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ABSTRACT
Geographic information systems (GIS), ecogeographic information and their associated
tools have great applications in conservation and use of agrobiodiversity. Geographic
information systems can be useful tools in the analysis of the distribution of a species in a
territory or a sample of its distribution, as it is often the case in germplasm collections. The
ecogeographic information of the site where a plant was collected may capture the basis
that explains the modelling effect of the environment on genotype and its final expression
as phenotype. The integration of geographic information systems and ecogeography is the
basis of other tools such as species distribution models or gap analysis.
This study assesses the application of geographic information systems and ecogeography
in the characterization of plant germplasm to increase the efficiency in the conservation
and use of plant genetic resources. In order to create and validate methods that may be
useful in different regions of the world with high agricultural biodiversity and low
economic resources, some crop species (native or introduced) or their wild relatives
distributed in the Iberian Peninsula were considered as a model.
Concerning in situ conservation, GIS and species predictive models were used to assess the
coverage provided by protected areas networks to known and potential populations of crop
wild relatives. To achieve this, a case study was carried out using six Lupinus species in
the Iberian Peninsula, most of which are wild. Predictive logistic regression models were
generated and the map of areas with a high probability of species occurrence was overlaid
on the map of protected areas of the Natura 2000 Network to identify areas that provide
real and potential coverage to populations of the considered species. This first study shows
how these tools can be applied to identify sites for the in situ conservation of plant genetic
resources.
With regard to ex situ conservation, the concept of ecogeographic representativeness of
germplasm collections is introduced stressing the case of crop wild relatives. Three
methods were evaluated: 1) gap analysis, 2) ecogeographic characterization of accessions,
and 3) ecogeographic characterization of the study area. A case study is presented for each
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method. Results show the importance of determining the ecogeographic representativeness
of a germplasm collection in collecting and conservation activities.
One of the methods to assess ecogeographic representativeness required the development
of ecogeographical land characterization maps. This work included the development of an
ecogeographical characterization map of Peninsular Spain and the Balearic Islands and its
evaluation and validation with eight plant species (four legume species and four grasses).
Two species are crop wild relatives, while the remaining six species are cultivated. The
map was found to be adequate to detect adaptive differences in the studied germplasm in
most of the species, although it was more efficient with legume species.
Ecogeographical core collections have also been studied in this thesis. As a first novel
approach, core collections were developed exclusively with ecogeographic data, using the
Lupinus collection of the Centro Nacional de Recursos Fitogenéticos del Instituto Nacional
de Investigación y Tecnología Agraria y Alimentaria (CRF-INIA, Spain). Seventeen types
of core collections were generated with estimators used in previous studies using
quantitative variables. A resampling process was carried out to support results. For each
method, 1000 core collections were generated and evaluation estimators were obtained for
each one. Results showed that some ecogeographical core collections reached
ecogeographical representativeness levels above a predefined threshold and higher than the
representativeness levels obtained using totally random accession selection. The core
collections based on the use of ecogeographical characterization maps of the territory were
notable for their simplicity and representativeness.
To assess the performance of ecogeographical core collections versus core collections
generated with other more frequent type of data (phenotypic or genotypic) an evaluation of
the phenotypic representativeness of core collections generated with phenotypic data and
ecogeographical core collections obtained through land characterization maps was made.
Thus, the Phaseolus vulgaris collection of CRF-INIA was used as a case study considering
15 seed morphological variables (4 quantitative and 11 qualitative). For the generation of
morphological core collections the same grouping and allocation methods were used as in
the previous study with Lupinus, except the land ecogeographical characterization map. In
addition to the estimators included in the study of ecogeographical core collections of
Lupinus, the evaluation of phenotypic representativeness also used two new estimators,
one specific for categorical variables and another that summarized and weighted the
information of all previous estimators. The phenotypic representativeness of the
ecogeographical core collections was equivalent to that of phenotypic core collections,
with optimum representativeness indices of the original collection, much higher than those
obtained through total random selection of accessions. These results confirm the usefulness
of ecogeography in the generation of core collections that adequately represent traits that
go beyond just ecogeographical aspects.

ii

The final chapter of this thesis shows the application of GIS, ecogeographical maps,
species distribution models and gap analysis to generate efficient germplasm collecting
expeditions, using as a case study the Spanish collection of Lupinus preserved at CRFINIA. In order to do this, first of all, the spatial gaps, i.e., populations non-sampled by
CRF-INIA recorded by other sources and over 10km away from populations already
sampled, were determined. Subsequently, the ecogeographical gaps were determined, that
is, spatial gaps that were located in ecogeographical categories that were lowly represented
at the CRF-INIA collection. Finally, the maps of species distribution models were overlaid
on the ecogeographical gaps to determine the prioritary areas to be prospected. Collecting
expeditions were made in 2006, 2007 and 2008. The results of these collections were
quantitatively evaluated through efficiency indices. The results of the use of this
methodology in collecting activities were highly positive not only from a quantitative point
of view, but also increasing the representativeness in qualitative terms due to collection in
environments with low representation or no representation in the CRF-INIA Lupinus
collection. Relevant differences in adaptation to environment were observed in the field
between the populations that grow in lowly represented categories or non-represented
categories in the gene bank and those that grow in highly represented categories.
The introduction of these innovations in developing countries, programs or institutions that
conserve plant genetic resources with scarce human and economic resources can represent
an alternative to expensive methodologies, whereas in places with greater resource
availability, these applications can complement the genetic or phenotypic information that
traditionally is generated in the management of these germplasm collections.
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RESUMEN
Los sistemas de información geográfica (SIG), la información ecogeográfica y las
herramientas asociadas tienen aplicaciones en la conservación y uso de la
agrobiodiversidad. Los sistemas de información geográfica facilitan el análisis y la
perspectiva espacial de la distribución de una especie sobre un territorio o de una muestra
de dicha distribución, como suele ser el caso de una colección de germoplasma. La
información ecogeográfica del sitio donde una planta ha sido colectada es el reflejo del
efecto modelador del ambiente sobre el genotipo y su expresión final, el fenotipo. La
integración de sistemas de información geográfica y ecogeografía es la base a su vez de
otras herramientas como los modelos de distribución de especies o los análisis de faltantes.
Este estudio es una evaluación de la aplicación de estas herramientas en la colecta,
conservación, estudio y utilización de los recursos fitogenéticos para la alimentación y la
agricultura, incluyendo las especies silvestres emparentadas con cultivadas. Para la
creación y validación de métodos útiles para varias regiones del mundo con altos niveles
de biodiversidad agrícola y bajos recursos económicos, algunas especies cultivadas
(nativas o introducidas) o sus parientes silvestres distribuidos en la Peninsula Ibérica
fueron utilizados tan sólo como modelo.
En cuanto a la conservación in situ, los SIG y los modelos de distribución de especies han
sido utilizados para evaluar la cobertura que proporciona una red de áreas protegidas a las
poblaciones, conocidas y potenciales, de especies silvestres emparentadas con cultivadas.
Para ello se emplean, como caso de estudio, seis especies de Lupinus que crecen en la
Península Ibérica, la mayoría de forma silvestre. Tras generar los modelos predictivos de
regresión logística y sobreponer las áreas de alta probabilidad de ocurrencia sobre el mapa
de áreas protegidas, se logró identificar zonas de la red Natura 2000 que ofrecen una
cobertura real y potencial a las poblaciones de las especies consideradas. Con este primer
estudio se muestra cómo estas herramientas pueden ser aplicadas en la identificación de
sitios candidatos para conservación in situ de la agrobiodiversidad.
Respecto a la conservación ex situ, se introduce el concepto de representatividad
ecogeográfica de las colecciones de germoplasma, especialmente de especies silvestres
emparentadas con cultivadas. Se proponen tres métodos para su evaluación: 1) análisis de
faltantes, 2) caracterización ecogeográfica de las accesiones y 3) caracterización
v

ecogeográfica del área de estudio. Para cada método se presenta un caso aplicado. Los
resultados demuestran la importancia de la determinación de la representatividad
ecogeográfica de un banco de germoplasma en actividades de colecta o conservación.
Uno de estos métodos, en particular la utilización de mapas de caracterización
ecogeográfica del territorio, es analizado en profundidad, en aspectos como su
construcción, evaluación y aplicaciones. En la presente tesis se incluye la construcción de
un mapa de caracterización ecogeográfica para España Peninsular e Islas Baleares y su
posterior evaluación en términos adaptativos. Se analizó la aplicabilidad de los mapas en
ocho especies (cuatro leguminosas y cuatro gramíneas), dos de ellas especies silvestres
emparentadas con cultivadas y las restantes fueron especies cultivadas. El mapa resultó
apropiado para detectar diferencias adaptativas en el germoplasma analizado para la
mayoría de las especies, aunque con mayor eficiencia en leguminosas.
Otra aplicación que se ha abordado es el desarrollo de colecciones nucleares
ecogeográficas. En una primera aproximación, se plantea como novedad la construcción de
colecciones nucleares creadas exclusivamente con datos ecogeográficos, usando como caso
de estudio la colección de Lupinus del Centro Nacional de Recursos Fitogenéticos del
Instituto Nacional de Investigación y Tecnología Agraria y Alimentaria (CRF-INIA,
España). Fueron evaluados 17 métodos de construcción de colecciones nucleares mediante
varios estimadores usados en estudios previos que usan variables cuantitativas. Para dar
mayor soporte a los resultados, se realizó un proceso de remuestreo que generó 1000
colecciones nucleares por cada método y para cada una se obtuvieron los estimadores de
evaluación. Los resultados mostraron que algunas colecciones nucleares ecogeográficas
logran niveles de representatividad ecogeográfica por encima de umbrales de aceptación
predefinidos y que en todo caso son superiores a los conseguidos mediante la selección de
accesiones totalmente aleatoria. Destacan por su simplicidad y nivel de representatividad,
las colecciones nucleares basadas en el uso de mapas de caracterización ecogeográfica del
territorio.
Para contrastar el desempeño de las colecciones nucleares ecogeográficas respecto a
colecciones nucleares elaboradas con otros tipos de datos más frecuentes (fenotípicos o
genotípicos), se realizó una evaluación de la representatividad fenotípica de colecciones
nucleares construidas con datos fenotípicos y de colecciones nucleares ecogeográficas
obtenidas con el uso de mapas caracterización ecogeográfica del territorio. Para ello se usó
como caso de estudio la colección de Phaseolus vulgaris conservada en el CRF-INIA y 15
variables morfológicas de semilla (4 cuantitativas y 11 cualitativas). Para la elaboración de
las colecciones nucleares morfológicas se usaron los mismos métodos de agrupamiento y
asignación que en el estudio con Lupinus excepto el método del mapa de caracterización
ecogeográfica del territorio. La evaluación de la representatividad fenotípica no sólo usó
los mismos estimadores que en el estudio de colecciones nucleares ecogeográficas de
Lupinus, sino que introdujo dos nuevos estimadores: uno específico para variables
vi

categóricas, y otro que resume y pondera la información de todos los estimadores. La
representatividad fenotípica de las colecciones nucleares ecogeográficas fue equivalente a
la de las colecciones nucleares fenotípicas, con índices óptimos de representación de la
colección original muy superiores a los obtenidos mediante la selección de accesiones
totalmente aleatoria. Estos resultados confirman la utilidad de la ecogeografía en la
consecución de colecciones nucleares representativas más allá de sólo aspectos
ecogeográficos.
El apartado final de la tesis muestra la aplicación de los SIG, los mapas ecogeográficos, los
modelos de distribución de especies y el análisis de faltantes para la consecución de
colectas eficientes y efectivas de germoplasma, usando como caso de estudio la colección
española de Lupinus conservada en el CRF-INIA. Para ello primero se determinaron los
faltantes espaciales, o poblaciones no muestreadas por el CRF-INIA pero con suficientes
indicios de su existencia (basado en otras fuentes) y suficientemente distantes de
poblaciones ya muestreadas (más de 10 km). A continuación se determinaron los faltantes
ecogeográficos, o en otras palabras, faltantes espaciales que ocurrían en categorías
ecogeográficas poco representadas en la colección del CRF-INIA. Finalmente se
sobrepusieron mapas de modelos de distribución de especies sobre los mapas de faltantes y
se determinaron las áreas prioritarias para ser prospectadas.
Durante 2006, 2007 y 2008 se realizaron expediciones de colecta. Los resultados de dichas
colectas fueron evaluados cuantitativamente mediante la introducción de índices de
eficiencia. Los resultados del empleo de esta metodología en actividades de colecta fueron
altamente positivos no sólo cuantitativamente, sino también elevando la representatividad
en términos cualitativos al colectar en ambientes con baja o nula representación en la
colección de Lupinus del CRF-INIA. También se evidenció en campo, las diferencias entre
poblaciones que crecen en categorías poco representadas o no representadas en el banco de
germoplasma y las que crecen en categorías muy representadas en términos de adaptación
al entorno.
La introducción de estas innovaciones en países en desarrollo, programas o centros que
conservan recursos fitogenéticos con escasos recursos humanos y económicos puede
representar una alternativa a costosas metodologías, mientras que en sitios con mayor
solvencia, estas aplicaciones pueden constituir un complemento a la información
genotípica o fenotípica que tradicionalmente se genera para el manejo de sus colecciones
de germoplasma.
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INTRODUCTION*
1. Environment, genotype and phenotype
It is a continuous challenge for scientists — particularly plant breeders — to solve the
equation that relates phenotype, genotype and environment, expressed as P = G + E
(Fisher, 1918; Lande, 1980; Falconer & Mackay, 1996; Walsh, 2002). Since the
publication of its components (Johannsen, 1911) to the first green revolution, the trend has
been to try to understand heredity and consolidate the genetic aspect of the phenotype
instead of recognizing the importance of the environment. With the development of plant
biotechnology, the environmental component was placed in a second place in some areas
such as genetic engineering or molecular breeding. However, the environment has
empirically been considered as a key factor by farmers and conventional plant breeders
since agriculture began. In conventional plant breeding, the environmental component is
usually determined indirectly by inferring its weight from its impact on the phenotype and
its interaction with the genotype. This impact is usually assessed in the final stages of the
plant breeding process and only in materials that could eventually become a new variety.
What plant breeders ultimately want to know is whether their new variety behaves well in
few or many environments and whether this behavior is maintained over time (Vallejo &
Estrada, 2002).
Overall, environmental information has not been given more importance in the area of
plant genetic resources than in plant breeding. Until DNA-based molecular markers
appeared in the 1990s, phenotypic information was the most used for germplasm
characterization studies. Most of the phenotypic information compiled involved monogenic
or oligogenic traits, which are only mildly affected by the environment. This information is
useful to determine kinship relationships between accessions, estimate the genetic diversity
of the material conserved and, to a certain extent, assess redundancy in germplasm
collections. The introduction of neutral DNA-based molecular markers improved the
*
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resolution of characterization studies, while the advent of genomics will make it possible to
determine how much redundancy is conserved. There have historically been fewer
agronomic germplasm evaluation studies — which include obtaining data on polygenic
phenotypic traits, more influenced by the environment — than phenotypic (morphological
or biochemical) or genotypic (DNA) characterizations. This may be due to the high
financial and logistical cost of the first type of studies, which require a relatively higher
number of individuals to be planted in various environments (Ferreira, 2006).
Plant breeders go to gene banks to seek the best parentals for their breeding programmes,
that is, the genotypes that will donate their genes to cultivars at various stages of crop
breeding. Therefore, any information provided by the gene bank curator that may lead to
the discovery of genes or alleles of interest is extremely useful when selecting parentals.
Herein lies a great deal of the importance of the characterization and evaluation of plant
genetic resources. Depending on the objective of the breeding programme, geneticists may
be interested in introducing monogenic or polygenic traits into modern cultivars. To do so,
breeders need any information that may directly or indirectly help them to select parentals
with the desired traits. They are often interested in germplasm adapted to specific biotic or
abiotic conditions. The reduction in new land available (and suitable) for agriculture,
environmental degradation and global climate change are making breeders look for plants
that can grow on poor soils or soils with an excess of harmful ions or plants adapted to
drought, waterlogging, extreme temperatures or very steep terrain, among others
(Ceccarelli, 1994; Ober & Luterbacher, 2002; Vinocur & Altman, 2005; Berger, 2007;
Witcombe et al., 2008).
The kind of information provided to a plant breeder on the germplasm conserved is directly
related to one of the greatest challenges of conserving plant genetic resources for food and
agriculture: the utilization of such resources by breeders (FAO, 1996). Over the last few
years, neutral genotypic information has been the main characterization type in gene banks.
It has recently been argued that this kind of information is very useful to determine the
genetic representativeness of the material conserved but is not a useful tool for breeders
with a view to using these resources (Kresovich et al., 2006). Morphological phenotypic
information generated in gene banks is usually very helpful to improve some qualitative
traits of crops. However, themost useful information to select parentals with interesting
traits from a quantitative point of view is that obtained through agronomic evaluation.
Unfortunately these types of studies are usually less abundant and data from them are
scarce. Finally, when available, information on the environmental conditions of the
collecting site is limited to geographic coordinates and sometimes elevation of the
collecting site.
The limited human and financial resources, the technical and logistical complexity of
obtaining useful information for breeders and the focus on production of data that are
important for curators to the detriment of valuable data for breeders explain the bottleneck
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in the use of plant genetic resources. In this context, it is important to develop
complementary initiatives to promote the use of germplasm and thus attract the attention of
breeders. Such initiatives should make the most of the resources available, develop simple,
lowcost and transferable methodologies and provide information as comprehensive and
useful as possible to users of plant genetic resources; at the same time, they should
represent a powerful tool for curators to manage existing and future collections.
In the search for such complementary initiatives, the underexploited environmental
component is a promising area to explore. The environment has a direct influence on the
phenotype and shapes genotypes through adaptation. It is therefore an appropriate route to
understand and study phenotypic and genotypic representation in germplasm collections.
In the early 1970s, when the idea of plant genetic resources was still being developed, the
environment was given major importance in the book Genetic Resources in Plants, by
Frankel & Benett (1970). The book includes chapters such as Adaptation in wild and
cultivated plant populations, Environmental physiology or Climate and crop distribution.
These chapters address issues such as the relationship between adaptation and genetic
variability or the importance of certain environmental factors in the distribution of
primitive cultivars and crop wild relatives. It is surprising and paradoxical to note that, 40
years later, the same issues are selected to project them into the future as new tools to
improve the efficiency of the collection, conservation and utilization of plant genetic
resources. Meanwhile, various technological and scientific developments have made it
possible to analyze the environmental component of germplasm. These are essentially the
generation of geographic information systems (GIS) and associated software, and the
availability of ecogeographical data in a format compatible with GIS software.

2. Geographic Information Systems
GIS are tools designed to manage and analyze information with georeferencing as a
common base. GIS have been defined as ―
computer-based systems for analyzing spatially
referenced information‖ or ―
any system for handling geographical data‖ (Coppock &
Rhind, 1991). They were developed in Canada in the 1960s as a tool to manage the vast
forest areas of the country and restore marginal agricultural areas. Disciplines such as
cartography, computer science, geography, surveying, remote sensing, data processing,
mathematics and statistics have been integrated into what is known as GIS, which makes
them powerful analysis tools. GIS are currently applied to disciplines as diverse as
environmental protection, urban and regional planning, resource, land and soil
management, land registry, optimization of infrastructure location (schools, businesses,
hospitals, etc.) and military intelligence, among others (Savitsky, 1998; Gregory & Ell,
2007). Yet, apart from facilitating the analysis of georeferenced data, GIS have the
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advantage of expressing the results in maps, which are familiar and user-friendly graphic
representations for people.
As regards the application of GIS to the management and conservation of plant genetic
resources, several aspects should be highlighted. Given that collecting sites can be
georeferenced, GIS make it possible to study the environmental conditions under which
crop wild relatives and local varieties have acquired their adaptive traits. Moreover, GIS
help to analyze the spatial aspect of germplasm collecting sites, which includes
geographical distances or distribution patterns (Hijmans & Spooner, 2001). This can
improve the efficiency of some activities that are typical of the conservation and use of
plant genetic resources, such as collecting and field explorations, identifying
underconserved areas, creating core collections or selecting appropriate germplasm for
breeding programs. When they are used to characterize the environment of collecting sites,
GIS require environmental information as a basic input. This information, arranged in a
format compatible with GIS software, initially (in the 1980s and part of the 1990s) had
relatively low resolution and coverage; it was also quite inaccessible due to its high price,
its mode of distribution and legal and political-administrative barriers (Guarino, 1995;
Decker, 2001). Fortunately, the situation is different today: high-resolution and quality
environmental information is available for direct use in GIS at a low cost — or even free of
charge — for anybody who needs it (see Table 1). This ―
revolution‖ has been caused by
several factors: a) greater public and private investment in the development of GIS, remote
sensing, cartographic and modeling techniques; b) the development and massive use of the
Internet as a vehicle to circulate this information between sources and users; and c) a
growing interest of governments, scientists and non-governmental organizations in
disseminating GIS and environmental information and making them available to citizens
(Günther, 1998).
A list of the most common GIS computer software packages used in agrobiodiversity
conservation is shown in Table 2. However there are many other GIS and remote sensing
software packages with potential use in plant genetic resources.

3. Ecogeographical characterization
Although the definition of ecogeography in the area of plant genetic resources has changed
over time, the idea remains the same: it deals with the adaptation of plants or crops to their
environment. As applications of ecogeography appeared gradually, definitions were
developed progressively. The term was introduced in the area of plant genetic resources by
Peeters et al. (1990), who defined it as ―
combinations of climatic, ecological and
geographical data‖. This kind of information is also referred to as ―
agroecological‖ data
bioclimatic‖ data (Zuriaga et al., 2009). Maxted et al. (1995)
(Tohme et al., 1995) or ―
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Administrative

Anthropic

GlobCover

Global Administrative Areas
Database (GADM)

Anthropic

CORINE land cover

Administrative

Abiotic
(edaphic)

Harmonized World Soil
Database

Municipality limits

Abiotic
(edaphic)

Spanish Soil Map
(1:1.000.000), Web Map
Service (WMS)

Abiotic
(geophysical)

Modelos Digitales del Terreno
25/200

Abiotic
(climatic)

WorldClim

Abiotic
(geophysical)

Abiotic
(climatic)

Diagnosis Fitoclimática de la
España Peninsular

Shuttle Radar Topography
Mission

Abiotic
(climatic)

Type of
information

Atlas Climático de la
Península Ibérica

Source

Global

Spain

Global

Europe

Global

Spain

Spain

Global

Global

Spain

Peninsular Spain and
Portugal

Coverage

BioGeomancer project

Instituto Geográfico Nacional

European Spatial Agency

European Environmental Agency

The Food and Agriculture Organization of the United
Nations (FAO), the International Institute for Applied
Systems Analysis (IIASA), International Soil Reference
and Information Centre (ISRIC), Institute of Soil
Science/Chinese Academy of Sciences (ISSCAS) and
Joint Research Centre of the European Commission
(JRC)

Instituto Geográfico Nacional

Instituto Geográfico Nacional

National Aeronautics and Space Administration
(NASA)

Museum of Vertebrate Zoology, University of
California, Centro Internacional de Agricultura (CIAT)
and Rainforest CRC

Organismo Autónomo Parques Nacionales

Universidad Autónoma de Barcelona

Institution/Project

http://www.gadm.org/

http://www.ign.es/

http://ionia1.esrin.esa.int/

http://www.eea.europa.eu

http://www.iiasa.ac.at/

http://sig.marm.es/geoportal/

http://www.ign.es/

http://www2.jpl.nasa.gov/srtm/

http://worldclim.org

Gonzalo (2010)

http://opengis.uab.es/

Reference/website

Table 1. Some examples of sources of GIS-formatted layers suitable for ecogeographical studies on the Spanish, European and global level.
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Table 2. Examples of GIS software applied in different aspects of conservation of plant genetic resources.
GIS
software

Distribution

Website

Observations

Example of use

Arc-GIS /
Arc info

Commercial

http://www.esri.com

Specialized in vectorial
format

DIVA-GIS

Free

http://www.diva-gis.org

It provides specific tools
for specialists in plant
genetic resources

GRASS GIS

Free

http://grass.osgeo.org/

It can be used with R
software environment

gvSIG

Free

http://www.gvsig.org/web

Nothing remarkable

IDRISI

Commercial

http://www.clarklabs.org

Specialized in raster format

Marxan

Free

http://www.uq.edu.au/marxan

R

Free

http://cran.r-project.org

Specific to aid systematic
reserve design on
conservation planning. It is
not a GIS, but it requires
complementary GIS tools
It is not GIS software, but
some packages have GIS
funcionalities (for example
raster, sp or dismo)

Evaluation of ecogeographical
representativeness in ex situ
collections (Parra-Quijano et
al., 2008)
Analysis of the geographic
distribution of wild potato
species (Hijmans & Spooner,
2001)
Evaluation of climate change
on the distribution of tree
species (Benito Garzón et al.,
2008)
Evaluation of on-farm
conservation (Montesano et
al., 2012)
Gap analysis in Medicago
crop wild relatives (Greene et
al, 2012)
Selection of areas for in situ
conservation (Carwardine et
al., 2008)
Focused identification of
germplasm strategy (Bari et
al., 2012)

introduced the concept of ―
ecogeographical surveys‖ to refer to the compilation of
necessary information prior to germplasm collecting on spatial distribution, intraspecific
diversity patterns and relationships between ecological conditions and the survival of a
given species. The term ―
ecological descriptors‖ was later introduced to refer to
environmental variables that are useful in the collection and conservation of plant genetic
resources (Steiner & Greene, 1996). Ecogeographical characterization at present is
understood as the analysis of any environmental information about the site where an
individual plant or population occurs that is related to its adaptation to the most important
biotic or abiotic factors. Therefore, ecogeography is a subcomponent of the environment
data that has special importance for a given taxon.
Ecogeographical information about the germplasm collecting site complements many of
the activities in which phenotypic or genotypic information has traditionally been used,
such as germplasm characterization. It can be also an alternative to phenotypic or
genotypic information not in the sense that it should replace such information in sites
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where it is already available; instead, it is particularly indicated in sites for which there is
limited characterization data and a limited budget due to its low cost and technical
requirements.
Including ecogeographical data among the information necessary to manage the
conservation and use of plant genetic resources usually improves decision making
compared to considering only phenotypic and genotypic components. This is reflected in
the increase in recent years of genetic and genotypic studies that include ecogeographical
variables in their data analysis (Volis et al., 2001; Liviero et al., 2002; Chen et al., 2004;
Batchu et al., 2006; Bhullar et al., 2009). Moreover, ecogeographical information is
usually requested by plant breeders and organic farmers to select parentals and local
varieties adapted to certain regions and/or particular environmental conditions.
Additionally, knowing how germplasm can adapt to specific environmental conditions will
be key for agriculture to adapt to climate change (Jones & Thornton, 2003; Jarvis et al.,
2008).

4. GIS-related tools and ecogeography
GIS and the increasing availability of different types of environmental information made it
possible for associated tools to appear and gradually become common in the study of plant
genetic resources. Such is the case of species distribution models (SDM), which are
usually based on hypotheses on how species distribution is determined by environmental
factors (Guisan & Zimmermann, 2000). The management of environmental data and the
nature of the SDM results make GIS an almost essential tool for its application. Such
models can also be considered as a tool to develop the ecogeographical pattern of a given
species and project it on areas where its occurrence is unknown. The many and successful
applications of SDM in ecology facilitated their introduction into the area of genetic
resources. They were first introduced in plant genetic resources by Jones et al. (1997) to
find possible areas to collect wild forms of Phaseolus vulgaris still not represented in gene
banks. In their study, Jones et al. (1997) also pioneered the use of ―
gap analysis‖ to find
gaps in the representativeness of gene bank collections by comparing them with reports
from other sources that indicate the presence of the species. Since then, gap analysis and
predictive models have found a place in plant genetic resources conservation assessments
(Lipow et al., 2004; Parra-Quijano et al., 2007; Upadhyaya et al., 2009; Ramírez-Villegas
et al., 2010).
Ecogeographical land characterization (ELC) maps are another GIS-related tool. Their
purpose is to identify all the possible adaptive scenarios of a species in a given region.
They produce an ecogeographical characterization not of the germplasm itself, but of a
spatial framework where the germplasm may or may not be present. The ELC maps
represent a series of ecogeographical categories obtained through multivariate analysis of
9
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environmental variables (Parra-Quijano et al., 2008; 2012a). Similar maps are also known
as bioclimatic maps (Hossell et al., 2003) or plant adaptation region maps (Vogel et al.,
2005). Maps which represent environments differ in the degree of objectivity-subjectivity
of their preparation and the resolution of the adaptive scenarios defined. For example,
highly subjective maps representing large areas as a single homogeneous environment are
usually not very realistic or reproducible (Williams et al., 2008).
When using ELC maps, characterization is done by assigning the germplasm the category
represented in the map according to the location of the collecting site. These maps have
multiple uses in the collection, conservation and use of agrobiodiversity. The first
ecogeographical map used in the area of plant genetic resources was developed by Tohme
et al. (1995). It was used along with other kinds of data to create a core collection of P.
vulgaris. Since then, such maps have been applied to studies on representativeness of ex
situ conservation (Parra-Quijano et al., 2008) or used to determine appropriate sites to
collect germplasm (Parra-Quijano et al., 2012b). Recently, Parra-Quijano et al. (2012a)
made an assessment of an ELC map for Spain and proved that it was able to reflect
adaptive scenarios in six of the eight species assessed. This led to the conclusion that
ecogeographical maps should ideally be developed ad hoc at the species level or the genus
level at the most.

