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Abstract
Ecogeographic studies provide critical information on plant genetic resources (PGR) to assess their current
conservation status and prioritize areas for conservation. They have also proven useful for effective
genebank management, such as the definition of core collections and identification of collection gaps.
Geographic information systems (GIS) are useful tools for mapping ecogeographic distributions of
biodiversity. GIS allow complex analyses to be performed, as well as clearly visualizing results in maps,
which facilitates decision making and implementation of conservation policies by authorities.
____________________________________________________________________________________
This chapter is a synthesis of new knowledge, procedures, best practices and references for collecting plant
diversity since the publication of the 1995 volume Collecting Plant Diversity: Technical Guidelines, edited by
Luigi Guarino, V. Ramanatha Rao and Robert Reid, and published by CAB International on behalf of the
International Plant Genetic Resources Institute (IPGRI) (now Bioversity International), the Food and
Agriculture Organization of the United Nations (FAO), the World Conservation Union (IUCN) and the United
Nations Environment Programme (UNEP). The original text for Chapter 15: Mapping the Ecogeographic
Distribution of Biodiversity and Chapter 16: Geographic Information Systems and Remote Sensing for Plant
Germplasm Collectors (both authored by L. Guarino) has been made available online courtesy of CABI. The
2011 update of the Technical Guidelines, edited by L. Guarino, V. Ramanatha Rao and E. Goldberg, has been
made available courtesy of Bioversity International.
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Technological advances in both software and hardware, together with the increased availability and
accessibility of geographical, environmental and biodiversity data through the internet, have led to
increased application of GIS analyses for conservation and use of PGR in the last two decades. In this
update, we give an overview of relevant techniques and advances in ecogeographic studies of PGR to
analyse biodiversity data based on collected data and to target further collection. We commence with
providing some general recommendations that are important when setting up new research projects that are
aimed at assessing the conservation status of PGR and/or monitoring trends in (agricultural) biodiversity on
the basis of ecogeographic data. A brief introduction of commonly used methods and techniques for the
analysis of inter- and intraspecific diversity is provided, including multivariate methods such as clustering
and ordination. We also elaborate mapping of (agricultural) biodiversity data and emphasize the importance
of ensuring good data quality. Furthermore, we provide a synopsis of available methods for distribution
modelling and present an overview of useful open-access and commercial statistical and GIS packages. We
conclude our update with an identification of future challenges and research needs.

Introduction
Ecogeographic studies refer to the process of collecting, characterizing, systemizing and analysing different
kinds of data pertaining to target taxa within a defined region (Maxted et al. 1995). These kinds of studies
are important for the formulation and implementation of more targeted and, hence, more effective
conservation strategies for plant genetic resources (PGR) (Guarino et al. 2005). Taxonomic, morphological
and genetic data can provide critical information about the diversity present in specific geographic areas,
which, in turn, can be used for various purposes, such as the assessment of the current conservation status
of PGR and to prioritize areas for in situ conservation. At the ex situ level, combining climate and other
ecological information of an accession’s collection site – from its passport data – with corresponding
morphological or molecular characterization data has also proven useful for effective genebank
management (e.g., definition of core collections, identification of collection gaps, etc.). Geographic
information systems (GIS) are useful tools for this type of analysis (Guarino et al. 2002). GIS tools allow
complex analyses to be done, as well as visualizing results in clear maps, which facilitates decision making
by relevant authorities and encourages the development and implementation of conservation policies (Jarvis
et al. 2010). GIS analysis is carried out on the basis of coordinate systems; hence, the importance of
georeferenced biodiversity data in ecogeographic studies.
The analytical approaches presented in chapters 15 and 16 of the 1995 edition of the Technical Guidelines
are still valid. However, since 1995, technological advances and the growing availability of computers and
portable global positioning system (GPS) receivers have led to the increased application of GIS analyses at
various levels (including spatial data collected by rural communities and forest dwellers). The number and
power of statistical programmes have also become much more advanced, especially with respect to analysis
of genetic diversity (Holderegger et al. 2010). Furthermore, the general accessibility and use of the internet
has created a leap forward in the sharing of geographical, environmental and biodiversity data. One of the
notable examples is the Global Biodiversity Information Facility (GBIF) (www.gbif.org), a platform
providing public access to biodiversity data from national museums, herbaria and genebanks worldwide. In
October 2010, the GBIF contained roughly 39 million georeferenced plant observations.

Current status
Preliminary data handling
The following three paragraphs present several key recommendations on how to initiate an ecogeographic
survey for PGR, following Guarino et al. (2005). Any such study should start with a commission statement
that clearly states the objectives and the methodological design, including a sound strategy for data
collection. Taxonomical experts should be identified who can provide key information about the target taxa
and validate the results/products obtained from ecogeographic analyses and research, such as distribution
maps and the results of collection gap analysis (Ramirez-Villegas et al. 2010). When available, it can be
extremely useful to involve networks of taxonomical experts in such studies. Experts from the Latin
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American Forest Genetic Resources Network (LAFORGEN) have, for example, provided basic information
about reproductive behaviour (breeding systems, pollination and seed dispersal systems) of prioritized tree
species in the MAPFORGEN project (www.mapforgen.org).
Given the continuous changes in taxonomical classification of plants (APG III 2009), it is of utmost
importance to determine upfront the taxonomical boundaries and nomenclature that will be used. The
online database of the US Germplasm Resources Information Network (GRIN) (www.ars-grin.gov/cgibin/npgs/html/index.pl) provides a useful reference in this respect. All the same, it is strongly advisable to
consult other databases such as the Plant List (www.theplantlist.org) or the International Plant Names Index
(IPNI) (www.ipni.org) as well as to refer to other data sources such as experts, monographs and Floras.
The geographical extent and boundaries of the target region depend on the objectives of the study. For
example, a study focused on assessing the status of PGR for strengthening national conservation
programmes will be limited to the country’s national territory. In most other cases, since the occurrence of
cultivated and wild taxa does not follow political boundaries, the target region of ecogeographic studies
will be defined based on available knowledge about the distribution and diversity of taxa, compiled from
literature reviews (e.g., Zeven and De Wet 1982) and consultation with experts from national or
international agricultural research centres.
Data collection
Before starting actual collection of field data, preparation of a clear list of descriptors for passport data is
recommended. In order for data from different studies and sources to be comparable, data collection,
compilation and management require standardization. Data standards for multicrop descriptors have been
developed to standardize passport data, morphological characterization and evaluation. These standards
make the resulting information comparable across germplasm samples (Alercia et al. 2001). In a similar
manner, in order to enable comparison of molecular characterization of crop species, minimum standard
sets of markers have been suggested (Van Damme et al. 2010).
Original fieldnotes should be saved carefully and adequately backed up to allow for cross-checking of data
at a later stage. A backup should also be made of the original data files stored in a notebook or GPS
receiver. Field data can be integrated with additional data retrieved from online portals with data from
genebanks and herbaria, contributing to more comprehensive analyses on the distribution and conservation
of PGR (see table 15/16.1 for an overview).
Table 15/16.1: Online PGR Documentation Systems and Portals for Sharing Biodiversity Data
Portal

Data type

Website

Germplasm Resources Information
Network (GRIN), National Plant
Germplasm System (NPGS)

Passport, characterization and taxonomic
information of PGR conserved by the United
States Department of Agriculture (USDA)

www.arsgrin.gov/npgs/index.html

System-wide Information Network
for Genetic Resources (SINGER)

Passport data of the PGR conserved by the
Consultative Group on International Agricultural
Research (CGIAR) Centres

http://singer.cgiar.org

EURISCO

Access to all ex situ PGR information in Europe.

