 
planning is often not well taken advantage of, neither as a learning and development tool, nor as 
an entry point by scientists and information providers. We realized that planning processes could 
be improved greatly, not so much by the use of specific methods, but by a change in the 
approach and logics behind the activity. In addition to continuing to work on how geographical 
information could be used in planning, and how scientific results could be made into DSTs and 
also used in planning, we started looking at ways to improve the planning processes themselves. 
Our Colombian case study spurred interest, and we received much demand for training on 
territorial planning, in which we needed to give recommendations to participants. This 
encouraged us to reflect on ways to improve planning, and we are presently promoting a systems 
approach to planning, based on the consideration of society as a system, interrelated with 
biophysical systems, organized hierarchically. We have developed a very simple participatory 
planning approach that allows municipalities to quickly articulate visions, proposed actions, and 
requests of different stakeholder groups (Beaulieu et al., 2000; 2002), and that departments could 
use to articulate municipal plans. We have also become interested on how planning processes 
can catalyze and facilitate learning and rural innovation. This team therefore joined the InforCom 
project in 2003, while continuing to contribute to some outputs of the Land Use project. 
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In 2003, we began case studies in other countries—Bolivia, Peru, and Senegal. Our partners in 
these countries have a strong interest in revising existing planning guidelines to improve 
planning processes. We are therefore continuing our reflections on these methodological issues 
with a much larger range of partners and cultural contexts. The work in Peru was initiated 
through an alliance with the German Agency for Technical Cooperation (GTZ) and CONDESAN, 
who were interested in applying some of our methods, jointly with theirs, in some of the pilot 
watersheds of the CONDESAN consortium. The work in Bolivia has resulted from the hosting of 
Hubert Mazurek, a scientist from IRD, in the InforCom project. The work in Senegal is 
conducted in relation with the Desert Margins Program (DMP), and involved the posting of 
Nathalie Beaulieu in Dakar. These case studies will be described in more detail below, but it is 
important to mention that, through them, we have agreed to follow a coherent research agenda, 
where the studies in different countries will contribute to our understanding of how rural 
development can be improved, and help us demonstrate some basic hypotheses. 
 
Our work in Colombia will continue through a new agreement with MADR, and will be oriented 
more specifically towards improving the efficiency of rural technical assistance through 
municipal planning in the entire country, and through follow-up in coordination at the 
department level. As the 1999-2003 agreement is presently finishing, this year involved 
concluding and launching the various DSTs prepared for the Colombian llanos. 
 
Through case studies in Colombia, Bolivia, Peru, and Senegal, we will test the research 
hypotheses mentioned above, develop documented examples that can be helpful in other sites, 
and develop methods and tools for rural planning. The experience acquired in these case studies 
is then communicated to others during training, and in reports and publications. Note that we are 
not studying planning as an end in itself, but as a mechanism allowing collective learning and 
organization for rural development. 
 
Colombia 
 
Contributors: Jaime Jaramillo, Rogelio Pineda, Adriana Fajardo, Nathalie Beaulieu, Marcela 

Quintero, Ovidio Muñoz, Yolanda Rubiano, Maria Fernanda Jimenez; Diana 
Maria Pino (Secretary of Planning, Municipality of Puerto Lopez); Noemi 
Peñuela (Director, Puerto Lopez Unidad Municipal de Asistencia Técnica 
Agropecuária [UMATA]); Wilson Gaitan (SN-1); Fernando Calle (Consorcio 
Latinoamericano y del Caribe para la Investigación y el Desarrollo de la Yuca 
[CLAYUCA]); Clément Geney (Université Montpellier II) 

 
Materials and methods 
The Colombian MADR funds work in Colombia. The area chosen by the MADR for its 1999-
2003 agreement with CIAT was the Colombian llanos, or eastern plains, with a particular interest 
in the area between the cities of Puerto Lopez and Puerto Gaitan, previously dominated by 
livestock, but with potential for new crop varieties that are tolerant to acid soils. Municipal 
planning appeared the best mechanism to make use of the geographic information that had 
already been digitized by the Land Use project, and to have a concrete influence on land use 
decisions. Incidentally, all municipalities in Colombia were under the pressure of producing their 
Plan de Ordenamiento Territorial (POT), a new, long-term, spatialized planning exercise that 
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they had never experienced before. We supported the administration of the municipality of 
Puerto Lopez, which almost reaches the city of Puerto Gaitan, in the elaboration of their Plan 
Basico de Ordenamiento Territorial (PBOT; Alcaldía de Puerto López-CIAT, 2000). This 
experience triggered an important demand for training in planning methodology and GIS tools, 
to which we responded with a number of courses given from 2000 to 2002. We then supported 
the municipality in the elaboration of its Plan de Desarrollo Municipal (PMD) in 2002 (Alcaldía 
de Puerto López-CIAT, 2002). 
 
Understanding the importance of the contributions of all administrative levels, we have designed 
our activities to support decisions at the national, regional, departmental, municipal, and village 
levels, although until now we have worked mostly at the municipal and village level. Through 
the logistic support of local projects related to cassava, we realized that planning workshops and 
follow-up at the village level, which were conducted for municipal planning, helped develop new 
partnerships between local groups, the municipality, the municipal unit of agricultural technical 
assistance, researchers, and private industry. In Colombia, municipalities are responsible for 
providing free technical assistance to small-scale farmers, and thus of planning this assistance 
with the beneficiaries, through a municipal committee of rural development. In Puerto Lopez, the 
various committees formed to follow up on specific aspects of the municipal plans (local 
emergencies, territorial planning, sports, rural development, etc.) were combined into one 
committee that holds more frequent meetings for the follow-up of activities, and has the 
possibility of articulating activities that affect various sectors. 
 
Results 
The highlights of the Puerto López case study for this year are: 
 
•  A multi-sectoral committee of the civil society, with our support, is conducting follow-up 

of the municipal PBOT and PMD, using the SEGUIMIENTO tool, presented later. 
•  With the UMATA of Puerto Lopez, we are continuously following up planning meetings in 

communities, and have supported various initiatives. 
•  A cassava drying trial, conducted in 2002, led to the adoption of this practice in the village 

of El Turpial, the commercialization of dry cassava with animal feed factories, and the 
funding of a drying facility by the municipal administration. 

•  Cassava variety trials were conducted in five of the rural communities, jointly between 
farmers and CIAT’s cassava project. 

•  The indigenous communities of Humapo and La Victoria constructed a tree reproduction 
greenhouse, and have begun producing small trees for the reforestation of their reserve and 
for commercialization. 

•  A poster was presented at the Global Forum on Agricultural Research (GFAR) meeting in 
Dakar, May 2003, explaining how municipal planning catalyzed local innovation and 
partnerships related to the cassava crop (CIAT, 2003). 