5. GIS and ecogeography applied to plant genetic resources in the
last decade
The new millennium marked the beginning of a continuous trickle of studies that use GIS
and ecogeography to perform, facilitate or improve various tasks related to in situ and ex
situ agrobiodiversity conservation. This area has not experienced the quantitative leap
(number of projects/studies/publications) of DNAbased markers applied to germplasm
characterization in the decade 1995-2005. However, the quality of studies on GIS and
ecogeography published to date and their applicability to the conservation and use of plant
genetic resources clearly show that they are increasingly popular; this is particularly true in
developing countries, where financial resources are scarce but agrobiodiversity is
abundant.
In the last ten years, the interest in the applications of GIS and ecogeography in plant
genetic resources that began in the 1990s has led to many publications and research
projects. Guarino et al. (1999; 2002) produced a detailed list of applications, although their
scope has broadened in the last decade and new techniques and methodologies have been
developed, as it is showed in following paragraphs.
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GIS are often applied to in situ conservation of endangered wildlife in protected areas
(Rodrigues et al., 2004). In respect of this, protected areas are also appropriate to conserve
crop wild relatives (Maxted et al., 2008), thus GIS has a wide research area in conservation
of this type of genetic resources. As a result of thegrowing interest in crop wild relatives
and their conservation, two major international projects on crop wild relatives have
recently been implemented in Europe: PGR Forum (http://www.pgrforum.org) and
AEGRO (http://aegro.bafz.de). In these projects, GIS have been used to determine how
well a network of protected areas covers the geographical distribution of a particular group
of species (Parra-Quijano et al., 2003) or to select new areas fit for effective and efficient
conservation of these species. However, few studies on in situ conservation on farm have
been broadly disseminated, although the bases of GIS analysis of factors affecting
cultivated diversity in agroecosystems were established by Jarvis et al. (2000).
As regards germplasm collection for ex situ conservation, the first report of field
explorations supported by GIS and ecogeographical data were published by Greene et al.
(1999a,b) for collection of wild species of Trifolium, Lotus and Medicago. After this,
studies have explored several issues such as detecting areas fit for prospecting rare wild
species of Capsicum of high value for plant breeding (Jarvis et al., 2005) or collecting
Jatropha curcas in various ecogeographical areas (Sunil et al., 2008). GIS approaches
have also identified biases in the collection of crop wild relatives of Solanum tuberosum
(Hijmans et al., 2000). Other studies have provided information on the distribution of crops
or their wild relatives and helped to find areas with rich or abundant populations (Hijmans
& Spooner, 2001; Ravikanth et al., 2002). More recently an optimized germplasm
collecting method, based on spatial and ecogeographical gap analysis and focused on
improving the representativeness of an existing germplasm collection of Lupinus crop wild
relatives, has been proposed by Parra-Quijano et al. (2012b). Another interesting example
is the project, currently under way, to create a gene bank of the Annonaceae family in
Colombia through collection of germplasm supported by GIS, ecogeographical maps and
SDMs (Parra-Quijano, 2009).
These methodologies have also been applied to improve the ecogeographical
representativeness of ex situ collections. Such is the case of Trifolium spumosum
(Ghamkhar et al., 2007) and several species of Lupinus (Parra-Quijano et al., 2008). This
kind of representativeness is based on the ecogeographical characterization of germplasm
collecting sites. Other ecogeographical characterizations of germplasm have been
performed with the aim of creating core collections of species such as Sorghum bicolor
(Grenier et al., 2001), Manihot esculenta (Lobo Burle et al., 2003), Trifolium spumosum
(Ghamkhar et al., 2008), Lupinus spp. (Parra-Quijano et al., 2011a) or P. vulgaris (ParraQuijano et al., 2011b). For the P. vulgaris case, the ecogeographical core collection was
positively validated in terms of representativeness using phenotypic data (Parra-Quijano et
al., 2011b). On the other hand, ecogeographical characterizations of germplasm collections
have also been performed with the aim of gaining greater knowledge on the biogeography
11
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of the target species. This is the case of those carried out with wild species of Arachis
(Ferguson et al., 2005), Trifolium (Bennett & Bullitta, 2003) or cultivated varieties of Zea
mays (Ruiz Corral et al., 2008).
GIS are also useful for documenting ex situ collections. They have been used to obtain
geographic coordinates from the description of sites or improve georeferenced information
of passport data (Guralnick et al., 2006). Several projects are currently aimed at including
ecogeographical information in documentation systems through the Internet, all of them
are in progress. One example is the SIERFE initiative (Ecogeographical Information
System for Spanish Plant Genetic Resources). The objective of SIERFE is to provide the
Spanish National Inventory of Plant Genetic Resources with a web-based catalogue where
germplasm can be selected based on ecogeographical criteria by applying filters to the
passport and ecogeographical data of the collecting sites. This service will be available for
users in 2012 (E. Torres, personal communication). Other example but at the global level is
the GENESYS project (http://www.genesys-pgr.org), a web catalogue which includes
bioclimatic variables from WorldClim project (http://www.worldclim.org) for
georeferenced accessions from Consultative Group on International Agricultural Research
(CGIAR) (http://www.singer.cgiar.org), Agricultural Research Service of the United States
Department of Agriculture (ARS-USDA) (http://www.ars-grin.gov) and EURISCO
(http://eurisco.ecpgr.org/home_page/home.php) databases.
The development of DIVA-GIS (Hijmans et al., 2001) has been an important milestone for
the plant genetic resources community. In addition to the typical utilities of a GIS, this
software has specific tools that allow easily to create richness maps, to select areas for in
situ conservation or to generate EcoCrop models. DIVA-GIS has been continuously
updated to include new tools such as some SDM algorithms or facilitate the management
and use of ecogeographical variables. To a large extent, the progress and dissemination of
GIS and ecogeography in the area of plant genetic resources is due to the availability of
this kind of tools, which are not only useful for research but also for capacity-building and
teaching activities.
Although the improvements mentioned above refer to applications of ecogeography and
GIS in the conservation of plant genetic resources, progress is also being made in the use
of genetic resources. A technique known as FIGS (focused identification of germplasm
strategy) has recently been developed (Endresen, 2011; Mackay, 2011). Its aim is to select
appropriate germplasm for genetic breeding of cultivars based on the study of
ecogeographical patterns (Endresen, 2010; Endresen et al., 2011; Bari et al., 2012). The
FIGS methodology is based on the relationship between these patterns and the occurrence
of certain phenotypes/genotypes of interest in genetic breeding as trait donors. The FIGS
methodology has similarities with the creation of ecogeographical core collections; yet,
although the latter are designed to provide an accurate representation of ecogeographical
variability for conservation purposes, the FIGS selection need not to be representative of
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the original collection. Bhullar et al. (2009) used the FIGS methodology in wheat
germplasm collections and obtained excellent results in terms of efficiency in the selection
of germplasm with resistant traits to powdery mildew, a serious and limiting disease in
some cultivated areas.

6. Future prospects and final remarks
GIS and ecogeography have several applications for the collection, conservation and
efficient use of plant genetic resources (see Guarino et al., 1999; 2002). Some of them
have been considered but not developed yet. One of them is to determine the most suitable
sites for the regeneration or propagation of germplasm depending on the adaptive
characteristics of the species. This may be a key factor in reducing genetic erosion during
regeneration or propagation, preventing the change of allele frequencies or the
disappearance of traits caused by non-adaptation of some individuals from the population.
It is also important to ensure greater use of these tools in on farm in situ conservation
programmes.
Besides promoting full development or application of ecogeography and GIS, it is
important for these tools and their associated methodologies to reach the users that need
them most: national programmes for plant genetic resources in developing countries.
Research teams are currently working actively on these issues in the United States
(National Genetic Resources Program, ARS-USDA), Australia (Centre for Legumes in
Mediterranean Agriculture, University of Western Australia), Spain (Universidad
Politécnica de Madrid / Centro Nacional de Recursos Fitogenéticos - Instituto Nacional de
Investigación y Tecnología Agraria y Alimentaria / Universidad Rey Juan Carlos) and
some centers of the CGIAR (especially in the International Center for Tropical
Agriculture, CIAT). Independent efforts involving use of these tools are also sporadically
made in countries such as Brazil, China, India, Mexico or Colombia (Lobo Burle et al.,
2003; Yawen et al., 2003; Ruiz Corral et al., 2008; Sunil et al., 2008; Parra-Quijano,
2009). Yet, in spite of the quality of some of these projects, they are clearly insufficient. In
developing countries, national programmes for the conservation and use of
agrobiodiversity lack staff with enough training to apply these technologies. This even
applies to developed countries in some cases. Paradoxically, the technologies that support
the developments mentioned above are very inexpensive and easy to apply. The highest
cost they imply is that of training the staff, since little equipment and expendable material
are necessary. Still, capacity-building costs are recovered very fast, since GIS and
ecogeography are not only applicable to plant genetic resources but also to plant breeding,
precision agriculture, environmental conservation, rural development, and so on.
Therefore, a person with the right training in GIS and ecogeography can support projects
and studies in various areas of agriculture.
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Finally, a considerable increase in the use of GIS and ecogeography in conservation and
sustainable use of agrobiodiversity is expected in the present decade, particularly as
regards the challenges implied by global climate change for agriculture (Hijmans, 2003;
Jones & Thornton, 2003; Jarvis et al., 2008). Moreover, the importance of the
environmental component in explaining the phenotype should continue to grow with an
increase in the number of studies on adaptation of crops and wild crop relatives. The
abiotic aspect of adaptation is currently the subject of most studies because of the
abundance of this kind of variables available for GIS analysis. In the future, the greater
availability and quality of biotic information will lead to more detailed analyses of the
biotic aspect of adaptation, and it will be possible to scientifically assess the influence of
farmers on the ecogeographical patterns of cultivated plants.
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CHAPTER

1

GIS-BASED EVALUATION OF THE IN SITU CONSERVATION OF A CROP
WILD RELATIVE: THE CASE OF SPANISH LUPINS*
1. Introduction
The genus Lupinus (Fabaceae) is widely distributed around the world with more than 200
species (Ainouche et al., 2004). Although there are several classifications of lupins, they
are most commonly grouped into Old and New World species. New World lupins can be
divided into North and Southeast American lupins, whereas Old World lupins are
classified by their rough or smooth seeds. Old World lupins refer to North African and
Mediterranean lupins, including a total of 12 species (Ainouche and Bayer, 1999). In the
Lupinus genus there are four cultivated species of economic importance, three of which are
Mediterranean species: L. albus L., L. angustifolius L. and L. luteus L. Wild forms of these
three species and other lupin wild relatives can be found in the Mediterranean area
(Gladstones, 1974; 1998; Plitmann, 1981). Six Lupinus species grow in the Iberian
Peninsula - the three Mediterranean cultivated species and three wild relatives (L.
cosentinii Guss., L. micranthus Guss. and L. hispanicus Boiss. & Reut.). Spain and
Portugal share Lupinus diversity with all six species occurring in both countries
(Castroviejo and Pascual, 1999).
Crop wild relatives (CWRs) are very important in plant breeding programs to improve
agricultural quality and production. In consequence, their conservation must be a priority
especially in areas where their habitats are under threat from alteration or loss. It is worthy
to note that CWRs can be common or rare species, widely distributed or reduced and
*

Published in: Parra-Quijano, M.; Draper, D. and Iriondo, J.M. 2007. GIS-based evaluation of the in situ
conservation of a crop wild relative: the case of Spanish lupins. Bocconea 21:105-116.
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abundant or endangered. CWR diversity can be conserved ex situ (germplasm collections)
and in situ (protected areas) (Jarvis et al., 2003). In the case of ex situ conservation there
are several difficulties involved in collecting and storing CWRs. In fact, less than 15% of
the six million plant genetic resources (PGR) accessions conserved in ex situ collections
worldwide are CWRs (FAO, 1996). In situ conservation seems to be the most efficient and
low-cost strategy for preserving CWR diversity. Protected areas conserve many species
and their ecological framework at the same time (Parra-Quijano et al., 2003). Therefore, a
good relationship between management and cost is achieved: species are conserved and
evolution is allowed to continue. In this sense, Europe is considered an important centre for
crop wild relatives and a thematic network called PGR forum (http://www.pgrforum.org)
has been created to help conserve European CWRs in situ.
Geographical information systems (GIS) are a useful tool in the management and analysis
of large amounts of data with a common geographical base. As a result, GIS have been
used to assess the geographic distribution of individuals, populations and species in
biology and ecology. Knowledge of the geographic distribution of a target species can
provide additional information such as environmental conditions or human-relation aspects
(political, social, economic, etc.). GIS have been used to assess the geographic distribution
of many cultivated and wild species, including some CWRs. In the case of CWRs, GIS can
be used not only to assess geographic distribution but also to detect species richness areas
(Hijmans and Spooner, 2001), to detect bias in ex situ collections (Hijmans et al., 2000), to
collect germplasm for ex situ conservation (Greene et al., 1999) and to determine the
coverage of protected areas for in situ conservation (Parra-Quijano et al., 2003). GIS is a
very flexible tool that can be used jointly with other techniques like predictive distribution
models (Guisan and Zimmermann, 2000). These models are based on how environmental
factors can determine species distribution (Johnston, 1993). To predict species potential
distributions, models relate known species distributions with spatial distribution of
environmental variables (Guisan and Zimmermann, 2000; Zaniewski et al., 2002).
Predicted distributions have been used to create potential species richness maps of wild
Arachis and to detect hotspots and suitable areas for protection between Bolivia and Brazil
(Jarvis et al., 2003). In Portugal, Draper et. al. (2003) used GIS-based modelling
procedures to select protected areas according to habitat suitability for wild species.
The aim of this study is to compare the results from known distribution versus predicted
distribution of the Lupinus species in Spain in terms of species richness and coverage of in
situ conservation (all levels of Spanish protected areas). In this way, our approach
improves the knowledge of the in situ conservation status of a CWR species in a certain
region with the contribution of predictive distribution models.
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2. Materials and methods
The area of study was peninsular Spain. Although Lupinus records were available for
Portugal, some environmental layers (legends and projections) of Spanish and Portuguese
thematic maps were not yet compatible.
Germplasm and herbarium data were compiled from various sources. Geo-referenced data
of germplasm accessions were obtained from CRF-INIA (Centro de Recursos
Fitogenéticos - Instituto Nacional de Investigación y Tecnología Agraria, Spain) and
ausPGRIS (Australian Plant Genetic Resources Information System). Geo-referenced
herbarium data were obtained from the Real Jardín Botánico de Madrid (MA, Spain) and
bibliographic data was available from the ANTHOS project database
(http://www.programanthos.org.). We compiled a total of 1870 records (usually
latitude/longitude points) transformed into 1870 UTM (30 grid zone) 1x1 km coordinates
representing 3946 grid cells with 500 x 500 m resolution. The number of records for each
Lupinus species was as follows: L. albus (292), L. angustifolius (1081), L. cosentinii (5), L.
hispanicus (303), L. luteus (159) and L. micranthus (30). Due to the low number of records
available, L. cosentinii was excluded from the study.
The environmental variables used to create a geo-referenced database (UTM 500x500 m
resolution) may be classified into four data types: climatic, bioclimatic (indices), physical
and soil variables. A total of 44 environmental variables were used (Table 1). Details about
the bioclimatic indices are explained in Tuhkanen (1980) and Draper et al. (2003).
In addition to our presence data, pseudo-absence data also had to be obtained in order to
use GLM logistic models. The easiest way to obtain pseudo-absences is to choose the
locations randomly over the study area (Hirzel et al., 2001; Zaniewski et al., 2002).
However, this method bears the risk of generating pseudo-absences in locations that are in
fact favourable to the species (Engler et al., 2004). These authors consider that choosing a
wrong absence is not too relevant in common species because the numerous presence
records will counteract its effect, but that in rare and threatened plant species this
procedure may not be advisable due to their low number of records. Thus, in rare and
threatened plant species it is better to select pseudo-absences with the help of specialized
tools like ecological niche factor analysis (ENFA) models (Guisan and Zimmermann,
2000). According to us the random selection of pseudo-absences is also problematic in
common species because (a) presence data is not normally complete in chorological
databases and therefore may not be wholly representative, and (b) being a common species
increases the probability of obtaining a wrong absence through random sampling over the
area. Taking into account the nature of our CWR species data, we used an intermediate
procedure to obtain pseudo-absences. We first carried out a principal component analysis
(Escofier and Pàges, 1991) using the environmental data associated to the locations of each
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Table 1. Environmental variables included in the geo-referenced database.
Data Type
Climatic

Bioclimatic
indices

Geophysical

Soil

Variables
Temperature: monthly mean,
annual mean, maximum and minimum

Units
ºC

Source
Sánchez-Palomares et al., 1999

Rainfall: monthly mean and annual
mean
Dry, cold and warm period
Thermic amplitude
Emberger
Gorczynski
Dantin-Revenga
Lang
Angot
Thornwaite
Altitude
Aspect
Slope
Longitude
Latitude
Soil type according to the USDA
classification (Soil Survey Staff, 2003)

mm

Sánchez-Palomares et al., 1999

months
ºC

Spanish Ministry of Agricultural
Sánchez-Palomares et al., 1999
Emberger, 1932
Gorczynski, 1920
Dantín Cereceda and Revenga, 1940
Lang, 1965
Tuhkanen, 1980
Thornthwaite, 1948
m
Draper et al., 2003
º
Draper et al., 2003
º
Draper et al., 2003
º
Draper et al., 2003
º
Draper et al., 2003
8 classes SEISnet (http://www.microleis.com)

Lupinus species. The obtained first principal component (FPC) was used to create a new
synthetic variable. We then obtained the mean and standard deviation of this new variable
(FPC). The pseudo-absences were thus obtained by random selection from the area
resulting from the following formula:
Pseudo-absence area = Total grid cells – Presence cells – (cells with FPC values within
mean ± SD)
The environmental modelling procedure used multiple logistic regression (MLR) applied
to UTM 500x500 m resolution layers. Only significant and non-correlated variables were
used for modelling. The equation resulting from the MLR is:
y = a0 + a1x1 + a2x2 + a3x3 +…+ anxn
where y is the occurrence of the species, a0 is the intercept, a1…, an are the regression
coefficients and x1 …,xn are the independent variables. The probability (P) (Hill and
Domínguez, 1994) of Lupinus species occurrence was obtained by:
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P = expy / (expy + 1)
Relative operating characteristic (ROC) statistic was used to validate the models (Fielding
and Bell, 1997).
A value of P = 0.8 was considered the threshold above which the species is more likely to
be present than absent. Predicted distributions were filtered by soil type variables,
eliminating all categories where Lupinus is unlikely to be found (frequency < 5%). Thus,
the soil classes eliminated were: aridisol (0.72%), histosol (0.32%), spodosol (0.16%),
ultisol (0.48%) and vertisol (1.77%).
We also used the sites of community importance (SCI) from the Natura 2000 Network
(Spanish Ministry of Environment). The SCI layer was used to detect matches between
habitat suitability levels and protected areas.
Idrisi Kilimanjaro and MapInfo 4.1 were used as GIS software, while SPSS 10.0 and
Statgraphics 5 were used for statistics and regressions.
Thematic maps of Lupinus distributions, Lupinus species richness, and matches with
protected areas were generated with GIS software to compare known versus potential
distributions.

3. Results
The equations resulting from the modelling process (GLM-MLR) are shown in Table 2.
Dantin-Revenga index was a common factor in all equations and had a negative related
effect. Lang index had a high negative weight in the models for the distribution of L. luteus
and L. micranthus, showing affinity for the areas with lower rainfalls. Similarly, Emberger
index was also highly negative in L. angustifolius and L. hispanicus models, keeping the
species between the temperate and humid Mediterranean zone of the Iberian Peninsula.
With regard to climatic variables, rainfall affected all species models. In L. albus annual
rainfall produced a negative effect on species occurrence, whereas in L. angustifolius the
effect was positive. Species occurrence was positively affected by January rainfall in L.
luteus and L. micranthus, March rainfall in L. hispanicus and L. albus, and November
rainfall in L. albus. These positive correlations are coherent with the annual life form of
Lupinus species (autumn germination and flowering in spring). Temperature variables
were selected in the models for L. albus, L. angustifolius, L. hispanicus and L. luteus.
Lupinus luteus distribution was positively related to the variable cold period, but
negatively related to December mean temperature, indicating that this species tolerates a
long cold period but not extremely low temperatures.
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Table 2. Equations used for modelling Lupinus species distributions and their ROC statistics. R= Rainfall,
T=Temperature, 01,02, … 12= January, February,… December. max=maximum, min=minimum,
Dantin=Dantin-Revenga index.
Species
L albus
L. angustifolius
L. hispanicus
L. luteus
L. micranthus

Equation
y = -0.145 + 1.33*[Altitude] - 5.35*[Dantin] + 0.657*[R03] + 2.52*[R11] 4.78*[Ranual] + 4.28*[T05]
y = 0.82 - 2.94*[Dantin] - 3.49*[Emberger] - 2.8*[P07] + 0.7*[R anual] 0.26*[T min] + 1.34*[Longitude]
y = 1.03 + 1.21*[Altitude] - 4.15*[Dantin] - 4.84*[Emberger] + 1.02*[R 03] +
0.71*[Tmax] + 1.1*[Longitude]
y = 0.96 - 2.94*[Dantin] - 7.83*[Lang] + 4.262*[R 01] - 2.9*[T12] +
2.13*[ColdPeriod]
y = -1.1 - 1.82*[Dantin] - 7.76*[Lang] + 4.06*[R01]

ROC
0.78
0.75
0.81
0.90
0.70

The physical variables altitude and longitude positively affected the distribution of L. albus
and L. angustifolius, respectively, while L. hispanicus distribution was positively affected
by both.
ROC statistic ranged between 0.7 and 0.9. These values fall within the expected values for
adjusting models according to Fielding and Bell (1997).
Maps with known and predicted distributions are shown in Fig.1 for the five Lupinus
species modelled. Known and predictive distributions can be compared to identify new
areas with a high probability of Lupinus species occurrence. The models detected potential
areas for exploration for all species except L. angustifolius.
For L. albus the model detected some suitable areas to the east and north of its currently
known distribution. In the case of L. angustifolius, the predicted distribution seems to be
well represented by known populations, while for L. hispanicus a high probability of
species occurrence was detected in several areas with no known records, especially in the
Northeast. Lupinus luteus and L. micranthus predicted distributions showed a similar
pattern. In L. luteus, some new locations with high probability of species occurrence were
found, whereas in Galicia and Andalucía some areas with known populations showed low
probability of species occurrence. In L. micranthus a new area with high probability of
occurrence far from its currently known distribution was identified in the Sierra de Gredos
(Central Spain). This region showed a high probability of occurrence for all modelled
species.
Known and predicted richness areas are shown in Fig. 2. The richness map of currently
known localities is represented by a 1x1 km grid. The richness map based on predicted
localities is a product of the combination of all species predicted distributions. Shade
legend is the same for both maps.
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Figure 1. Known vs. predicted distributions for five Lupinus species in Spain. At the right side known
Lupinus populations in 10x10 km grids and at the left side predicted distributions generated by GLM models.
Red areas correspond to a probability of 0.8 or higher, purple to a probability from 0.3 to 0.79 and blue to a
probabilitiy of 0.29 or lower. White areas have no data or have been filtered by soil type. a) L. albus, b) L.
angustifolius, c) L. hispanicus, d) L. luteus, e) L. micranthus.
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Figure 2. Richness maps obtained from known and predicted Lupinus distributions. a) species richness from
currently known distributions. The number in the coloured square indicates the number of 1x1 km grids that
contain five, four, three, two or one species; b) species richness based on predicted distributions with P ≥ 0.8.
Cell size is 500x500 m.
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Figure 3 shows maps with the matches found between SCIs and currently known
populations or predicted distributions. These maps indicate the coverage degree of Spanish
protected areas over Lupinus populations.
The number of matches between distributions and SCI notoriously increased from 95
matches with currently known populations to 914 with predicted distribution (960%). This
increase was most evident in SCIs containing 4 and 5 species.

4. Discussion
The equations used by the models reflect the most influential variables affecting each
Lupinus species distribution. A relevant relationship between the models for L.
angustifolius and L. hispanicus and for L. luteus and L. micranthus is found since their
most influential equation components are the same. According to equation components, L.
albus prefers dry areas with high temperatures in April, which coincides with the period of
pod filling and the end of flowering, and high rainfall in November at germination. These
results are in accordance with a study on growth and yield of L. albus in the south of Spain
(López-Bellido et al., 1994). Great similarities can be found between the known and
predicted distribution for L. albus and few new areas with a high probability of L. albus
species occurrence were found. It is also interesting to verify how the models can also be
fitted in the case of cultivated species like L. albus, the only Lupinus species cultivated on
a commercial scale in Spain. Lupinus luteus is cultivated in the Iberian Peninsula but
mainly in Portugal. L. angustifolius, the third cultivated species, is found in Spain and
Portugal but only in its wild form.
In the case of L. angustifolius and L. hispanicus, both species prefer semi-arid or subhumid regions according to the negative relationship with Emberger and Dantin-Revenga
indices. For L. angustifolius the predicted distribution is very similar to the known
distribution. In fact, predicted distribution does not show a high probability of finding
populations in some areas where there are known populations. For this case we think that
the modelling approach has been very conservative. One factor that could explain this
situation is the great amount of data of known populations for L. angustifolius (1081
records). On the other hand, the model for L. hispanicus is the least conservative. L.
hispanicus with only 303 records has a predicted distribution that shows many areas where
there are no currently known populations, such as the Pyrenee mountains. It is even
possible to find areas with basic soils with a high probability of L. hispanicus occurrence
when it is known that there is a strong relationship between L. hispanicus and acid soils
(Castroviejo and Pascual, 1999). Thus, the model for L. hispanicus could be improved if
the final soil filter were more selective.
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Figure 3. Matches between SCIs and a) currently known locations or b) predicted distribution (P ≥ 0.8) for
five Lupinus species in Spain. The number in the coloured square indicates the number of SCIs that contain
five, four, three, two or one species.
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For L. luteus and L. micranthus equation models, the most imperative condition was the
Lang rainfall index. These two species occur in arid regions, but they need rainfall in
January. In the case of L. luteus, a cold period without extreme low temperature is
important, likely for the vernalization process. For L. micranthus the predicted distribution
is clearly oriented to the south of the Iberian Peninsula. However, the predicted
distributions of both of these species detected an area with a high probability of finding
new populations around the Sierra de Gredos in the center of the Iberian Peninsula where
there are few L. luteus records and no L. micranthus records. The models for the other
Lupinus species also indicated a high probability of finding new populations in this area.
It should be noted that the models applied are only based on abiotic factors. Lupinus
species normally occur in perturbed habitats at the first stages of succession and are poor
competitors. Therefore, some of the sites predicted by these models may not be suitable
due to biotic factors. It is also important to take into account that L. albus is a cultivated
species with no wild forms in Spain. Therefore, in this case, the models show potential
sites for cultivation rather than natural occurrence.
On comparing predicted and known richness maps, it is evident that a larger number of
SCI areas than what is currently known must contain a relevant number of different species
of Lupinus. The predictive richness map provides relevant clues on candidate sites for a
high concentration of Lupinus species. Thus, modelling species distribution is a tested
statistical tool that allows us to identify potential high species richness areas that have not
been detected previously and to select them for in situ conservation. In the case of Lupinus,
efforts are currently under way in Spain to select upon the identified candidates sites that
may be turned into genetic reserves for the in situ conservation and management of these
crop wild relatives.
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CHAPTER

2

ECOGEOGRAPHICAL REPRESENTATIVENESS IN CWR EX SITU
COLLECTIONS

*

1. Introduction
Crop wild relatives (CWR) are undoubtedly a key component in plant genetic resources
(PGR). The scientific community is frequently calling attention to the need to improve
their representation in both ex situ and in situ conservation approaches (Noy-Meir et al.,
1989; Tanksley and McCouch, 1997; Tewksbury et al., 1999). The FAO’s first report on
the state of the world’s Plant Genetic Resources (FAO, 1996) alerted to the low number of
CWRs accessions within genebanks. CWRs and other wild species represent only 15% of
total genebank accessions compared to 74% for cultivated species, although these numbers
may vary depending on the species and on the type of ex situ collection (governmental,
CGIAR, private). In order to balance this wild/cultivated conservation ratio, efforts need to
be focused on increasing the number of CWR accessions. However, additional aspects
need to be considered.
Successful CWR ex situ conservation at the genebank level is threatened by intrinsic
factors related to conservation itself. These problems can be grouped into two categories:
1) problems at the time of collecting and 2) problems during conservation. At the time of
collection, the chosen samples may not adequately represent the genetic and/or
ecogeographic diversity in the natural populations. Nevertheless, genetic (GR) and
ecogeographical representativeness (ER) of the samples are very important features for the
collection. The relationship between genetic representativeness (GR) and ecogeographical
(ER) representativeness has been explained by Greene and Hart (1999) based on the
*

Published in Parra-Quijano, M.; Draper, D.; Torres, E. and Iriondo, J.M. 2008. Ecogeographical
representativeness in crop wild relative ex situ collections. p. 249-273. In Maxted, N.; Ford-Lloyd, B.V.;
Kell, S.P.; Iriondo, J.M.; Dulloo, M.E. and Turok, J. (ed.) Crop wild relative conservation and use. CAB
International, Wallingford.
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ecogeographical factors that contribute to genetic differentiation. Additionally several
research works have found that geographical and genetic distances appear to be correlated
(del Rio et al., 2001; Gupta et al., 2002; Baek et al., 2003). Here representativeness refers
to the relative amount of genetic or ecogeographic species variation conserved with respect
to that existing in nature. During conservation, the most important risks are genetic
erosion, genetic drift and bottleneck effects. These problems are not solved by merely
increasing the number of accessions. Here, the approach must be qualitative rather than
quantitative. Hence, collections should be evaluated to assess representativeness (GR and
ER) and to check the genetic integrity of their accessions. Although cultivated species
conserved in genebanks may also experience a similar situation, the magnitude of these
problems is normally greater in CWR species (Brown et al., 1997; Greene et al., 1999a;
Greene et al., 1999b).
In the last century, efforts in morphological and molecular genebank characterizations have
made it possible to accurately assess GR while the assessment of ER still remains an
incomplete task. The importance of assessing ER in germplasm collections has been
underlined since the 90's with contributions like that of Steiner and Greene (1996) who
introduced the term ―
ecological descriptors‖ to refer to the environmental conditions at the
collection site. Factors that may alter ER (biases) have also been assessed (Hijmans et al.,
2000). However, few additional works have been carried out in this sense due to a lack of
specifically designed computer software, heterogeneous/incomplete passport data and
inaccessible environmental information. Nevertheless, the development of methodologies
such as geographic information systems (GIS), multivariate analysis or predictive
distribution models and their recent integration in specialized software offers PGR
researchers new possibilities for carrying out ecogeographical studies of germplasm using
georeferenced collection sites from passport data (Guarino et al., 2002). Nowadays several
aspects of germplasm collecting have been improved, resulting in better-quality passport
data and optimized collecting efforts. Some examples may be the detection of biases in ex
situ collections (Hijmans et al., 2000), the optimization of germplasm collection for ex situ
conservation (Greene et al., 1999a) and definition of uniform ecogeographical patches to
optimise collecting missions oriented to gathering representative samples of the genetic
diversity of target species occurring in a particular area (Draper et al., 2003).
In this chapter, we describe three methodological approaches for assessing the ER of a
genebank with emphasis on CWR species collection. Before, we explain aspects which
should be considered in ER studies like homogeneity, spatial or taxonomical resolution
together with the data inputs necessary for carrying out any ER study.
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2. Environmental representativeness studies applied to CWR species
Why assess environmental representativeness in CWR species?
Data from both CWR and cultivated species conserved in genebanks can be used to assess
representativeness from an ecogeographical point of view. However, CWRs have certain
characteristics which make ER studies especially appropriate. These characteristics are:


CWRs have a natural distribution which does not depend on man, although it may
be influenced by man.