http://eurisco.ecpgr.org

Genesys

Passport, characterization and evaluation data
for the 22 most important crops, from CGIAR
Centres, EURISCO and GRIN

www.genesys-pgr.org

Global Biodiversity Information
Facility (GBIF)

Passport data from herbaria and genebanks
from all around the world

www.gbif.org

SpeciesLink

Passport data from the Brazilian herbarium
information system

http://splink.cria.org.br/index?
&setlang=en

JSTOR Plant Sciences

Taxonomic information and historic herbarium
samples

www.plants.jstor.org

Botanical Research and Herbarium
Management System (BRAHMS)

Instructions for mapping species distribution
summaries and diversity indices

http://dps.plants.ox.ac.uk/bol
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Recording geographical data is normally done directly in the field by assigning geographical coordinates
through the use of a GPS receiver. The geographic coordinate system in GPS receivers can usually be adjusted
according to the user’s preferences. Two commonly used systems are longitude/latitude and Universal
Transverse Mercator (UTM). Longitude/latitude is preferred in large-scale studies, such as for taxa that occur
across different countries. The longitude/latitude coordinate system in combination with the World Geodetic
System (WGS) 1984 is recommended in the data standards for multicrop descriptors (Alercia et al. 2001) and
is the coordinate system of many freely available spatial datasets (see table 15/16.2 for an overview), which
makes it the preferred option in combination with WGS 1984 for easily combining different spatial datasets.
For studies at lower administrative units (e.g., province, department, state), the UTM may be preferred
because of the low distortion at this scale and the ease in calculating geographic distances. To be able to carry
out GIS analysis with the collected data, longitude/latitude coordinates should be in decimal degrees. If
longitude/latitude coordinates of collection sites have been listed in degrees, minutes and seconds, a special
formula can be applied to convert these coordinates into decimal degrees (see chapter 2 of Scheldeman and
van Zonneveld 2010) .
Table 15/16.2: Some Spatial Data Sources and Tools
Climate




Interpolated climate surfaces for the globe up to 1km resolution: WorldClim (www.worldclim.org)
Downscaled layers from future climate models (GCMs): Climate Change Agriculture and Food Security (CCAFS)
(www.ccafs-climate.org)
Reconstructed paleoclimates: US National Oceanic and Atmospheric Administration (NOAA)
(www.ncdc.noaa.gov/paleo/paleo.html)

Topography



Elevation, watershed and related variables for the globe at 1km resolution: US Geological Survey (USGS)
(http://eros.usgs.gov)
High-quality elevation data for large portions of the tropics and other areas of the developing world: SRTM 90m
Elevation Data (http://srtm.csi.cgiar.org)

Remote sensing (satellite)



Various land-cover datasets: Global Land Cover Facility (GLCF) (http://glcf.umiacs.umd.edu/data)
Various atmospheric and land products from the MODIS instrument: National Aeronautics and Space
Administration (NASA) (http://modis.gsfc.nasa.gov/data)

Soils


Harmonized World Soil Database (www.iiasa.ac.at/Research/LUC/External-World-soil-database/HTML)

Other spatial data





Relevant links and data at DIVA-GIS website (country level, global level, global climate, species occurrence); near
global 90-meter resolution elevation data, high-resolution satellite images (LandSat) (www.diva-gis.org/Data)
Spatial database of the world's administrative areas (or administrative boundaries): Global Administrative Areas
(GADM) (www.gadm.org)
Database with eight million place names with geographical coordinates: GeoNames (www.geonames.org)
Automatic georeferencing tools: BioGeomancer (www.biogeomancer.org)

Since various identification codes may be used in the different steps of collecting, characterizing and
evaluating germplasm material (e.g., collector code, field code, collection code), it is essential to clearly
define a unique identification code to be applied to each accession throughout the entire study. This will
ensure consistent and unequivocal correspondence between each accession and the complexity of its
passport, characterization and evaluation data. It is key to getting confident georeferenced taxonomic,
phenotypic or genetic diversity data for ecogeographic studies. The addition of new codes should be
considered carefully because more codes may lead to confusion and increase the likelihood of making
errors in the documentation system, thus affecting the reliability of the data and reducing the possibility of
effectively conserving and using collected and characterized germplasm.
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Diversity analyses
Ecogeographic studies related to the conservation and use of PGR are mostly focused at the species or gene
level of plant diversity. At the species level, the observed unit of alpha diversity is the species, measured
mostly as present or absent in a certain location (species richness). Other parameters of species diversity are
evenness and abundance (Magurran 1988). Studies at the gene level can be either interspecific (e.g.,
phylogenetic studies within a gene pool or clade) and/or intraspecific (i.e., to understand genetic variation
between plant individuals of the same species or within and between populations of plant species). For the
purpose of measuring genetic variation, the chosen units of diversity may be phenotypic traits (the products
of a gene or its expression) or, more directly, variation in sequences of neutral or functional portions of
DNA or RNA, measured with the assistance of molecular markers (e.g., SSRs, SNPs, DArT, AFLPs; see
De Vicente and Fulton [2004] for an overview of different types of molecular markers).
Richness in species or in the number of alternating DNA sequences in specific parts of a plant species
genome (e.g., allelic richness) are straightforward measures of diversity and are commonly used for
prioritizing conservation areas of either plant communities – based on number and uniqueness of observed
species (Gotelli and Colwell 2001) – or within-species populations identified through molecular markers
(Frankel et al. 1995a; Petit et al. 1998). However, richness is sensitive to sample bias – the situation where
an uneven number of observations or collections has been made across the sampling units included in an
ecogeographic study (some units will contain more observations than others). The rarefaction methodology
allows correcting such sample bias by recalculating richness on the basis of an equal, user-defined number
of observations per sampling unit (Gotelli and Colwell 2001; Petit et al. 1998).
In studies of genetic diversity based on molecular markers, the number of locally common alleles is an
important indicator for prioritizing populations of wild and domesticated plant species for in situ
conservation. These alleles occur in relatively high frequency over a limited area and can indicate local
adaptation to specific environments (Frankel et al. 1995a). Locally common alleles can be identified by
statistical programmes for genetic data such as GenAlEx (see table 15/16.3), which identifies alleles with a
frequency higher than 5% in a local population and occurring in less than 25% of all populations as locally
common alleles (Peakall and Smouse 2006). Another way to detect locally common alleles is with the help
of GIS, by identifying those alleles that occur at relatively high frequencies within a given maximum
distance (see chapter 5 of Scheldeman and van Zonneveld 2010).
Distance parameters
In diversity analysis, ecological and genetic distances are statistics of central importance that allow
investigating the existence of structure and patterns in biodiversity data (beta diversity). This, in turn, is
essential for prioritization strategies for in situ conservation (Gallo et al. 2009; Petit et al. 1998; van
Zonneveld et al. in prep.), as well as for germplasm management and use, such as in the establishment of
core and reserve collections (Frankel et al. 1995b). Ecological distances can be used to calculate how
divergent different sampling units are, based on their species or varietal composition, whereas genetic
distances are typically used to calculate how divergent within-species individuals or populations are, based
on morphological trait or allelic composition. Genetic distances can also be used in phylogenetic studies to
order species. Multivariate techniques such as clustering and ordination allow the ordering of units of
diversity, such as sampling units, species, plant individuals (within species), on the basis of the ecological
or genetic distances between them. Several open-access analysis packages can be useful for carrying out
diversity analysis, including the calculation of distance parameters, clustering and/or ordination analyses.
Some commonly used programmes for ecological and genetic diversity and structure analysis are listed in
table 15/16.3. Additional software for specific genetic analyses is listed in Appendix A of Lowe et al.
(2004) and in Excoffier and Heckel (2006).
There is a wide variety of different distance statistics that can be employed, each with different properties.
Some distance measures, such as Euclidean distance, are used for calculating both ecological and genetic
distances, whereas other measures are generally used for either one of them. Other popular ecological
distances include Bray-Curtis, Kulczynski, Hellinger and Chi-square distances (Kindt and Coe 2005). Since
the distance measure is the input for subsequent multivariate techniques (e.g., clustering, ordination) and
will thus affect the results of this type of analyses, it is important to select an appropriate distance statistic
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from the start. A desirable characteristic of any ecological distance parameter is that it assigns the same
maximum distance to all pairs of sites that do not share any species (e.g., a property of the Bray-Curtis and
Kulczynski distances [Kindt and Coe 2005]). For other features of different ecological distance parameters
and how to test them, refer to Kindt and Coe (2005).
Table 15/16.3: Open-Access Applications for Biodiversity and Genetic Analysis
Software