•  With MADR, we have identified specific contributions of rural planning for the next phase 
of the agreement with CIAT, oriented towards improving the efficiency and relevance of 
rural technical assistance, through municipal planning and monitoring, as well as 
monitoring at the department level. 
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Bolivia 
 
Contributors: Hubert Mazurek (IRD, UMR-151, hosted in CIAT); Louis Arréghini (IRD); 

Ismael Gonzales (Dirección General de Ordenamiento Territorial, Vice 
Ministerio de Planificación y Desarrollo Sostenible [VMPDS]); Rene Pereira, 
Jaime Montano, Hugo Torrez (Consejo de Población [CODEPO], VMPDS); 
Andres Uzeda (Universidad Mayor de San Simón - Instituto de Estudios Socio 
Económicos [IESE]); Fernando Antezana (Universidad Mayor de San Simón - 
Centro de Planificación y Gestión [CEPLAG]); Marcel Galindo, Miguel 
Peñaranda (Instituto Nacional de Estadística [INE]) 

 
Materials and methods 
Our work in Bolivia is funded by IRD UMR-151, CIAT, and the Bolivian Vice Ministerio de 
Planificacion. Since 1994, the Bolivian laws of popular participation and decentralization have 
provided municipalities with responsibilities and financial resources to administer their territory. 
Territorial planning as such is the object of a normative and methodological framework defined 
by the Direccion general del Ordenamiento Territorial (OT). Since 1996, departmental 
administrations have elaborated land use plans (Planes de Uso del Suelo [PLUS]), which 
represent an agro-ecological zoning, but lack relevance for the planning and elaboration of 
development policy. Very recently, a few municipalities have started the same process. However, 
most of these plans are elaborated by external organizations or consultants, and are not 
effectively used, on the one hand because they do not correspond to the needs of populations, 
and on the other hand because municipal technicians find them difficult to understand. In 
addition to this, the methodology used for the OT plans is based almost exclusively on 
biophysical parameters used to establish a balance of the use of the land’s potential. Our work in 
Bolivia therefore aims at engaging a learning process, within the institutions in charge of 
planning, about participatory planning. In addition to this, we aim to develop, jointly with these 
institutions, a set of regionally adaptable guidelines for participatory territorial planning that can 
be used for municipalities, groups of municipalities (mancommunidades), or departments to 
articulate their activities in the various economical sectors, as well as to integrate local and 
regional development projects. 
 
Methodological collaborations have been initiated with the Dirección del OT (much oriented 
towards biophysical considerations), and CODEPO (which establishes demographic policies), 
INE, the Ministry of Agriculture, and institutions of the Sistema Boliviano de Transferencia 
Agropecuaria (SIBTA). As explained in the introduction, the case studies are conducted to 
ensure that the proposed guidelines are adapted to the Bolivian context, and contrasted sites were 
chosen to allow Bolivian diversity to be taken into account. Like in the other countries, these 
case studies will also yield examples that will be communicated throughout Bolivia, and are 
providing opportunities to test our research hypotheses. 
 
Results 
In Bolivia, the highlights of our activities for this year are: 
 
•  Three groups of municipalities (four in the Altiplano south of La Paz, four in the 

department of Pando, and one in the department of Cochabamba) were chosen for pilot 
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study sites. Initiation workshops were conducted in two municipalities, which signed an 
agreement of engagement (with the Dirección del OT) to conduct participatory planning. 
Meetings with mayors of the other municipalities were conducted, in September 2003, in 
which we jointly agreed to start the planning processes in March 2004. General 
Agreements between the Dirección del OT, CIAT, and municipalities should be signed 
before the end of 2003. 

•  A collaborative agreement was drafted between CIAT / IRD, the Dirección del OT, 
CODEPO, and INE to define respective roles in the collaborations under way. 

•  We are currently reviewing the methodology used by the Bolivian government for 
territorial planning to include many more socioeconomic aspects and participatory 
practices. 

•  We participated in the teaching of courses of the Masters degree in Rural Development of 
the Universidad San Simon de Cochabamba, and in the directorship of three Masters theses 
on rural innovation. 

•  On the 29th and 30th of September 2003, we organized a seminar on stakeholders, territory 
and local development, where we analyzed the progress of local development planning in 
different regions of Bolivia, in the context of the 50th anniversary of the agrarian reform. 

•  We organized a statistical cartography course at the end of October 2003, for technical staff 
working in the organizations with a role in public planning. 

 
Peru 
 
Contributors: Marcela Quintero; Wilson Otero (GTZ-Colombia); Rubén Dario Estrada 

(Centro Internacional de la Papa [CIP]-CONDESAN); Alonso Moreno (GTZ-
Proyecto Cuencas Andinas); Josef Haider (GTZ-Corporación Para la Seguridad 
Alimentaria [COPASA] Arequipa) 

 
Materials and methods 
Work in Peru is funded by GTZ-Peru. In May 2003, The Peruvian Congress approved the new 
municipalities law, the Ley Orgánica de Municipalidades, defining the responsibilities of 
municipalities, which can either be provinces or districts. One responsibility is to promote the 
integral, sustainable, and harmonious development of the municipality’s circumscription, with 
the help of a local planning process that must be integral, permanent, and participatory, and 
coordinated with the regional and national levels of government. A variety of sectoral and multi-
sectoral plans are required regularly from municipalities. Multi-sectoral plans include the Plan 
de Desarrollo as well as the Plan Urbano Rural (for districts), and the Plan de 
Acondicionamiento Territorial (for provinces). Each year, municipalities have to plan their 
budget through a participatory process, resulting in the presupuesto participativo. 
 
Through an alliance with CONDESAN and GTZ, we agreed to give support to GTZ in Peru for 
the implementation of territorial plans, and at the same time participate in these experiences as 
case studies. We jointly decided to begin this collaborative work in the region of Arequipa to 
benefit from links with projects such as the Gestión de Riesgo de Desastres Naturales con 
Enfoque de Seguridad Alimentaria en el Departamento de Arequipa (executed by COPASA-
GTZ), Cuencas Andinas, and CONDESAN, which is active in the region. The district of 
Pampacolca was chosen as a pilot site for the elaboration of the Plan Urbano Rural. Before 
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starting actual work in the pilot site, we agreed to jointly organize a course on territorial planning 
directed to some of the institutions of the regional government of Arequipa and of the district of 
Pampacolca, to members of universities and NGOs of the region, and to GTZ staff in Peru. We 
agreed also to organize a workshop on the importance of territorial planning, involving decision 
makers of the districts, provinces, and regional government of Arequipa. These workshops were 
conducted in September this year. 
 
Results 
The highlights of our work in Peru for this year are: 
 
•  We conducted field visits in the districts where GTZ-COPASA intervene, to become 

acquainted with their development plans, and the problems they have experienced. 
•  We conducted the workshop/seminar entitled “Bases para la Formulación de Planes de 

Ordenamiento Territorial”, in Arequipa, from 8 to 14 September 2003, including a practical 
component in the district of Pampacocla. 