The fact that a CWR accession was collected at a specific site indicates an
adaptation of the CWR population to the environment at the site, which is not
always true in the case of an accession of a cultivated species as agricultural
practices usually compensate for a lack of adaptation (Brown et al., 1997).



The localities of CWR species can be represented in herbaria and botanic
bibliography. Thus, their distribution is often better documented than that of
cultivated species. Nevertheless, one must note that botanic and bibliographic data
may have its own bias.

Wild forms of some cultivated species still survive in their natural environment, especially
in centers of origin or domestication. In these cases the study of ER has the same
characteristics as in the case of a wild species with the additional advantage of being able
to cgmpare the ecogeographical diversity between wild and cultivated forms. On the other
hand, the biogeographic and modelling methodologies developed to determine real and
potential distribution of wild species (Guisan and Zimmermann, 2000) can be directly
applied to the study of CWR species.
Homogeneity
An important consideration when undertaking an ER study is the homogeneity of the data
whether the source be genebank collection sites or other sites where the presence of CWR
populations has been detected (herbaria, scientific literature, databases, etc.). Data
collecting efforts should be homogeneous enough to provide a reasonable certainty that no
regions have been deliberately under or over-sampled (Hijmans et al., 2000).
Spatial range and resolution
With regard to the size of the study area, ER can be calculated for extremely large areas
(continents or subcontinents), countries, provinces, special interest areas or simply for the
area needed to work with all the genebank collection sites for a specific species or group of
species.
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In any case, the ―
ecological descriptors‖ (Steiner and Greene, 1996) and their sources,
environmental variables, should cover the entire study area. The spatial resolution of the
maps must be similar for the different variables. Resolution usually becomes higher as the
size of the study area decreases. It is important to define an optimum balance between the
cover of the analysis, resolution and uniformity of information. These questions were
further detailed by Hart (1999).
Taxonomical resolution
Another consideration is the taxonomical level of work. ER can be assessed at the
interspecific level, normally between species of the same genus, or at the intraspecific level
(accessions, populations, etc.). In ecogeographical studies of genebanks the unit of study is
commonly the species. These studies consider groups of CWR species that do not
necessarily encompass an entire genus (see Hijmans et al., 2000; Hijmans and Spooner,
2001; Jarvis et al., 2003; Berger et al., 2003; Ferguson et al., 2005). Studies at the
intraspecific level are scarcer (see Lobo Burle et al., 2003).

3. Elements of an ecogeographic representativeness analysis
Data inputs
Georeferenced gene bank collection sites and presence data
This is the essential information for any ER study. The passport data that accompany each
accession conserved in a genebank provide information on the location of the collection
site. However, the quality of this information often varies between accessions and
genebanks. Some accessions may have no information on the collection site, others may
only have name references (country, region or municipality), while others may have a
description of the collection site (i.e. the code of a highway or the point in kilometers). In
some cases, especially in the most recent accessions, the passport data may provide
detailed geographic coordinates (latitude-longitud or regional coordinates). This
heterogeneity in passport data is the first obstacle when analyzing ER in a genebank. For
cases where geographic coordinates are not available, there are ways to georeference
collection sites with the aid of gazetteers (databases with names of geographic locations
and their respective coordinates) or manual tools such as MaNIS (Wieczorek et al., 2004),
MaPSTeDI (Murphey et al., 2004), or INRAM (http://www.inram.org/). The obtained
geographic coordinates can then be validated through GIS (Hijmans et al., 1999; Guarino
et al., 2002).
Information parallel to that in genebanks on populations of species of interest is available
in herbaria, bibliography and floristic databases (Dulloo et al., 1999). The georeferencing
of a population's location as well as additional ecogeographic information that can be
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extracted from these sources is especially important. However, the information on the
ecogeographic distribution of the species obtained from different sources may be different,
although complementary, as the design of germplasm collecting missions and botanical
expeditions is substantially different due to the differences in their objectives. It is
important to keep in mind that the information compiled may also have the same problems
as the records from genebanks including the old age of some references or limitations in
georeferencing.
Ecological descriptors
Ecological descriptors are ecogeographical attributes that describe the environment of a
collection site. This type of descriptors corresponds to environmental variables which we
have classified based on our own criteria and previous classifications (Auricht et al., 1995)
in:


Geophysic: altitude, aspect, slope, longitude, latitude.



Climatic: temperature and rainfall (monthly, annual, mean, maximum, minimum),
solar irradiation, thermal amplitude, relative humidity, evapotranspiration (ETP),
etc.



Climatic/temporal: warm period, cold period, dry period, etc. (number of
days/months above/below a temperature/rainfall threshold).



Bioclimatic indices: Dantin-Revenga index (thermopluviometric) (Dantín Cereceda
and Revenga, 1940), Emberger index (Mediterranean influence) (Emberger, 1932),
Gorczynski index (continentality) (Gorczynski, 1920), etc. These indices cannot be
applied worldwide, but should be selected according to the characteristics of the
studied area.



Edaphic: soil type, soil pH, texture, geologic substrate, etc.



Vegetation: forest maps, type of predominant vegetation.



Antropogenic: urban areas, roads, land use, political and administrative boundaries,
etc.



Agroclimatic or bioclimatic zones: maps with land classifications made from the
fusion of climatic, bioclimatic and antropocentric variables and vegetation maps.

There are simple descriptors represented by only one environmental variable (e.g.
temperature, rain, pH) and complex descriptors which involve different environmental
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variables obtained by means of mathematical functions (e.g. ETP or bioclimatic indices) or
more interpretative features (i.e. soil type, agroclimatic or bioclimatic zones).
The environmental variables come from different sources such as the interpretation of
satellite images (urban areas, land use, vegetation maps), digital elevation models (DEM)
(altitude, slope, aspect) or the geostatistic interpolation of information from weather
stations (climatic descriptors).
Methodological approaches for assessing ecogeographical representativeness
ER studies can be based on the comparison of genebank passport data with external
sources, the ecogeographic characterization of a genebank or the use of ecogeographical
land characterization maps.
Comparing gene bank data to data from external sources
Comparing the collecting sites from genebank passport data and sites obtained from
external sources (other genebanks, herbaria, literature reports or botanical databases)
through gap analysis is one alternative for assessing ER. Using this approach, sites of
population occurrence determined by external sources are superimposed on the collecting
sites from the target genebank to search for mismatches. The sites obtained from external
sources that do not match the target genebank's collecting sites can be considered gaps in
the genebank collection (Guarino, 1995) and, thus, in its representativeness. In fact,
comparing different genebank collections may help us to detect gaps and identify
collection biases.
LUPINUS SPECIES IN SPAIN: A CASE STUDY. W e

carried out a gap analysis to detect gaps in
the representativeness of Lupinus spp. collection at the CRF (Spanish Central Plant
Genetic Resources genebank). In order to do this, we compiled genebank, herbarium and
bibliographic data from different sources for our spatial range of Peninsular Spain.
Georeferenced collecting sites were extracted from passport data from CRF and ausPGRIS
(AUS) (Australian Plant Genetic Resources Information System). These two genebanks
hold the most important collections of Lupinus worldwide. Georeferenced herbarium data
were obtained from the Real Jardín Botánico de Madrid (MA, Spain) and bibliographic
data from the ANTHOS project botanic database (http://www.programanthos.org). We
compiled a total of 1887 records (usually latitude/longitude points) which we transformed
into 1851 1x1 km squares in a UTM (Universal Transverse Mercator, European Datum
1950 zone 30 north) coordinate system. The total number of records for each Lupinus
species was as follows: L. albus L. (291), L. angustifolius L. (1073), L. cosentinii Guss.
(5), L. hispanicus Bois. & Reut. (298), L. luteus L. (154) and L. micranthus Guss. (30). A
grid of 10x10 km UTM squares that cover all spatial range was superimposed on Lupinus
1x1 km UTM squares. Then, for each species, 10x10 km UTM squares were classified
according to the matches with each Lupinus sp. 1x1 km UTM square as follows: a) none,
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b) only records from CRF, c) only records from genebanks (CRF+AUS), d) only records
from external sources (MA herbarium+ANTHOS database), e) records from both CRF and
external sources and f) records from both genebank and external sources (Fig. 1).
We will illustrate the comparison between genebank and external source data using L.
hispanicus. The 10x10 km UTM squares were classified into the classes a, b, c, d, e and f
(described above) and we compared:


CRF collection sites to external sources (MA herbarium+ANTHOS database)



Genebank (CRF+AUS) collection sites to external sources (MA herbarium+
ANTHOS database)

Figure 1. Methodology to find gaps in CWR genebank collections. Classification of 10x10 km UTM squares
of a target territory according to the presence or absence of 1x1 km UTM squares within, representing
populations collected by the genebank or visited by external sources. 10x10 km UTM squares that contain
only 1x1 km UTM squares from external sources can be considered gaps in CRF or genebank
representativeness.
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Figure 2. 10x10 km UTM squares classified according to the presence of 1x1 km UTM squares within,
representing Lupinus hispanicus accessions from CRF, presence data from external sources (herbarium +
bibliographic databases) or both. Gaps in CRF genebank representation are squares in black.

In both comparisons, 10x10 km UTM squares that contain only 1x1 km UTM squares from
external sources were considered gaps in the CRF collection (Fig. 2) or gene bank
representativeness (Fig. 3). However, some considerations should be kept in mind when
carrying out a gap analysis. In the CRF case, collecting germplasm only in areas
determined as gaps in CRF representativeness may give rise to duplication between CRF
and AUS, at least from an ecogeographical point of view. To avoid duplication in ex situ
conservation, it is important to include the greatest number of collection sites from the
most important genebanks in the study. The results of the gap analysis for L. hispanicus,
measured in percentage of characterized 10x10 km UTM squares, can be seen in the Fig. 4.
32% of the 10x10 UTM squares are gaps in L. hispanicus representation in the CRF
collection, but this percentage decreases to 27% when AUS data are included. In
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Figure 3. 10x10 km UTM squares classified according to the presence of 1x1 km UTM squares within,
representing Lupinus hispanicus accessions from genebanks (CRF+ AUS), presence data from external
sources (herbarium + bibliographic databases) or both. Gaps in genebank representation are squares in black.

conclusion, the comparison of herbaria/bibliographic records and genebank data suggests
that the CRF collection has great gaps in the representation of L. hispanicus known
distribution. However, as the information on Lupinus populations occurrence compiled
from herbarium and floristic databases is not 100% reliable, additional analyses including
predictive species distribution models can help to improve the gap analysis and set more
accurate priorities.
Ecogeographical characterization of a gene bank
Just as collections can be characterized at the morpho-agronomic, biochemical or DNA
level, among others, so can they be characterized from an ecogeographical point of view.
In this approach, environmental variables are compiled and some of them are selected as
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Figure 4. Percentage of gaps (red coloured) for Lupinus hispanicus in Spain: a) gaps between CRF and
external sources (herbarium + bibliographic databases) and b) gaps between genebank (CRF + AUS) and
external sources.

"ecological descriptors" (Steiner and Greene, 1996). In a multivariate analysis, ecological
descriptors work in the same way as morphological descriptors or data from molecular
markers, considering their quantitative or qualitative nature. Different approaches differ in
the methodology used to obtain ecological descriptors. These can be obtained directly from
passport data (Hazekamp, 2002) or indirectly by georeferencing collection sites (Guarino
et al., 2002). In the first case, ecogeographic information need to be complete,
homogeneous and objective, with regard to collection conditions. Given that these
conditions are difficult to meet in the passport data of any genebank, the best alternative is
to extract ecogeographical information by superimposing collection sites on georeferenced
environmental information, visualized as GIS layers. GIS allows overlap and the correct
extraction of ecogeographic information. In consequence, the environmental information
extracted is homogeneous for all accessions.
Ecogeographic characterization usually involves more than one variable. This leads to the
use of multivariate analysis techniques. These techniques allow us to assess ecogeographic
similarities or differences between the different operative taxonomic units (OTU) (Sneath
and Sokal, 1973), as well as to form similar ecogeographic groups and to determine which
ecological descriptors represent the greatest proportion of ecogeographic variability. This
analysis is usually visualized by means of dendrograms or biplots.
In the ecogeographic characterization of a genebank, the spatial range of the analysis is the
area that the accessions to be analyzed occupy given that only collection site information is
used. With regard to taxonomic resolution and multivariate analysis in interspecific
studies, OTU corresponds to a species, and its value for each ecological descriptor is a
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trend statistic which summarizes the information of the corresponding populations of that
species (see Ferguson et al., 2005). In the case of intraspecific studies, OTU is the
accession (population), and its value is directly extracted from the ecological descriptors.
Assuming that in an interspecific study a species is represented by more than one
population, both interspecific and intraspecific studies can be carried out simultaneously to
obtain a more complete, integrated perspective.
With ecogeographic characterization at the interspecific level, a representative
environment can be described for each species and ecogeographic affinities can be defined
between species or groups of species (Bennett and Bullitta, 2003). At the intraspecific
level, ecogeographic characterization can determine the environments represented within
the genebank, the number of accessions which represent each environment and the most
relevant ecological descriptors for the species.
Examples
A first approach to the ecogeographical characterization of a genebank quite frequently
found in literature is assigning a value to the OTU according to its collection site and
previously determined environmental zones visualized in maps. The environmental zones
are the product of combining environmental variables and antropogenic categorizations (a
more objective method of generating these maps is later described in ―
Using
ecogeographical land classification‖). In this way, the accession or the species have one or
very few ecogeographic information values and multivariate analysis cannot be applied.
The objective of this type of study is the constitution of core collections with high
representativeness. This ecogeographic information is used to classify the collection into
groups of accessions collected in the same environmental zones. Additional groups can
then be determined according to data from morpho-agronomic, biochemical or molecular
characterizations. Examples of this type of work are the constitution of nuclear collections
in sorghum (Grenier et al., 2001), sesame (Xiurong et al., 2000), barley (Igartua et al.,
1998), rice (Yawen et al., 2003) or sweet potato (Huamán et al., 1999).
More detailed studies extract ecological descriptors from collecting sites through GIS
previously fed with environmental variables. Using a distance coefficient, they obtain
matrices of ecogeographic distances. The use of this ecogeographic distance matrix is
varied. In some cases it has been used for ER studies or simply to calculate its correlation
with other types of characterizations. An example of the ecogeographic characterization of
a genebank using this methodology and GIS is the study of wild Arachis at the
interspecific level by Ferguson et al. (2005). Bennett and Bullitta (2003) carried out the
ecogeographic characterization of six Trifolium species, in which they classified the
accessions into ecogeographic groups and determined the most important ecological
descriptors for each group.
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We carried out the ecogeographic
characterization of the collection of Lupinus accessions collected in Spain and conserved in
the CRF. Here we considered the inter- and intraspecific level. Data from five Lupinus
species were used: three CWR species in Spain (L. angustifolius , L. hispanicus. y L.
micranthus), one cultivated species with wild forms (L. luteus) and one cultivated species
with wild and naturalized forms (L. albus). L. angustifolius is an already domesticated
species, but only wild forms grow in Spain. L. hispanicus is endemic to the Iberian
Peninsula and L. luteus has its center of origin and diversity in the same area. Collection
sites (longitude, latitude) were extracted from the passport data and used to create a point
distribution map for each species. The coordinate points were then revised in search of
errors as described by Hijmans et al. (1999). As many of the CRF collection sites have also
been reported by other sources (herbaria, botanists, other genebank collections), all
available collection site information was contrasted and cases of divergence were
registered for potential use in the interpretation of the ecogeographic characterization. The
number of CRF records for each species was: L. albus (248), L. angustifolius (489), L.
hispanicus (175), L. luteus (104) and L. micranthus (5).
LUPINUS SPECIES IN SPAIN: A CASE STUDY.

The point maps and the environmental variables were then transformed into the same
coordinate system (UTM, European Datum 1950 zone 30 north) and converted into
vectorial ArcGIS 9.0 compatible format. The point maps were overlapped on 43
environmental variables and 27 ecological descriptors were extracted. The selection of
ecological descriptors was based on a priori knowledge about their biological meaning for
Lupinus species. We also tried to ensure an equilibrium among the different types of
environmental information. The selected ecological descriptors (Table 1) were
standardized for subsequent analysis. Tables with accessions and the corresponding
ecological descriptors were created. Ecogeographical distances between all pairs of
accessions were obtained using the Gower similarity coefficient (Sneath and Sokal, 1973).
A cluster analysis was then carried out using distance matrix and UPGMA agglomeration
method. The results were dendrograms that represent ecogeographical similarities between
accessions. The ecogeographical groups represented in the genebank were then visualized
and each group could be described based on ranges of original ecological descriptors. As
the 27 ecological descriptors provided a great amount of information, which might be
difficult to analyze, we carried out another PCA to reduce the original descriptors to 2 or 3
synthetic variables and simplify the analysis. The new synthetic variables were linear
combinations of ecological descriptors where some descriptors have more weight than
others. To make an interpretation of them we can describe them in terms of the ecological
descriptors with the greatest weight in each of the principal components.
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Table 1. Ecological descriptors used in the ecogeographical characterization of Lupinus luteus collection
from CRF genebank.
Type
Climatic

Climatic/
Temporal
Bioclimatic
indices
Geophysical

Edaphic

Ecological descriptors
Temperature: October,
December and mean
minimal annual

Units
ºC

Source
Sánchez-Palomares et al., 1999

mm

Sánchez-Palomares et al., 1999

Rainfall: April, July and
mean annual
Evapotranspiration
Thermic amplitude
Dry, cold and warm period

mm
ºC
months

Emberger
Gorczynski
Dantin-Revenga
Altitude
Aspect
Slope
Longitude
Latitude
Soil type (USDA
classification)

based on Sánchez-Palomares et al., 1999
based on Sánchez-Palomares et al., 1999
based on Sánchez-Palomares et al., 1999
m
Draper et al., 2003
º
Draper et al., 2003
º
Draper et al., 2003
º
Draper et al., 2003
º
Draper et al., 2003
8 classes SEISnet (http://www.microleis.com), CSIC,
Spain

Spanish Ministry of Agriculture - Tragsatec
based on Sánchez-Palomares et al., 1999
Spanish Ministry of Agriculture - Tragsatec

Figure 5 shows the case of L. luteus, which has an intermediate number of accessions
(104). For this species we considered the status of the accessions, in other words, if the
accessions were collected from cultivated, weed or wild populations. Dendrograms from a
cluster analysis illustrate the ecogeographical relationship of L. luteus (Fig. 6 and Fig. 7).
This analysis identified four ecogeographical groups (EG).
The PCA extracted three new synthetic variables that represent 64% of the total variance
and correspond to the three first principal components. When we analyzed the eigenvalues,
we detected that the first new variable is related to thermo-pluviometric factors, the second
to temperature factors and the third to edaphic factors. Then we characterized each EG
from the cluster analysis using the new synthetic variables (Fig. 8). For this
characterization, we also used the ecological descriptors with the greatest weight for the
three first principal components (Fig. 9). Finally, we assigned each accession its value
from the corresponding EG and visualized them in a map (Fig. 10).
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Figure 5. Spatial distribution of Lupinus luteus accessions from CRF.

Figure 6. General ecogeographical grouping dendrogram of L. luteus accessions. Four ecogeographical
groups (EG) were detected inside of CRF collection (EG1 to EG4).
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This ecogeographical characterization provided us with valuable knowledge on the
conserved germplasm of L. luteus and its environmental variability. It is very interesting to
note how ecological descriptors can distinguish between wild and cultivated accessions,
classifying them into different EG. This study allowed us to explore the potential of
ecogeographical characterization and its degree of definition. On the other hand, EGs from
cluster analyses are useful in identifying the different environments represented in a
genebank and detecting deficiencies. According to our results, it is advisable to improve
the representation of EG 3 by collecting L. luteus for CRF in the south-east of Andalucía
(Spain). Before this analysis, knowledge on the ecogeographical distribution and
environmental adaptation of L. luteus was scarce and/or subjective. As a further step,
studies including the whole Iberian Peninsula (Spain and Portugal) would be desirable.

Figure 7. Detailed dendrograms for each ecogeographical group (EG) derived from the general dendrogram
(Fig. 6). On the right side of each CRF accession code there are two columns with information about the
population status (X= weed, W= wild and L= landrace). The first column corresponds to CRF passport status
and the second (dotted line square) to other external sources that have collected in the same site but have
recorded a different status.
(continued)
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Figure 7. (continued)

Figure 8. Differences between ecogeographical groups (EG) considering ecological descriptors with the
greatest weight in the first three principal components.
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Figure 9. Differences between ecogeographical groups (EG) considering the ecological descriptors that are
more correlated to the first three principal components. a) First principal component: July mean rainfall
(eigenvalue=-0.956) and Dantin index (eigenvalue=0.951). b) Second principal component: thermic
amplitude (eigenvalue=-0.835) and altitude (eigenvalue=0.718). c) Third principal component: inceptisol and
entisol (from USDA soil type classification) (eigenvalue=-0.869 and 0.840 respectively). In the c) case we
show all soil types for each EG.
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Figure 10. Spatial distribution of Lupinus luteus accessions from CRF considering their belonging to the four
ecogeographical groups.
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Using ecogeographical land characterization
Another alternative for assessing ER in a genebank is through ecogeographical land
characterization. In this method, the land areas where the genebank has collected
germplasm are characterized based on ecological/environmental variables. The
characterization product is a map of ecogeographical zones. This map must be as objective
and accurate as possible. Point maps of collecting sites are then superimposed on the map
of ecogeographical zones and each accession is assigned a value according to the
ecogeographical zone where it was collected. In the section ―
ecogeographical
characterization of a genebank‖ we cited some examples of studies that used maps of
environmental zones which had a poor resolution and/or were highly subjective. Most
ecogeographical studies for establishing core collections use this kind of maps, although
there are some exceptions like the establishment of cassava core collections in Brazil
(Lobo Burle et al., 2003). In this work they used a previously-developed map of
ecogeographical regions made especially for cassava and other climatic, vegetation and
agroecological maps. These maps were combined through GIS software to obtain smaller,
more detailed ecogeographical units. The combination of biotic (i.e. type of vegetation)
and abiotic (i.e. climatic) factors may make results more difficult to interpret. While
species occurrence may or may not be explained by our knowledge about the occurrence of
other species (represented by available biotic data), species occurrence can be related to
abiotic conditions more easily. Thus, it is advisable to carry out studies including only
abiotic variables as a first step in assessing ER through ecogeographical land
characterization.
Ecogeographical land characterization was
carried out to obtain a map of ecogeographical zones for Peninsular Spain and the Balearic
Islands to assess the ER of the CRF Lupinus collection. We superimposed the map of
Lupinus collection sites on the map of ecogeographical zones and then assigned an
ecogeographical value to each accession.
LUPINUS SPECIES IN SPAIN: A CASE STUDY.

To generate the map of ecogeographical zones we used methodologies based on GIS and
clustering procedures. First, we divided the spatial range (Peninsular Spain and the
Balearic Islands) into 500949 1km UTM squares. GIS software (ArcGIS® 9.0) extracted 33
ecological descriptors for each square using previously-gathered environmental data layers.
The descriptors were then classified into three main groups: geophysic, climatic and
edaphic descriptors (Table 2).
We carried out a two-step cluster analysis for each group of descriptors (SPSS, 2003).
Two-step cluster analysis allowed us to:


Carry out the clustering of very large data sets.



Work with continuous and categorical variables at the same time.
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Define the resulting clusters using bayesian information criterion (BIC). This
implies that the researcher does not influence the clustering or the final number of
ecogeographical clusters.

This clustering procedure, as indicated by its name, has two steps: 1) to pre-cluster the data
into many small sub-clusters and 2) to cluster the sub-clusters resulting from step 1 into a
BIC-determined number of clusters. In our case, the two-step clustering analysis
automatically produced three ecogeographical clusters for each group of descriptors
(geophysic, climatic and edaphic). Unique combinations of each ecogeographical cluster
(33) produced 27 ecogeographical categories (Fig. 11). Additionally, descriptive statistics
for each ecogeographical cluster were obtained allowing us to quantitatively describe the
environments represented by each ecogeographical category. Finally, each of the 500949
1x1 km UTM squares was assigned its corresponding ecogeographical category. In the
map of the categorized 1x1 km UTM squares (Fig. 12), the ecogeographical zones, defined
as adjacent squares with the same ecogeographical category, can be visualized. The
resulting map of ecogeographical zones for Peninsular Spain and the Balearic Islands
showed homogeneous, small, and discontinuous environmental areas.
We then superimposed the map of points corresponding to collection sites (genebanks) or
presence data (external sources) of Lupinus on the map of ecogeographical zones from the
two-step cluster analysis. We will illustrate this methodology using the L. angustifolius
collection from CRF as the target of the ER study. In addition to the CRF passport data for
L. angustifolius collection sites (489 georeferenced records), we also used collection sites
from AUS (447 records for Peninsular Spain) and other external sources (137 records from
MA and ANTHOS database). The GIS software assigned each collecting site or presence
data an ecogeographical zone depending on its location on the map. Finally, we obtained
the frequency and percentage of each of the 27 ecogeographical zones represented in the
genebanks (CRF and AUS) and external sources (MA and ANTHOS) (Fig. 13). Individual
and comparative analyses of these frequencies and percentages allow us to assess the ER of
the CRF genebank.