Properties and applications

Source

Biodiversity.R

A single software environment for performing nearly
all types of biodiversity analysis;
Operates in statistical programme R

Kindt and Coe 2005
http://cran.r-project.org

Vegan

Ordination methods, diversity analysis and other
functions for community and vegetation ecologists;
Operates in statistical programme R

Kindt and Coe 2005
http://cran.rproject.org/web/packages/vegan/vignettes/in
tro-vegan.pdf

BiodiversityPro

Alpha and beta diversity analysis, multivariate
statistics

McAleece et al. 1997
http://gcmd.nasa.gov/records/NHML_Biopro.
html

EcoSim

Null model analysis in community ecology

Gotelli and Entsminger 2004
http://garyentsminger.com/ecosim/index.htm

PAST

Developed for paleontology, but offering vast
possibilities for (multivariate) biodiversity analysis

Hammer et al. 2001
http://folk.uio.no/ohammer/past

GenStat
Discovery

Free version of statistical programme GenStat

www.vsni.co.uk/software/genstat-discovery

Adegenet

Population genetics, including clustering based on
Bayesian Information criterion, Discriminant Analysis
of Principal Components and spatial Principal
Components Analysis;
Operates in statistical programme R

Jombart 2008
http://adegenet.r-forge.r-project.org

Structure

Free software package for using multi-locus genotype
data to investigate population structure.

Pritchard et al. 2000
http://pritch.bsd.uchicago.edu/structure.html

GenAlEx

User-friendly cross-platform package for population
genetic analysis
Runs within Excel

Peakall and Smouse 2006
www.anu.edu.au/BoZo/GenAlEx

The choice of genetic distance measures largely depends on the type of data (phenotypic, or dominant or
co-dominant molecular marker data) and whether distance is calculated between individuals or between
groups of individuals. A guide to which measures of genetic distances may be most appropriate for
different situations is provided by Lowe et al. (2004) and De Vicente et al. (2004b). Popular genetic
distance parameters include Nei’s standard genetic distance, the Arc distance or the Manhattan distance for
quantifying distances between populations, and the Tanimoto or Jaccard distance for quantifying distances
between individuals (Geburek and Turok 2005).
A series of distance parameters can be used when estimating the variation in phenotypic traits between
individuals of the same species. This applies to data analyses from so-called “common garden” experiments
(e.g., Willemen et al. 2007). In such experiments, plant material collected in different sites is established in
field trials under a common environment, in order to reduce the variance by the environmental effect in the
expression of phenotypic traits. When a dataset contains both nominal and continuous morphological data,
the Gower distance can be used (Grum and Atieno 2007; Willemen et al. 2007). The Ward-MLM distance
(Franco et al. 2010) is useful for combining phenotypic and molecular marker data in clustering or
ordination. In light of the different properties of the different genetic distance statistics, it is important to
note that care must be taken when comparing different studies that use different distance parameters
(Finkeldey 2005).
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Distance measures can also be used to test the hypothesis that individuals located further away from each
other are also genetically more distant. To do this, Mantel correlation is often used to calculate between
pair-wise geographical and genetic distances. Mantel tests can be carried out in packages like Adegenet or
GenAlEx (see table 15/16.3). Other types of distances can be compared with genetic distances through
Mantel tests as well, such as environmental distances, like climate or soil, to examine whether individuals
from different ecological zones are also genetically more distinct (Kozak et al. 2008). In GIS programmes,
environmental data (climate, topography, soils) for each collection site can be easily extracted from freely
available spatial data maps and exported to a spreadsheet for further statistical analysis (Scheldeman and
van Zonneveld 2010). Table 15/16.2 provides an overview of important sources and tools for spatial data.
Clustering
Clustering refers to methods that draw on the distance parameters discussed above for assigning units of
diversity such as sampling units, species, within-species individuals or populations, into groups or clusters
whose members show a certain level of similarity for measured characteristics. Many hierarchical and nonhierarchical clustering methods exist and it is practically impossible to choose a “best” method because of
their heuristic nature. The value of clustering is limited because the outcomes can change substantially
depending on different combinations of distance parameters and clustering methods. Therefore, this type of
analysis is useful for exploring variation within collected data, but it should not be considered as definitive
proof of clear patterns in data (Kindt and Coe 2005). Whereas a markedly discontinuous structure in data
will likely be detected by almost any method, a more gradual or continuous structure will be more difficult
to detect by cluster analyses (Jongman et al. 1995) and ordination methods are in these cases more
appropriate than clustering methods (Kindt and Coe 2005). It is possible to evaluate the clustering
performance of a distance statistic by calculating the cophenetic correlation, which compares the distances
between observation points calculated by a given distance parameter with the corresponding distances
between these points in the cluster diagram (for further information see Kindt and Coe [2005]).
Grum and Atieno (2007) provide a user-friendly introduction to clustering with continuous and nominal
variables in the free statistical programme R. A frequently used programme to assign plant individuals to
genetic clusters on the basis of molecular markers is Structure (Pritchard et al. 2000), which uses a
Bayesian approach to determine the probabilities of plant individuals belonging to each cluster from a
predefined number of clusters. Evanno et al. (2005) present a method to determine, within the Structure
environment, the number of clusters that best describe the genetic structure of the gene pool. These clusters
can also be geographically visualized in GIS (Vigouroux et al. 2008).
Ordination
The basic aim of ordination is to represent observations (e.g., different species across a climate gradient, or
allelic composition of within-species plant individuals) and sampling units (e.g., different plots in which
species composition is determined, or sample tissues from different individuals that are used for
determining allelic composition) in a two-dimensional space in such a way that points that are close
together are more similar than points that are further apart. Ordination allows simultaneous representation
of observations and sampling units on the same plane. Observations of species or plant individuals (within
a species) that are plotted close together have a higher likelihood to occur in sampling units with more
similar characteristics (e.g., because they share the same environmental niche or morphological or
molecular characteristics) as compared to points that are plotted further apart. Likewise, points representing
sampling units that are close together correspond to sampling units that are similar in species,
morphological trait or allelic composition, whereas points that are far apart correspond to samples that are
dissimilar in this respect. This combined visualization allows one to relate patterns in observations with
underlying patterns in the relative sampling units (for instance, between-species similarity and similarity
between the plots where these species were observed).
Two general approaches are used in ordination. In direct (or constrained) gradient analysis, direct
relationships are sought between (1) the occurrence and/or abundance of species, varieties or alleles and (2)
specifically measured (environmental) variables that characterize the sampling units in which these species,
varieties or alleles were observed. Observations and sampling units are arranged in a virtual space along
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axes that are linear combinations of these explanatory variables (e.g., environmental variables), and the
predictive power of each of the respective variables is determined (Höft et al. 1999). By contrast, indirect
(or unconstrained) gradient analysis focuses entirely on observations and allows maximum explanation of
variation without the restriction of explanatory variables (Jongman et al. 1995). This type of analysis is
particularly useful when there is no clear foreknowledge about variables that might explain variation
between the observations.
Most types of direct and indirect gradient analysis can be divided into two main types of ordination
techniques: those that are related to (1) a linear (monotonic) response model in which the abundance of any
observational unit (such as species or within-species plant individuals) either increases or decreases with
the value of each of the explanatory variables (e.g., Principal Components Analysis [PCA] and Redundancy
Analysis [RDA]) and (2) a unimodal response model, where any observational unit occurs within a limited
range of the explanatory variables (e.g., Correspondence Analysis [CA] and Canonical Correspondence
Analysis [CCA]) (Jongman et al. 1995). Given that the unimodal distribution is more common in nature
than a linear distribution, it might be more advantageous to use unimodal over linear response models
(Kindt and Coe 2005). According to Jongman et al. (1995), it is advisable to start analyzing biodiversity
data by using unimodal models (CA, Detrended Correspondence Analysis [DCA] or CCA) and to decide
afterwards whether one could simplify the model to a monotonic one. Non-metric multidimensional scaling
(NMDS) is an additional method for indirect gradient analysis that differs in various ways from nearly all
other ordination techniques. It can handle non-linear species responses of any shape and allows the use of
any distance parameter (Holland 2008). Table 15/16.4 provides a summary of the different options of
ordination techniques.
Table 15/16.4: Ordination Techniques