•  We conducted the workshop/seminar entitled “Planes de Ordenamiento Territorial como 
herramienta de gestión del espacio en Arequipa” on September 16th in Arequipa. 

•  CIAT and GTZ-Colombia are assisting GTZ-Peru in the writing of terms of reference for 
the elaboration of a pilot territorial plan in the district of Pampacocla. 

 
Senegal 
 
Contributors: Nathalie Beaulieu; Abdourahmane Tamba (Institut Sénégalais de recherches 

agricoles [ISRA], DMP National Coordinator for Senegal); Ibrahima Diaïté 
(ISRA, Bambey); Samba Ndiaye (ISRA-Consejo Nacional de Recursos 
Hidricos [CNRH]); Jean Charles Faye (Agence nationale de conseil agricole et 
rurale [ANCAR], Thies); Oumar Daff, (Direction des eaux et forêts); Aline 
Ndiaye, Khady Sow (ANCAR); André Bationo (TSBF); Ramadjita Tabo (DMP 
Regional Coordinator, ICRISAT), Saidou Koala (overall DMP Coordinator, 
International Crops Research Institute for the Semi-Arid Tropics [ICRISAT]) 

 
Rationale 
Work in Senegal is funded by GEF. As previously mentioned, our work in Senegal is made 
possible by the hosting of Nathalie Beaulieu at ISRA, and her inclusion in the DMP team. The 
DMP is not a project on territorial planning, but is a project that aims at improving rural 
livelihoods through the improvement of biodiversity and soil fertility. One of its objectives is to 
improve knowledge on the existence and management of this biodiversity and soil fertility. It 
started in 2003 and works in nine sub-Saharan countries—Senegal, Niger, Mali, Burkina Faso, 
Namibia, Kenya, South Africa, Zimbabwe, and Botswana. Two of its outputs are entitled 
“stakeholder participation” and “capacity building”. In Senegal, planning (including monitoring 
and evaluation) is the mechanism that has been chosen for their implementation. All of the 
activities of the DMP in Senegal will be conducted at the level of the rural community, but with 
strong linkages with the higher administrative levels, which are municipalities (either 
arrondissements or communes), departments, and regions, as well as with a network of resource 
persons (rural extension agents and scientists). A rural community can include various villages. 
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As prescribed by the Law on Decentralization, rural communities must conduct and follow up 
local development plans. 
 
Materials and methods 
The Senegalese component of the DMP is focused, for the first 2-year phase, in four regions of 
the country—Kaolak, Diourbel, Fatik, and Thiès. In each region, it will work in about four rural 
communities, which are therefore the pilot communities for the case studies on planning as a 
rural development tool. At present, because the program has only recently begun in Senegal, we 
have only established links with the rural communities and other partners, through visits and 
workshops in the regional capitals and rural communities.  
 
Results 
The highlights of our activities in Senegal for this year are: 
 
•  An agreement was made with ISRA for CIAT to contribute to the Senegalese component of 

the DMP through the out-posting of Nathalie Beaulieu at ISRA in Dakar, starting 
September 2003. 

•  Several meetings were conducted with regional and local partners to discuss study sites and 
methodologies used for common outputs on local stakeholder participation, capacity 
building, and monitoring of land degradation. Study sites were visited. 

•  Four Regional Development Council (CRD, the French acronym) meetings were held in 
the “gouvernance” (regional parliament) of the studied regions, with the participation of 
regional, departmental, and local authorities. 

 
 
9.2. Methods and information tools developed for rural planning 
 
A series of tools and methods were “launched” this year as a result of the 1999-2003 Agreement 
with the Colombian Ministry of Agriculture and Rural Development. The preliminary 
development of most of these tools was reported in previous annual reports of CIAT’s Land Use 
project. We expect to continue adapting and co-developing them with partners though extensive 
training and follow-up in Colombia, and through our work in the various case studies mentioned 
above. We detail below the function of each tool, and explain what has been achieved this year. 
 
Participatory systems approach to planning and Herramienta de Planificación Participativa 
(HePP)  
 
Contributors: Nathalie Beaulieu, Jaime Jaramillo, Genner Narvaez, Juan Lucas Restrepo, 

Jorge Mario Diaz; Grégoire Leclerc (CIRAD-Département territoires, 
environnement et acteurs [TERA]) 

 
In 2000, we presented a participatory planning method that could be used for municipal 
planning, and to articulate municipal plans into departmental ones (Beaulieu et al, 2000). In 
2001, we elaborated a computerized tool that allowed users to store their results in a database, 
and use them as a “draft” for discussion with the Intelligent Team Decision Assistant (ITDEA) 
discussion support tool (Leclerc and Narvaez, 2001). This tool was “launched” as a prototype 
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this year, along with the other, hoping to further improve it with partners. We realized that this 
method, although complete in its consideration of the steps of the planning process, was too long 
and complicated to use for many municipalities. In 2001, we tried to derive its essence, and came 
out with a simplified version, entitled “Visions, actions and requests across administrative 
levels”, which we tested in Puerto Lopez for the elaboration of the municipal development plan 
(Beaulieu et al., 2002). 
 
This year, we presented a more general systems approach to planning in Beaulieu et al. (2004), 
and in didactic form and in Spanish for rural communities in Beaulieu et al. (2003). We continue 
to promote the visions-actions-requests as part of this general approach. The systems approach to 
planning encourages players to acknowledge the systematic nature of society and its 
environment, to realize how the groups they are part of are part of larger groups, and for leaders 
to understand which other systems are components that they are coordinating. It encourages 
players to reflect on their long-term goals (or desired future conditions), how they fit in with the 
goals of the systems of which they are part, and, if they are leaders, how the goals of the 
components contribute to the goals of the level they coordinate. It aims at: 
 
•  Encouraging a greater sense of responsibility in citizens as well as leaders, through the 

concept of 360° responsibility, by acknowledging that coordinators of each level have 
responsibilities towards the levels below, the levels above, the other systems of the same 
level, in addition to ensuring the perpetuation (and eventually the growth) of the system 
they represent. 

•  Improving interactions between players by finding complementarity between their actions, 
matching the actions of some players with the requests of others.  

•  Reinforcing self-correction and learning through continuous planning, monitoring, and 
evaluation, rather than perceiving the latter as mechanisms of control from above.  

•  Improving communication and the use of information by identifying the different feedback 
loops needed to effectively monitor and evaluate as well as to make decisions, and by 
identifying desired future conditions to use as a reference in diagnostics. 

 
The obstacles to planning are often not so much methodological, but related to counterproductive 
mindsets. A logic of “winners and losers” often underlies political activities, where the goal of 
winning the election overthrows development goals. Other counter-productive mindsets include 
the obsession for maintenance and growth, which also overthrows development goals, as well as 
the culture of quick and easy gain. These can be moderated by an increased sense of 
responsibility (in the 360° directions), and by a longer-term vision of where we want our system 
to go, which can be encouraged by the use of vision-based planning methods. 
 