Table 2. Groups of ecological descriptors used to characterize Peninsular Spain and Balearic Islands.
Groups of
descriptors
Climatic

Number of
descriptors
28

Soil/Edaphic

2

Geophysic

3

Descriptors involved
Mean monthly rainfall and temperatures, mean annual rainfall and
temperature, mean annual minimum and maximum temperatures
USDA soil classification (nine orders) and geology (46 types of
mineral predominant materials)
Altitude, slope and aspect
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Figure 11. Methodology to obtain the map of ecogeographical zones for Spain based on 27 ecogeographical
categories and two-step cluster analysis.

Our analysis showed that 24 of the 27 ecogeographical categories are represented in the
CRF collection. Within the 24 categories represented, five might be considered ―
rare‖ (1,
2, 3, 11 and 19) due to their low representativeness (less than 1%). In contrast, three
categories (4, 5 and 8) are highly represented with each category representing more than
10% of the total number of L. angustifolius CRF accessions.
The occurrence of different percentages in the representation of ecogeographical categories
in a genebank can be explained from several perspectives. In the case of a species that had
no preference for any particular environment, a genebank with a good representativeness
should have similar representation percentages for all ecogeographical categories.
However, as this situation does not occur in nature, the most likely result is that one
category or group of categories will be better represented than others, as in the case of L.
angustifolius. Another reason than supports heterogeneity in the representation of
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Figure 12. Map of ecogeographical zones based on 27 ecogeographical categories for Peninsular and
Balearic Spain. Categories are represented in different grey tones. The zones are 1x1 km UTM squares
adjacent with the same category value.

ecogeographical categories is the fact that each category has different frequencies of
occurrence in the framework. So, categories with a low frequency of occurrence in nature
have a lower probability of being visited or having germplasm collected there but may
enclose environmental distinct characteristics extremely interesting in genebank collecting
(Draper et al., 2003). The lower probability of being visited can be minimized by
weighting each category according to the total area that it covers. Biases in collecting
germplasm (Hijmans et al., 2000) can also be an important factor in increasing the
representation of certain categories while reducing that of others. We can try to identify the
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Figure 13. Frequency of the 27 ecogeographical categories represented on Lupinus angustifolius collections
from CRF and AUS genebanks and external sources (ANTHOS and MA).

effect of biases by comparing the representation of ecogeographical categories in our
genebank to that of other genebanks (which may have similar biases) and external sources
such as herbaria and botanic databases (which may have different biases due to different
objectives, see ―
comparing external sources and genebank data‖). For this reason we
compared the representation of ecogeographical categories in the CRF collection to AUS
and external sources (Fig. 13). This comparison detected some categories which are not
represented in the CRF collection, but which are represented in AUS (10, 12 and 18) or
external sources (10 and 18). There are also categories (2, 11, 15 and 19) with a very low
representation in CRF but with a high representation in AUS and external sources. These
results show that the ER of the CRF collection for L. angustifolius can be improved if new
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collecting trips are carried out in ecogeographical categories 2, 10, 11, 12, 15 and 18. It
would also be advisable to collect L. angustifolius for CRF in the ecogeographical zones
(with the values of the mentioned categories) where AUS has not collected to avoid
duplication between genebanks.

4. Conclusions
The use of an ecogeographical or environmental approach in plant genetic resources is
more than just a back door approach to genetic characterization. Here our aim was to show
how ER studies can be as detailed, consistent and accurate as we wish thanks to the
development of spatial data, geostatistics, multivariate analysis and GIS-based
methodologies.
Ecogeographical representativeness studies in genebanks are still scarce while several
studies on genetic representativeness have been carried out since the molecular marker
boom in the 90’s. A bibliographic search for works that involve ecogeographical aspects in
plant genetic resources reveal that, save a few exceptions, curators and scientists use this
alternative only to explain their genetic results and many times only geographical distances
are used.
According to our results, ecogeographical land characterization offers a different,
complementary perspective with respect to the ecogeographical characterization of a
genebank. The main differences between these two approaches, in addition to the target of
the characterization itself, are:


Computational capacity: land characterization often requires special skills specially
to create the map of ecogeographical zones



Interpretation of results: genebank characterization requires more knowledge about
the species.



Multi-species analyses: Once the map of ecogeographical zones has been obtained,
working with many species is very fast and inexpensive. Genebank characterization
takes considerable time for each species.

On the other hand, comparing external sources and genebank data through gap analysis is
another interesting alternative for assessing ER. This method is based on the differences
between the sources in terms of objectives, modus operandi and biases. Its results can be
directly used to establish collecting objectives, as this method detects spatial gaps in the
genebank and indicates the exact location of sites with a high probability of species
occurrence. In this case we used the comparison to evaluate genebank representation and
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point out priorities for improving ER. We think this analysis can be used as a first step
before a subsequent ecogeographical characterization of a genebank collection or
ecogeographical land characterization because it is simpler and more intuitive. Only a
basic knowledge of GIS and low computational capacity is necessary to carry out the
comparison.
In summary, the three alternatives combined can offer us a highly accurate ER for any
genebank and any species. However, if the target species is a crop wild relative, the
potential of ER studies is even greater. We believe that knowledge on the environment of
the collecting sites is currently underestimated. This information is very useful in the
selection of accessions for plant breeding and should be considered just as important as
other types of information such as morphological or molecular data. In consequence,
ecogeographical studies should be a routine procedure in every genebank. The economic
cost of ER studies will decrease with time thanks to the greater availability of software and
georeferenced environmental information. In developing countries the greatest obstacle to
carrying out ER studies is often the lack of qualified personnel. Further efforts in this
direction should be a priority for NGO’s, international organizations and governments in
order to promote the conservation of plant genetic resources.
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3

ECOGEOGRAPHICAL LAND CHARACTERIZATION MAPS AS A TOOL
FOR ASSESSING PLANT ADAPTATION AND THEIR IMPLICATIONS IN
*
AGROBIODIVERSITY STUDIES

1. Introduction
Plant adaptation can be defined as the degree to which an individual or population is able
to live and reproduce in a given environment with a unique combination of biotic and
abiotic stresses (Allard, 1988; Pérez de la Vega, 1996), and is considered an important
factor in the maintenance of genetic polymorphism (Korona, 1996). The term
―
ecogeographical‖ refers to combinations of climatic, ecological and geographical data
related to patterns of genetic variation according to Peeters et al. (1990). These two
perspectives are closely related, as when ecogeographic patterns appear for any plant
distribution, the backdrop is the plant adaptation process.
One of the most important objectives in the ex situ conservation of plant genetic resources
is to collect germplasm covering all of a species’ adaptation range, adequately sampling
populations across the species’ distribution. Thus, plant breeding can take advantage of the
plant adaptation range of crop wild relatives and landraces to detect the presence of
interesting alleles in adaptive genes that can then be transferred to modern cultivars
(Bhullar et al., 2009). Furthermore, accessions representing populations that are able to
grow in extreme environments are a highly-valued source of genes for plant breeders (Rao
and Hodgkin, 2002). This is especially relevant nowadays as the effects of climate change
are redirecting plant breeding to develop crops that are more tolerant to abiotic stresses

*

Published in: Parra-Quijano, M.; Iriondo, J.M. and Torres, E. 2012. Ecogeographical land characterization
maps as a tool for assessing plant adaptation and their implications in agrobiodiversity studies.
Genet.Resour.Crop Evol. 59: 205-217.
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such as drought, flooding, heat, radiation, salinity, chilling and freezing (Rai and
Srivastava, 2001; Vinocur and Altman, 2005).
Consequently, studies on ecogeographical representativeness are essential to improve the
management and use of plant germplasm collections, as they can be considered an
appropriate measure of the plant adaptation range captured in genebanks (Parra-Quijano et
al., 2008). Furthermore, due to the close relationship between ecogeographical conditions
and genetic patterns (Allard, 1988; Greene and Hart, 1999; Rao and Hodgkin, 2002; Byers,
2005), the higher the level of ecogeographical representativeness reached, the greater the
amount of captured genetic variation is expected.
Ecogeographical representativeness studies require an adequate characterization of
germplasm. The development of geographic information systems (GIS) and the availability
of environmental data layers facilitate the ecogeographical characterization of plant genetic
resources. Two different approaches can be followed: 1) extraction of ecogeographical
information for each accession using the geographical coordinates of collecting sites, or 2)
characterization of a territory by developing ecogeographical land characterization (ELC)
maps that delineate areas with similar environmental characteristics, and, subsequently,
assigning each accession the corresponding ecogeographical category according to its
collecting site (Parra-Quijano et al., 2008). The great advantage of the second approach is
that once the ecogeographical characterization map has been generated, it may be readily
applied to other target species within the studied territory. Furthermore, the size of a
germplasm collection is not a handicap (small and large collections require the same
effort), and the inclusion of new accessions does not imply repeating the analysis each
time. Thus, ELC maps can have many applications in plant genetic resources and plant
breeding.
There are various examples of ecological, bioclimatic or vegetation classifications and
maps at various geographical scales for different countries (Monserud and Leemans, 1992;
Martin de Agar et al., 1995; Ozenda and Borel, 2000; Hossell et al., 2003), although most
of them were not developed with the aim of identifying plant adaptation patterns. One of
the scarce studies that considered adaptation was carried out by Vogel et al. (2005), who
produced a plant adaptation map for the United States merging previous ecoregion and
plant hardiness zone maps. Another example is the land agro-ecoregionalization map of
Iowa (Williams et al., 2008) where the territory was categorized by abiotic environmental
features relevant to many crops. However, these maps have, so far, not been subjected to
any plant adaptation validation.
In this study, we aim to obtain the plant adaptation patterns on six crop and two wild
relative species and to evaluate the efficiency of ecogeographical land characterization
maps as a tool to detect these patterns. We first describe how we obtain the
ecogeographical land characterization map and then we describe the procedure to obtain
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the adaptation patterns using collecting or presence data and seed weight data. The same
evaluation was made for two other ecological and land use maps as a reference.

2. Material and methods
Generation of the ELC map
The map used covered Peninsular Spain and the Balearic Islands in a raster format
composed of 764673 cells with a 30 arc-second resolution. The world geodetic system
(WGS 84 datum) was applied. To construct this map, 61 different environmental variables
(as layers) in different original formats were converted and compiled using DIVA-GIS
software (Hijmans et al., 2001). The environmental variables were then grouped as
follows: a) climatic variables: annual and monthly precipitation, monthly mean, minimum
and maximum temperature and annual mean temperature (Hijmans et al., 2005), potential
evapotranspiration, dry, cold and warm period (provided by Spanish Ministry of
Agriculture), b) edaphic variables: USDA soil type and mineral predominant material
(Instituto Geográfico Nacional, 1992), and c) geophysical variables: altitude, longitude,
latitude, slope and aspect (derived from the Shuttle Radar Topographic Mission digital
elevation model) (Rabus et al., 2003). These groups of variables represent the main factors
related to abiotic adaptation according to Lobo et al. (2001) and are partially coincident
with other environmental-variable classifications used to create adaptation-related maps
(Williams et al., 2008).
Subsequently, the variables in each group were subjected to two-step cluster (TSC)
analysis. This scalable clustering procedure, developed by Chiu et al. (2001), can work
with categorical and continuous variables and very large data sets. As indicated by its
name, TSC analysis involves two steps called preclustering and clustering. Preclustering
creates many small subclusters using a sequential clustering approach, while clustering
groups the subclusters resulting from the first step into a final number of clusters.
According to Bacher (2000), log-likelihood distance was used as a distance measure for
edaphic and geophysical variables (categorical and mixed data, respectively) and euclidean
distance was used for climatic variables (only continuous data). Bayesian Information
Criterion (BIC) was applied to define (automatically) the number of final clusters. This
algorithm was executed with SPSS software (SPSS 2003) and has been previously applied
to climatic data (Michailidou et al., 2009).
TSC analyses were performed independently to avoid over-representation of the climatic
component (88.5% of the variables in the dataset) with regard to edaphic (3.3%) and
geophysical (8.2%) components. In all cases TSC analyses produced three final clusters,
dividing the territory into three climatic, edaphic and geophysical clusters.
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The combination of the different climatic, edaphic and geophysical clusters provided 27
unique ecogeographical categories (3 climatic x 3 edaphic x 3 geophysical = 27, see Fig. 1)
that were used to generate a synthetic map.
Evaluation of the ELC map
Species datasets
The ability of the ELC map to detect abiotic adaptation in plants was tested in eight species
(four legumes and four grasses) (Table 1). The species were chosen in order to represent
different types of origin (native, early introduced and late introduced) and degrees of
domestication (wild and landrace) (Table 1). Landraces correspond to a type of cultivated
varieties that presumably have high genetic diversity and high adaptation to environmental
conditions (Lázaro et al., 2001).

Figure 1. Schematic methodology used to obtain the ecogeographical land characterization map for
Peninsular Spain and the Balearic Islands containing 27 categories.
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Table 1. Details of the species used in the evaluation of the ecogeographical land characterization map.
Species
Legumes
Lupinus angustifolius L.
Vicia sativa L.
Pisum sativum L.
Phaseolus vulgaris L.
Grasses
Hordeum vulgare L.
Secale cereale L.
Triticum aestivum L.
Zea mays L.

Origin†

Degree of
domestication

Native
Native
Early introduced
Late introduced

Wild
Wild, landraces
Landraces
Landraces

998
726
425
2371

436
452
397
2297

Early introduced
Early introduced
Early introduced
Late introduced

Landraces
Landraces
Landraces
Landraces

1577
320
399
1677

1577
313
389
1663

Presence
data

100-seed
weight data

† Native species are referred to the Iberian Pensinsula. Early introduced: species introduced more than 500 years ago. Late
introduced: species introduced less than 500 years ago.

Presence data for the selected species were obtained mainly from georeferenced collecting
sites of accessions preserved at the Centro de Recursos Fitogenéticos-Instituto Nacional de
Investigaciones Agrarias (CRF-INIA). We used CRF-INIA data as the primary data source
due to the non-biased collecting protocol followed at this institution. CRF-INIA collects
germplasm in a systematic way, prospecting with similar intensity, province by province,
all over Spain. However, like most crop specialized genebanks, CRF-INIA focuses its
collecting efforts on cultivated species. Therefore, the representation of wild species
(Lupinus angustifolius and Vicia sativa) was improved with georeferenced datasets from
the Global Biodiversity Information Facility (GBIF) database. Additionally, georeferenced
germplasm data were also included for L. angustifolius from the Australian Plant Genetic
Resources Information System (ausPGRIS). A total of 8493 georeferenced presence data
were considered (7723 from CRF-INIA and 770 from other sources) (Table 1).
Reference maps: ecological regions and land cover
The digital map of European ecological regions (DMEER) (Painho et al. 1996) and the
Corine land cover map (CLC2000) (Bossard et al. 2000) were used in this study as
reference maps for comparison with the created ELC map.
DMEER was used because the DMEER and ELC maps share several aspects of the
technical elaboration process and environmental data. DMEER combines biotic
(vegetation) and abiotic (climatic and topographic) features from two previously developed
maps. DMEER uses clustering methods and expert knowledge to define the final
ecological regions (Painho et al. 1996). About 70 contiguous ecoregions are defined for
Europe and eight of these are present in Peninsular Spain and the Balearic Islands.
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DMEER (version published in 2003) was downloaded in vectorial format (1:2500000
scale)
from
http://www.eea.europa.eu/data-and-maps/data/digital-map-of-europeanecological-regions/.
The CLC2000 map represents the classification of land use based on computer assisted
photo-interpretation of satellite images and consultation of ancillary data. This map was
included in this study because its spatial structure is similar to the ELC map. Thus,
CLC2000 is a highly reticulated map with a hierarchical structure of land use
characterization and 44 categories at the most detailed level, all of which are present in
Peninsular Spain and the Balearic Islands. Six categories were discarded because they
represent unsuitable habitat for plant growth (sea and ocean, water courses, glaciers, etc.).
Its content, a human interpretation of landscape use is expected to be unrelated to plant
adaptation. CLC2000 version 12/2009 was downloaded in a raster format (250 m cell
resolution) from http://www.eea.europa.eu/data-and-maps/data/corine-land-cover-2000clc2000-250-m-version-12-2009.
DMEER and CLC2000 maps were transformed to the WGS 84 coordinate system.
DMEER was also transformed to raster format with <1 km cell size. Supplementary STable 1 contains a categories description for DMEER and CLC2000 maps corresponding
to Peninsular Spain and the Balearic Islands.
Assignment of map categories
Collecting sites coordinates were examined and corrected for possible geographical
inconsistencies. They were then converted into vectorial (point) shapefiles and
superimposed on the ELC, DMEER and CLC2000 maps. The ―
extract values by point‖
tool from DIVA-GIS was applied to assign the corresponding map category to each
collecting site according to its location on each of the three maps.
Comparison of observed versus proportional frequency distributions
We first tested, for each plant species’ occurrence data, the frequency distribution of the
categories of each map against a proportional distribution. Proportional distributions are
generated when occurrence data corresponds to points randomly distributed within the
considered territory. Thus, the resulting frequency of each ecogeographical, ecological or
land use category is proportional to the relative frequency of each category in the map
(total area of each category/total area of the territory in the map). Hence proportional
distribution was calculated by multiplying the relative frequency of each category in the
ELC, DMEER and CLC2000 maps by the total number of accessions for each species.
Chi-square test (α = 0.05) was used to compare the frequency distribution of each plant
species category to proportional distribution. When a lack of fit of observed distribution to
proportional distribution was observed, indicating the existence of processes that favor
certain categories, Bonferroni confidence intervals (BCI) were obtained. BCI is a statistical
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technique that has been originally used in animals to determine habitat preferences in
relation to its availability (Byers et al., 1984). Thus, BCI determined which categories were
preferred (more frequent than expected by chance), avoided (less frequent than expected
by chance) or neutral with regard to the plant species distributions considered.
Evaluation and comparison of the ELC and reference maps
We then evaluated whether the different categories represented in the three maps were able
to explain the variation in seed weight in each species. Weight per 100 seeds (hereafter,
seed weight) was considered to be a variable associated to plant adaptation, since
populations with the smallest seeds (lowest weight) are likely to grow at the limits of
species’ distribution or in extreme environments for those species (Baker, 1972; Cavers
and Steel, 1984) and the largest seeds are expected to be found in the most favorable
environments.
Map categories were grouped in two ways according to a) the quartiles of the category
frequency distributions and b) BCI criteria.
For the quartile approach, map categories were classified into four classes: low (below 25
percentile), mid-low (25 - 50 percentile), mid-high (50 - 75 percentile) and high (above 75
percentile). Low and mid-low classes (corresponding to the least frequent map categories)
were considered to correspond to the most stressful environments, while mid-high and high
classes (corresponding to the most frequent map categories) were considered to represent
the most suitable environments within the species’ adaptive range. Hence, the expected
ranking of classes for decreasing seed weight was high, mid-high, mid-low and low.
Bonferroni confidence intervals (BCI) grouped map categories into three classes:
preferred, avoided and neutral. Categories classified as preferred were assumed to
correspond to environmental conditions to which the species is better adapted. Categories
in the avoided class would represent stressful environments, while the neutral class would
indicate intermediate environments. The expected ranking of BCI classes for decreasing
seed weight was preferred, neutral and avoided.
Seed weight data of 7524 accessions for the eight species considered were obtained from
the collection held at CRF-INIA (Table 1). Weight data for each accession consisted of a
minimum of two independent weight measurements and corresponded to seeds sampled in
the original collecting sites.
A univariate general linear model (GLM) analysis was performed for each species
considering seed weight as the dependent variable and quartile and BCI classes as
predictors. Significance levels of α = 0.05, 0.01 and 0.001 were considered. Tukey-Kramer
multiple comparison (post-hoc) tests were performed for comparison of means when
needed.
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Two criteria were considered to evaluate map performance: 1) degree of coincidence
between the observed seed weight ranking and the expected ranking (see above) and 2)
detection of the significant differences between quartile and BCI classes for seed weight.
When both criteria were met, post-hoc test results were examined.

3. Results
Generation of ELC map
The classification procedure produced 27 ecogeographical categories, which were defined
by a set of specific ranges for each of the original environmental variables (see
Supplementary S-Table 2). The graphic representation of these categories was an
ecogeographical land characterization (ELC) map obtained by assigning the corresponding
ecogeographical category to each of the 764673 cells covering Peninsular Spain and the
Balearic Islands. This map was highly discontinuous and reticulated when compared to
DMEER but similar to the CLC2000 map (Fig. 2). The number of categories in the ELC
map (27) was between those in DMEER (8) and CLC2000 (38).
Comparison of observed versus proportional frequency distributions
Point maps representing the distribution of georeferenced accessions of the eight studied
species are shown in Fig. 3. The frequency distributions of the categories extracted from
the ELC map varied according to the species considered (Fig. 4). However, chi-square tests
between observed and proportional distribution were highly significant (P < 0.001) for all
the eight species and the three maps. Hence, quartile and Bonferroni confidence intervals
(BCI) were produced, grouping the map’s categories in high, mid-high, mid-low or low
and preferred, neutral or avoided classes respectively. In some species some of the BCI
classes were not represented (see Supplementary S-Table 3).
Evaluation and comparison of the ELC and reference maps
Since chi-square tests were significant in all cases, the observed ranking of seed weights by
class were compared to the expected ranking, and GLM and post-hoc analyses were carried
out. Table 2 summarizes the results of these analyses (for expanded results see
Supplementary S-Table 3).
In the ELC map, the ranking of BCI classes fully coincided with the suggested plant
adaptation premises (i.e., decreasing seed weight for the ranking preferred-neutral-avoided)
in seven of the eight species studies (all but H. vulgare), whereas this full coincidence was
only found in four species (P. sativum, P. vulgaris, S. cereale and Z. mays) in the DMEER
map and in one species (V. sativa) in the CLC map.
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Figure 2. Visualization of structure and categories from CLC2000 (a), ELC (b) and DMEER (c) maps.
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Figure 3. Point map distributions. (a) Lupinus angustifolius, (b) Vicia sativa, (c) Pisum sativum, (d)
Phaseolus vulgaris, (e) Hordeum vulgare, (f) Secale cereale, (g) Triticum aestivum, (h) Zea mays.
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Figure 4. Frequency distributions across 27 ecogeographical categories (X axis) from ELC map. Grey bars
correspond to observed distributions while black squares correspond to the proportional distribution
according to ELC categories’ map distributions. (a) Lupinus angustifolius, (b) Vicia sativa, (c) Pisum
sativum, (d) Phaseolus vulgaris, (e) Hordeum vulgare, (f) Secale cereale, (g) Triticum aestivum, (h) Zea
mays.
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Table 2. Summarized evaluation parameters of ELC, DMEET and CLC2000 maps for plant adaptation using
distribution data from 8 species (Expanded results including 100-seed weight means, significance P values
and Tukey-Kramer test for each species and map are shown in Supplementary S-Table 3).
Species

Evaluator

DMEER
Quartile BCI
***
***
complete
none

ELC
Quartile BCI
**
ns
complete complete

CLC2000
Quartile BCI
***
**
none
none

L. angustifolius GLM differences†
Concordance with
expected order‡
V. sativa
GLM differences†
ns
n/a§
*
***
ns
**
Concordance with
none
n/ac
partial complete
complete complete
expected order‡
P. sativum
GLM differences†
ns
*
*
*
ns
ns
Concordance with
none
complete
partial complete
none
partial
expected order‡
P. vulgaris
GLM differences†
***
***
***
**
*
**
Concordance with
partial complete
complete complete
none
partial
expected order‡
H. vulgare
GLM differences†
ns
*
**
***
ns
**
Concordance with
none
partial
partial
none
none
partial
expected order‡
S. cereale
GLM differences†
ns
ns
ns
ns
ns
ns
Concordance with
partial complete
complete complete
none
none
expected order‡
T. aestivum
GLM differences†
ns
ns
*
ns
ns
ns
Concordance with
partial
none
complete complete
none
partial
expected order‡
Z. mays
GLM differences†
ns
***
**
***
**
ns
Concordance with
partial complete
partial complete
none
partial
expected order‡
† *, **, *** indicate statistical significance (difference in seed weight) at 0.05, 0.01and 0.001probability levels,
respectively. Lack of significance is denoted as ―n
s‖.
‡ Concordance with expected order of quartile and BCI classes of categories (lower seed weight means for low frequency
quartile and avoided BCI categories and vice versa, higher means for high frequency quartile and preferred BCI
categories). The cases in which the complete match was not achieved by a single discordant change were identified as
―
partial‖.
§ GLM and coincidence with expected order analysis were not executed since BCI for V. sativa only created one class
(neutral).

Concerning quartile classes, full coincidence with the expected ranking was found in four
species (L. angustifolius, P. vulgaris, S. cereal and T. aestivum) in the ELC map. Only one
coincidence (L. angustifolius) was found in the DMEER map and two (L. angustifolius and
V. sativa) were observed in the CLC map.
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From those species in which a full coincidence with the expected ranking was found in the
ELC map, BCI classes significantly affected seed weight in four species (V. sativa, P.
sativum, P. vulgaris and Z. mays) while quartile classes significantly affected seed weight
in three species (L. angustifolius, P. vulgaris and T. aestivum). Post-hoc tests found
significant differences between each of the three BCI classes in two species (P. sativum
and Z. mays). However, no significant differences were observed between the four quartile
classes.
A full coincidence with the expected ranking along with significant differences between
each of the classes (post-hoc test) was only found for DMEER map in P. sativum for BCI
classes. None were observed for CLC2000 map.