Unimodal response
model

Monotonic or linear
response model

Non-linear response
of any shape

Unconstrained or indirect
gradient analysis

Constrained or direct
gradient analysis

Distance measure





Chi-square distance







Correspondence
Analysis (CA)
Detrended
Correspondence
Analysis (DCA)
Principal Components
Analysis (PCA)
Principal Coordinates
Analysis (PCoA) =
metric multidimensional
scaling

Non-metric
multidimensional
scaling






Canonical Correspondence
Analysis (CCA)
Detrended Canonical
Correspondence Analysis
(DCCA)
Redundancy Analysis
(RDA)
Distance-based
Redundancy Analysis (dbRDA)
Canonical Analysis of
Principal Coordinates
(CAP)

Chi-square distance

Euclidean distance
Any distance

Any distance

Mapping ecogeographic data
Data quality control
In mapping the ecogeographic distribution of the target taxa, it is crucial for the data to be of high quality
and precise (i.e., to contain a minimum number of errors at a specified scale of study). Therefore it is very
important to check the quality of the data before they are used in analysis. During field collection, it is
recommended that detailed passport information be noted down in a field book and that this original
information be carefully saved to enable any error that might emerge during data analyses to be tracked
back. Chapman (2005a,b) and chapter 4 of Scheldeman and van Zonneveld (2010) explain several ways to
check the quality of georeferenced data, including verification of consistency between the data on (1) the
administrative unit (country, provinces, departments) mentioned in the passport data of a collection or
observational record as it was registered in the field and (2) the administrative unit in which it is mapped in
a GIS programme.
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Another way to identify potentially erroneous points is to carry out an outlier analysis, which identifies
georeferenced records of the target taxa that are located in atypical climates compared to the climatic niche
in which records of the taxa normally occur (Scheldeman and van Zonneveld 2010). Such records can be
erroneous due to incorrect coordinates or taxonomic misidentification. However, they might also
effectively represent individuals at the marginal ends of a taxon’s distribution range, which could contain
valuable traits for adaptation to atypical site conditions. Yet another possibility is that areas with a distinct
climate, where outliers are located, have been undersampled in comparison to other areas. If this is the case,
these areas could be considered for further collection. For these reasons, when possible, it is recommended
that the field book containing original passport information of a record in an atypical climate be consulted
(or contact the collector in case the data came from a third party) to find out whether the record is an error.
If the outlier appears not to be an error, it can be useful to further evaluate the properties of the plant
individuals located in the outlier location based on molecular or phenotypic characterization. If plant
individuals possess properties of human interest, it can be worth considering further exploration of the
surrounding areas for other plant individuals/populations with similarly interesting traits.
One should also bear in mind that in many cases, data originating from herbaria and genebanks (e.g., freely
available from GBIF) were not generated for the purpose of biogeographic studies, and they are often the
result of ad hoc collecting or non-systematic and uneven sampling efforts (Chapman 2005a). Frequently,
specimens/accessions have been collected mostly or exclusively from areas that are easily accessible or where
a taxon is known to occur, thus negatively affecting the representativeness of the data (Hijmans et al. 2000).
Such sample bias can later be corrected – although only to a certain extent – with methods such as rarefaction
and distribution modelling (see Scheldeman and van Zonneveld [2010] for further details). The best way to
prevent sample bias is, of course, by establishing a sound strategy for data collection, although it should be
acknowledged that this is not always possible.
Georeferencing
Georeferencing, which assigns geographical coordinates to collection records or observation data missing
such coordinates, can substantially increase the number of sound observation records of the target taxa and
consequently improve the quality of ecogeographic studies. Specimen label data from collections such as
herbaria, which do not include geographical coordinates but do include precise information about the
locality where the specimen was collected or observed, can be georeferenced using either gazetteers that
can be downloaded from the DIVA-GIS website (see table 15/16.2) or automated online gazetteers such as
GeoNames (www.geonames.org) and BioGeomancer (http://www.biogeomancer.org). Google Earth can be
useful for georeferencing records as well, especially those that are taken at a specific distance along the
road between two localities. BioGeomancer provides a significant step towards automated georeferencing:
it currently encompasses natural language processing (geo-parsing) to interpret the descriptive locality text,
place-name lookup to register localities with known geographic coordinates, and ambiguity analysis to selfdocument uncertainties in resulting geographic descriptions. At the time of this publication, work was still
in progress for a workbench that will allow georeferencing of batches of data, speeding up the handling of
large bodies of observation records.
Plant diversity, distribution and conservation
The number and frequency of species, varieties or alleles in distinct sampling units within a study area
(alpha diversity) are the principal subjects of the spatial analysis of diversity to prioritize areas for
conservation in situ and collection of PGR. Sampling units may refer to previously identified sites,
administrative units or grid cells of any chosen size. In many cases, such as the example in chapter 15 of
the 1995 edition of the Technical Guidelines, species distribution is mapped on the basis of observed
species presence in the cells of a grid that covers the study area. At a national or continental level, this grid
size may be as large as 50 x 50 km, as used in the Atlas Florae Europaeae (2011), or 100 x 100 km (about
one degree) (Scheldeman et al. 2007). In this respect chapter 5 of Scheldeman and van Zonneveld (2010)
provides working examples to practice mapping species and allelic richness in grid cells with a point to grid
analysis in DIVA-GIS.
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The advantage of using grid cells is that these allow the comparison of diversity between sampling units of
similar geographical size throughout the extent of the study area. DIVA-GIS and other GIS programmes –
among those reviewed in Steiniger and Bocher (2008) – can be used to carry out grid-based diversity
analysis (see table 15/16.5 for open-access and commercial packages) and have been applied in several
studies to assess the distribution and conservation status of crop gene pools (e.g., Hijmans and Spooner
2001; Jarvis et al. 2003; Scheldeman et al. 2007). Other ways to map distribution and richness are by means
of circular area (Hijmans and Spooner 2001) or circular neighbourhood (Hijmans et al. 2005b; Scheldeman
and van Zonneveld 2010).
Methods have been developed to optimize the number of conservation areas based on the number of species,
varieties or alleles in different units and how they complement each other. DIVA-GIS also includes a reserve
selection algorithm, developed by Rebelo and Siegfried (1992), which calculates the minimum number of
areas (grid cells) necessary to conserve a given number of species, varieties or alleles of the gene pool under
study (Hijmans et al. 2001). It ranks grid cells that should be given priority for conservation in the following
order: first priority is given to the grid cell with the highest alpha diversity; subsequent priority is given to
those grid cells that best complement the initial ones because they contain the highest number of new species,
varieties or alleles that were not found in the previously selected grid cells (beta diversity). Chapter five of
Scheldeman and van Zonneveld (2010) explains how to carry out such a reserve selection.
Distribution modelling
For most plant species, including many crop wild relatives and socioeconomically important tree species,
only a limited amount of information on their natural distribution is currently available (Nic Lughadha et al.
2005). Distribution modelling or ecological niche modelling is considered a useful tool for overcoming the
lack of concrete information on the natural distribution of species (Guarino et al. 2002; Hernandez et al.
2006). It aims to distinguish between zones where the species could potentially occur (i.e., areas with
similar environmental conditions to the defined ecological niche) and areas where the species is likely to be
absent because the local environment is different from the ecological niche. Distribution models can thus be
used to predict the full natural distribution ranges for plant species on the basis of records of presence and
absence by defining the ecological niche of a species on the basis of statistical (empirical) relations between
occurrence and environmental factors. GIS are very useful in this respect because they allow extraction of
information from environmental data layers relative to sites where a species has been observed, as well as
to sites where it is known to be absent, and allows visualizing and editing the outcomes of the model on a
map. Environmental data layers in distribution modelling can be derived from datasets like those listed in
table 15/16.2. Depending on the modelling programme used, they can consist of only continuous variables,
such as climate data derived from WorldClim (Hijmans et al. 2005a), or also include nominal variables,
such as maps of vegetation or soil type. While distribution modelling is traditionally used to predict the
distribution of species, it can also be applied for intraspecific units of diversity, such as ecotypes or clusters
defined on the basis of morphological or molecular markers.
The collection of absence records is a challenge because the reasons for absence are not always clear; it
might either be due to ecological characteristics, human disturbance or simply because species presence
was overlooked during an inventory or collection. Therefore, distribution modelling often uses presence
records only (Pearce and Boyce 2006). Presence records can be derived from herbarium specimens,
genebank accessions or vegetation/plant species inventories, which have become increasingly available
online through portals such as GBIF (see table 15/16.1).
In addition to understanding the full distribution range of a species, distribution models have also been used
in gap analyses to prioritize areas for germplasm collection (Jarvis et al. 2005; Scheldeman et al. 2007). In
this respect, a gap refers to a location where a distribution model predicts the potential occurrence of a
target taxon, but where specimens and/or germplasm of the taxon have not actually been collected.
Ramirez-Villegas et al. (2010) present a method based on the identification of sampling, geographic and
environmental gaps to prioritize among taxa. Chapter 6 of Scheldeman and van Zonneveld (2010) explains
how to carry out a gap analysis with the use of the distribution modelling programmes Maxent and DIVAGIS. An important source of guidance is the GapAnalysis portal (http://gisweb.ciat.cgiar.org/GapAnalysis)
with its methods for crops and crop wild relatives.
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Table 15/16.5: GIS Packages
Open-source desktop GIS