CUFRUCOL (Cultivos y Frutas para Colombia) 
 
Contributors: Adriana Fajardo, Maria Fernanda Jiménez, Genner Narvaez, Nathalie Beaulieu; 

Libardo Rivas (BP-1) 
 
The CUFRUCOL database was developed and reported in the PE-4 2001 Annual Report. It 
stores information on botanical characteristics of crops, their biophysical requirements, and 
production costs. It allows input of data into GIS DSTs, such as CLIMCROP, and it allows the 
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printing of illustrated and informative cards for participatory discussion of crop options with 
farmers. Since 2001, it has been improved, and data have been added. 
 
Data about botanical characteristics, biophysical requirements, and production costs were 
compiled for 120 crops of interest for Colombia, including grains, forages, fruits, and vegetables. 
These data were stored in a database in Microsoft Access format. When possible, data were 
taken from Colombian sources, and when unavailable, biophysical requirements were taken from 
the ECOCROP database developed by FAO. Users can also input their own data into the 
database, if they dispose of local data or data relative to specific varieties. They can also add new 
entries on crops not yet considered, or on combined production systems. 
 
This database was designed to be flexible and useful for a variety of users. If adequately 
distributed, farmers could consult it at UMATAs. It could be used by UMATA agents 
themselves to help farmers plan production projects that combine a variety of crops, and to make 
economic evaluations of different scenarios. This will help farmers plan more sustainable 
production projects, and will help them present well-documented projects for credits or for 
anticipated purchase contracts. Through the use of this tool, we aim at increasing the capacity of 
municipal institutions to provide technical assistance to farmers, and of farmers to access 
information. The distribution of this tool will be accompanied by training and notes on the 
importance of using this information for preliminary indications only, giving priority to local 
information and common sense in planning agricultural projects. 
 
GEOSOIL 
 
Contributors: Yolanda Rubiano; Edgar Amezquita (PE-2); Dimas Malagon (Universidad 

Nacional); Soil group of Corporación Colombiana de Investigación 
Agropecuária (CORPOICA) Regional 8 

 
GEOSOIL is a database tool that allows the storage of soil information for soil profiles or for 
soils represented in a soil map. For each new entry, it allows the user to enter the physical and 
chemical data that are available, without obliging the user to fill in all the fields. For soil 
characteristics that are not numerical, for example for texture or landforms, it allows the user to 
choose from a range of options, coding the choices in the process. For a number of soil 
properties that can be used as indicators of soil quality, it produces a report of a diagnosis, using 
criteria established for the Colombian llanos. It allows the comparison of soil characteristics with 
the requirements of a given crop and, when the necessary, chemical information is available, can 
produce a report of fertilization recommendations. The soil requirements can be imported from 
the CUFRUCOL database, or the user can specify them. It allows the export of soil data and 
corresponding geographic coordinates to GIS programs for their mapping, or to geostatistical 
programs for an analysis of spatial variability and interpolation. The preliminary developments 
of this tool were presented in the 2002 PE-4 Annual Report. 
 
This year, the application of this database was completed with 1:100 000-scale soil map data for 
the municipality of Puerto Lopez, generously provided by the Instituto Geografico Agustin 
Codazzi (IGAC) for research purposes, extracted from the detailed agrological study for the 
department of Meta (IGAC, 2000).  More detailed data were stored for a portion of this area, 
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resulting from field measurements and characterization of soil samples in a portion of the 
municipalities, around the villages of El Turpial, Humapo, La Victoria, and Puerto Guadalupe. A 
geostatistical analysis was made with these point data, and raster maps of a number of soil 
characteristics were derived by interpolation with a krieging approach. Figure 98 shows the 
result of this analysis for soil penetrability. The application for Puerto Lopez was shared with 
CORPOICA, but an empty structured database (which can be filled with data from other sites) is 
made available to the public through the CIAT Web page. A users’ manual and a help module 
were also developed this year. Figure 99 shows two of the displays of the database tool, 
regarding the comparison of soil characteristics with specific crop requirements. 
 

 
Figure 98. Map of soil penetrability isolines obtained with the GS+ geostatistical software, 

using field measurements in a portion of the municipality of Puerto Lopez. 
 
 

 
Figure 99. (a) Comparison of soil characteristics for a given soil, with the requirements of a 

given crop; and (b) interpretation of this comparison through a graphic display of 
where the coded soil characteristics stand with respect to the minimum and 
maximum characteristics specified in the soil requirements. 

 

(a) (b) 
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ARBOLES 
 
Contributors: Marcela Quintero, Yolanda Rubiano, Edgar Amézquita, Phanor Hoyos (PE-2), 

Nathalie Beaulieu 
 
ARBOLES is a DST that indicates land use alternatives that are most appropriate or sustainable 
regarding soil and topography characteristics, based on a decision tree constructed from technical 
and local knowledge in a given locality. It has been elaborated with Microsoft Access 2000 
database software, with which the decision rules were programmed in Visual Basic. Decision 
rules can be applied on soil and topography characteristics specified by the user for a given 
location, or on the characteristics stored in a table corresponding to the polygons in a soil map. In 
our application for the municipality of Puerto Lopez, we used the decision tree elaborated by 
Hoyos et al. (2001), and digital soil coverage elaborated by combining 1:100 000 scale soil maps 
from IGAC (1978) and IGAC (2000). 
 
If the user specifies the soil and topography characteristics, the application presents a menu of 
soil textures and ranges of slope and effective soil depth from which to choose. As a result of the 
application of the decision tree, the tool proposes a range of possible land uses, the number of 
options increasing as soil depth increases and slope decreases. Practices for the generation of an 
arable layer are proposed in cases where the soil depth is low. To use a soil map and then 
spatialize the results in GIS software, soil and slope characteristics were coded according to the 
values used in the decision tree. The polygons in soil maps generally correspond to groups of 
soils that can have different characteristics. The percentage that each soil represents in the 
polygon is indicated in the tables accompanying the maps. Because there a range of different 
land uses is suitable for each soil type, the results of the analysis are best displayed through a 
series of maps, one for each land use option, where the polygons are colored according to the 
percentage of soil which is suitable for that option. We linked the ARBOLES application for 
Puerto Lopez to both the SPRING and MapMaker Popular GIS packages. We elaborated a 
customized application of MapMaker for Puerto Lopez Popular with all the maps resulting from 
the analysis of the soil maps, for each of the 13 land use options considered. Figure 100 shows 
one of the displays of this customized application for Puerto López. 
 
The database tool was designed to allow a modification of the decision tree to adapt it to other 
localities, or simply to allow experts to revise their decision rules with time. It allows the 
inclusion of criteria other than simply soil and topography. It could be adapted to a completely 
different problematic than land use. We predict that through the use and adaptation of this tool 
with partners, users can combine their knowledge into decision trees, work out how local 
stakeholders can use these, and then adjust the decision rules through monitoring the results of 
the adoption of the proposed options. 
 