4. Discussion
Generation of the ELC map
The ecogeographical land characterization maps offer an objective and reproducible
strategy for defining useful ecogeographical categories to identify plant adaptation.
The present map is based on only abiotic variables, while previous ecosystem, ecological
or biophysical maps usually mix biotic, abiotic and anthropogenic factors (Bailey, 1983;
Prentice et al., 1992; Klijn et al., 1995; Irland 1997; Lobo Burle et al., 2003). Since abiotic
factors have slow dynamics, high stability in their influence on plants, and well-known
physiological effects compared to biotic factors, the simultaneous use of biotic and abiotic
variables may provide unclear results when the purpose of the map is to detect plant
adaptation.
Compared to other abiotic maps, such as the map generated by McKenney et al. (2007), we
used a wider range of environmental variables that were selected considering factors that
might generate local adaptation. The importance of the groups of variables used to
construct the ecogeographical map has been widely recognized: climatic variables (Allard,
1996; Pérez de la Vega, 1996; Ceballos-Silva and López-Blanco, 2003; Ferguson et al.,
2005), edaphic variables ((Marchand, 1973; Lobo et al., 2001; Ceballos-Silva and LópezBlanco, 2003; Jarvis et al., 2006), and geophysical variables (Nichols et al., 1998; Lobo et
al., 2001; Ceballos-Silva and López-Blanco, 2003; Wang et al., 2003).
Recently, Williams et al. (2008) produced an agro-ecoregionalization map to assess crop
suitability in Iowa (USA) using climatic, edaphic and topographic variables and
quantitative analytical methods (including cluster analysis). Some features of the resulting
map were very similar to the ELC map presented here, namely, objectivity, reproducibility
and discontinuity. Differences between the maps are: a) the objective (crop suitability vs.
plant abiotic adaptation) which determines the environmental variables to include; b) the
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environmental heterogeneity of the territory (Iowa vs Peninsular Spain and the Balearic
Islands), which is more complex in the Mediterranean region; and c) the procedure for
defining map categories (user-specified number of clusters vs TSC). The TSC procedure
has the advantage that the number of categories is determined using an objective criterion
based on Bayesian information. Thus, the number of categories is not influenced by the
researcher’s point of view.
The results of the ELC approach are likely to be sensitive to scale and may vary if the
characterized territory (workspace) is increased or reduced, or if the resolution of the
original environmental data or final ecogeographical map is changed. The resolution of the
present map (30 arc-seconds, less than 1 km) is appropriate for the size of our workspace
and occurrence data, since they are georeferenced with the same precision.
Results can also be sensitive to the selection of ecogeographical variables or to the
availability of data for such variables. Nevertheless, variable selection by experts may not
necessarily be a disadvantage, if selection is backed by sound criteria. In fact, it may be
useful when specialized maps for specific purposes are needed. Further studies using
different territorial scales, environmental data resolutions and plant species are needed to
optimize the ELC methodology and assess the limitations of this approach.
Evaluation of the ELC map
The significant differences found in the frequency distribution of the categories of the three
maps evaluated for the eight species with respect to their corresponding proportional
frequency distributions indicate that the number of observations in each category was not
proportionally distributed, that is, just influenced by the number of cells for each category
in each map. As preferred and avoided categories (BCI) were found in all species (except
for the combination V. sativa and the DMEER map), further analyses were performed
considering phenotypic variables associated with plant adaptation.
The analysis presented here confirms that the ELC map is able to explain variation in seed
weight in each species in a way that is congruent with the predefined hypothesis of
adaptation (i.e., larger seeds in over-represented categories) in contrast with the results
obtained with the DMEER and CLC2000 maps. Thus, the evaluation showed that the ELC
map is useful for detecting favorable and marginal environments although its efficiency
varies according to the plant species. The DMEER map is more similar to ELC than
CLC2000 in terms of input variables and multivariate analysis as shown by their results on
efficiency in plant adaptation detection. However, DMEER was less efficient with respect
to the ELC map since it shows large and continuous environments in the Iberian Peninsula,
contrasting with the environmental heterogeneity of this region. This heterogeneity is
better reflected in the CLC2000 map, but its low efficiency is due to the environmental
interpretation of this map, without direct links to plant adaptation.
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Phaseolus vulgaris was the most sensitive species of the ELC map, considering its
expected order of means, and GLM results. Interestingly, the type of populations studied
for this species was not wild but a landrace. These results agree with the clear
environmental adaptation detected in landraces of P. vulgaris in Spain (Casquero et al.,
2006). The other legume species (L. angustifolius, P. sativum and V. sativa) were also
sensitive to the ELC map categories using either BCI or quartile classes.
Thus, our results showed that seed weight was a better indicator of plant adaptation in
legume species than in gramineous species, at least for the eight studied species here. Of
the gramineous species, H. vulgare represented the most extreme case of insensitivity,
since no coincidence with the expected ranking of means was observed. The lack of
explanatory power of ecogeographical categories and their frequencies in H. vulgare may
be due to different causes: 1) Seed weight is not a suitable parameter for detecting plant
adaptation in this species. In this case, another adaptation-related variable would better
describe the relationship between H. vulgare adaptation and the ELC map categories. Seed
weight (frequently called seed size) has been historically related to plant adaptation,
although the mechanism has been discussed and its generalized application criticized
(Silvertown, 1989). 2) This species shows wide adaptation in the Iberian Peninsula
throughout its infraspecific diversity (six or two row genotypes, ecotypes, varieties, etc.).
Although H. vulgare is a non-native species, it has existed long enough to provide different
varieties which would be well-adapted to the various heterogeneous environments. In this
case, ecogeographic characterization may be more meaningful if applied at an infraspecific
level. 3) The environmental variables used to generate the ecogeographical map might not
be appropriate for detecting adaptation in H. vulgare. In order to test this hypothesis, it
would be interesting to select other sets of variables and generate a new map.
It is noteworthy that the ELC categories within each quartile or BCI class represented
heterogeneous (or even contrasting) environments. A detailed analysis for each species,
which would involve individually selecting each ecogeographical category, considering its
most influential environmental variables, linking them with plant response and analyzing
why it is included in a specific subset would be desirable, although it is outside the scope
of this study.
Finally, the temporal framework of the ecogeographic data used to create the ELC map
becomes a major issue considering climate change, essentially for temperature and
precipitation data. Climatic data from Worldclim (Hijmans et al., 2005) comprise a 50-year
time series (1950-2000), covering more than 92% of collecting dates of the accessions used
here to evaluate the ELC map. However, if most of the accessions had been collected in the
last decade, the ELC map generated with Worldclim climatic data might provide a
somewhat biased characterization of abiotic plant adaptation due to the accelerated climate
change process in which we are immersed. To reduce the chance of incurring in errors for
this reason, it is recommended that the time period of the climate dataset used to generate
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the ELC map has a good overlap with the time period in which seed accessions have been
collected.
Applications of ELC maps
ELC maps can have multiple applications in plant genetic resources conservation,
including selection of target regions where ecogeographic variability justifies in situ
conservation efforts, establishment of germplasm collections with minimal ecogeographic
redundancy, evaluation of ecogeographical representativeness in germplasm collections
and detection of gaps, elaboration of core collections, selection of the most suitable sites
(from an ecogeographical and adaptive point of view) for carrying out germplasm
multiplication or regeneration, and improvement of plant genetic resources utilization by
offering plant breeders key information about germplasm adaptation.
Several of these applications can be carried out using other methodologies, although in
most cases they are specifically developed for a particular crop or species [see Ghamkhar
et al. (2007) and Ghamkhar et al. (2008)]. However, ecogeographical maps have the
advantage that they can be applied to several plant species occurring in a territory based on
a single, initial effort (generation of the map).
In plant breeding, ecogeographical information from collecting sites has been used as a
guide to detect biotic and abiotic resistance or tolerance genes or genotypes from
germplasm collections. For instance, Bhullar et al. (2009) isolated resistance and functional
alleles against powdery mildew in landraces of wheat, only exploring in a subset of
genotypes collected in environments where selection pressure for adaptive traits may
occur. Another application of ecogeographical data in plant breeding is to offer valuable
information about the environmental features of evaluation sites where new genotypes are
tested. Evaluation sites should be representative of the range of environments where the
crop is usually sown. With the ELC mapping methodology, breeders can easily detect
genotypes under adaptive pressure and obtain a measure of the contrast between
environments where genotypes are tested.
Concluding remarks
The evaluation of ELC map of Peninsular Spain and the Balearic Islands showed
heterogeneous results about its efficiency in detecting plant adaptation for the species
analyzed. Thus, the application of ecogeographical maps for detecting plant adaptation
requires a species-by-species validation. Alternatively, ecogeographical maps can be
generated ad-hoc for each target species. The development of species-specific maps imply
careful selection of ecogeographic variables involved in the multivariate process of map
elaboration. Variables should have influence in plant fitness or crop adaptation and can be
selected using statistical tools and/or expert knowledge.
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Supplementary S-Table 1. Frequency of categories of DMEER and CLC2000 maps contained in the
workspace considered (Peninsular Spain and Balearic Islands).
Map

CLC2000

DMEER

Code Category
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
35
36
37
38
39
11
48
51
54
56
57
62
64

Continuous urban fabric
Discontinuous urban fabric
Industrial or commercial units
Road and rail networks and associated land
Port areas
Airports
Mineral extraction sites
Dump sites
Construction sites
Green urban areas
Sport and leisure facilities
Non-irrigated arable land
Permanently irrigated land
Rice fields
Vineyards
Fruit trees and berry plantations
Olive groves
Pastures
Annual crops associated with permanent crops
Complex cultivation patterns
Land principally occupied by agriculture, with significant areas of natural vegetation
Agro-forestry areas
Broad-leaved forest
Coniferous forest
Mixed forest
Natural grasslands
Moors and heathland
Sclerophyllous vegetation
Transitional woodland-shrub
Beaches, dunes, sands
Bare rocks
Sparsely vegetated areas
Burnt areas
Inland marshes
Peat bogs
Salt marshes
Salines
Intertidal flats
Iberian conifer forests
Northeastern Spain & Southern France Mediterranean
Cantabrian mixed forests
Northwest Iberian montane forests
Pyrenees conifer and mixed forests
Iberian sclerophyllous and semi-deciduous forests
Southwest Iberian Mediterranean sclerophyllous and mixed forests
Southeastern Iberian shrubs and woodlands
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Frequency
29482
23921
8609
1389
405
1673
5515
701
1383
286
841
1306383
279699
10786
104834
73342
190475
57510
17258
423488
344454
270202
419027
504542
124388
354127
192695
614044
415083
3593
33196
119777
8849
6248
26
3018
1754
526
49275
50198
95354
70201
20797
426049
43382
4638
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Supplementary S-Table 2: Descriptive statistics of the most representative original environmental variables
for each category represented in the ELC map.
EC

Frequency

Climatic†
Pa
Ta
(mm)
(ºC)
mean
mean
607.2
11.5

Edaphic
Gephysical
USDA
Mineral
Altitude Slope Aspect‡
soil type
predominant
(m)
(%)
mode
mode
mean
mean mode
1
14233
Entisol
Calcareous1116.7
9.4
3
sedimentary rock
2
25629
678.2
11.2
Inceptisol Chalk
1213.0
9.3
3
3
18097
661.7
10.8
Inceptisol Calcareous1144.9
7.4
3
sedimentary rock
4
58155
495.1
12.5
Entisol
Alluvium
702.2
1.8
2
5
48270
568.9
12.4
Inceptisol Marl
778.8
2.1
2
6
59956
543.3
12.1
Inceptisol Marl
795.1
1.8
2
7
42228
533.1
12.5
Entisol
Marl
700.2
2.2
4
8
37725
601.2
12.3
Inceptisol Marl
747.4
2.4
4
9
49522
564.7
12.2
Inceptisol Marl
773.8
2.1
4
10
11369
519.9
15.8
Aridisol
Marl
635.1
11.7
3
11
22821
694.6
15.7
Inceptisol Marl
750.9
13.4
3
12
1827
665.3
15.5
Inceptisol Marl
771.4
10.6
2
13
52472
514.8
16.2
Entisol
Alluvium
331.5
2.2
2
14
44358
614.9
15.9
Inceptisol Chalk
466.4
2.2
2
15
14823
589.6
16.0
Inceptisol Chalk
421.0
2.2
2
16
59824
518.9
16.5
Entisol
Marl
258.9
2.6
4
17
39865
630.9
16.1
Inceptisol Chalk
414.7
3.4
4
18
14564
603.3
16.2
Inceptisol Chalk
365.9
2.7
4
19
18522
1274.9
9.4
Entisol
Chalk
1104.6
11.7
3
20
33805
1266.5
8.5
Inceptisol Chalk
1293.1
11.7
3
21
23423
1362
9.1
Inceptisol Chalk
1094.8
11.6
2
22
11810
1327.2
12.0
Entisol
Chalk
421.8
3.6
2
23
9633
1253.9
11.5
Inceptisol Chalk
528.6
3.4
2
24
15955
1335.1
11.7
Inceptisol Chalk
462.7
3.7
2
25
11322
1372.7
11.9
Entisol
Chalk
434.3
4.2
4
26
9675
1269.3
11.3
Inceptisol Chalk
582.4
4.2
4
27
14790
1347.6
11.6
Inceptisol Chalk
465.2
4.1
4
† Only two of 54 climatic variables are shown. Pa: Annual precipitation; Ta: Annual temperature.
‡ Aspect variable was converted from its original value (0 to 360°) to an ordinal variable (0 to 5). ―
0‖ values
were assigned to cells where slope is near 0. 1 to 5 values were assigned according to orientation from lowest
(1) to highest (5) sun incidence.
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Supplementary S-Table 3. Expanded results of GLM univariate and post-hoc statistical analyses assessing
the effects of quartile and BCI classes on mean weight of 100 seeds. Within each analysis classes with the
same letter do not differ significantly (P <0.05).
Species

Map

Method of
categories
grouping
Quartile

GLM
significance

Quartile/BCI
classes

L. angustifolius

DMEER

0.007

BCI

<0.0001

Quartile

0.009

BCI

0.5555

Quartile

<0.0001

BCI

0.0047

DMEER

Quartile

0.864

ELC

BCI
Quartile

n/a
0.034

BCI

<0.0001

Quartile

0.668

BCI

0.001

Low
Mid-low
Mid-high
High
Preferred
Avoided
Low
Mid-low
Mid-high
High
Avoided
Neutral
Mid-high
Mid-low
High
Low
Preferred
Avoided
Neutral
Mid-high
High
Low
Midl-ow
Neutral
Mid-low
Low
Mid-high
High
Avoided
Neutral
Preferred
Low
Mid-low
Mid-high
High
Avoided
Neutral
Preferred

ELC

CLC2000

V. sativa

CLC2000

Mean weight of
100 seeds (g)

Tukey's
groups

7.294
9.114
9.875
9.916
8.592
10.100
8.242
8.376
8.761
10.602
9.703
9.765
6.416
9.823
10.06
10.827
8.650
9.268
10.319
5.205
5.584
5.790
5.891
5.542
4.898
4.959
5.437
5.738
4.988
5.369
6.313
3.950
4.789
5.417
5.567
5.177
5.337
5.957

a
b
b
b

a
a
a
b

a
ab
ab
b
a
ab
b

a
ab
b
b
a
a
b

a
a
b

(continued)
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Supplementary S-Table 3. (continued)
Species

Map

P. sativum

DMEER

ELC

CLC2000

P. vulgaris

DMEER

ELC

CLC2000

Method of
categories
grouping
Quartile

GLM
significance

Quartile/BCI
classes

0.18

BCI

0.046

Quartile

0.045

BCI

0.036

Quartile

0.987

BCI

0.456

Quartile

<0.0001

BCI

<0.0001

Quartile

<0.0001

BCI

0.002

Quartile

0.041

BCI

0.001

Mid-high
High
Mid-low
Low
Avoided
Neutral
Preferred
Mid-low
Low
Mid-high
High
Avoided
Neutral
Preferred
Mid-low
Mid-high
High
Low
Avoided
Preferred
Neutral
Mid-low
Low
Mid-high
High
Avoided
Neutral
Preferred
Low
Mid-low
Mid-high
High
Avoided
Neutral
Preferred
High
Low
Mid-high
Mid-low
Avoided
Preferred
Neutral

Mean weight of
100 seeds (g)
19.736
20.464
21.475
22.116
18.169
20.255
22.268
18.192
18.833
21.532
21.611
17.913
19.501
22.361
19.690
20.338
20.456
21.034
18.901
20.815
20.835
37.888
42.644
47.392
51.235
45.322
46.425
53.195
41.302
46.375
50.476
52.419
44.356
46.108
53.399
48.929
51.945
52.291
52.624
47.277
50.222
52.327

Tukey's
groups

a
b
c
a
a
b
b
a
b
c

a
ab
b
b
a
a
b
a
b
c
c
a
a
b
ab
b
b
b
a
b
b

(continued)
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Supplementary S-Table 3. (continued)
Species

Map

H. vulgare

DMEER

ELC

CLC2000

S. cereale

DMEER

ELC

CLC2000

Method of
categories
grouping
Quartile

GLM
significance

Quartile/BCI
classes

0.149

BCI

0.015

Quartile

0.009

BCI

<0.0001

Quartile

0.706

BCI

0.008

Quartile

0.205

BCI

0.134

Quartile

0.411

BCI

0.55

Quartile

0.329

BCI

0.502

Mid-low
Low
High
Mid-high
Avoided
Preferred
Neutral
Low
Mid-low
High
Mid-high
Preferred
Avoided
Neutral
Mid-low
Mid-high
High
Low
Neutral
Avoided
Preferred
Low
Mid-high
High
Mid-low
Avoided
Neutral
Preferred
Low
Mid-low
Mid-high
High
Avoided
Neutral
Preferred
Mid-low
Mid-high
High
Low
Neutral
Preferred
Avoided

Mean weight of
100 seeds (g)
3.881
3.934
4.042
4.141
3.889
4.030
4.137
3.911
3.940
4.021
4.132
3.986
4.082
4.141
3.910
3.933
4.048
4.700
3.893
3.977
4.074
2.258
2.681
2.684
2775
2.517
2.630
2.745
2.481
2.500
2.668
2.766
2.564
2.623
2.772
2.343
2.662
2.686
3.500
2.650
2.680
2.752

Tukey's
groups

a
ab
b
a
a
ab
b
a
ab
b

a
ab
b

(continued)
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Supplementary S-Table 3. (continued)
Species

Map

T. aestivum

DMEER

ELC

Method of
categories
grouping
Quartile

GLM
significance

Quartile/BCI
classes

0.482

BCI

0.096

Quartile

0.044

High
Low
Mid-high
Mid-low
Preferred
Avoided
Neutral
Low
Mid-low
Mid-high
High
Avoided
Neutral
Preferred
Mid-low
Low
High
Mid-high
Avoided
Preferred
Neutral
Mid-low
Low
Mid-high
High
Avoided
Preferred
Mid-low
Low
Mid-high
High
Avoided
Neutral
Preferred
Mid-low
High
Mid-high
Low
Avoided
Preferred
Neutral

0.133

CLC2000

Z. mays

DMEER

ELC

CLC2000

Quartile

0.124

BCI

0.081

Quartile

0.723

BCI

<0.0001

Quartile

0.007

BCI

<0.0001

Quartile

0.005

BCI

0.081
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Mean weight of
100 seeds (g)
3.579
3.717
3.792
3.969
3.578
3.632
3.985
3.453
3.530
3.632
3.692
3.519
3.542
3.687
3.561
3.585
3.596
3.847
3.412
3.565
3.709
28.096
28.113
29.926
33.147
28.559
34.647
27.968
28.211
30.833
34.739
26.832
31.340
34.444
31.171
32.402
34.197
34.733
31.521
32.920
33.159

Tukey's
groups

a
a
b
b

a
a
b
c
a
b
c
a
a
a
a
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4

STRATEGIES FOR THE DEVELOPMENT OF CORE COLLECTIONS BASED
ON ECOGEOGRAPHICAL DATA

*

1. Introduction
A core collection is a limited set of accessions derived from an existing germplasm
collection, chosen to represent the genetic spectrum in the whole collection (Brown, 1989).
Selecting accessions to form a core collection does not imply any risk in conservation
terms, because all accessions (both selected and unselected) are maintained in the
genebank (Brown and Spillane, 1999). With this premise, the creation of core collections is
a very useful tool for prioritizing characterization and evaluation activities when the size of
the collection or economical constraints or both do not allow these activities to be
implemented in the whole collection (Brown, 1995).
The process of creating a core collection commonly involves the phenotypic or genotypic
characterization of all or most accessions in the original collection, which can be very
expensive and time-consuming, especially when collections are large (Ghamkhar et al.,
2008; Agrama et al., 2009). In some national programs of third world countries that
conserve large collections, the use of molecular characterization might be severely limited
by scarce financial support and staff training (FAO, 2010). Phenotypic characterization is a
less expensive method although continued human and economic efforts are required for
large collections. Thus, other types of data could be used to overcome these limitations.
Ecogeographical characterization of collecting sites can be a complement or alternative to
phenotypic or genotypic characterization, because of the relationships between genetic or
*

Published in: Parra-Quijano, M.; Iriondo, J.M.; de la Cruz, M. and Torres, E. 2011. Strategies for the
development of core collections based on ecogeographical data. Crop Sci. 51: 656-666.
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morphological traits and the environmental conditions of the sites where plants grow
(Steiner, 1999). Barley (Hordeum vulgare), for example, is a species for which these
correlations have been studied intensively (Demissie and Bjørnstad, 1997; Nevo, 1998;
Volis et al., 2001; Liviero et al., 2002; Chen et al., 2004; Batchu et al., 2006). Furthermore,
environmental characterization provides information about adaptive features of germplasm
held in genebanks (Guarino et al., 2002; Hazekamp, 2002). In this context, core collections
based on environmental data can help plant breeders choose accessions for breeding
programs focused on biotic or abiotic stress tolerance (Bhullar et al., 2009).
Most useful environmental information for characterizing collection sites corresponds to
climatic, geophysical and edaphic data (hereafter referred to as ecogeographical data), as
they contain the main factors responsible for abiotic adaptation (Peeters et al., 1990;
Steiner and Greene, 1996; Ceballos-Silva and López-Blanco, 2003). Until the late 1990s,
acquiring ecogeographical data for a large germplasm collection was a difficult task,
especially if the accessions had been collected in a broad geographic area. More recently,
this task has become much easier with the development of geographic information systems
(GIS) and the ever greater availability and accuracy of environmental data. Therefore,
high-quality, homogeneous environmental information can be extracted from collection
sites simply through their geographic coordinates (Guarino, 1995; Guarino et al., 2002).
Consequently, ecogeographical characterization based on GIS data offers detailed and lowbiased information on a large number of accessions, which saves time and money.
However, its usefulness may vary depending on the nature of plant material. Thus,
ecogeographical characterization is expected to have greater applicability in wild
populations and landraces than in modern cultivars, as the latter are not the result of local
adaptation and have been selected to be grown in a wide range of environments.
In the last decade, the design process of many core collections has taken into account
spatial aspects, such as geographical location, altitude of the collection sites or even
political/administrative boundaries (Ortiz et al., 1998; Xiurong et al., 2000; Grenier et al.,
2001; Upadhyaya et al., 2003; Reddy et al., 2005). Some studies have gone a step further
and have included some ecogeographical information in the design of core collections. The
bean (Phaseolus vulgaris) core collection at the International Center for Tropical
Agriculture (CIAT) was created using morphophysiological data and an ―
agroecological
map‖ developed specifically for this species (Tohme et al., 1995). Another attempt to
create a core collection considering ecogeographical data was carried out in sweet potato
(Ipomoea batatas) (Huamán et al., 1999). In this case, the stratifying criteria included
altitude and a system of eight predefined ―
agro-ecological zones‖ obtained using GIS.
Recently, Ghamkhar et al. (2008) established a core collection for bladder clover
(Trifolium spumosum) using ecogeographical and agro-morphological data.
These examples show the usefulness of ecogeographical data for developing core
collections. However, they do not allow conclusions to be drawn about which strategies
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Chapter 4. Strategies for developing ecogeographical core collections

provide the best core collections when only ecogeographical data are available to
characterize and cluster accessions.
Since the concept of core collection was initially proposed by Frankel in 1974, numerous
procedures have been implemented in their design. Core collection design commonly
begins with the application of a method to establish groups, such as stratification,
clustering or a combination of both. Once groups are established, the next step consists of
applying an allocation strategy to determine the number of accessions that should represent
each group in the core collection. The most used allocation strategies are those proposed
by Brown (1989), according to which the number of accessions sampled from each group
can be constant (C strategy), proportional to group size (P strategy) or proportional to the
logarithm of group size (L strategy). More recently, additional strategies have been
proposed, such as the D allocation strategy (Franco et al., 2005), where the number of
selected accessions is proportional to the mean Gower distance between accessions within
the group. After an allocation strategy has been applied, a randomized selection sampling
is usually carried out to choose the accessions that will represent each group.
Other procedures to create core collections combine grouping methods and sampling
strategies in an iterative process (Hu et al., 2000). For example, Wang et al. (2007)
developed a method called ―
least distance stepwise sampling‖ (LDSS), which applies
hierarchical clustering methods and random selection in a cyclic process.
In the present study, we evaluated 17 different strategies for developing core collections
based on ecogeographical data to determine the most appropriate strategies relative to
representativeness, reliability and simplicity. These strategies were implemented in the
Spanish Lupinus collection held at the Centro Nacional de Recursos Fitogenéticos-Instituto
Nacional de Investigaciones Agrarias of Spain (CRF-INIA). After core collections were
established, they were compared with the original collection and ranked according to
several evaluation parameters. Thus, our study examines the suitability of ecogeographical
core collections as an effective, simple and inexpensive tool to improve the study and use
of plant genetic resources.

2. Material and methods
Germplasm collection
The Spanish Lupinus collection at CRF-INIA contains 1026 georeferenced accessions
belonging to six species: 248 correspond to L. albus L., 489 to L. angustifolius L., 5 to L.
cosentinii Guss., 175 to L. hispanicus Boiss. & Reut., 104 to L. luteus L., and 5 to L.
micranthus Guss. According to passport data, 730 accessions are wild material, 42 are
weeds, 252 are landraces, and 3 are undefined.
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Ecogeographical categories and ecological descriptors
The whole Lupinus collection was ecogeographically characterized following two
approaches (Parra-Quijano et al., 2008): 1) characterization of the territory under scope
through ecogeographical categories, and subsequent assignation of these categories to the
collection sites, and 2) characterization of collection sites by ecological descriptors.
In the first approach, an ecogeographical land characterization (ELC) map for Peninsular
Spain and the Balearic Islands was used. This map comprises 27 ecogeographical
categories, each with specific climatic, geophysical and edaphic features. The ELC map
can detect plant habitat preferences for legumes species, including L. angustifolius (see
chapter 3), as seed weight increased in the populations where the species’ frequency in the
map categories was higher. Using the information contained in this map, an
ecogeographical category was assigned to each of the 1026 accessions. To achieve this, a
point map representing the collection sites was made using coordinates from passport data.
The point map was then overlapped on the ECL map, and the corresponding
ecogeographical categories were extracted using the tool ―
extract values by points‖ from
Diva-GIS software (Hijmans et al., 2001).
In the second approach, 61 environmental GIS layers were used to obtain ecological
descriptors (Table 1). Because of the different geographical configuration (projection and
scale) of the source data, all original layers were transformed into the World Geodetic
System 1984 (WGS 84) and converted to raster format to obtain a homogeneous
framework. Resolution (cell size) was identical to that used in the ELC map (i.e., 30 arcseconds, less than 1 km). As in the extraction of ecogeographical categories, data on 54
climatic, 5 geophysical and 2 edaphic descriptors (Table 1) were assigned to each of the
1026 accessions by overlapping the point map on the compiled environmental layers.
Core collection design
Core collections were generated combining different grouping methods and allocation
strategies. LDSS procedure with some modifications was also implemented. A diagram
summarizing the steps and strategies performed is shown in Fig. 1.
Initial hierarchical stratification
Accessions were first arranged by species (hereafter referred to as species groups) and then
by status within species (hereafter referred to as status groups) according to passport data.