Properties

Source

DIVA-GIS

Biodiversity analysis, species
distribution mapping, etc.
Also provides free spatial data for the
whole world

www.diva-gis.org

GRASS (Geographic
Resources Analysis
Support System)

Analysis and scientific visualization,
cartography, simulation

http://grass.itc.it/intro

QGIS (Quantum GIS)

Viewing, GRASS-Graphical User
Interface

http://qgis.org

uDig (User-friendly Desktop
Internet GIS)

Viewing, editing, analysis

http://udig.refractions.net

SAGA (System for
Automated Geoscientific
Analyses)

Analysis, modelling, scientific
visualization

www.saga-gis.org

ILWIS (Integrated Land and
Water Information System)

Analysis, integrating image, vector
and thematic data

www.itc.nl/Pub/Home/Research/Research_
output/ILWIS__Remote_Sensing_and_GIS_software.html

OpenJUMP 2002/03

Editing, analysis
JUMP Family (Java Unified Mapping
Platform)

www.openjump.org

Commercial GIS

Properties

Source

Esri

Products include ArcView 3.x,
ArcGIS, ArcSDE, ArcIMS, ArcWeb
services and ArcGIS Server.

www.esri.com

Autodesk

Products include Map 3D, Topobase,
MapGuide and other products that
interface with its flagship AutoCAD
software package

http://students.autodesk.com/?nd=download
_center&c_key=31305F5F416D6572696361
73&

Bentley Systems

Include Bentley Map, Bentley Map
View and other products that
interface with its flagship MicroStation
software package

www.bentley.com/enUS/Products/Bentley+Map

ERDAS IMAGINE

Products by ERDAS Inc, include
ERDAS ER Mapper, ERDAS ECW
JPEG2000 SDK

www.erdas.com/products/ERDASIMAGINE/
ERDASIMAGINE/Details.aspx

Intergraph

Products include G/Technology,
GeoMedia, GeoMedia Professional,
GeoMedia WebMap, and add-on
products for industry sectors, as well
as photogrammetry

www.intergraph.com

MapInfo

Products by Pitney Bowes, include
MapInfo Professional and
MapXtreme

www.pbinsight.com/welcome/tenfive/index3.php

Smallworld and Spatial Eye

Purchased by General Electric and
used primarily by public utilities

http://site.geenergy.com/prod_serv/products/gis_softwar
e_2010/en/index.htm
www.spatial-eye.com/Engels/SpatialWorkshop-features/Direct-access-to-data-insmallworld-GIS/page.aspx/49