Preliminary developments of this tool were presented in the 2002 PE-4 Annual Report. This 
year, the tool was completed, a users’ manual and a help module elaborated, and the tool was 
presented in October to potential partners and users. 
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Figure 100. Mapping of areas recommended for forest use and soil conservation in function of 

the percentage of area of each polygon having severe soil limitations for any type 
of agriculture. Additionally to these soil limitations, the Código Nacional de 
Recursos Naturales obliges natural vegetation to be conserved along streams. 

 
SEGUIMIENTO  
 
Contributors: Jaime Jaramillo, Maria Fernanda Jiménez; Diana Maria Pino (Secretary of 

Planning, municipality of Puerto López) 
 
SEGUIMIENTO is a simple tool, developed this year in Microsoft Access 2000, which can be 
used for the follow-up of actions planned in territorial or development plans. It can be adapted to 
any plan at any level, through a detailed definition of policies, programs, and projects, indicating 
milestones and final goals, and indicators used for evaluating progress. The monitoring of many 
plans is made difficult by the absence of clear milestones, goals, and indicators. A tool such as 
SEGUIMIENTO can help municipalities and other institutions structure their plans to make 
monitoring and evaluation more straightforward. 
 
This tool is now being validated with the Secretariat of Planning of the Municipality of Puerto 
Lopez, for the follow up of the activities planned in the PBOT and PMD. Difficulties lie mostly 
in the collection of information from the numerous municipal offices and partners involved in 
these plans, about the progress of their activities. 
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9.3. Organization of seminars and training activities 
 
National workshop on use of DSTs and GIS for territorial planning 
 
Contributors: Yolanda Rubiano, Marcela Quintero, Ovidio Muñoz 
 
Between 2000 and 2002, CIAT conducted various training activities with the support of MADR 
in various departments of Colombia to teach methods and GIS tools for the elaboration of 
territorial plans. To date, 220 public servants have been trained in Colombia. 
 
With the objective of following up on the trainees and the activities they developed with the 
skills they acquired, we organized a workshop, “El encuentro nacional de usuarios de 
herramientas SIG para la toma de decisiones en planificación rural y Ordenamiento Territorial”, 
at CIAT headquarters in Palmira from 13th to 15th November 2002. Fifty participants attended. 
The event included oral presentations, discussion sessions, a poster session, and an evaluation of 
needs in planning approaches, legislation, information tools, and coordination between different 
administrative levels. 
 
One of the results of this seminar was the formation of a network with the workshop participants, 
and the other beneficiaries of training events organized on rural planning, to discuss various 
issues of development planning in general. This network is open to new members, and new 
subscriptions should be sent to Ovidio Muñoz at o.munoz@cgiar.org  
 
The Latin American workshop on territory and sustainable development 
 
Contributors: Jaime Jaramillo; Hubert Mazurek (IRD); Paolo Groppo, Federica Ravera (Land 

tenure service, FAO); International Land Coalition; CIAT rural planning team; 
CIAT training unit 

 
From June 17th to 20th, CIAT-Headquarters hosted the workshop entitled “Taller 
latinoamericano Territorio y desarrollo sostenible”, funded by the International Fund for 
Agricultural Development (IFAD). This workshop was organized to form a network of 
professionals on the themes of territory and sustainable development, to exchange experiences, 
and to evaluate processes and methods of participatory and negotiated territorial planning, 
aiming to explore implementation channels related to rural development and the management of 
natural resources in Latin America. 
 
The 53 participants contributed their experience in applications or research related to land tenure 
and the management of natural resources, territorial planning, rural institutions, and 
participation. This event had representatives from academia, public administrations, international 
institutions, grassroots organizations, and NGOs. A CD-ROM was prepared with materials from 
the workshop. 
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Launch of tools 
 
Contributors: Rogelio Pineda, Ovidio Muñoz, Jaime Gomez, Yolanda Rubiano, Adriana 

Fajardo, Maria Fernanda Jiménez, Marcela Quintero; CIAT training unit 
 
On the 16th and 17th October 2003, at the Hotel Villavicencio Plaza, we organized a workshop 
for the socialization of methods and DSTs for land use planning developed during the last 5 
years of the agreement between CIAT and MADR. We benefited from the participation of 
representatives of farmer associations and unions, the private sector, academia, regional 
environmental corporations, NGOs, research institutes, municipal administrations, departmental 
administrations, UMATAs, and other institutions involved in environmental management. There 
were 43 participants from 22 institutions. This has allowed us to develop partnerships with users 
of these methods and tools, with whom we can further co-develop and adapt them to user needs. 
 
Training in remote sensing 
 
In the context of the agreement between MADR and CIAT, we organized training on basic 
concepts of remote sensing, using the (free) GIS and image processing software, SPRING, 
developed by the Instituto Nacional de Pesquisas Espaciales (INPE) in Brazil. This course was 
organized jointly with CORPOICA Regional 8, and was conducted at the Universidad de los 
llanos from 21st to 25th October 2002. There were 15 participants, from institutions such as the 
Institut de Estudios Ambientales (IDEAM), CORPOICA, Instituto Nacional de Adecuación de 
Tierras (INAT), División Municipal de Aguas (DIMA), Corporación para el desarrollo sostenible 
del area de manejo especial la Macarena (CORMACARENA), CIAT-Santa Rosa, Universidad 
de los Llanos (UNILLANOS), Policía Nacional del departamento del Meta, Gerencia Ambiental 
y Secretaría de Planeación de la Gobernación del Meta, and Instituto Técnico Industrial. 
 
A training course was given by Nathalie Beaulieu at the Geography Department of the 
University of Uberlândia, Brazil, from May 10 to 13, 2003, on Monitoring of land use/cover and 
land degradation with temporal series of satellite imagery. Students from the course for Masters 
in Geography took this course. 
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Land Use Project Proposals 20038. 
 
Project Proposal Person/s responsible Donor approached Duration Total budget 

required 
(US$) 

Total budget 
for PE-4 (US$) 

Projects in Execution:      

Improving methods for poverty and food insecurity mapping 
and its use at country level (SLJ62) 

G. Hyman FAO 1 year     220,000     106,000 

SEI (SLL42) J. Rubiano SEI 1 year 8 
months 

      24,410       20,342 

CPWF (SLK50) S. Cook IWMI 1 year     100,000     100,000 

Spatial insights: Aerial imagery for site-specific agronomic 
management (SLP70) 

T. Oberthür GTZ 1 year 7 
months 

      39,000       39,000 

SIDA-Kristina Marquardt (SLD40) S. Cook SIDA 1 year       73,243       65,985 

Projects Accepted      

Challenge Program on Water and Food (CPWF) S. Cook IWMI 5 years 1,800,660     200,660 

Training on indicators for sustainable development M. Winograd World Bank Institute Not 
defined 

      15,500       15,500 

Projects Submitted:      

Latin America subnational production database G. Hyman IFPRI 1 year 8 
months 

        9,000         9,000 

Land systems analysis tool for tropical lowland South 
America 

G. Hyman CGIAR ICT/KM 4 months       25,000       25,000 

Geographic information and breeder survey for 
Biofortification Challenge Program 

G. Hyman CGIAR BCP 2 months       10,000       10,000 

Intensificación inteligente de banano y plama: Aumentando la 
rentabilidad agricola y los beneficios ambientales por utilizar 
la agricultura de precision 

T. Oberthür COLCIENCIAS 2 years     316,373     233,280 

 
Continued. 