90

Chapter 4. Strategies for developing ecogeographical core collections

Table 1. Ecological descriptors used for the ecogeographical characterization of the Spanish Lupinus
collection.
Abiotic set
Climatic

Total
number of
descriptors
37
13

Geophysical

Edaphic

1
3
1
1
1
1
1
1
1

Ecological descriptors

Type of
variable

Source

Temperature: monthly mean,
minimum and maximum and
annual mean
Precipitation: monthly mean
and annual mean
Potential evapotranspiration
Dry, cold and warm period
Altitude
Aspect
Slope
Longitude
Latitude
USDA soil type at suborder
level
Geological spanish regions

Continuous

Worldclim†

Continuous

Worldclim†

Continuous
Continuous
Continuous
Continuous
Continuous
Continuous
Continuous
Categorical (17
classes)
Categorical (46
classes)

MARM‡
MARM‡
Worldclim†
SRTM-DEM§
SRTM-DEM§

IGN¶
IGN¶

† Worldclim database (Hijmans et al., 2005).
‡ MARM: Spanish Ministry of Agriculture – Tragsatec.
§ SRTM-DEM: Digital elevation model from Shuttle Radar Topography Mission (Rabus et al., 2003).
¶ IGN: National Geographic Institute of Spain (Instituto Geográfico Nacional, 1992)

Species and status groups with a small number of accessions were directly included in the
core collections. The threshold under which the accessions of species groups were directly
included in the core collections was defined as:
SGT  OCS  SI  / NSG

where SGT represents species group threshold, OCS is original collection size, SI is
sampling intensity (10% in our case) and NSG is total number of species groups.
For status groups, this threshold was defined as:
SSGT  SGS  SI  / NSSG

where SSGT represents status group threshold, SGS is species group size and NSSG is
number of status groups within the species group. Therefore, SSGT was calculated for
each species group independently.
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Figure 1. General diagram representing the construction of core collections based on ecogeographical data
from collecting sites.
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Grouping methods
Accessions within the status group of each species were clustered by ecogeographical
affinity. Ecogeographical categories or selected components from principal component
analysis (PCA) and multiple-correspondence analysis (MCA) (see next subsection) were
used to create subgroups. The grouping methods applied were:
1) Grouping according to CEM: Accessions in the same ecogeographical category (of the
same status group and species) were considered to belong to the same subgroup.
2) Two-step clustering (TSC) (Chiu et al., 2001; SPSS, 2003): This method, like the
BIRCH method (Zhang et al., 1996), first creates many small subclusters, whereas the
second step clusters the subclusters resulting from the first step. Euclidean distance was
used as a distance measure, and the optimal number of final subgroups was determined
using the Schwarz’s Bayesian information criterion (BIC) (Schwarz, 1978).
3) Ward-MLM clustering (WM) (Franco et al., 1998; Crossa and Franco, 2004): This is a
clustering method based on Gower distance, Ward hierarchical clustering and a
modification of the location model. The optimal number of subgroups was estimated
through the log-likelihood function in relation to the number of subgroups (Franco and
Crossa, 2002).
4) Unweighted pair-group method using arithmetic average (UPGMA) clustering (Sneath
and Sokal, 1973). Squared Euclidean distance was used as a distance measure. The final
number of subgroups is defined by the researcher using a threshold distance in each status
group, ranging from 13 to 23, estimated upon the study of the resulting tree and expert
knowledge.
5) None: No grouping method was applied and no subgroups were created. This method
was coded as RANDOM.
TSC and UPGMA methods were implemented in SPSS software (SPSS, 2003), whereas
WM was carried out with SAS software (SAS Institute, 2006).
Weighting ecological descriptors
Most of the ecological descriptors available for this study correspond to climatic
descriptors (88.5% versus 8.2% and 3.3% for geophysical and edaphic descriptors,
respectively, see Table 1). If these descriptors were directly used to cluster accessions, the
groups obtained in the ecogeographical classification would mainly reflect climatic
characteristics. To avoid this in the grouping methods using cluster analysis and in the
LDSS procedure, PCA for the set of climatic and geophysical descriptors (continuous
variables) and MCA for the set of edaphic descriptors (categorical variables) were carried
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out independently for each species. Thus, the number of ecological descriptors for each set
was reduced to a smaller number of new variables representing most of the variation
contained in the original dataset. Jolliffe´s rule (Jolliffe, 1972) was applied to select the
number of principal components to be used from climatic and geophysical descriptor
groups. The analysis carried out for each species ensured that the ecogeographical
particulars of each species were captured in the resulting new variables.
Allocation strategies
The next step was to define the number of accessions that should be selected from each
subgroup to form part of the core collection. These quotas were calculated by the following
allocation strategies: constant (C strategy), proportional to subgroup size (P strategy),
proportional to the logarithm of subgroup size (L strategy) (Brown, 1989), and
proportional to mean Gower distance between accessions within the subgroup (D strategy)
(Franco et al., 2005). Accession selection within each subgroup (to reach the size
previously determined by the allocation method) was totally random.
The D strategy was not used for the CEM grouping method because a distance matrix
cannot be calculated from a table of frequency categories. In the RANDOM method, no
allocation method was applied as there were no subgroups and quotas were fixed at the
status group level according to sampling intensity.
Modified LDSS method (LDSSm)
After initial hierarchical stratification, the LDSS procedure was also implemented after
some modifications. The LDSS procedure applies a hierarchical clustering method in
which the most related pair of accessions (least distance in the dendrogram) is found, one
of them is randomly selected, the other is removed, and the process starts over again
(Wang et al., 2007). The modifications introduced were:
1) When the distance matrix was obtained, hierarchical clustering was not carried out. The
most similar pair of accessions (with the lowest distance value) was selected directly from
the distance matrix, and one of them was randomly removed;
2) After one accession was removed, the distance matrix was not recalculated because the
distances among the remainder of accessions did not change.
The incoming variables were the components selected from the PCAs and MCAs. Squared
Euclidean distance was applied, and the cycling process was stopped when 90% of the
accessions had been removed. The remainder of the accessions (10% of the original
collection) was included in the core collection.
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Adjustment of core-collection size
Comparison of strategies must be based on core collections of similar size. Because
accession number must be rounded to discrete units, some strategies produced core
collections that were larger than others and with a greater sampling intensity than the initial
10%. To obtain comparable results, the sampling intensity of the strategies that generated
core collections with a size lower than 95% of the largest core collection was increased
until a size similar to the largest core collection was reached (i.e., 15%). These strategies
were implemented again and new core collections were generated at the new sampling
intensity.
Evaluation of strategies
Representativeness of core collections
The representativeness of core collections was evaluated according to the parameters
proposed by Hu et al. (2000): mean difference percentage (MD), variance difference
percentage (VD), coincidence rate of range (CR), and variable rate of coefficient of
variation (VR). Because these parameters are designed to use quantitative variables, only
climatic and geophysical descriptors were considered in the evaluation process.
The Mann-Whitney test was used to calculate the MD parameter instead of the t-test, as 43
of the 59 ecological descriptors used in the evaluation did not fit a normal distribution
(neither in the original collection nor in the resulting core collections). Levene’s variance
homogeneity test was used to calculate the VD parameter.
Independent samples
Inferences based on just one sample could be misleading, as results could be influenced by
randomness (all strategies use random selection at some point). Therefore, 1000 (=k)
independent core collections were generated for each strategy. The number of repetitions
was based on previous studies, in which k>1000 produced redundant results (Wang et al.,
2007). Evaluation parameters MD, VD, CR, and VR were calculated for each iteration.
The corresponding mean values were considered a good estimate of central tendency
because most parameters had a normal distribution. Additionally, 0.025 and 0.975
quantiles were used to evaluate the consistency of strategies.
The iterative process was carried out with computational codes written and performed in R
statistical package (www.r-project.org, 2010).
Evaluation and ranking of strategies
Strategies were evaluated using Hu et al. (2000) criteria. Thus, a core collection was
considered representative (positively evaluated by Hu et al. criteria) of the diversity
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contained in the original collection when the means of no more than 20% of the variables
in the core collection were different from those in the original collection, and the
coincidence rate of range retained by the core collection was no less than 80%.
Strategies were also evaluated and ranked by comparing the mean values of the parameters
MD, VD, CR, and VR with those of RANDOM. When the mean values of the parameters
MD, VD, CR and VR were better than those of RANDOM (the simplest and easiest
method), the corresponding strategy would be justified in its application (positively
evaluated by ranking method).

3. Results
Core collection design
Initial hierarchical stratification
The 1026 accessions of the Spanish Lupinus collections were stratified in six species
groups and 14 status groups (Table 2). Because of their small size, two species groups (L.
cosentinii and L. micranthus) and five status groups were directly included in the core
collections (Table 2). This increased the size of core collections by 22 accessions, that is, a
2.1% increase in the sampling intensity initially applied.
Weighting ecological descriptors
In the four remaining species groups, PCAs reduced the 54 climatic descriptors to a
smaller number of components that accounted for most of the original variation. According
to Joliffe’s rule, the first three components were selected for L. angustifolius (which
represented 93.2% of total variance). In the case of L. albus, L. hispanicus and L. luteus,
the first four components were selected. The total variance explained by these components
was also high, ranging from 94.5% (L. albus and L. luteus) to 95.5% (L. hispanicus).
In the set of geophysical descriptors, three components were selected for L. luteus and four
for L. albus, L. angustifolius, and L. hispanicus. The total variance explained ranged from
79.6% (L. luteus) to 95.0% (L. albus). Finally, in the set of edaphic descriptors, MCA
produced two quantitative components in the four species groups. Thus, both components
were selected.
Effect of grouping methods and allocation strategies on core collection size
The grouping methods tested here provided a variable number of subgroups, which was
directly related to core collection size. CEM produced numerous subgroups (up to 26),
which resulted in larger core collections. UPGMA produced an intermediate number of
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Table 2. Stratification results of the 1026 accessions of the Spanish Lupinus collection.
Species

Species
group size

Included directly
in core
collection†

L. albus

248

no

L. angustifolius

489

no

5

yes

L. hispanicus

175

no

L. luteus

104

no

5

yes

L. cosentinii

L. micranthus

Status
wild
weed
landrace
wild
weed
landrace
undefined
wild
wild
weed
wild
weed
landrace
wild

Status group
size
4
1
243
458
25
3
3
5
171
4
86
12
6
5

Included directly
in core
collection‡
yes
yes
no
no
no
yes
yes
no
yes
no
no
no
-

† Species group threshold (SGT): 17
‡ Status group threshold (SSGT): 8 for L. albus, 12 for L. angustifolius, 9 for L. hispanicus and 3 for L. luteus.

subgroups, but the researcher defines that number in this method. Allocation strategies had
a minor effect on core collection size. Only the C strategy combined with UPGMA
produced smaller core collections than those produced by the P, L, or D strategies (Table
3).
At a 10% sampling intensity, core collection size ranged from 118 (UPGMA-C) to 175
(CEM-P) accessions, which implies 32.6% fewer accessions in UPGMA-C than in CEM-P.
A 5% increase in sampling intensity in TSC, WM, UPGMA, RANDOM and LDSSm
strategies was enough to balance the smaller core collections and the largest core
collection. Thus, this increase in sampling intensity reduced differences between CEM-P
and the other strategies to below 11% (Table 3).
Evaluation of strategies
Representativeness of core collections
Mean values of MD, VD, CR and VR for each strategy are shown in Table 4. The best
results according to Hu et al. (2000) criteria were obtained for the CEM grouping method
(positively evaluated in two of the three combinations), followed by TSC and WM (two
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Table 3. Differences in the size of core collections according to strategies and sampling intensities used.
Strategy†

CEM-C
CEM-P
CEM-L
TSC-C
TSC-P
TSC-L
TSC-D
WM-C
WM-P
WM-L
WM-D
UPGMA-C
UPGMA-P
UPGMA-L
UPGMA-D
RANDOM
LDSSm

10% sampling intensity
Core
Proportion Difference
collection (%) of
(%) with
original
respect to the
size
collection‡ largest core
collection
168
16.37
4.57
175
17.06
167
16.28
4.57
125
12.18
28.57
126
12.28
28.00
125
12.18
28.57
124
12.09
29.14
127
12.38
27.43
128
12.48
26.86
129
12.57
26.29
138
13.45
21.14
118
11.50
32.57
154
15.01
12.00
145
14.13
17.14
142
13.84
18.86
126
12.28
28.00
126
12.28
28.00

15% sampling intensity
Core
Proportion Difference
collection (%) of
(%) with
original
respect to the
size
collection‡ largest core
collection
179
17.45
2.29
172
16.76
1.71
180
17.54
2.86
178
17.35
1.71
171
16.66
2.29
172
16.76
1.71
173
16.86
1.14
171
16.66
2.29
156
15.20
10.85
165
16.08
5.71
173
16.86
1.14
164
16.00
6.29
173
16.86
1.14
173
16.86
1.14

† Strategies are combinations of a grouping method (CEM, TSC, WM, and UPGMA) and an allocation strategy (C, P, L
and D).
‡ The original Spanish Lupinus collection has 1026 accessions.

out of four) and UPGMA (one out of four). However, RANDOM and LDSSm did not meet
Hu et al. (2000) representativeness criteria. With regard to allocation strategies, P was
positively evaluated in all cases (i.e., combined with any grouping method except
RANDOM), followed by L (three out of four). In contrast, C and D strategies were
negatively evaluated in all cases.
Consistency of strategies
Of the seven strategies positively evaluated according to Hu et al. (2000)
representativeness criteria, higher consistency was observed for TSC-P and WM-P. These
strategies showed narrow confidence intervals for all evaluation parameters, especially for
MD (Table 4).
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Ranking of strategies
Table 5 contains rankings of the 17 strategies for each of the evaluation parameters using
RANDOM values as a reference. Six strategies had higher scores than RANDOM for all
evaluation parameters: TSC-P, WM-P, UPGMA-P, CEM-P, CEM-L, and TSC-L. All these
six strategies had also been positively evaluated according to the criteria established by Hu
et al. (2000) (see Table 4). The LDSSm strategy reached high scores (near optimum
values) for CR, whereas the results for VR, MD and VD were below RANDOM scores.

4. Discussion
This study showed the feasibility of generating core collections based solely on
ecogeographical data. The assessment of 17 different strategies for the creation of
ecogeographical core collections in Lupinus identified seven approaches that produced
representative core collections according to Hu et al. (2000) criteria and performed better
than the core collection generated by a random procedure. An additional feature of this
study was the design of core collections at the genus level, which took into account each
species’ peculiarities and germplasm status (wild or cultivated) through initial hierarchical
stratification. Thus, the Lupinus core collections were compilations of core collections
made at the status level, although representativeness was evaluated at the genus level. This
genus approach is especially suitable for crop collections that include a substantial number
of wild relatives, as it focuses on several related species and considers possible
singularities in the type of germplasm.
Grouping methods
Although all of the grouping methods, except TSC, have been previously used to create
core collections, they have not been compared in a single study. Tohme et al. (1995) used
an approach similar to CEM to classify the accessions of the Phaseolus vulgaris world
collection by ―
agroecological zones.‖ These ―
agroecological zones‖ are conceptually
similar to our ―
ecogeographical categories,‖ but they were generated using other variables
and methods. Furthermore, they were designed specifically for P. vulgaris, using only
environmental features presumably relevant for this species; whereas in our
ecogeographical categories a more general (multi-species) approach was used. Another
relevant difference is that the accessions of a specific ―
agroecological zone‖ were
subsequently classified according to their morphological traits, whereas environmental data
from the sites where seeds were collected were the only information used to group
germplasm in our study.
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100

0

0

0

0

0

40

0

0

0

13.3

66.6

0

44.4

44.4

4.4

62.2

175

167

179

172

180

178

171

172

173

171

156

165

173

164

173

173

CEM-P

CEM-L

TSC-C

TSC-P

TSC-L

TSC-D

WM-C

WM-P

WM-L

WM-D

UPGMA-C

UPGMA-P

UPGMA-L

UPGMA-D

LDSSm

RANDOM

66

20.3

62.6

57.6

3.9

74.1

51.6

11.6

0.3

25.4

58.7

14.1

0.3

22.8

17.9

6

29.7

mean

MD

71.1

44.4

75.6

73.3

35.6

80

71.1

37.8

2.2

44.4

71.1

37.8

2.2

44.4

37.8

28.9

44.4

0.975-q

60

2.2

51.1

33.3

0

55.6

0

0

0

11.1

11.1

2.2

0

4.4

2.2

2.2

2.2

0.025-q

68

18.6

67

57.4

4.9

70.8

5.1

19.1

4.3

28

30.7

18.5

4.2

27.7

9.8

6.8

14.9

84.4

51.1

80

75.6

20

80

17.8

37.8

15.6

42.2

55.6

44.4

17.8

51.1

31.1

20

35.6

mean 0.975-q

VD

98.5

73.7

94.2

87.1

80.7

88.1

77.7

81

77.3

81.7

84.6

83

77.6

84

80.4

79.6

82.8

99.1

80.1

96.2

92.9

86

94.1

85

86.9

85.1

87.1

91.1

89.5

84.8

90

87.2

86.9

89.4

99.6

91.3

98.2

97

93.8

97.7

93.2

94.3

93.5

93.8

96.8

96

92.9

96.2

94.5

94.3

95.6

0.025-q mean 0.975-q

CR

VR

108.8

95.3

108.3

105.5

98.4

108.8

94.6

97.3

95.7

97.5

101.6

100.1

95.8

101

97.6

97.5

98.6

110.5

99.8

110.8

108.4

102.1

111.5

99

101.3

100.2

101.2

105.1

103.8

99.9

104.7

101.5

101.2

102.2

112.1

103.9

113.3

111.2

105.5

114.1

103.2

105.2

104.6

104.7

108.5

107.2

103.8

108.1

105.2

104.9

105.8

0.025-q mean 0.975-q

† Strategies are combinations of a grouping method (CEM, TSC, WM, and UPGMA) and an allocation strategy (C, P, L and D).
‡ Representativeness criteria (MD≤20 and CR≥80) were taken from Hu et al. (2000).

4.4

168

0.025-q

CEM-C

Strategy† Core size

-

-

-

-

+

-

-

+

+

-

-

+

+

-

+

+

-

Evaluation‡

Table 4. Evaluation of strategies based on MD, VD, CR and VR parameters. Means, 0.025 (0.025-q) and 0.975 quantile (0.975-q) values are
product of 1000 core collections.
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WM-D

UPGMA-L

TSC-D

UPGMA-D

LDSSm

UPGMA-C

12

13

14

15

16

17
-53.79

-45.65

-42.28

-38.36

-37.32

-31.27

-9.33

-5.06

-2.51

0

2.46

6.27

8.73

14.3

16.43

20.06

20.07

Difference with
respect to
RANDOM score‡

MD

UPGMA-C

LDSSm

UPGMA-D

UPGMA-L

TSC-D

WM-C

TSC-C

WM-L

RANDOM

TSC-L

CEM-C

CEM-L

CEM-P

WM-D

UPGMA-P

WM-P

TSC-P

Strategy†

-52.12

-49.35

-48.36

-38.78

-12.06

-9.34

-9.06

-0.48

0

0.1

3.76

8.86

11.86

13.54

13.77

14.38

14.48

Difference with
respect to
RANDOM score‡

VD

RANDOM

TSC-P

WM-D

WM-P

UPGMA-P

CEM-P

WM-L

WM-C

CEM-L

CEM-C

TSC-L

TSC-C

TSC-D

UPGMA-L

UPGMA-C

UPGMA-D

LDSSm

0

4.7

4.86

4.99

5.92

6.77

6.79

6.99

7.11

9.33

9.38

9.89

10.94

12.79

14.01

16.07

18.95

Strategy† Difference with
respect to
RANDOM score‡

CR

UPGMA-C

UPGMA-D

LDSSm

UPGMA-L

RANDOM

TSC-D

TSC-C

TSC-L

CEM-C

UPGMA-P

CEM-L

WM-L

WM-C

CEM-P

WM-D

WM-P

TSC-P

Strategy†

† Strategies are combinations of a grouping method (CEM, TSC, WM, and UPGMA) and an allocation strategy (C, P, L and D).
‡Values from which the difference between each strategy and RANDOM has been calculated are shown in Table 4.

CEM-C

11

CEM-L

7

WM-C

TSC-L

6

10

WM-L

5

TSC-C

CEM-P

4

9

UPGMA-P

3

RANDOM

WM-P

2

8

TSC-P

Strategy†

1

Rank

Table 5. Ranking of strategies according to MD, VD, CR and VR parameters.

-5.59

-4.92

-4.56

-2.49

0

0.79

1.24

2.13

3.66

3.84

4.4

4.55

4.69

4.71

4.86

5.74

5.78

Difference with
respect to
RANDOM score‡
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WM and UPGMA grouping methods have been broadly used for developing core
collections, but until now they have been applied using phenotypic or genotypic data (e.g.,
Brown, 1989; Crossa et al., 1995; Diwan et al., 1995; Franco et al., 2005; Wang et al.,
2007). In a comparative study with genotypic (molecular) data, UPGMA produced more
representative core collections than WM (Franco et al., 2006). However, in our study WM
provided better results than UPGMA. This inconsistency could be explained by different
factors, such as type of data (discrete versus continuous), distance measurements between
accessions, determination of final cluster number (different only for UPGMA) and
evaluation parameters.
The TSC method had not been previously used for germplasm classification, although it is
one of the most commonly applied algorithms for the classification of large data sets in
other disciplines. As TSC was one of the best grouping methods evaluated, its use in
developing ecogeographical core collections should be considered hereafter.
Allocation methods
P was clearly the allocation method with the best and most consistent results in all possible
combinations, whereas the D strategy produced the worst results (no core collection
generated with this method was better than that created by RANDOM). Other studies also
found that the P strategy provided better results than the C or L strategies (Yonezawa et al.,
1995). However, Franco et al. (2005; 2006) found that the D strategy produced more
diverse core collections than those formed by the P or L strategies. Because previous
studies were all based on phenotypic or genotypic data and they used other evaluation
methods, it would be interesting to perform comparative studies similar to this one to
confirm the advantages of the P strategy in the design of ecogeographical core collections.
Comparison of strategies
The strategies based on the TSC and WM grouping methods produced very similar core
collections (for example, TSC-P and WM-P had similar values for MD, VD, CR and VR).
The best results for representativeness and consistency were obtained with the TSC-P and
WM-P strategies. Furthermore, the core collections resulting from the combinations of
TSC, WM, or CEM with the P or L strategy were representative of the whole collection
and better than RANDOM (except WM-L). However, successful results were only
obtained with UPGMA when the number of accessions selected from each subgroup was
proportional to its size (P strategy). These results showed that allocation methods were
highly relevant in the design process of ecogeographical core collections, while grouping
methods helped increase the effectiveness of the strategy.
None of the core collections generated with LDSSm reached adequate representativeness
according to Hu et al. (2000) criteria. Nevertheless, they preserved the environmental
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range contained in the original collection better than the core collections generated by
other strategies (the highest CR values were obtained with LDSSm). Wang et al. (2007)
also stressed this characteristic of LDSS method.
The strategies using the TSC, WM, and UPGMA grouping methods or the LDSSm
procedure are complex and require the use of specialized software. Furthermore, the
addition of just one accession to the original collection requires the whole process to be
repeated to obtain an updated core collection. In contrast, the CEM grouping method is
much simpler and updating the core collection only involves superimposing the
coordinates of the new accession over the ecogeographical land characterization map.
Concluding remarks
This is the first study to produce representative core collections based solely on
ecogeographical data. Thus, it leads the way to creating core collections using only
geographical coordinates from passport data without the need of performing phenotypic or
genotypic characterizations. Genebank curators can, therefore, consider ecogeographical
core collections as an alternative or complement to genotypic or phenotypic core
collections, although its applicability should be limited to collections consisting mainly of
wild material or landraces.
According to our results, the best procedures for creating ecogeographical core collections
were TSC-P and WM-P, which are based on ecological descriptors. Nevertheless, creating
core collections using ecogeographical land characterization maps and CEM-P strategy is a
simpler option than TSC, WM, UPGMA or LDSSm strategies and also provides reliable
results. Consequently, as genotypic or phenotypic characterization is an expensive and
demanding activity, ecogeographical core collections generated by the CEM approach
constitute an accessible methodology for plant genetic-resource centers with low financial
resources, especially in the early stages of germplasm characterization.
Evaluation parameters MD, VD, VR and CR, representativeness criteria and ranking using
RANDOM core collection as a reference effectively selected a group of reliable core
collections. However, it would be preferable to use a single parameter in which these
criteria could be synthesized to obtain easy-to-read results. Another desirable improvement
in the evaluation process would be the generation of evaluation parameters capable of
using qualitative variables (e.g., soil type). Further efforts in these directions are advisable.
Finally, future studies should focus on comparing ecogeographical and phenotypic or
genotypic core collections and evaluating the representativeness of ecogeographical core
collections using phenotypic or genotypic descriptors.
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CHAPTER

5

EVALUATION AND VALIDATION OF ECOGEOGRAPHICAL CORE
COLLECTIONS USING PHENOTYPIC DATA

*

1. Introduction
The core collection concept was first introduced by Frankel and Brown (1984) as a limited
set of accessions derived from an existing germplasm collection chosen to represent the
genetic spectrum in the whole collection. Since then, several types of core collections have
been proposed based on different methods and characterization data. The most frequent
types of data used to create core collections are genotypic data from molecular markers,
and phenotypic data from morphological and agronomic evaluations. Additional data used
to create core collections include geographic origin, altitude of collecting sites, or even
political/administrative boundaries (Igartua et al. 1998; Ortiz et al. 1998; Xiurong et al.
2000; Li et al. 2002; Upadhyaya et al. 2003; Dwivedi et al. 2005; Reddy et al. 2005).
Ecogeographical data, defined as the combination of climatic, ecological and geographical
data (Peeters et al. 1990), have been used increasingly since 1990. These data can be of
particular interest to developing countries, as they are easily accessible at a low cost.
Nevertheless, it is important take into account that the ecogeographical approach is more
effective for plant material with high local adaptation (e.g. wild species and some
landraces) than for plant material with wide adaptation (e.g. modern cultivars) (Lázaro et
al. 2001; Ulukan 2008).

*

Published in: Parra-Quijano, M.; Iriondo, J.M.; Torres, E. and de la Rosa, L. 2011. Evaluation an validation
of ecogeographical core collections using phenotypic data. Crop Sci. 51: 694-703.
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When ecogeographical germplasm characterizations were made possible with the
development of geographic information systems (GIS) and the increasing availability of
ecogeographical data, ecogeographical core collections (ECCs) emerged as a potential
alternative to other types of core collections (Guarino et al. 1999). The case of the bean
(Phaseolus vulgaris L.) core collection at the Centro Internacional de Agricultura Tropical
(CIAT) is one of the early efforts to use ecogeographical data in the design of core
collections (Tohme et al. 1995). That study included the creation of a map of 54 different
environments defined by four ecogeographical variables selected by their influence on
bean distribution. The map was then employed to stratify accessions and, together with
agromorphological data, used to create the core collection. Sweetpotato (Ipomea batatas
L.) is another species for which a core collection was obtained using ecogeographical data
(Huamán et al. 1999). In addition, Lobo Burle et al. (2003) used previously-developed
maps of ecogeographical regions to characterize a Brazilian cassava landrace collection
and design a core collection. Ecogeographical data have also been used in combination
with phenotypic data to obtain core collections, such as in Trifolium (Ghamkar et al.,
2008).
Methodologically an ECC is based only on ecogeographical data, and it is created in a
similar way to other types of core collections. First, a sampling intensity must be defined
and, hence, the size of the core collection. The most common sampling intensity used is
10% (Brown 1989), although other studies propose higher (Noirot et al. 1996; Chandra et
al. 2002) or lower (Charmet and Balfourier 1995; Li et al. 2002) values. In the next step,
the original collection is divided into groups of similarity by applying grouping methods,
and then allocation strategies are implemented to determine the number of accessions to be
selected per group. Finally, accessions are selected from each group for inclusion in the
core collection, frequently through random selection (van Hintum et al. 2000).
To create groups of ecogeographic smilarity in an ECC, a characterization procedure must
be carried out first. This can be done following two different approaches: a) using
previously developed ecogeographical land characterization maps (hereafter,
ecogeographical maps) where the territory of concern is structured into different
ecogeographical categories, or b) characterizing each accession with several
ecogeographical variables (Parra-Quijano et al. 2008).
Germplasm characterization through the use of an ecogeographical map only requires the
technical effort inv1olved in creating the map. This map must be able to identify
contrasting environments relevant to plant adaptation within a previously defined
workspace. To achieve this, ecogeographical land characterization is carried out (ParraQuijano et al. 2008). Once the ecogeographical map is obtained, categories are assigned to
each accession according to the location of the collecting sites. Accessions that fall within
the same category belong to the same group. Finally, the ECC will be composed by
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selecting accessions from every group. This procedure is called the ―
categories from
ecogeographical map‖ (CEM) method (see chapter 4).
Once a core collection has been designed, it is important to evaluate its representativeness,
if possible by using data of different nature. Hu et al. (2000) proposed four parameters to
evaluate the representativeness of core collections: coincidence rate of range (CR), variable
rate of coefficient of variation (VR), variance difference percentage (VD) and means
difference percentage (MD) between core and original collections. Although these
parameters have been widely used, they are only suitable for quantitative variables. Other
authors have compared the accessions of the core and original collections using principal
component analysis (PCA) (Xu et al. 2006; Wang et al. 2007). According to this
procedure, the spatial distribution of the core collection accessions across the biplot should
cover as much of the original collection’s distribution as possible.
The aims of the present study were to evaluate the phenotypic representativeness of core
collections generated with ecogeographical data, and to compare the results with those
obtained in core collections generated with morphological data. We used the Spanish bean
(Phaseolus vulgaris) germplasm collection as a model. In this study, we also introduce an
evaluation parameter that can be applied to qualitative variables and propose a new
synthetic evaluation parameter (SEP) that summarizes information from Hu et al. (2000)
parameters and the above-mentioned parameter for qualitative variables.