Another application of distribution modelling is to examine the impact of climate change on the distribution
of plant species of interest and socioeconomic importance, such as crop wild relatives (Jarvis et al. 2008) or
timber tree species (Saénz-Romero et al. 2006;van Zonneveld et al. 2009a).
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It is important to note that distribution modelling can be used to better understand species distribution and
to help prioritize areas for germplasm collection only when some information about a species is already
available. There is no standard in terms of the minimum number of observation points required, as this will
often relate to the nature of the species: for rare species or species with a restricted niche, only a small
number of presence records may be sufficient, while for species with a broad niche and extensive
distribution range, a higher total number of records is desirable. Although it is difficult to provide strict
guidelines on the minimum number of presence records necessary for credible distribution modelling, a
number of illustrative examples exist:
 Scheldeman et al. (2007) used a minimum of 10 points for rare Vasconcellea species with a known
restricted distribution.
 The MAPFORGEN project (MAPFORGEN 2011), which evaluates the natural distribution of 100
species native to Latin America, used a minimum number of 20 species presence records.
 van Zonneveld et al. (2009b) worked with a minimum number of 50 presence records for two pine
species with a broad geographic distribution range throughout Southeast Asia.
Modelling a species’ natural distribution is done under several conditions, the most important being (1) the
species should be in a state of equilibrium with its environment (in other words, the environmental ranges
are restricted by competition and predation and not by dispersion limitations) and (2) the available
environmental variables (e.g., climate variables) used in the modelling are determinant a-biotic factors in
shaping the natural distribution of the species. In practice, one or both of these conditions are often not met;
nonetheless, distribution modelling is still a useful tool for approximating the natural distribution of a
species and, as such, is relevant for prioritizing conservation activities.
Because the model outcomes are an approximation of the species’ real distribution, it remains a challenge
to estimate how representative modelled distributions are. Moreover, the outcomes of distribution
modelling can vary depending on the modelling program used, quality of presence records and included
environmental layers. The outcomes of these models, although potentially useful, should therefore be
validated carefully for in situ conservation planning and targeted collection (Loiselle et al. 2003). There is
extensive literature about methods for validating models (e.g., Araújo et al. 2005; Beauvais et al. 2006).
DIVA-GIS includes an option to calculate two frequently used indicators of model evaluation – maximum
Kappa and Area Under Curve (AUC) of Receiver Operation Curve (ROC) – from cross-validating
modelled distribution maps with a subset of the presence records (Hijmans et al. 2005b). Maxent also
provides an option to calculate AUC (Phillips 2009), albeit it is argued that other indicators are more
appropriate to measure model performance (see Lobo et al. 2008).
Over the years, a wide variety of ecological distribution models have been described in the literature, an
exhaustive description of which is beyond the scope of this chapter. In the following section, we give a
brief overview of the most popular empirical distribution models that are based on observed data and which
assume an equilibrium state of the ecosystem, partly based on Peters (2008).
 Linear Regression models: Regression analysis aims at predicting the pattern in one response variable
from the pattern of one or several independent or predictor variables (Kindt and Coe 2005).
 General linear models (GLMs): General linear models were developed for situations when certain
aspects of the linear regression model are not appropriate. GLMs provide ways of realistically estimating
a function of the mean response (the so-called link function) as a linear combination of a given set of
predictor variables (Dobson 2002; Nelder and Wedderburn 1972). Popular GLM models are the Poisson
GLM with a logarithmic link function (when data are counts) and the binomial GLM with logit link
function (for presence-absence data) (Kindt and Coe 2005).
 General additive model (GAM): The general additive model extends the GLM by fitting nonparametric
smoothing functions to estimate relationships between the response and the predictive variables (Hastie
and Tibshirani 1986). The smoothing function generates a curve that can flow more freely between the
data than a straight line.
 Tree-based techniques: Tree-based techniques partition the predictor (environmental) space into parts
and then fit a simple model to each part. Classification (categorical response) and regression (continuous
response) trees (CART) (Breiman et al. 1984) are a popular technique. Other methods, such as rule-based
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classification (Lenihan and Neilson 1993) and maximum likelihood classification (Franklin and Wilson
1991), have been developed. Random Forests is a related technique that differs from ordinary tree-based
techniques in that it generates an ensemble of trees instead of a single best tree (Breiman 2001).
 Bayesian techniques: Distribution models based on Bayes’ theorem modify an initial (a priori) estimate
of the probability of encountering a species or vegetation type in the landscape by using (1) known
preferences (e.g., based on expert knowledge or the literature) of the species or vegetation type for
environmental characteristics and (2) information concerning the distribution of these characteristics in
the landscape (Guisan and Zimmerman 2000; Tucker et al 1997). However, the quality of the a priori
information largely determines the model’s performance.
As mentioned above, this list of techniques is not exhaustive; many others exist, including artificial neural
networks (Lek and Guegan 1999), support vector machines (Cortes and Vapnik 1995), the environmental
envelope (Busby 1991) and maximum entropy (Elith et al. 2011; Phillips et al. 2006) models.
In terms of software packages, Maxent, which implements a maximum entropy modelling approach, has
performed very well in comparison to others (Elith et al. 2006; Hernandez et al. 2006). It has been used to
evaluate the outcomes of species distribution models under different sets of environmental layers (BlachOvergaard et al. 2010) and to compare the outcomes of species distribution model with the use of different
presence record datasets (Feely and Silman 2011). Integrated into DIVA-GIS are other two distribution
modelling programmes: BIOCLIM and DOMAIN (Carpenter et al. 1993; Hijmans et al. 2005b). Although
their statistical algorithms are easier to understand than the one used by Maxent, they have not performed
as well in comparative studies (Elith et al. 2006; Hernandez et al. 2006). An advantage of Maxent and
Domain is that they allow the inclusion of both continuous variables, such as climate data, and categorical
variables, such as layers of vegetation and soil types; BIOCLIM only allows the inclusion of continuous
variables. Table 15/16.6 lists some software packages that are commonly used for distribution modelling.
Table 15/16.6: Distribution Modelling Packages
Software

Properties and applications

Source

Maxent

Maximum-entropy approach for distribution modelling

www.cs.princeton.edu/~schapire/maxe
nt

BIOMOD

Ensemble forecasting of species distributions, enabling
the treatment of a range of methodological uncertainties
and the examination of species-environment relationships

http://r-forge.rproject.org/projects/biomod/

OpenModeller

Cross-platform environment where a fundamental niche
modelling experiment can be carried out
A number of algorithms are provided as plug-ins,
including GARP, Climate Space Model, Bioclimatic
Envelopes, Support Vector Machines and others

http://openmodeller.sourceforge.net/

Biomapper

A kit of GIS and statistical tools designed to build
distribution models and maps for any kind of animal or
plant
Centred on the Ecological Niche Factor Analysis (ENFA),
which does not require absence data

www2.unil.ch/biomapper/what_is_biom
apper.html

DOMAIN

Can operate effectively using only records and a limited
number of biophysical attributes

Carpenter et al. 1993

Random Forests

(See text above)

www.stat.berkeley.edu/~breiman/Rand
omForests/cc_home.htm

GARP

The Genetic Algorithm for Rule-set Prediction (GARP) is
a distribution modelling method