                                                 
8 For acronyms and abbreviations uses, see page 236. 



 

PE-4 Project Proposals 2003 (Continued) 
 
Project Proposal Person/s responsible Donor approached Duration Total budget 

required 
(US$) 

Total budget 
for PE-4 (US$) 

Projects Submitted:      

Increased food security and income in the Limpopo Basin 
through integrated crop, water, and soil fertility options and 
public-private partnershipa 

P. Jones IWMI 5 years 2,900,000       91,500 

Payment for environmental services as a mechanism for 
promoting rural development in the upper watersheds of the 
tropicsb 

J. Rubiano IWMI 3 years 2,000,000     150,000 

Sustaining inclusive collective action that links across 
economic and ecological scales in upper watersheds 
(SCALES)c 

J. Rubiano IWMI 3 years 2,000,000       30,000 

Bringing science to stakeholder dialogues J. Rubiano/S.Cook/SEI/ 
CIAT 

IWMI 4 years 2,000,000     120,000 

Facilitating sustainable community-based management of 
forest genetic diversity through the use of environmental and 
socioeconomic decision support models 

A. Jarvis ITTO 3 years     750,000     100,000 

Habitat Mapper – Spatial prediction of agroclimatic zones for 
crop introduction and biodiversity conservation 
(IPGRI/University of Berkeley/CIAT) 

A. Jarvis CGIAR ICT/KM 3 years       30,000       10,000 

Developing rapid responses to combat desertification – 
RAPIDES 

S. Cook European Commission 4 years  5,142,154 
EUROS 

    578,958 
EUROS 

Projects Prepared for Submission:      

Sustainable development of coffee-based hillside farming 
systems through consumer-oriented production and marketing 
of high-value crops 

T. Oberthür/J. Cock/ S. 
Cook/ D. White/ M. 
Lundy/ M. Ayarza 

Not defined 3 years 1,300,00 
EUROS 

    450,000 
EUROS 

Natural resource management and reducing risk for 
agricultural enterprises on the floodplains of the Central 
Peruvian Amazon 

G. Hyman/N. Beaulieu/ 
D. White 

Not defined - - - 

 
Continued. 



 

PE-4 Project Proposals 2003 (Continued) 
 
Project Proposal Person/s responsible Donor approached Duration Total budget 

required 
(US$) 

Total budget 
for PE-4 (US$) 

Projects Prepared for Submission:      

Hotspots of climatic change in the tropics: Impacts on 
agricultural systems and poor people in the tropics 

P. Jones/P.Thornton Included in CGIAR 
Global Challenge 
Program on Climate 
Change Proposal 

5 years 2,600,000 Not defined, 
but about half 

Climate change and biodiversity: The effects of climatic 
instability on plant diversity and food production 

P. Jones/A. Jarvis/L. 
Guarino 

CGIAR 3 years 3,000,000     500,000 

Amazon land use systems to reduce global and local 
environmental threats. A concept note. 

P. Jones Not defined - - - 

Targeting comprehensive rural poverty reduction campaigns 
for Mesoamerica that integrate agricultural research and 
technology 

R. Hertford/S. Cook World Bank 1 year     270,000       90,000 

Cost-sharing agreement between CIAT and the InterAmerican 
Biodiversity Information Network (IABIN) 

G. Hyman OAS 5 years     250,000     208,400 

Agro-ecological characterization of water harvesting systems 
in India: Application of remote sensing and geographical 
information systems techniques 

J. Rubiano/R.D. Estrada Comprehensive 
Assessment 
Competitive Research 
Grant Scheme 

9 months 
to 1 year 

Not defined Not defined 

Isotope tracing of nitrate and phosphorus water sources in 
Fuquene Lake 

J. Rubiano/R.D. Estrada CONDESAN, GTZ, 
CAR 

6 to 12 
months 

To be 
defined 

To be defined 

 
a. This is a joint project with ICRISAT and CIMMYT. 
b. Together with CONDESAN, GTZ, CIP, and many others. 
c. Together with ICRAF, IFPRI, WWF, and Universidad Javeriana. 
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Staff List 
 
 * Left during 2003 
� Arrived during 2003 
 
 
Simon E Cook PhD, Crop Biology Project Manager 
Glenn G Hyman PhD, Geography Senior Staff  
Manuel Winograd PhD, Ecology Senior Staff (Outposted)  
Thomas Oberthür PhD, Geography Senior Research Fellow 
Douglas White PhD, Agricultural & Environ. Economics  Senior Research Fellow 
Andrew Farrow MSc, GIS Research Fellow 
Andrew Jarvis  MPhil., Geography Research Fellow 
Kristina Marquardt  MSc, Agriculture Research Fellow (Outposted) 
Arjan J. Gijsman PhD, Soil Science /Crop Modeling Associate Member Senior Staff 
Jorge Rubiano� PhD, Geography Postdoctoral Fellow 
Peter G. Jones PhD, Crop Physiology Consultant 
William Díaz MSc, Administration/System Engineering Systems Analyst 1 
Martha Fabiola Otero MSc, Hydraulic Engineering Research Assistant 1 
Liliana Rojas MSc, Natural Resources Research Assistant 1 
Germán Lema BSc, Industrial Engineering Statistical Consultant 2 
Jorge Humberto Becerra BSc, Economics  Research Assistant 1 
Luz Amira Clavijo  BSc, Geography  Research Assistant 1 
Germán Escobar BSc, Biology – Ethnobiology Specialist Research Assistant 1 
Otoniel Madrid BSc, Statistics Research Assistant 1 
Jenny Correa BSc, Social Communication Editorial Assistant 2  
Sandra Lorena Bolaños  BSc, Topography  Research Assistant 2 
Idris Jones� BSc, Computer Studies National Consultant 
Elizabeth Barona BSc, Systems Engineer GIS Analyst 
Claudia Jimena Perea BSc, Systems Engineer Systems Analyst 3 
Lilian Patricia Torres BSc, Business Administration Administrative Assistant 1 
Samuel Jonathon de Blassi BSc, Biology Visiting Researcher 
Fernando Sevilla Ingeniería Agronómica Visiting Researcher 
Carlos González* BSc., Biology Visiting Researcher 
Dario A. Castañeda� BSc, Agronomy Engineer  Visiting Researcher 
Silvia Elena Castaño Systems Technology  GIS Coordinator 
Jorge Antonio Cardona Systems Technology Systems Technician 
Herman Usma Agricultural Technology  Expert Researcher 1 
Ligia Myriam García  Architectural Drawing  Graphic Artist 1 
Marisol Calderón Architectural Drawing Office Clerk 1 
Ovidio Rivera� Systems Technology Office Clerk 4 
Homer Alexander Cuero Systems Technology GIS Expert 
Rosalba López  Statistical Technology GIS Expert 
Carlos Nagles Agricultural Technology GIS Expert 
Victor Manuel Soto Systems Technology GIS Expert 
Yuviza Barona Bilingual Secretary  Bilingual Secretary 
Gloria Stella Torres Bilingual Secretary Bilingual Secretary 
Rachel O’Brien (50%) MSc, Computer Science Postgraduate Student 
Andres Javier Peña* Meteorology MSc Student  
Juan Carlos Barona* Ingeniería Topográfica Undergraduate Student 
Lix Danny Mosquera*  Ingeniería Agrícola Undergraduate Student 
Rosa Nohelia Naranjo* Ingeniería Agrícola Undergraduate Student 
Norbert Niederhauser � Dipl, Information & Com. Engineering Undergraduate Student 
Thomas Seibold� Dipl, Geography Undergraduate Student 
Sabine Rühmland� Dipl, Eng. Environmental Technics Undergraduate Student 
Susan Schmid� Dipl, Info. & Com. Engineering Undergraduate Student 
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List of Acronyms and Abbreviations used in Text 
 