2. Material and methods
Germplasm collection
The Spanish bean (Phaseolus vulgaris) collection contains 2199 georeferenced accessions.
According to passport data, they are all landraces collected in Peninsular Spain and the
Balearic Islands. This collection is stored at the Spanish Plant Genetic Resources Center
(CRF-INIA).
Ecogeographical land characterization map
An ecogeographical land characterization map of Peninsular Spain and the Balearic Islands
was created based on the Parra-Quijano et al. (2008) methodology. The map resolution was
30 arc seconds, and the ecogeographical categories were defined from 61 environmental
layers grouped into climatic, edaphic, and geophysical modules. The layers of the climatic
module were obtained from the Worldclim project and included annual and monthly
precipitation, monthly mean, minimum and maximum temperature and annual mean
temperature (Hijmans et al. 2005). The edaphic module was composed of the USDA soil
types and mineral predominant material (Instituto Geográfico Nacional, 1992), and the
geophysical module comprised longitude, latitude, elevation, slope and aspect [the last
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three were derived from the SRTM digital elevation model; see Rabus et al. (2003)].
Subsequently, the variables of each module were subjected to a two-step cluster analysis
(SPSS, 2003) that produced three clusters for each module. The combination of these nine
clusters provided 27 ecogeographical categories (3 climatic x 3 edaphic x 3 geophysical).
Thus, the ecogeographical map was obtained by assigning one of the 27 categories to each
of the 764673 cells in which the territory was divided.
CEM ecogeographical core collections
Categories from ecogeographical land characterization map (CEM) was the method used to
generate the ecogeographical core collections. To achieve this, a point map representing
2199 collecting sites was created using coordinates from passport data. The point map was
then overlaid on the ecogeographical map and categories were assigned to accessions
through the ―
extract values by points‖ tool from DIVA-GIS software (Hijmans et al. 2001).
Accessions with the same ecogeographical category were considered to belong to the same
group. Finally, the constant (C), proportional (P) and logarithmic (L) allocation strategies
(Yonezawa et al. 1995) were applied to determine the number of accessions to be selected
from each group needed to reach a 10% sampling intensity (Brown 1989). Subsequently,
accessions from each group were randomly selected.
Morphological core collections
The 2199 accessions of Phaseolus vulgaris were characterized for a set of 15
morphological descriptors related to seed traits. Characterization was carried out in the
CRF-INIA laboratories using seeds from the field conserved in active collections. Further
detail on the four quantitative and eleven qualitative descriptors used is provided in Table
1.
Different combinations of grouping and allocation methods were applied to create several
core collections using morphological characterization data. The grouping methods used
were:
1) Two-step clustering (TSC) (Chiu et al., 2001). This is a scalable cluster analysis
algorithm that can work with categorical and continuous variables. The first clustering step
(preclustering) creates many small subclusters, which are clustered again in the second
step. Log-likelihood (for continuous and categorical data) distance was used as a distance
measure according to Bacher (2000). Bayesian Information Criteron (BIC) was applied to
define (automatically) the optimal number of final groups. This algorithm was executed
with SPSS software (SPSS, 2003).
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Table 1. List of morphological descriptors used to characterize Phaseolus vulgaris Spanish collection stored
at CRF-INIA.
Descriptor

Reference

Type

Seed type
Seed homogeneity
Seed coat color
Seed size
Seed shape IPGRI
Seed shape
Brilliance of seed
Apparent seed veining
Pattern around hilum
Seed coat pattern
Filling index
100 seeds weight (g)
Seed length (mm)
Seed width (mm)
Seed height (mm)

de la Rosa et al., 2000
de la Rosa et al., 2000
de la Rosa et al., 2000
Puerta-Romero, 1961
IBPGR, 1982
Puerta-Romero, 1961
IBPGR, 1982
IBPGR, 1982
IBPGR, 1982
IBPGR, 1982
Puerta-Romero, 1961
IBPGR, 1982
IBPGR, 1982
IBPGR, 1982
IBPGR, 1982

multi-state
double-state
multi-state
multi-state
multi-state
multi-state
multi-state
double-state
double-state
multi-state
multi-state
quantitative
quantitative
quantitative
quantitative

Observed
classes
99
2
12
6
5
5
4
2
2
8
3
-

Mean/
Mode
8
1
1
4
2
1
2
1
1
1
3
49.7
12.7
7.5
5.9

Standard
deviation
16.5
4.07
1.9
1.6

Range
101.2
21.8
10.5
10.0

2) Ward-MLM clustering (WM) (Franco et al. 1998). This is a two-stage clustering method
based on Gower distance, Ward hierarchical clustering and a modification of the location
model. The optimal number of groups is estimated through the log-likelihood function in
relation to the number of groups (Franco and Crossa 2002). SAS software (SAS Institute,
2006) was used to run this grouping method.
3) Unweighted pair-group method using arithmetic average (UPGMA) clustering (Sneath
and Sokal 1973). This algorithm was applied to a Gower distance matrix using XLSTAT
statistical software (www.xlstat.com). The final number of groups was assigned by the
researcher.
Each grouping method defined groups which contributed a quota or number of accessions
to the final core collection. The quotas were fixed according to the predetermined sampling
intensity, and C, P, L (Yonezawa et al. 1995) and Gower’s distance (D) (Franco et al.
2005) allocation strategies. Finally, the accession selection process within each group was
totally random.
An additional core collection was created using the least distance stepwise sampling
(LDSS) strategy developed by Wang et al. (2007) with some modifications. The LDSS
strategy applies a hierarchical clustering method, finds the most related pair of accessions
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(least distance in the dendrogram), randomly selects one accession and removes the other,
and the process starts over again. We introduced two modifications: 1) Hierarchical
clustering was not carried out. The most similar pair of accessions (with the lowest
distance value) was selected directly from the distance matrix; and 2) After one accession
was removed, the distance matrix was not recalculated because the distances among the
remaining accessions did not change.
Gower distance was applied to morphological variables, and the cyclic process was
stopped when 90% of the accessions had been removed. The remaining accessions (10%
according to the predetermined sampling intensity) were included in the modified LDSS
core collection (LDSSm).
Random core collection
A random core collection was generated to serve as a reference. In this case, no grouping
method was applied. The accessions were sampled randomly throughout the original
collection until the predetermined sampling intensity was reached. This strategy was coded
RANDOM.
Evaluation of core collections
The representativeness of all generated core collections was evaluated using the
morphological descriptors. The mean, variance, range and coefficient of variation were
calculated for each quantitative descriptor. The Mann-Whitney test for means and
Levene’s test for homogeneity of variances were used to compare the differences between
the original collection and the core collections. We then calculated the evaluation
parameters proposed by Hu et al. (2000): mean difference percentage (MD), variance
difference percentage (VD), coincidence rate of range (CR) and variable rate of coefficient
of variation (VR).
As Hu et al. (2000) parameters could only be applied to quantitative descriptors (i.e.,
26.6% of the available characterization data), a new parameter was calculated to evaluate
the diversity of the qualitative descriptors captured by the core collections. This parameter
consists of a chi- square test (α=0.05) performed between core and original collection
frequency distributions for each qualitative descriptor. Similar to MD or VD parameters,
the result was expressed as the percentage of significant differences between the core
collection and the original collection for all qualitative descriptors. The chi-square
difference percentage parameter (XD) ranges between 0 and 100, with low values
indicating high representativeness.
A synthetic evaluation parameter (SEP) was also defined, summarizing evaluation results
from the MD, VD, CR, VR and XD parameters. To calculate SEP, the VR parameter was
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first transformed to obtain its complement from 100 (VRt = |100-VR|) and the following
formula was applied:
  100  MD   100  VD   100  VRt   CR   NQUAN   
 NQUAL  
SEP   
    100  XD * 
 
 *
4
NTOT
 
 
 NTOT  


Where NQUAN is the number of quantitative descriptors, NQUAL is the number of
qualitative descriptors and NTOT is the total number of descriptors. SEP values range
between 0 and 100, with 100 corresponding to optimum representativeness.
Independent sampling
Comparison among core collections must be based on repeated sampling since results
derived from just one sampling could be influenced by stochasticity (all methods use
random selection at some point). Therefore, k = 1000 independent core collections were
produced for each type of core collection. Evaluation parameters (MD, VD, CR, VR and
XD) were calculated for each repetition, and results were summarized (means and 0.025
and 0.975 quantiles). Thus, SEP was calculated from the mean values of the evaluation
parameters.
The resampling process was carried out with computational codes written and performed in
R statistical package (www.r-project.org).
Criteria of representativeness
Several methods were applied to determine if a core collection could be considered
representative of the morphological diversity contained in the original collection. The first
method was based on criteria of Hu et al. (2000), according to which a core collection can
be considered representative if MD ≤ 20 and CR ≥ 80. These criteria were applied
considering mean values of MD and CR and, in a more rigorous way, considering their
quantiles. The second method was based on SEP and used the RANDOM core collection
as a reference. Methods that generate core collections with higher SEP values than a core
collection developed by random sampling would be justified in their application (objective
criterion). Thus, the ecogeographical and morphological core collections were ranked
according to this parameter, and compared to the RANDOM SEP value. Finally, an
additional subjective criterion based on an arbitrarily fixed threshold for SEP was applied.
Thus, core collections with higher SEP values than 95 were considered to have good
representativeness.
Three core collections were also evaluated using morphological data and principal
coordinate analysis (PCoA). Since this type of evaluation involves a graphical process,
biplots were produced using the two first principal coordinates, and core and original
collections were plotted as point clouds. The three core collections plotted for evaluation
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were: 1) the morphological core collection with the highest SEP value, 2) the
morphological core collection with the lowest SEP value, and 3) the CEM ecogeographical
core collection with the highest SEP value. Since the evaluation process can only be
performed using a single collection, one of 1000 core collections produced for each type
(see above) was randomly selected for evaluation.

3. Results
Three ecogeographical and thirteen morphological core collections were obtained through
different grouping methods and allocation strategies (including LDSSm). One additional
core collection (RANDOM), used as a control, was also generated. The size of core
collections was similar. It ranged between 209 and 220 accessions (Table 2). The results of
the five evaluation parameters for each core collection, based on a resampling process (k =
1000), are shown in Table 2. The ecogeographical core collections generated by the
combination of the CEM grouping method and P and L allocation strategies had mean
values of MD < 20 and CR > 80, indicating that these collections could be considered
representative of the morphological diversity of the original collection according to Hu et
al. (2000) criteria. However, the CEM-L strategy did not meet this condition when
quantiles were considered (0.975 quantile of MD was above the threshold value
established for this parameter). In the morphological core collections, only TSC-C, TSC-P,
TSC-L, WM-P and UPGMA-P (5 of the 13 strategies used) met the representativeness
criteria of Hu et al. (2000). Finally, the RANDOM core collection was positively evaluated
when mean values of MD and CR were used, but negatively evaluated when quantiles
were included in the evaluation.
The SEP ranking showed that the core collection strategy that used WM grouping and the
P allocation strategy (WM-P) obtained the highest representativeness value (98.1) while
the core collection that used UPGMA grouping and the D allocation strategy (UPGMA-D)
obtained the lowest (22.7) (Table 3). The ecogeographical core collections had high SEP
values: 97.2 for CEM-P, 95.0 for CEM-L and 90.9 for CEM-C, which placed them in the
upper half of the ranking (4th, 6th and 8th position, respectively). The RANDOM core
collection (11th position) ranked just one position below LDSSm, but the largest decrease
in SEP values between any consecutive pair of collections in the ranking was obtained
precisely between these two core collections.
The objective representativeness criterion, using RANDOM SEP value as a reference, was
met by all the ecogeographical core collections and 7 of the 13 morphological core
collections (Table 3), while the subjective criterion (SEP values > 95) was met by two of
the three ecogeographical core collections (CEM-P and CEM-L) and four of the 13
morphological core collections (WM-P, TSC-P, TSC-L and TSC-C).
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Table 2. Representativeness assessment of 17 core collections using quantitative and qualitative morphological descriptors.
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Table 3. Ranking of morphological and ecogeographical core collections using SEP and two
representativeness criteria: objective criterion (SEP values greater than that of RANDOM core collection)
and subjective criterion (SEP values > 95).
Core collection
code†
WM-P
TSC-P
TSC-L
CEM-P
TSC-C
CEM-L
WM-L
CEM-C
WM-C
LDSSm
RANDOM
WM-D
UPGMA-P
TSC-D
UPGMA-L
UPGMA-C
UPGMA-D

SEP value

Rank

98.1
98.0
97.3
97.2
96.6
95.0
94.7
90.9
89.6
86.7
52.0
50.2
37.4
31.8
26.3
26.0
22.7

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Satisfaction of
objective
representativeness
criterion
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
no
no
no
no
no
no

Satisfaction of
subjective
representativeness
criterion
yes
yes
yes
yes
yes
yes
no
no
no
no
no
no
no
no
no
no
no

† Strategies are combinations of a grouping method (CEM, TSC, WM and UPGMA) and an allocation strategy (C, P, L
and D).

Biplots representing the two first principal coordinates of morphological variables (Fig. 1)
show the coverage of the original collection by three core collections selected according to
their SEP values. In this visual evaluation, the spatial distribution of the core collections
was checked for its resemblance to that of the original collection. The UPGMA-D core
collection, which had the lowest SEP value, showed aggregated distribution patterns that
did not match the distribution pattern of the original collection, and some areas of the
original collection point clouds were not covered by the UPGMA-D core collection. WMP and CEM-P showed similar patterns and a good coverage of the original collection point
distribution.

116

Chapter 5. Ecogeographical vs. morphological core collections

Figure 1. Graphical evaluation of three core collections using morphological data and principal coordinate
analysis. PCo1 and PCo2 are the first and second principal coordinates, respectively, and numbers in
parentheses refer to the proportion of total variation explained by the principal coordinates. UPGMA-D and
WM-P are morphological core collections, while CEM-P is an ecogeographical core collection.
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4. Discussion
Combinations of grouping and allocation methods such as WM-P, TSC-P, TSC-L and
TSC-C generated morphological core collections with high phenotypic representativeness.
It is noteworthy that the CEM core collections, which were created with ecogeographical
data, also had high phenotypic representativeness. Ecogeographical data have been used in
the past to create core collections, although in all previous cases it was just used as part of
a process that included other steps and types of data (Tohme et al. 1995; Huamán et al.
1999; Ghamkhar et al. 2008). In contrast, this is the first time that core collections have
been obtained based exclusively on ecogeographical data and validated with phenotypic
data.
The successful results of the CEM core collections are also supported by several works that
have linked genetic and ecogeographical data. For example, a significant association
between genetic patterns (using morphological, allozyme and DNA markers) and
ecogeographical factors (most of them abiotic variables) was detected in wild barley in the
Fertile Crescent (Nevo 1998; Volis et al. 2001; Liviero et al. 2002; Chen et al. 2004;
Sharma et al. 2004; Batchu et al. 2006) and landraces in Ethiopia (Demissie and Bjørnstad
1997). Other traits in other plant species, such as alkaloid content (Levin and York 1978),
glycoalkaloids (Ronning et al. 2000), seed fatty acids (Dodd and Rafii 1995), flavonoids
(Rodriguez 1977), lipid contents and protein (Stemler et al. 1976), have also been
positively related to ecogeographical factors.
This study highlights the high phenotypic representativeness of ecogeographical core
collections based on the CEM method. However, it should be noted that the efficiency of
this method can vary depending on the quality and accuracy of the ecogeographical land
characterization map. Other maps or territorial classifications based on ecogeographical or
agroecological criteria have been used to create core collections, all of which used mixed
strategies and phenotypic or genotypic data (Tohme et al. 1995; Huamán et al. 1999; Li et
al. 2002; Kang et al. 2006). In many cases, the delineation of ecogeographical categories or
zones was coarse, subjective and/or with low resolution, and these limitations may have
favored the inclusion of additional phenotypic or genotypic data to enhance
representativeness. In contrast, the CEM method tested here is based on an objective and
reproducible strategy, with a high resolution for defining ecogeographical categories over a
target territory and representing them in a map (see chapter 3).
The P allocation strategy was consistently an appropriate method to define quotas after the
grouping process. These results agree with those of previous studies (Brown and Spillane
1999; Grenier et al. 2001; Chandra et al. 2002; Coimbra et al. 2009). However, both Brown
(1989) and Diwan et al. (1995) recommended the L allocation strategy, while Franco et al.
(2005) recommended the D allocation strategy. The response and suitability of each
allocation method may change depending on the type of characterization data, grouping
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method, and the objectives of the core collection. Therefore, the best allocation method
should be tested for each study.
Although the graphical evaluation process used is a highly subjective type of visual
analysis, the results were clear enough to differentiate core collections with different
representativeness. Wang et al. (2007) used this evaluation procedure to compare two
different sampling intensities (10% and 30%). However, this method can also be
successfully used for comparing different core collection strategies.
This study also presents a new synthetic evaluation parameter that simplifies the
assessment of representativeness. Since SEP takes into account both quantitative and
qualitative data in a balanced way and uses information from the five evaluation
parameters, it is a more integrative and comprehensive core collection evaluator than the
Hu et al. (2000) criteria. Additionally, SEP parameter allows an easy and objective
evaluation of strategies. In our case, the SEP ranking clearly showed that there are some
methods to create core collections that provide substantial benefits in terms of
representativeness, in relation to the RANDOM strategy. Other evaluations have been
previously developed using statistical and multivariate measurements such as means,
range, variance, similarity distance, diversity index and/or chi-square test (Ortiz et al.
1998; van Hintum et al., 2000; Dwivedi et al. 2005; Franco et al. 2005; Franco et al. 2006).
Since evaluation criteria are not homogeneous across these studies, it is difficult to
compare results. However, they can be compared in terms of simplicity in the
interpretation of results. In this sense, as discussed above, SEP and the related criteria
introduced here show relevant advantages.
This study represents a theoretical approach to the usefulness of ECCs with respect to
phenotypic core collections, using the Phaseolus vulgaris CRF-INIA collection as a model.
The core collection of Phaseolus vulgaris currently held at the CRF-INIA was developed
and implemented by de la Rosa et al. (2000) using phenotypic descriptors and choosing
accessions upon seed availability. This core collection was recently characterized by other
phenotypic and genotypic descriptors (Pérez-Vega et al. 2009). As results from the present
evaluation are based on 1000 simulations and on different evaluation parameters, they
cannot be compared to the existing core collection. Nevertheless, the lessons extracted
from this approach may provide new directions for the future of the Spanish Phaseolus
vulgaris core collection, particularly in ecogeographical terms.

5. Conclusions
Ward-MLM (WM), two-step clustering (TSC) and categories from ecogeographical land
characterization map (CEM) grouping methods associated with the proportional (P)
allocation strategy produced highly representative phenotypic core collections. The
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ecogeographical approach presented here is both simple and economically affordable since
the main input is the georeferenced data on the collecting sites of the germplasm.
The creation of any core collection is justified by the increased use of germplasm by plant
breeders. In this sense, CEM or any ECC can provide useful information for germplasm
selection. As ecogeographical factors tend to be strongly correlated to selective traits for
plant breeders, such as phosphourus-efficient uptake (Beebe et al. 1997), defense genes
(Iwaki et al. 2000; Cronin et al. 2007), vernalization genes (Iwaki et al. 2000), or drought
and heat responses (Zaharieva et al. 2001), a wide use of CEM ecogeographical core
collections could be expected in the future.
Finally, the synthetic evaluation parameter (SEP) proposed in this study, and its objective
and subjective representativeness criteria provide an easy, integrative tool for evaluating
core collections. After SEP application, a clear and easy-to-use evaluation ranking of core
collections, with values ranging between 0 and 100, can be obtained.
Further advances in methodology on how to assemble phenotypic or genotypic data
(gathered a posteriori) on CEM ecogeographical core collections are necessary. We also
consider it a priority to make genotypic evaluations of ecogeographical core collections,
preferably with non-neutral molecular markers, to further assess the usefulness of this
approach.
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6

IMPROVING REPRESENTATIVENESS OF GENEBANK COLLECTIONS
THROUGH SPECIES DISTRIBUTION MODELS, GAP ANALYSIS AND
ECOGEOGRAPHICAL MAPS

*

1. Introduction
The number of gene banks has increased steadily since they were first established in the
1960’s. According to the second report on The State of the World’s Plant Genetic
Resources for Food and Agriculture, there are now some 1750 gene banks worldwide, with
about 130 of them each holding more than 10 000 accessions (FAO, 2010). As the number
of accessions and wild or crop species included in these gene banks increases, goals for
plant genetic resources are shifting from a purely quantitative perspective to a new
paradigm that focuses on the quality of collections. In this sense, collections are expected
to be representative of the overall existing genetic variation present in nature or in the field
across the distribution of the target taxa. Since ex situ collections aim to cover the
maximum amount of genetic variation and the entire range of environmental adaptation of
the target species, nowadays the objective in collecting expeditions is frequently to fill
gaps in representativeness. The origin of these gaps or biases in plant genetic resources
collecting is described in detail by Hijmans et al. (2000).
The representativeness of ex situ collections can be measured in genetic or ecogeographical
terms (Parra-Quijano et al., 2008). Both of these intrinsically-related aspects can be
assessed by comparing total and sampled genetic diversity or ecogeographical range.
*

Published in: Parra-Quijano, M.; Iriondo, J.M. and Torres, E. 2012. Improving representativeness of
genebank collections through species distribution models, gap analysis and ecogeographical maps. Biodiv.
Cons. 21: 79-96.
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Morphological descriptors, molecular markers or agronomic evaluation data can be used to
assess genetic diversity in collections. However, estimation of genetic representativeness
(GR) requires the assessment of the genetic diversity of the existing populations in nature
or in the field, which can be an unattainable task. Furthermore, GR studies require
expensive infrastructure and highly qualified personnel, making its application difficult in
third world countries or in large ex situ collections. Alternatively, ecogeographical
representativeness (ER) can indirectly reflect GR, due to the relationship that exists
between the environmental characteristics of a site and the genetic features of the
populations occurring at that site through natural selection and local adaptation (Greene
and Hart, 1999). Thus, ER can be useful in estimating the genetic representativeness of
germplasm collections using simple and cost-effective methods. In this sense, the
increasing availability of geographic information systems (GIS) software and
environmental datasets facilitate ER assessment (Guarino et al., 2002).
ER analysis can be used to detect ecogeographical gaps in ex situ collections and
subsequently identify where to prioritize collection efforts. Advances in ecogeographical
land characterization maps (Parra-Quijano et al., 2008), gap analysis (Maxted et al., 2008)
and species distribution models (Jarvis et al., 2005) make it possible to detect such
ecogeographical gaps and locate potential collecting sites.
Optimized collecting strategies for existing germplasm collections aim to maximize the
GR of collection while minimizing the economic cost of collecting missions. To achieve
this, selected sites for germplasm collection must meet the following conditions: 1. The
site must have a high probability of occurrence of the target species; 2. The site must not
be represented in the existing ex situ collection; and 3. The location must have
environmental conditions that are under-represented or even non-represented in the
existing collection.
Lupinus species have a high potential as a protein source crop (Sujak et al., 2006), and
exceptional adaptation to extreme biotic and abiotic conditions (Rahman and Gladstones,
1974; Gladstones, 1980; Hamblin et al., 1986; Huyghe, 1997; French et al., 2001). The
Plant Genetic Resources Centre of the National Institute of Agriculture and Food Research
(CRF-INIA) holds one of the most important Lupinus germplasm collections in the world,
with more than 2100 accessions of wild and cultivated species. Because the Iberian
Peninsula has highly heterogeneous environmental conditions the aim of this study was to
assess the effectiveness of optimized collection in improving the ecogeographical
representativeness of the CRF-INIA Lupinus collection. The development of optimized
collection involved the application of GIS tools, gap analysis, species model distributions
and ecogeographical land characterization maps. The generated methodology was put into
practice and the results of the collecting expeditions were evaluated both in quantitative
and qualitative terms.
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2. Materials and methods
Lupinus species presence data
CRF-INIA collection dataset
The CRF-INIA Lupinus collection contains 1026 georeferenced accessions collected in
Peninsular Spain and the Balearic Islands, including six species: L. albus (248 landraces),
L. angustifolius (489 wild populations), L. cosentinii (5 wild populations), L. hispanicus
(175 wild populations), L. luteus (6 landraces, 86 wild and 12 weed populations) and L.
micranthus (5 wild populations).
External dataset
To assess the representativeness of the CRF-INIA Lupinus collection, information on the
total occurrence of Lupinus spp. in the Iberian Peninsula and Balearic Islands was gathered
from herbarium vouchers preserved at the Royal Botanical Garden of Madrid (MA, Spain),
the ANTHOS project database (http://www.anthos.es) and the Global Biodiversity
Information Facility (GBIF) database (http://data.gbif.org). Presence data from other
germplasm collections were not included because collecting in the gaps generated from
them could be considered a duplication of conservation efforts.
In total 280 presence data for five species were compiled: 29 corresponded to landraces of
L. albus, 135 to wild populations of L. angustifolius, 65 to wild populations of L.
hispanicus, 38 to wild populations of L. luteus and 13 to wild populations of L. micranthus.
Point maps
CRF-INIA and external presence data were spatially represented as point maps using
DIVA-GIS (Hijmans et al., 2001). These maps and their associated tables were used to
check the geographical integrity of the coordinates following Hijmans et al. (1999).
Spatial gap detection
Circular buffer zones with a 1 and 10 km radius were created around the CRF-INIA data
points. Circular buffer zones with a 1 km radius were also created around the external data
points. The position of the different buffer zones could result in three possible situations:
1) the external data buffer zones intersect the CRF-INIA data buffer zones with a 1 km
radius, 2) the external data buffer zones only intersect the CRF-INIA data buffer zones
with a 10 km radius, and 3) the external data buffer zones do not intersect any of the CRFINIA data buffer zones (those with a 1 km or 10 km radius). The first case was considered

127

Chapter 6. Materials and methods

to indicate ―
no gap‖ as it would imply collecting germplasm in populations located less
than 2 km from those represented in the CRF-INIA, while the second and third case were
considered to indicate mid-priority and high-priority spatial gaps, respectively (Fig. 1).
Maps containing mid and high priority spatial gaps were created for each Lupinus species.
Ecogeographical gap detection
Ecogeographical land characterization map
A previously developed ecogeographical land characterization (ELC) map for Peninsular
Spain and the Balearic Islands (see chapter 3) was used to detect ecogeographical gaps in
the collection. The ELC map reflects the existence of different abiotic environments (or
ecogeographical categories) in the territory under study. The ecogeographical categories
were defined through multivariate analysis of 61 environmental variables grouped into
three modules: climatic, edaphic and geophysical. The module of climatic variables
included annual and monthly precipitation, monthly mean, minimum and maximum
temperature and annual mean temperature (Hijmans et al., 2005). The edaphic module was
composed of USDA soil type and mineral predominant material (Instituto Geográfico
Nacional, 1992), and the geophysical module comprised altitude, longitude, latitude, slope
and aspect [derived from SRTM digital elevation model, see Rabus et al. (2003)]. Each
group was subjected to two-step cluster analysis (SPSS, 2003) automatically producing
three clusters for each module. Finally, the combination of clusters provided 27 unique
ecogeographical categories (3 climatic x 3 edaphic x 3 geophysical).
The ELC map was obtained by assigning one ecogeographical category to each of the
764673 1x1 km cells included in the work space. This map has been positively tested for
detection of adaptation traits in several legume species, including L. angustifolius (see
chapter 3).

Figure 1. Detection of spatial gaps. (a) No gap, (b) mid-priority gap and (c) high-priority gap.
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Extraction of ecogeographical categories
Ecogeographical categories corresponding to the presence points of Lupinus species were
extracted by overlapping the point maps (CRF-INIA and external presence data) on the
ELC map using DIVA-GIS (Hijmans et al., 2001). Thus, one ecogeographical category
was assigned to each point according to its location. Frequency distributions, for each
species and data set, were obtained from the number of points falling into each
ecogeographical category.
Ecogeographical gaps in the CRF-INIA collection
The frequency distributions obtained for the CRF-INIA data set were used to classify the
ecogeographical categories into quartiles as follows: low (25% of ecogeographical
categories with the lowest frequency, 0-25 percentile), mid-low (from 25 to 50 percentile),
mid-high (from 50 to 75 percentile) and high frequency classes (25% of ecogeographical
categories with the highest frequency – 75-100 percentile). This classification was carried
out individually for the six Lupinus species considered.
External presence data classified as mid or high-priority spatial gaps were also considered
ecogeographical gaps if their ecogeographical category is classified as low or mid-low
category frequency, according to the previous classification.
Potential areas of high Lupinus species richnes
General lineal model (GLM) procedure was used to predict areas of high Lupinus species
richness in the Iberian Peninsula and Balearic Islands. The distribution of four Lupinus
species was modeled (L. albus, L. angustifolius, L. hispanicus and L. luteus) while L.
cosentinii and L. micranthus models were not because the number of presence data for
these species was insufficient. Species distribution models were obtained following ParraQuijano et al. (2007), with some modifications: a) only external data were considered as
presence (training) data to obtain the models, b) pseudo-absences were randomly chosen
from areas belonging to the low and mid-low frequency classes according to the
classification of ecogeographical categories for each Lupinus species (see above), c) cell
size was enlarged from 500 m to 1 km. Binary maps (0 = unsuitable, 1= high probability)
were then produced for each species using a threshold of P ≥ 0.8. A final map of potential
areas of species richness was obtained by the sum of the the binary maps.
The performance of the species distribution models was validated by the Kappa statistic,
which was obtained from confusion matrices (Fielding and Bell, 1997) using the
populations detected in collecting explorations as testing data.
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Selecting priority sites
Maps of ecogeographical and spatial gaps were superimposed on the map of potential
species richness. Matches between gaps and high potential species richness areas were
considered possible collection sites. The large number of potential sites obtained was
subjected to a priorization. Thus, a potential site was considered a priority site for
collecting Lupinus germplasm if it met each of the following criteria: it should represent a
mid or high-priority spatial gap, a low or mid-low frequency group of ecogeographical
categories (ecogeographical gaps) and a high probability area for one or more Lupinus
species. Thus, a set of priority sites for collecting was defined for each Lupinus species and
projected on a map.
The selected priority sites for collecting, together with additional information (roads,
municipalities and land cover maps, and detailed satellite images) were loaded in the GIS
in order to define the most efficient collection routes.
Collecting Lupinus in priority sites
Collecting expeditions were carried out in the spring and summer from 2006 to 2008.
Explorations included selected priority sites and their surroundings. Surrounding areas
comprise a ring of a 5 km diameter around the priority sites. Only the roadsides were
examined in the surrounding areas. Populations of a particular Lupinus species found in
priority sites defined for other Lupinus species were also collected, as long as these
populations were not already represented in the CRF-INIA collection. Thus, populations
detected or collected for each species were classified as follow: a) inside of priority sites
(defined above) and b) outside priority sites, including surrounding areas and priority sites
for other species.
All Lupinus populations found were georeferenced, and additional passport data were
gathered when seed collection was successful.
Evaluation of the ecogeographical representativeness improvement
Quantitative and qualitative parameters were used to evaluate the real and theoretical
efficiency of the proposed collecting strategy.
Quantitative evaluation first considered the increase in the size of the CRF-INIA
collection. This increase was calculated using both the number of effectively collected
populations (real increase) and the number of detected populations (theoretical increase).
Other parameters used to evaluate the efficiency of the method were:


Efficiency in population detection (EPD), defined as the ratio between the number
of populations detected in situ and the number of sites visited expressed in
percentage. EPD was calculated for both inside and outside selected priority sites
(EPDi and EPDo respectively) for each Lupinus species.
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Efficiency in accession collection (EAC), defined as the ratio between the number
of populations collected and the number of populations detected in situ expressed in
percentage. Just a single overall EAC was calculated for each Lupinus species,
because once the population has been detected, the probability of collecting seeds is
the same regardless of whether the population is located inside or out of priority
sites.