Stockwell and Peters 1999

Genetic structure and genecological zonation
Spatial patterns of genetic structure are traditionally visualized on spatial data maps by means of vector
point data in different colours (e.g., Motamayor et al. 2008) and in pie charts (Trognitz et al. 2011). Pie
charts are also used to display similarities and differences in the composition of chloroplast or
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mitochondrial DNA of different populations (Pautasso 2009). More recently, grid-based analyses based on
molecular marker data have been used to develop accurate conservation strategies for PGR (Kiambi et al.
2008; van Zonneveld et al. in prep.) and to understand the origin and domestication of crops (van Etten and
Hijmans 2010).
For most tree species and crop wild relatives, information concerning patterns of intra-specific diversity
across their distributions, which can help in prioritizing areas for in situ conservation and germplasm
collection, is not yet available. In such cases, genecological zonation can provide guidance with respect to
the establishment of networks of conservation stands (Graudal et al. 1995). Following the assumption that
ecogeographic variation shapes genetic patterns (Byers 2005; Ramanatha Rao and Hodgkin 2002),
information about climatic and ecological parameters and topographic barriers can be used to define
genecological zones, which putatively correspond to differences between species populations that are likely
to be genetically distinct because of limited gene flow and/or local adaptation to specific environmental
conditions. To identify different climate zones, for instance, DIVA-GIS can be used to map climate zones
on the basis of the WorldClim dataset with the use of the clustering option (Hijmans et al. 2005b).
Topographic barriers can be visualized with GIS and used to assign records to different populations
separated by mountain ranges or water division lines (see table 15/16.2). Such theoretically constructed
zones should ideally be validated by empirical data (ground-truth) in order to allow adjustment or
refinement. When genetic (molecular or phenotypic) data exist, clustering or ordination techniques can be
used to evaluate how much of the genetic structure can be explained by grouping plant individuals in
populations according to genecological zones (e.g., Zhang et al. 2006).
Ecogeographic distribution data of specific taxa can provide measures of their plasticity and adaptation and
can be a useful complement to morphological and molecular marker studies (or even serve as proxy if
morphological or molecular data are not available). In this context, ecogeographic studies support the
prioritization of material to be secured in genebanks (Parra-Quijano et al. 2011) and the establishment of
core collections for breeding purposes. A programme like Powercore allows the inclusion of ecogeographic
variables, such as climate (continuous) and watersheds (nominal), to calculate a subset that is assumed to be
representative for a specific taxon in the complete collection (Kim et al. 2007). Ecogeographic studies are
also used for carrying out gap analyses, and the higher the level of spatial coverage, the greater the amount
of genetic variation that is likely to be captured. In recent years, methodologies and approaches for
assessing gaps in genebank collections and prioritizing taxa to be searched in collection missions have been
developed. Maxted et al. (2008) provide a gap analysis based on a combination of taxonomic, genetic and
ecogeographic diversity.
When specific accessions from a genebank collection have shown interesting traits in evaluation trials (such
as drought tolerance or pest and disease resistance), it can be worthwhile to evaluate genebank accessions
collected in the same ecological zone since they will most likely have adapted to a similar environment and
might express similar interesting traits. This approach, called Focused Identification of Germplasm Strategy
(FIGS) has been used, for example, to pre-select 1320 accessions from a wheat collection of about 16,000,
to screen on resistance to powdery mildew. Sixteen percent of the selected accessions showed resistance to
the disease (Bhullar et al. 2009).
Monitoring trends in biodiversity
Information about species distribution can be used as an indicator to assess the conservation status of the
natural populations of particular plant species. It can be anticipated that species with a narrow and/or
fragmented natural distribution are more vulnerable to threats such as changes in land use and climate than
species with an extensive and continuous distribution. The World Conservation Union (IUCN) has
developed several Red List parameters that are based on species distribution, most notably, the extent of
occurrence and area of occupancy (IUCN B criterion). In combination with criteria about observed or
expected trends in population size, these parameters provide information about the conservation status of
species (IUCN 2008). The distribution-based Red List parameters can be calculated with freely available
GIS tools (Willis et al. 2003). In combination with information from species experts, they can be used to
evaluate the conservation status of wild species, including crop wild relatives (e.g., VMABCC and
Bioversity International 2009).
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It is generally accepted that the modernization of agriculture and changes in land use could have a negative
effect on the diversity of crop species and their wild relatives (agricultural biodiversity) conserved on farms
and at a landscape level, and might lead to genetic erosion at the level of either crop, variety or allele (van
de Wouw et al. 2010). Nevertheless, exact, well-quantified measures and evidence of genetic erosion as a
consequence of agricultural modernization are scarce. Indeed, under certain conditions, crop diversity
might even increase when modern varieties are introduced (Bioversity International 2009). Therefore, it is
important to establish adequate indicators and to identify areas where agricultural biodiversity can be
monitored. Genetic erosion of crops in specific study areas can be measured by comparing current in situ
diversity with the diversity of genebank material collected from the same area in the past (De Haan et al.
2009). The existing genetic diversity can be compared between different types of land use, such as
commercial agriculture vs. traditional farming to understand the dynamics in the use of crop diversity (van
Heerwaarden et al. 2009). GIS are a useful tool to overlay areas of high crop diversity with thematic maps
that provide information about accessibility, ethnicity and land use, among other variables, and to better
understand which social and economic variables drive the dynamics in the use of crop diversity (e.g.,
Willemen et al. 2007)
In terms of indicators, those developed within the IUCN criteria may not be appropriate for monitoring the
dynamics in the use of crop diversity since they are limited to monitoring at the species level (rather than
intra-specific level). An indicator proposed by the Conference of the Parties to the Convention on
Biological Diversity (www.cbd.int) is the total number and share of main crop varieties, but this might not
adequately reflect relative changes in crop diversity (Eaton et al. 2006). From a scientific point of view,
allelic evenness and richness measured through molecular markers are more appropriate for detecting
changes in crop diversity (Eaton et al. 2006). Although molecular marker studies have become increasingly
common and can be applied to monitoring trends in agricultural biodiversity, other, non-molecular-based
indicators are also recommended (OECD 2003). These include the share of land devoted to non-intensive
production/high biodiversity (with varieties specific to such production systems), percentage of seed of
three major crops/varieties originating on-farm and number of traditional (low-production) varieties stored
in a genebank (Eaton et al. 2006). The monitoring of crop diversity on the basis of commercial and
traditional varieties might be particularly relevant for specific crops when a sound inventory of registered
varieties is in place (Eaton et al. 2006) or when taxonomic keys to distinguish between crop varieties are
defined and accepted, such as in the global project of native maize (Proyecto global de maíces nativos,
www.biodiversidad.gob.mx/genes/proyectoMaices.html). However, registration of varieties according to
morphological characterization may still lead to a substantial degree of misidentification (van de Wouw et
al. 2011; Vigouroux et al. 2008). Since the results for molecular markers are more consistent, standardized
sets of these markers (Van Damme et al. 2010) are recommended as indicators in monitoring crop diversity
(van de Wouw et al. 2010). For molecular marker studies, young shoots or other vegetative material from
individual plants can be collected in the field and simply stored in bags (such as Ziploc bags) with silica
gel before they are sent to a laboratory for molecular analysis.
The disadvantage of molecular markers is that in many cases, neutral diversity is measured within a
sampling unit and not, directly, the diversity of genetic resources (i.e., genetic material of current and future
use). Although it can be anticipated that in areas with high neutral diversity, there is also a higher likelihood
of finding a high diversity of genetic resources, it is worthwhile to include indicators that directly measure
the diversity in traits of interest as well (e.g., morphological descriptors, functional molecular markers).
Similarly, taxonomic identification remains important. Since this is the basis for limiting the gene pool
under study and is essential for identifying target taxa during field collection, it should be combined with
monitoring based on molecular markers.
Implementation of the International Treaty on Plant Genetic Resources for Food and Agriculture
(www.planttreaty.org) by a growing number of countries calls for increased impetus in developing an
integrated, effective, efficient, global approach to conserving PGR for food and agriculture as part of a