Acronyms 
 
ANCAR Agence nationale de conseil agricole et rurale, Senegal 
ANN Artificial Neural Networks 
APC Action Applications tool 
APODESA Apoyo a la Política de Desarrollo de Selva Alta, Peru 
Arc-SDM Arc-Spatial Data Modeler 
ARI Advanced Research Institutes 
ASAE American Society of Agricultural Engineers 
ASB “Alternatives to Slash-and-Burn” project of the CGIAR 
BCP Biofortification Challenge Program 
CAR Corporación Autonoma Regional, Colombia 
CARDER Corporación Autonomo Regional De Risaralda, Colombia 
CART Classification and Regression Trees 
CCAD Comisión Centro Americano de Ambiente y Desarrollo, Guatemala 
CCER Center-Commissioned External Review (CCER) 
CENIBANANO Centro Nacional de Investigaciones de Banano, Colombia 
CENICAÑA Centro Nacional de Investigaciones de Caña, Colombia 
CEPLAG Centro de Planificación y Gestión, Bolivia 
CG Consultative Group, shortened form of CGIAR 
CGIAR Consultative Group on International Agricultural Research 
CIAL Comité de Investigación Agrícola Local (Local Agricultural Research 

Committee) 
CIDA Canadian International Development Agency 
CIFOR Center for International Forestry Research, Indonesia 
CIMMYT Centro Internacional de Mejoramiento de Maíz y Trigo, Mexico 
CIP Centro Internacional de la Papa, Peru 
CIRAD Centre de coopération internationale en recherche agronomique pour le 

développement, France 
CIRAD-TERA CIRAD-Département territoires, environnement et acteurs, France 
CLAYUCA Consorcio Latinoamericano y del Caribe para la Investigación y el 

Desarrollo de la Yuca 
CNRH Consejo Nacional de Recursos Hidricos, Senegal 
CODEPO Consejo de Población, Bolivia 
COLCIENCIAS Instituto Colombiano para el desarrollo de la Ciencia y la Tecnología 

“Francisco José de Caldas” 
CONDESAN Consorcio para el Desarrollo Sostenible de la Ecorregión Andina 
COPASA Corporación Para la Seguridad Alimentaria, Peru 
CORMACARENA Corporación para el desarrollo sostenible del area de manejo especial la 

Macarena, Colombia 
CORPOICA Corporación Colombiana de Investigación Agropecuária 
CP Challenge Program 
CPWF Challenge Program on Water and Food 
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CRD Conseil régional de développement (Regional Development Council), 
Senegal 

CSIRO Commonwealth Scientific and Industrial Research Organisation, Australia 
CUFRUCOL Cultivos y Frutas para Colombia 
DESS Diplôme d’études approfondi 
DFID Department for International Development, UK 
DIMA División Municipal de Aguas, Honduras 
DISCover IGBP-DIS global 1 km land cover data set 
DISS Denmark’s International Studies 
DMP Desert Margins Project 
DNP Departamento Nacional de Planeación, Colombia 
DRC Democratic Republic of Congo 
DSSAT Decision Support System for Agrotechnology Transfer 
ECLAC Economic Commission for Latin America and the Caribbean 
EcoCiencia Fundación Ecuatoriana de Estudios Ecológicos, Ecuador 
EIARD European Initiative for Agricultural Research for Development 
EMBRAPA Empresa Brasileira de Pesquisa Agropecuária 
ENSA Ecole nationale supérieure agronomique of INRA 
ENSO El Niño Southern Oscillation 
ESRI Environmental Systems Research Institute, Redlands, California, USA 
EU Expected Utility 
FAO Food and Agriculture Organization of the United Nations, Italy 
FEWS Famine Early Warning Systems 
FGDC Federal Geographic Data Committee, USA 
FLACSO Facultad LatinoAmericana de Ciencias Sociales, Ecuador 
GAM Generalized Additive Models 
GAM Geographical Analysis Machine 
GDLN Global Development Learning Network 
GEF Global Environment Fund 
GEU Generalized Expected Utility 
GFAR Global Forum on Agricultural Research 
GLM Generalized Linear Methods 
GPW Gridded Population of the World 
GRID Global Resources Information Database, Arendal, Norway 
GRIN Germplasm Resources Information Network 
GTZ Deutsche Gesellschaft für Technische Zusammenarbeit (German Agency for 

Technical Cooperation) 
GWR Geographically Weighted Regression 
HePP Herramienta de Planificación Participativa 
IABIN InterAmerican Biodiversity Information Network 
ICARDA International Center for Agricultural Research in the Dry Areas, Syria 
ICLARM International Center for Living Aquatic Research Management, Phillipines 
ICRAF International Centre for Research in Agroforestry, Kenya, now World 

Agroforestry Centre 
ICRISAT International Crops Research Institute for the Semi-Arid Tropics, India 
IDEAM Institut de Estudios Ambientales, Colombia 