General collecting index (GCI) or the total number of collected populations
(considering all species) divided by the total number of visited sites (considering
both inside and outside of selected priority sites).

Qualitative evaluation shows the performance of the proposed methodology concerning the
collecting of populations that grow in low or non-represented environments of the target
germplasm collection. Therefore, the results of the expeditions were evaluated taking into
account the ecogeographical categories of the populations detected or collected in relation
to the CRF-INIA frequency classification previously described. Then, collecting results
were classified into non-represented, low, mid-low, mid-high and high frequency
ecogeographical categories classes. Thus evaluation parameters, such as size increase and
efficiency indices used in the quantitative evaluation, were also considered in the
qualitative evaluation, but they were calculated independently for each frequency class.

3. Results
Validation of the high potential species richness areas map
Kappa values for each species model (L. albus = 0, L. angustifolius = 0.42, L. hispanicus =
0.45 and L. luteus = 0.43) indicate poor fit for L. albus and a good fit for the rest of the
species models according to Landis & Kock (1977) criterion.
Spatial and ecogeographical gaps and priority sites to collect
Eighty-two spatial gaps were detected, 52 of which were classified as high priority and 30
as mid-high priority. Lupinus angustifolius was the species for which the highest number
of gaps was detected (Table 1). As no external presence data were available for L.
cosentinii, no gaps were detected for this species.
When spatial gaps were classified according to the categories from the ELC map, 79
ecogeographical gaps were obtained, most of which corresponded to the ―
mid-low
frequency‖ class. When the ecogeographical gaps where overlapped on the map of
potential species richness, 21 gaps were located in areas of non-potential occurrence of
Lupinus species and were discarded. The remaining ecogeographical gaps corresponded to
areas with up to three predicted species occurrence.
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Table 1. Spatial and ecogeographical gaps and selected priority sites for collection by Lupinus species.
Species

L. albus
L. angustifolius
L. cosentinii
L. hispanicus
L. luteus
L. micranthus

Spatial gaps

MPa
0
11
0
6
2
11

HPb
2
17
0
14
19
0

Ecogeographical
gaps

L Fc
0
5
0
14
4
11

M-L Fd
1
23
0
6
15
0

Ecogeographical gaps under
different potential species
richness areas
Number of Species
1
2
3
0
0
0
13
5
0
0
0
0
13
3
2
11
4
2
4
1
0

Number of
priority sites

0
18
0
18
17
5

a

Mid priority spatial gaps.
High priority spatial gaps.
c
Gaps in low frequency class, including no-represented ecogeographical categories.
d
Gaps in mid-low frequency class.
b

Finally, 58 priority sites were defined and mapped. The priority sites for collecting mostly
corresponded to L. angustifolius, L. hispanicus and L. luteus, while no priority sites were
defined for L. albus and L. cosentinii (Table 1). Figure 2 shows the process and the
resulting maps of the different steps taken to detect priority sites, using L. angustifolius as
an example.
Detected and collected Lupinus populations
A total 102 (1x1 km) sites were visited including selected priority sites and their
surroundings. In these areas, 114 populations of four Lupinus species were detected (Fig.
3b and Table 2). Seeds were collected in 80 of these populations (Fig. 3c) and included as
new accessions in the CRF-INIA Lupinus collection.
Improvement in the representativeness of the CRF-INIA collection
Quantitative evaluation
The CRF-INIA Lupinus collection increased in size by 7.8%, but this increase would have
been 11.1% if all detected populations had been collected. In relative terms L. cosentinii
was the species with the greatest increase in size (40%), while in absolute terms the
greatest increase corresponded to L. hispanicus (36 of the 80 new accessions belonged to
this species) (Table 2). Comparing the potential and real increase of the CRF-INIA
collection size per species, L. luteus was the species with the lowest collection rate after
populations were detected, approximately 50%.
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Figure 2. Detection of spatial and ecogeographical gaps supporting the final selection of priority sites for L.
angustifolius. (a) Point map showing CRF-INIA and external presence data, (b) spatial gaps detected, (c)
ecogeographical land characterization map and its 27 categories, (d) ecogeographical gaps detected, (e) high
potential species richness map and (f) final priority sites selected (gaps which match with high probability
areas for one or more Lupinus species).
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Figure 3. Sites selected for prospection and results of collecting expeditions. (a) Municipalities where
selected priority sites were located, (b) Lupinus populations detected in the collecting expedition and (c)
successful seed collecting in detected populations.
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The species with the greatest number of populations detected and more accessions
collected was L. hispanicus. Lupinus angustifolius generally had slightly lower values than
L. hispanicus, except in the number of populations detected in priority sites where values
were slightly higher. Populations detected outside priority sites for the target species
ranged between 55 and 70% of the total detections or collections and was 100% for L.
cosentinii.
EPD values for selected priority sites were substantially higher than the corresponding
EPD values for outside priority sites (Table 2). However the efficiency in population
detection and accession collecting varied among species. For both EPD and EAC, the
species with the lowest efficiency values was L. luteus. In our collecting activities GCI was
0.78.
Qualitative evaluation
Results about qualitative improvement of the ecogeographical representativeness are
shown in the Table 3 and Fig. 4. The analysis only considers the three widely collected
species (L. angustifolius, L. hispanicus and L. luteus). The case of L. cosentinii is relatively
simple, because the two populations detected and collected had environments not
represented in the collection, both out of priority sites. In fact, for this species there was
not any priority site predefined.
For the three species considered, a relevant qualitative improvement was achieved. Fortyone percent of the new accessions were collected in low and mid-low frequency or not
represented categories in the CRF-INIA collection.
Table 2. Quantitative evaluation of germplasm explorations and collecting in selected priority sites.
Species

L. albus
L. angustifolius
L. cosentinii
L. hispanicus
L. luteus
L. micranthus

a

CRF-INIA
collectiona
A
248
489
5
175
104
5

Effective size
increase (%)b

Potential size
increase (%)c

0
6.1
40.0
20.6
11.5
0

0
8.8
40.0
26.3
22.1
0

Number of
priority sitesd
B
0
18
0
18
17
5

Number of other
sites visitede
C
102
84
102
84
85
97

Number of conserved georeferenced accessions at CRF-INIA collection before 2006.
Percentage of increase of CRF-INIA collection size based on the number of accessions collected. Effective size increase
(%) = ([F + G] x 100) / A
c
Percentage of increase of CRF-INIA collection size based on the number of populations detected. Potential size increase
(%) = ([D + E] x 100) / A
b

Number of priority sites (see Table 1).

d
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(continued)

Table 2. (continued)
Species
L. albus
L. angustifolius
L. cosentinii
L. hispanicus
L. luteus
L. micranthus

Populations
inf

Populations
outg

D
0
17
0
15
7
0

E
0
26
2
31
16
0

Accessions
inh

F
0
13
0
14
5
0

Accessions
outi

G
0
17
2
22
7
0

EPDi
(%)j

EPDo
(%)k

EAC
(%)l

N/A
94.4
N/A
83.3
41.2
0

0

N/A

31.0

69.7

2.0

N/A

36.9

78.3

18.8

52.5

0

N/A

e

Number of areas outside priority sites defined for this species.
f
Number of populations detected inside priority sites defined for this species.
g
Number of populations detected outside priority sites defined for this species.
h
Number of accessions collected inside priority sites defined for this species.
i
Number of accessions collected outside priority sites defined for this species.
j
Efficiency in population detection based on detections inside priority sites. EPDi = (D / B) x100
k
Efficiency in population detection based on detections outside priority sites. EPDo = (E / C) x 100
l
Efficiency in accession collecting in relation to populations found inside priority sites. EAC = ([F+G] / [D+E]) x 100

All populations detected and collected in selected priority sites were classified in nonrepresented, low and mid-low frequency classes, while those detected and collected out of
priority sites were classified mostly in mid-high and high frequency classes.
The higher increases in the collection size took place in the non-represented, low and midlow frequency classes. The highest differences between potential and effective size
increase were observed in L. luteus.
The efficiency in seed collecting once the population had been detected varied according to
the species and the frequency class, but no pattern can be distinguished. The overall ratio
of populations detected summarizing both priority sites and surroundings and all species
results, showed higher values in the high frequency classes (39.5%), followed by mid low
(23.7%), mid high (22.8%) and low (14%) frequency classes. This efficiency in nonrepresented categories reached 13.2%. The ratio of accessions collected in each frequency
class was similar to the ratio of populations detected. In this case the highest value was
also for the high frequency class (40%), followed by mid low (28.8%), mid high (17.5%)
and low (13.8%) frequency classes. The proportion of accessions collected for nonrepresented categories was identical to that of the low frequency class.
For the three species considered, low and mid-low frequency classes in CRF-INIA
collection (before 2006) represented only 11.1% of the accessions conserved. In contrast,
the ratios of populations detected and accessions collected that belonged to nonrepresented, low and mid-low frequency classes were 37.8% and 42.5%, showing a clear
effort in collecting in under-represented or non-represented ecogeographical categories.
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Tabla 3. Qualitative evaluation results by species. Qualitative results are shown in categories classified by
their frequency classes. Only species with priority sites defined and populations detected are included.
Frequency classesb
Low
Mid-low Mid-high
High
L. angustifolius
CRF-INIA collection
0
0
56
114
319
Effective size increase (%)
N/A
N/A
17.9
6.1
3.1
Potential size increase (%)
N/A
N/A
23.2
12.3
3.8
Number of priority sites
5
0
13
0
0
Number of other sites visited
10
0
19
19
36
Populations inc
4
0
13
0
0
c
Populations out
0
0
0
14
12
Accessions inc
3
0
10
0
0
Accessions outc
0
0
0
7
10
EPDi (%)
80
N/A
100
N/A
N/A
EPDo (%)
0
N/A
0
73.7
33.3
EAC (%)
75
N/A
76.9
50
83.3
L. hispanicus
CRF-INIA collection
0
2
24
30
119
Effective size increase (%)
N/A
150
45.8
13.3
15.1
Potential size increase (%)
N/A
200
45.8
26.7
19.3
Number of priority sites
4
0
14
0
0
Number of other sites visited
10
2
11
19
42
Populations inc
4
0
11
0
0
Populations outc
0
0
0
8
23
Accessions inc
3
0
11
0
0
Accessions outc
0
0
0
4
18
EPDi (%)
100
N/A
78.6
N/A
N/A
EPDo (%)
0
0
0
42.1
54.8
EAC (%)
75
N/A
100
50
78.3
L. luteus
CRF-INIA collection
0
0
3
20
81
Effective size increase (%)
N/A
N/A
66.7
15
4.9
Potential size increase (%)
N/A
N/A
100
20
12.3
Number of priority sites
4
0
13
0
0
Number of other sites visited
14
0
12
36
23
Populations inc
4
0
3
0
0
Populations outc
1
1
0
4
10
Accessions inc
3
0
2
0
0
c
Accessions out
0
0
0
3
4
EPDi (%)
100
N/A
23.1
N/A
N/A
EPDo (%)
7.1
N/A
0
11.1
43.5
EAC (%)
60
0
66.7
75
40
a
Collecting results for ecogeographical categories from the ELC map not represented in the CRF-INIA collection until
2006.
b
Classification of ecogeographical categories according to accessions frequency in the CRF-INIA collection until 2006.
c
Description of these parameters are in the Table 2
Species

Parameters

Non- represented
categoriesa
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Figure 4. Improvement in ecogeographical representativeness by category in three of six Lupinus species.
Grey bars represent the former CRF-INIA germplasm distribution and black bars represent the new collected
accessions distribution. Ecogeographical categories are labelled according to frequency classes as follows: L
low, ML mid-low, MH mid-high and H high frequency. (a) L. angustifolius, (b) L. hispanicus and (c) L.
luteus.
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Finally, all (three) ecogeographical categories from ELC map non-represented in L.
angustifolius CRF-INIA collection until 2006 were represented with at least one accession
thanks to the collection missions. Similarly, three of the four and two of the seven nonrepresented categories for L. hispanicus and L. luteus, respectively, are now represented
with the new accessions obtained in the collection missions.

4. Discussion
The methodology in the practice
Detecting spatial or ecogeographical gaps and using species distribution models to improve
the representativeness of ex situ gene banks are new methodological approaches that can
provide reliable results (Parra-Quijano et al., 2008; Ramirez-Villegas et al., 2010).
However the expected results may be overly optimistic, since biological and field
expedition conditions can significantly reduce initial expectations, in terms of detecting
populations and collecting accessions. Thus, in order to obtain a more realistic assessment
of any collecting method based on gap analysis, it is necessary to implement the method in
real field collections and to carry out evaluations and validations from its results.
The success of collecting activities is subject to many factors, some of which can be
difficult to control. In our case, climatic conditions affect flowering time and seed set.
These traits are important in detecting and collecting Lupinus populations. Lupinus plants
are difficult to locate without flowers. Thus, although the date of the first expeditions was
adjusted to climatic conditions, it was not possible to determine a single date to detect
populations of all species at the same time.
Human activities also have direct effect on seed collecting once the population has been
detected. For instance, entire populations have been eliminated after their detection due to
road edge cleaning activities. In addition, some of these wild Lupinus species are
considered to be weeds and farmers tend to eliminate them from their fields. Policies and
legislation to protect this type of germplasm should be developed to national and global
scales to avoid these issues (Iriondo et al., 2008).
The difference between the number of populations detected and collected can mainly be
explained by the natural and human factors mentioned above. These factors had a greater
effect on Lupinus luteus than the rest of species, probably because this species is more
sensitive to changes in environmental conditions or habitat alteration.
As expected, the simpatric distribution of Lupinus species across Iberian Peninsula
(Cowling et al., 1998) allowed multiple species to be collected per site. In this sense, the
map of potential Lupinus species richness was in the proposed methodology took
advantage of this feature.
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Different reasons may explain why no seeds were collected for L. albus and L. micranthus.
Lupinus albus is found in Iberian Peninsula exclusively as a crop species (Castroviejo and
Pascual, 1999). Since crop species have a low representation in herbaria data, no priority
sites were obtained for L. albus. Additionally, the sowing of crop species depend on
several agricultural and anthropic factors. In some sites local farmers confirmed L. albus
occurrence, although no plants were detected in the field and seeds were not available.
Furthermore, the cultivation of this species has been decreasing in Spain in the past
decades (Simpson and McGibbon, 1982).
In the case of L. micranthus, no populations were found in even though five priority sites
were defined for this species. In contrast, no priority sites were defined for L. cosentinii,
but two populations of this species were detected in priority sites defined for L.
micranthus. These contradictory results could be due to incorrect taxonomic identification
of the external source. Both species have similar flowers and overlapping distribution areas
in the Iberian Peninsula and Balearic Islands (Pascual, 1986; Castroviejo and Pascual,
1999). Therefore, the two priority sites defined for L. micranthus may in fact correspond to
L. cosentinii. In any case, the effectiveness of the collecting methodology seems to be
lower in rare species, at least in quantitative terms.
The use of species distribution models and ecogeographical maps
Species distribution models have previously been used for collecting plant genetic
resources (Segura et al., 2003; Jarvis et al., 2005). Positive results have been reported in
terms of number of populations detected, since the models predict potential collecting sites
based on the most favorable environments for the target species. However, in terms of
ecogeographical representativeness, the exclusive use of species distribution models for
germplasm collecting may lead to redundancy. Because the aim of species distribution
models is to predict a species’ occurrence based on a ―
minimum habitat quality threshold
below which it is presumed the species will not occur‖ (Larson et al., 2008), they tend to
guide the collectors to the most preferred habitats for the species. In our case, this would
mean collecting germplasm in populations in the mid-high and high frequency classes, that
is, the most frequent environments. Thus, if collecting expeditions had only been guided by
the species distribution models, the more frequent environments where the species occurs
would have been over-represented in the CRF-INIA Lupinus collection. In contrast,
filtering potential collecting sites with the use of ecogeographical maps avoided overrepresentation.
The inclusion in the CRF-INIA collection of accessions from low and non-represented
ecogeographical categories, equivalent to marginal environments of the species’ range,
may provide a very important source of traits (genes) related to abiotic tolerance in plant
breeding (Parra-Quijano et al., 2008). Nevertheless, collecting in rare or marginal
environments has some disadvantages, such as reducing the efficiency of accession
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collecting due to the scarce number of individuals per population and/or low production of
seeds. Loss of fitness of plant individuals in marginal habitats is evident when we
compared populations belonging to the high and low frequency classes (Fig. 5).
Quantitative and qualitative evaluation of representativeness
Since the aim of collecting explorations was to improve the ecogeographical
representativeness of an existing germplasm collection, better results were expected in the
qualitative than in the quantitative evaluation. Several populations from external data were
not pursued to avoid ecogeographical redundancy. These restrictions reduced quantitative
efficiency. In spite of these limitations, if all detected populations had been collected, the
size of the CRF-INIA georeferenced Lupinus collection would have increased over 10%.
Such an increase can be considered acceptable for existing collections if we compare these
results to those of ―
standard‖ collecting activities reported in other gene banks. Thus, Lane
et al. (2000) reported a 7% increase after collecting expeditions of white clover (Trifolium
repens).

Figure 5. Phenotypes of typical L. angustifolius plants from two populations found in contrasting
ecogeographical categories. (a) High frequency class (Carrascal de Barregas, Salamanca, 40°58’59’’ N,
5°50’58’’W) and (b) non-represented category (Zarzalejo, Madrid, 40°33’15’’ N, 4°11’2’’W).
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Another comparable parameter among collecting projects is the GCI. In a multi forage
species exploration where Lupinus was one of several target species, Lázaro et al. (2002),
visited 65 sites in Spain and collect 12 Lupinus accessions obtaining a GCI of 0.18. The
differences between this value and our GCI (0.78) can be attributed both to the
effectiveness of the spatial gap analysis and to the fact that our collecting expeditions only
focused on Lupinus species.
The qualitative evaluation showed ―
balanced‖ collecting results between low and high
represented environments in the CRF-INIA collection. Obviously, collecting accessions
outside of the selected priority sites favored the highly represented environments.
Similarly, high EPD values were expected in the low and mid-low frequency classes, since
efforts were focused on priority sites which corresponded to low represented environments.
Lower efficiency values (both EPD and EAC) in L. luteus could be related to the issues
discussed in the first section of this discussion. Although we have no data on genetic
erosion for cultivated populations of L. luteus, there is enough evidence of risk in wild
populations (Lazaro et al., 2002). Further studies and initiatives in in situ conservation
might be necessaries if the threats to this species in natural populations are confirmed.
Cost-benefits balance of the collecting methodology
Filling gaps in germplasm collections is probably more expensive than generalized
collecting projects in terms of cost per collected accession. However, the use of tools like
GIS, presence data from external sources and species distribution models can increase
collection efficiency and reduce this cost. Furthermore, the ultimate goal of ex situ
collections is to represent a species’ natural variation and when this is not met, the purpose
and use of the collections can be significantly curtailed. The importance of filling
ecogeographical gaps in Lupinus ex situ collections was highlighted by Cowling et al.
(1998) in the case of the Australian collection.

5. Conclusions
The methodology proposed here offers highly efficient collecting values combined with a
successful improvement in representativeness. The achievement of a complete
ecogeographical representativeness of the L. angustifolius collection in the CRF-INIA gene
bank and the substantial improvement of ecological representativeness in the case of L.
hispanicus and L. luteus are evidence of the feasibility of this type of collecting in existing
germplasm collections. Forthcoming developments and improvements in GIS software,
environmental information, accession and population presence data and modeling
techniques provide additional expectations on further increasing the efficiency of
collecting expeditions.
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FINAL DISCUSSION
1. Ecogeographic approach
Results presented here, along with others from this type of studies which are being
published progressively, support the applicability of ecogeography in efficient
conservation and rational utilization of agrobiodiversity. Genetic-ecogeographic diversity
association and adaptation to environmental conditions are the basis of these new
methodologies. Genetic diversity of adaptive value and ecogeographic diversity are
correlated when genetic differentiation is a response to environmental variation. In wild
plants, this type of relationship is usually a target of ecology (Frankel, et al. 1995).
The ecogeographic approach is a relatively new alternative for plant genetic resources
curators especially from developing countries. Dissemination could help to make the
scientific advances known among curators and germplasm collections managers. However,
validation of any new method under real and routinary conditions is a key factor in order to
facilitate the adoption of a new technology. The present work has focused efforts in
validating all methods at the scale of the future target users, National Programs for the
conservation of Plant Genetic Resources. To achieve this, the Spanish National Program
(CRF-INIA) was used as a model and the effectiveness reached there can be extrapolable
to other mid-small countries.
Beside the validation of their effectiveness under real scenarios, new methodologies for
germplasm collections from developing countries require technical and economic
feasibility. These are critical aspects for adoption in countries with high agrobiodiversity
richness and scarce funds for conservation. Methods discussed here meet these two
conditions. Simple methods ensure technical adoption and low costs facilitate quick
implementation without loss of effectiveness.
Simplicity and economy of ecogeographic methods are evident when these techniques are
compared to other types of germplasm characterization, such as phenotypic
(morphological, morphometric, agronomic, etc.) or genotypic (protein, isozyme or DNA
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markers). However, the ecogeographic approach is just a complement to other type of data
(when they are available) or a valid alternative when other type of characterization data is
not available. In this sense, the ecogeographic approach does not replace the other types of
characterization and germplasm studies.
The economic aspect deserves special attention. National Programs for conservation and
utilization of plant genetic resources usually lack trained staff to apply ecogeographic
methods since they have just emerged in the last years. Even in some developed countries,
training and building capacity in ecogeography applied to plant genetic resources is now
demanded. In contrast to other methods, applying ecogeographical methods in National
Programs requires low economic input in equipment, only a personal computer and
internet access, since GIS software and ecogeographic variables (in GIS layer format) are
increasingly more easily available and freely accessible. Remarkably, the low cost of
traditional inputs makes training and building capacity the main investment.

2. Difficulties to apply ecogeographic methods
Despite the simplicity of most of ecogeographic methods applied in agrobiodiversity
conservation and utilization, similar results can be obtained through the availability of
different GIS software and resolutions of ecogeographical variables or some processes
involved. This variety of ways to achieve similar results may confuse potential users of the
new methodology.
In other cases, some methods require previous knowledge about the target crop or wild
relative species to be conserved. For example, the ecogeographical land characterization
map technique includes a variable selection process which requires previous knowledge
about the ecology of the target species or group of species (see Chapter 3). Another process
where knowledge of the target species is required is the detection of spatial gaps (see
Chapter 6). The size of the buffer area should be determined based on the reproductive
biology and the mean size of the target species’ populations. Expert knowledge and
bibliographic searches can provide useful information to elucidate these topics. RamirezVillegas et al. (2010) includes expert knowledge as alternative to validate results from a
gap analysis study of crop wild relative species of Phaseolus vulgaris. Expert knowledge is
also used by Pearce et al. (2001) in several steps of animal species model distribution in
Australia. Previous steps on gathering knowledge and/or information about the target
species cannot be considered as a handicap of this technology but may make slow
obtaining results.
Species distribution models have been rapidly evolving in the last fifteen years. Their
prediction accuracy has always been a critical issue around this technique. For this reason,
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there is a long list of algorithms, methods and software available, each one arguing its
advantages in terms of prediction power. Choosing the most apropriate set of algorithm,
software and variables could be problematic in front of that range of possibilities (Guisan
and Zimmerman, 2000; Guisan and Thuiller, 2005).
Finally, althought ecogeographical variables in GIS layer format are now widely available
in general terms, some layers of abiotic aspects are more difficult to obtain tan others, at
least with high accuracy and/or resolution. For example, edaphic information is often
available but at low quality or is not homogeneus for the work frame.

3. The case of landraces
A relatively recent subject of interest on agrobiodiversity research has been exploring
genotype or phenotype and environment relationship in order to increase effectiveness in
routinary activities in germplasm collections. Since several methods have been first
developed or adapted in ecology for wild plants, crop wild relatives were easily adopted as
a model cases in agrobiodiversity studies. Wild plants in general have adaptations to
specific sites where they have evolved for hundreds or thousands years. Then genetics and
environment are highly associated and ecogeographic analysis of the collecting sites can
suggest phenotypic and genotypic traits in the germplasm. Nevertheless, when the human
influence on species distribution and environmental adaptation is evident, as in the case of
cultivated species, the application of ecogeographic methods should be made with care.
The term landrace refers to local, old or traditional crop varieties which have evolved in
specific sites at least 50 or 60 years. In other words, landraces are for cultivated plants the
equivalent concept of ―
ecotype‖ defined for wild plants (Holden et al. 1993). However
landraces have suffered human influence, a complex aspect rather difficult to interpret,
quantify and predict. These and other factors may take a part in defining ecogeographic
patterns of landraces according to their environmental adaptative elasticity (Zimmerer,
1998).
Despite this, landraces have been obtained through artificial selection under specific
abiotic adaptations (Casquero et al., 2006). Usually they only express their traits of interest
in specific environments and zones. This condition offers an encouraging perspective to
use ecogeographic approach in landraces. In fact, in Chapter 3 several sets of landraces
from different cultivated species showed specific site adaptation detected by an
ecogeographic land characterization map. However other complementary types of studies,
such as genetic, agronomic or even sociological, are necessary to understand landrace
distribution from integral point of view. In any case, for landraces the ecogeographic
approach can be a valid starting point, especially when no other type of data is available.
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Modern (from the 50`s to present) and commercial varieties are totally out of the scope of
ecogeographical methods.
In crop wild relatives and landraces, ecogeographical methods could be applied in more
than half of conserved accessions at global scale (44% landraces and 17% wild relatives),
acording to FAO (2010). Obviously, geo-referenced collecting sites are a pre-requisite to
apply this new technology.

4. Final remark
There are several ecogeographical applications in plant genetic resources conservation and
utilization to be developed or discovered. Every day new applications of ecogeography and
GIS tools are being found in order to make processes more efficient in germplasm
collections. Further human and economic efforts will be necessary to convert these
methods and applications into useful tools for genebank managers and technical staff from
institutions involved in conservation and sustainable use of agrobiodiversity, especially in
developing countries.From there, it will be essential to make progress in the dissemination
of these tools among nations which are rich in agrobiodiversity but limited in human and
economic resources to address their responsibility on the conservation and rational use of
plant genetic resources.
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CONCLUSIONS
Independently from each chapter conclusions, from a global view of the results of the
present work it is posible to extract the following final conclusions:
1. GIS has been an apropriate tool for the management of the spatial data associated to
germplasm. In the same line GIS has provided an adequate structure to carry out gap
analysis, species distribution models, ecogeographical characterization and other
related process.
2. GIS supports spatial analysis to determine the conservation coverage of crop wild
relatives offered by protected areas networks.
3. Species distribution models provide information about adaptative traits of the target
species, particularly crop wild relatives. At the same time, models are useful to
determine new potential protected areas to be included in in situ conservation
programs.
4. Ecogeographical characterization for either land (the entire work frame) or germplasm
(collecting sites) is a useful tool for the design of collecting strategies and to assess
ecogeographic representativeness of the ex situ collections.
5. Spatial and ecogeographic gap analysis provide key information to prioritize areas to
be prospected during collecting missions.
6. Ecogeographic representativeness of ex situ genebanks is a feasible alternative to
genotypic or phenotypic representativeness in scientific, technical and economic terms.
7. Ecogeographical land characterization maps are able to represent adaptative scenarios
for landraces and wild relative species although it is advisable to make validations,
testing associations between adaptive traits and map classification. Through a variable
selection process, it is possible to create this type of maps focused on a single target
species or on a group of related species (at the genus level, for example).
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8. Ecogeographical land characterization maps provide an appropriate base to create
simpler ecogeographical core collections. Using these maps it is possible to sample
representative subsets in fewer steps.
9. A high level of representativeness reached using the ecogeographical core collection
method was achieved not only in terms of abiotic adaptation but also from a
phenotypic perspective. Representativeness was high in both landraces and crop wild
relative cases.
10. Representativeness of six species of the Lupinus collection was greatly enhanced by
optimized germplasm collecting. This collecting method combines techniques such as
gap analysis, species distribution models and ecogeographical land characterization
maps identifying prioritized areas to be prospected.
11. Evaluation of germplasm collecting has to consider not only quantitative but also
qualitative aspects through the use of indexes. Thus, germplasm collecting will be
increasingly considered as a technical and scientific activity where technology can play
a key role in order to maximize efficiency and reduce costs and redundancy in ex situ
conservation.
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