rational global system. Molecular and other types of indicators for analysing agricultural biodiversity (like
those described above) are crucial for improving the extent to which variation can be determined in existing
ex situ collections or under on-farm conditions. They can become a powerful tool for planning new and
cost-effective collecting missions (Ramanatha Rao and Hodgkin 2002).
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Future challenges/needs/gaps
Regardless of the advances achieved in the two last decades, further improvements in tools and
methodologies for data gathering, quality control, availability and analysis are still called for. Among the
needs and gaps whose solution would significantly speed up or improve the quality of research, a few are
presented as follows (the list does not pretend to be exhaustive but only to touch upon some challenging
areas of improvement).
Increased application of standardized molecular markers as indicators of diversity
The use of standardized sets of molecular markers, as already mentioned, is becoming increasingly
necessary in order to allow comparability among the growing body of data on molecular diversity being
generated worldwide, at least for major crops. Standardized sets, which basically perform as descriptor lists
at the morphological level, already exist, such as the Generation Challenge Programme SSR kits for 11
crops (among which are wheat, rice, maize, potato, sorghum, chickpea, bean)
(http://s2.generationcp.org/gcp-tmm/web). Particularly if and when the application of molecular markers
becomes standardized, public databases for characterization data should be created and made easily
accessible to users, complementing and completing the information on species distribution data found in
databases such as GBIF and Genesys (see table 15/16.1). The combined information can indicate hotspots
of intra-specific diversity, directing collection missions aimed at material carrying specific traits, informing
in situ conservation strategies as well as sampling strategies for detailed monitoring of crop diversity.
Increased use of multi-site evaluations for evaluating environment and climate effects on
crop performance
Multi-site trials repeated over a number of growth cycles with crops or varieties grown at different
locations allow a cross-comparison of how different environmental and climatic conditions affect the
performance of specific accessions that were collected in the past and are being conserved ex situ. The
repeated recording of performance data from multi-site trials gives consistency to the predictive power of
productivity models and allows improved calibration of the models, themselves, by providing a real-world
test of the performance of crops or varieties under different environmental and climatic scenarios.
Information about performance will be especially important for understanding how crops and trees can be
expected to perform in specific areas under climate change (i.e., under warmer conditions in combination
with wetter or drier conditions). Several studies on the impact of climate change on crop performance have
been carried out based on field trial data (Lobell et al. 2011; Ortiz et al. 2008). Based on such experiments,
promising germplasm adapted to specific environments can be identified.
Availability and integration of additional high-resolution non-climate environmental data in
distribution models
One of the challenges of distribution modelling resides in the common assumption that climate is the main
variable for species survival, resilience and reproduction. Such an assumption is sometimes problematic
(Currie 2001; Turner et al. 2003) and may limit the reliability of the model’s predictions. Although there is
consensus that temperature and precipitation are the most important factors determining species
distributions, other variables, such as soil properties and radiation, are often crucial as well (Austin 2007).
Specifically, questions are often raised about the lack of consideration of soil variables in models. Although
the reliability, accuracy and scale of worldwide soil data are currently not yet as great as the climate
variables, quite comprehensive databases, such as the Harmonized World Soil Database
(www.iiasa.ac.at/Research/LUC/External-World-soil-database/HTML), exist and could be more
consistently integrated into modelling exercises. Initiatives are underway to develop high-resolution soil
maps (Sanchez et al. 2009).
Improved integration of additional tools for statistics and data analyses in GIS
Although GIS packages are being constantly improved, and spatial diversity and distribution analysis
software (including DIVA-GIS) now includes a good range of statistical tools, further integration of more
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advanced and specific statistical power could be envisaged. For instance, the integration of distribution
models and R statistics (including the more specific Biodiversity.R package) into GIS would significantly
speed up and automate statistical elaborations, saving on the time needed to develop a separate dataset out
of the GIS. Additional efforts could be made to incorporate the analyses carried out in genetic statistical
programmes (e.g., Adegenet, GenAlEx and STRUCTURE) into a GIS environment, allowing a more
immediate and powerful graphical display of the results of studies of intra-specific genetic diversity.
Data organization, accessibility and use
An overarching technical challenge, finally, is enabling open access to the existing and emerging sources of
environmental and biological, as well as socioeconomic, data by developing clear data-sharing rules;
common formats for interoperability across software and hardware; open-source tools for data conversion,
visualization and analysis; and automated dataset preparation. Improving access and integration of data will
greatly facilitate the interdisciplinary approach required in biodiversity research, while supporting related
policy-making initiatives (Canhos et al. 2004).
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Internet resources
Adegenet: http://adegenet.r-forge.r-project.org
Autodesk: http://students.autodesk.com/?nd=download_center&c_key=31305F5F416D657269636173&
Bentley Systems: www.bentley.com/en-US/Products/Bentley+Map
Biodiversity-Pro: http://gcmd.nasa.gov/records/NHML_Biopro.html
Biodiversity.R: http://cran.r-project.org
BioGeomancer: www.biogeomancer.org
Biomapper: www2.unil.ch/biomapper/what_is_biomapper.html
BIOMOD: http://r-forge.r-project.org/projects/biomod/
Botanical Research and Herbarium Management System (BRAHMS): http://dps.plants.ox.ac.uk/bol
Climate Change Agriculture and Food Security (CCAFS): www.ccafs-climate.org
Convention on Biological Diversity (CBD): www.cbd.int
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DIVA-GIS (free spatial data): www.diva-gis.org/Data
DIVA-GIS (programme): www.diva-gis.org
DOMAIN: www.whoi.edu/cms/files/Carpenter_etal_2003_53463.pdf
EcoSim: http://garyentsminger.com/ecosim/index.htm
ERDAS IMAGINE: www.erdas.com/products/ERDASIMAGINE/ERDASIMAGINE/Details.aspx
Esri: www.esri.com
EURISCO: http://eurisco.ecpgr.org
GapAnalysis: http://gisweb.ciat.cgiar.org/GapAnalysis
GARP (Genetic Algorithm for Rule-set Prediction):
www.ksib.pl/enm2007/Stockwell_D_&_Peters_D_1999.pdf
GCP Molecular Marker Toolkit: http://s2.generationcp.org/gcp-tmm/web
GenAlEx: www.anu.edu.au/BoZo/GenAlEx
Generation Challenge Programme: www.generationcp.org
Genesys: www.genesys-pgr.org
GenStat Discovery: www.vsni.co.uk/software/genstat-discovery
GeoNames: www.geonames.org
Global Administrative Areas (GADM): www.gadm.org
Global Biodiversity Information Facility (GBIF): www.gbif.org
Global Land Cover Facility (GLCF): http://glcf.umiacs.umd.edu/data
Global Project of Native Maize (www.biodiversidad.gob.mx/genes/proyectoMaices.html
GRASS (Geographic Resources Analysis Support System): http://grass.itc.it/intro
Harmonized World Soil Database: www.iiasa.ac.at/Research/LUC/External-World-soil-database/HTML
ILWIS (Integrated Land and Water Information System):
www.itc.nl/Pub/Home/Research/Research_output/ILWIS_-_Remote_Sensing_and_GIS_software.html
Intergraph: www.intergraph.com
International Plant Names Index (IPNI): www.ipni.org
International Treaty on Plant Genetic Resources for Food and Agriculture: www.planttreaty.org
JSTOR Plant Sciences: www.plants.jstor.org
Latin American Forest Genetic Resources Network (LAFORGEN): www.laforgen.org
MAPFORGEN Project: www.mapforgen.org (Under development)
MapInfo: www.pbinsight.com/welcome/ten-five/index3.php
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Maxent: www.cs.princeton.edu/~schapire/maxent
MODIS instrument, National Aeronautics and Space Administration (NASA):
http://modis.gsfc.nasa.gov/data
OpenJUMP (JUMP Family: Java Unified Mapping Platform): www.openjump.org
OpenModeller: http://openmodeller.sourceforge.net/
PAST: http://folk.uio.no/ohammer/past
Plant List: www.theplantlist.org
Proyecto global de maíces nativos: www.biodiversidad.gob.mx/genes/proyectoMaices.html
QGIS (Quantum GIS): http://qgis.org
Random Forests: www.stat.berkeley.edu/~breiman/RandomForests/cc_home.htm
SAGA (System for Automated Geoscientific Analyses): www.saga-gis.org
Smallworld: http://site.ge-energy.com/prod_serv/products/gis_software_2010/en/index.htm
Spatial Eye: www.spatial-eye.com/Engels/Spatial-Workshop-features/Direct-access-to-data-in-smallworldGIS/page.aspx/49
SpeciesLink: http://splink.cria.org.br/index?&setlang=en
SRTM 90m Elevation Data: http://srtm.csi.cgiar.org
Structure: http://pritch.bsd.uchicago.edu/structure.html
System-wide Information Network for Genetic Resources (SINGER): http://singer.cgiar.org
uDig (User-friendly Desktop Internet GIS): http://udig.refractions.net
US Geological Survey (USGS): http://eros.usgs.gov
US National Oceanic and Atmospheric Administration (NOAA): www.ncdc.noaa.gov/paleo/paleo.html
USDA, ARS, National Genetic Resources Program. Germplasm Resources Information Network (GRIN):
www.ars-grin.gov/npgs/index.html
Vegan: http://cran.r-project.org/web/packages/vegan/vignettes/intro-vegan.pdf
WorldClim – Global Climate Data: www.worldclim.org
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