 238

IDRC International Development Research Center, Canada 
IEEE Institute of Electrical and Electronics Engineers 
IESE Instituto de Estudios Socio Económicos, Bolivia 
IFAD International Fund for Agricultural Development 
IFPRI International Food Policy Research Institute, USA 
IGAC Instituto Geografico Agustin Codazzi, Colombia 
IGBP International Geosphere-Biosphere Program 
IIAP Instituto de Investigaciones de la Amazonía Peruana 
IIASA International Institute for Applied Systems Analysis, Austria 
IICA Instituto Interamericano de Cooperación para la Agricultura 
IIED International Institute for Environment and Development, UK 
IILA Instituto Italo-Latino Americano, Rome 
IIRR International Institute for Rural Reconstruction, CIAT 
IITA International Institute of Tropical Agriculture, Nigeria 
ILRI International Livestock Research Institute, Nairobi 
INAT Instituto Nacional de Adecuación de Tierras, Colombia 
INE Instituto Nacional de Estadística, Bolivia 
INEI Instituto Nacional de Estadística y Informatica, Peru 
InforCom Information and Communications for Rural Communities project 
INIAA Instituto Nacional de Investigaciones Agricolas y Agroindustrial, Peru 
INIAP Instituto Nacional Autónomo de Investigaciones Agropecuárias, Ecuador 
INPE Instituto Nacional de Pesquisas Espaciales, Brazil 
INRA Institut national de recherche agronomique, France 
INTSORMIL International Sorghum and Millet Program, USA 
IPGRI International Plant Genetic Resources Institute, Italy 
IPRA Investigación Participativa en Agricultura / Participatory Research in 

Agriculture of CIAT 
IRD Institut de recherche pour le développement, France 
IRRI International Rice Research Institute, Philippines 
IS Information Systems unit of CIAT 
ISNAR International Service for National Agricultural Research, Netherlands 
ISRA Institut Sénégalais de recherches agricoles 
ISRIC International Soils Reference and Information Center, Wageningen, Neths 
ITDEA Intelligent Team Decision Assistant 
ITTO International Tropical Timber Organisation 
IVITA Instituto Veterinario de Investigaciones Tropicales y de Altura, Peru 
IWMI International Water Management Institute 
KM Knowledge Management 
LAC Latin America and the Caribbean 
LCD Liquid Crystal Display 
LR Logistic Regression analysis 
LSMS Living Standards Measurement Survey   
MADR Ministerio de Agricultura y Desarrollo Rural, Colombia 
MAS Multi-Agent Systems 
MEA Millennium Ecosystem Assessment 
MERCOSUR Mercado Común del Sur 
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MPC Marginal Propensity to Consume 
MTD Maison de la télédétection, France 
NARES National Agricultural Research and Extension Systems 
NASA National Aeronautics and Space Administration, USA 
NOAA National Oceanographic and Atmospheric Administration, Boulder, CO 
NPGS National Plant Germplasm System, USA 
OAS Organization of American States 
OT Ordenamiento Territorial 
PBOT Plan Basico de Ordenamiento Territorial 
PLUS Planes de Uso del Suelo 
PMD Plan de Desarrollo Municipal 
PNRM Participatory Natural Resource Management group of CGIAR 
POT Plan de Ordenamiento Territorial 
PRADERA Proyecto de Apoyo Rural de la Amazonía 
PRGA Program Systemwide Program on Participatory Research and Gender Analysis for 

Technology Development and Institutional Innovation of the CGIAR 
PROCIG Proyecto Centroamericano de Información Geográfica (Central American 

Geographic Information Project) 
REDECO Red Ecorregional para América Latina 
RIEPT Red Internacional de Evaluación de Pastos Tropicales 
SARL Sustainable Agriculture and Rural Livelihoods discussion papers of IIED 
SCALES Sustaining inclusive collective action that links across economic and 

ecological scales in upper watersheds 
SDC Swiss Development Cooperation 
SEI Stockholm Environmental Institute, Sweden 
SIBTA Sistema Boliviano de Técnología Agropecuario 
SIDA Swedish International Development Agency 
SINMAP Stability Index Mapping 
SLU Sveriges Lantbruks Universitet (Swedish University of Agricultural Science) 
SoFT Selection of Forages for the Tropics 
SPIA Standing Panel on Impact Assessment 
SST Sen-Shorrocks-Thon index 
TAC Technical Advisory Committee 
TCA Tratado de Cooperación Amazónica, Peru 
TSBF Tropical Soils Biology and Fertility Program 
UMATA Unidad Municipal de Asistencia Técnica Agropecuária, Colombia 
UNDP United Nations Development Programme 
UN United Nations 
UNEP United Nations Environment Program, Geneva 
UNILLANOS Universidad de los Llanos, Colombia 
USDA United States Department of Agriculture 
USGS United States Geological Survey 
VMPDS Vice Ministerio de Planificación y Desarrollo Sostenible 
WISE World Inventory of Soil Emission potentials of ISRIC 
WMS Web Mapping Services 
WofE Weights of Evidence analysis 
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WRI World Resources Institute 
WWF World Wildlife Fund 
 
Abbreviations 
 
ALSQ actual local soil quality class 
ANOVA analysis of variance 
ARA absolute risk aversion 
Arc-WofE ArcView extension for weights of evidence mapping 
BAS bare soil 
BM biomass 
BML dry biomass of leaves 
BMT dry biomass of whole bean plants 
BS backslope 
CA circular area statistic 
CEC cation exchange capacity 
CLSQ ongoing change of actual local soil quality class towards different soil 

quality class 
CNC concentration of NPK in chicken manure 
CWS fallow / coffee without shade trees 
D abundance 
DEM digital elevation model 
DEP depression 
dll dynamic link library 
DSS decision support system 
DSTs decision support tools 
EIS elasticity of intertemporal substitution 
FSC shaded coffee 
GC Gerardo Cifuente, farmer 
GCC global climate change 
GCP ground control point 
GIS geographic information systems 
GO governmental organization 
GPS global positioning system 
H high 
hh household 
IAs impact assessments 
ICT information and communication technologies 
IF interfluve 
ind individual 
INRM integrated natural resource management 
L low 
L10 0-10 cm sampling layer 
L20 10-20 cm sampling layer 
L30 20-30 cm sampling layer 
LAI leaf area index 
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LFSOM light fraction SOM 
LL leaf litter 
M moderate 
MAZ annual crops 
MT Manuel Trujillo, farmer 
m.u. monetary unit 
NARS national agricultural research systems 
NDVI normalized differential vegetation index 
NF natural fallow 
NGO nongovernmental organization 
NP natural pasture 
NRM natural resource management 
NSDI national spatial data infrastructures 
OFCOR on-farm (client-oriented) research 
PAS pasture 
PCA principal components analysis 
PIPs pseudo-invariant points 
PNM potential N mineralization 
PV present value 
R&D research and development 
RAPD random amplified polymorphic DNA (a technique for mapping genomes) 
RCA relative circular area 
RMSE root mean square error 
R/T ratio of recharge over transmissivity 
S stability 
SAV sparse vegetation 
SC shaded coffee 
SDI spatial data infrastructures 
SDI sustainable development indicators 
SF secondary forest 
SI stability index 
SOM soil organic matter 
TB tierra buena, good soil 
TC tierra cansada, tired soil 
TEK traditional ecological knowledge 
TPC tactical pilot chart 
TR tierra brava, angry soil 
TS toeslope 
VH very high 
VL very low 
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