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Introduction

The management of genetic resources is a complex,
multi-faceted process. It involves a number of dis-
tinct stages, which are nevertheless linked and
interrelated, from the selection of priority taxa, to
the design and implementation of complementary
conservation strategies and the development and
exchange of the results of germplasm use (Maxted
et al., 1997a). These different components generate
various types of data, including information on the
identity (passport data) and characteristics of
germplasm (characterization and evaluation data),
which are crucial for the effectiveness of the process
as a whole. In the end, these data refer to stands of
wild or cultivated plants found growing in specific,
known places. The location of these places on the
surface of the earth is also included in the passport
data of genebank and herbarium documentation.
This that the data
germplasm  are  ‘geo-referenced’, and therefore
amenable to ‘spatial analysis’, or the description and
modelling of patterns and relationships in geo-
graphical data (Bailey, 1994).

Each of the different components of the process

means associated with

of conservation and use of genetic resources not
only generates, but also requires, data. For example,
germplasm collection results in data on the distrib-
ution, the phenology, the ethnobotany and, once
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characterization and evaluation have been carried
out, the genetic diversity of the target taxon.
However, the collector will clearly benefit from
considering — before venturing out into the field —
any such data that may already exist in the litera-
ture and the documentation systems of genebanks
and herbaria. Because they are geo-referenced, the
data coming out of the genetic resources manage-
ment process can be analysed not only on their
own, but also in conjunction with other location
data, from whatever additional source. Thus our
collector, presented with scanty data on previous
collections, could use climatic, vegetation and soil
data from the study region to estimate the distribu-
tion and phenology of the taxon concerned.

In this chapter, we describe how spatial analysis of
the geo-referenced data generated by the process of
conservation and use of genetic resources, using
geographic information systems (GIS), can feed back
to enhance and facilitate the process, and indeed add
value to the germplasm collections. We start with a
brief introduction to GIS technology. We then exam-
ine a number of key stages of the genetic resources
management process and discuss how GIS may be
used to increase their efficiency and effectiveness.
This chapter thus follows the structure of Guarino ez
al. (1999), while updating the information presented
there with new examples and additional references
(including relevant Internet resources).
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Geographic Information Systems

A GIS may be formally defined as a database
management system which can simultaneously
handle spatial data in graphics form, i.e. maps, or
the ‘where’, and related, logically attached, non-
spatial, attribute data, i.e. the labels and descrip-
tions of the different areas within a map, or the
‘what'. Simpler definitions have been given,
perhaps the most jargon-free being ‘a tool for
managing information of any kind according to
where it is located’ (Treweek, 1999). The main
elements of a GIS are as follows (Guarino, 1995;

Guarino et al., 1999):

data input, verification and editing;
data storage, retrieval and management;
data manipulation and analysis; and
output.

Data input

Data can be entered into a GIS by digitizing paper
maps and their associated attribute information e
novo using a digitizing table or scanner, or by
importing existing digital datasets, including
remote sensing images. Genebank curators can
import data from the database of their documenta-
tion system into a GIS, using the latitude and lon-
gitude fields in the passport data to provide the link
to digitized maps and remote sensing images. Some
regional or global scale datasets are available from
organizations such as the Food and Agriculture
Organization of the United Nations (FAO), the
United Nations Environment Programme’s Global
Resource Information Database (UNEP/GRID),
the International Soil Reference and Information
Centre (ISRIC), the World Conservation
Monitoring Centre (WCMC), the US Geological
Survey and the international agricultural research
institutes (IARCs) of the Consultative Group on
International Agricultural Research (CGIAR). As
an example, the spatial data holdings of the IARCs
can be searched in the CGIAR Spatial Data
Caralogue,! and a wide range of global datasets
ranging from maps of terrestrial ecosystems to
human population density are available at the
UNEP/GRID web site? and from the Eros Data
Centre of the US Geological Survey.?

" www.griada.no/cgiar.htmls.mdindex.htm
2 www.grid2.cr.usgs.gov
8 edcwww.cr.usgs.gov/earthshots/slow/

Data storage

There are two main types of GIS data: vector and
raster. Vector files store geographic data as points,
lines or polygons. Polygons represent areas of differ-
ent sizes and shapes where a particular attribute is
equal throughout. In contrast, in raster (or grid)
data, an area is divided into an array of regularly
shaped cells. Each individual cell is assigned a value
for the variable being studied. Examples of vector
data include maps of roads, or administrative zones.
Typical raster datasets include satellite images, ele-
vation (so called Digital Elevation Models) and
interpolated climate data.

Each type of data has advantages and disadvan-
tages. However, modern GIS packages can handle
both types of data, and analyses can be made across
the two data types.

Data manipulation and analysis

The spatal processing system (to manipulate the
‘where’) and database management system (for the
‘what') of a GIS allow the user to bring together
diverse datasets, make them compatible, and combine
and analyse them. A distinction has been made in
describing the analytical capabilities of GIS between
deterministic and statistical methods (Bailey, 1994).
Deterministic functionalities provided by GIS include
network analysis, three-dimensional modelling and
projection algebra. Spatial analysis includes the tabula-
tion or mapping of basic summary statistics for data in
areas of interest. Relevant tools include query facilities,
Boolean operations on attributes, map overlay facili-
des and buffer creatdon. More complex statistical
approaches to the investigation, comparison and mod-
elling of geographical patterns, include spatial correla-
tion, pattern and trend analysis, and interpolation

techniques such as kriging (Bailey, 1994).

Output

GIS allows visualization of spatial data (maps) on a
computer screen and the production of printed
maps, allowing such manipulations as selecting
areas or layers for output, and changing scale and
colour. However, the outputs of GIS analyses are
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not just maps, but can also include tables, graphs
and animations. Three-dimensional visualization is
one of the key topics in current GIS development,
and is revolutionizing cartographic representation.

Use of GIS in Plant Genetic
Resources Conservation and Use

In this section, we discuss how different types of
spatial analysis can be applied to locality, character-
ization and evaluation data in a GIS environment
to enhance the efficiency of genetic resources man-
agement. We concentrate on the following five
components of the process:

1. Ecogeographic surveying;

2. Field exploration;

3. Design, management and monitoring of in situ
reserves;

4. Germplasm evaluation; and

5. Use of genetic resources.

Ecogeographic surveying

Maxted ez al. (1995) described the process of collat-
ing information on the taxonomy, genetic diversity,
geographic distribution, ecological adaptation and
ethnobotany of a plant group, as well as on the
geography, ecology, climate and the human setting
of study regions. The sources of the information
for such ‘ecogeographic surveys’ will include
herbarium specimens, germplasm accession pass-
port data, experts, the formal and grey literature,
field notes and maps.

It is only on the foundation of basic information
such as (but not limited to) this that sensible conser-
vation decisions can be made, for example regarding
when, where and how to collect germplasm, and
where genetic reserves might best be established and
how they would need to be monitored and managed.
This is because biodiversity is not evenly distributed
over the surface of the earth. Some places will, there-
fore, be of a higher priority for collection or conser-
vation than others. One of the main objectives of
ecogeographic surveys is thus the identification of
those geographic areas which are:

® likely to contain specific desired traits (adapta-
tions), taxa or habitats of interest;

® highly diverse (whether environmentally, taxo-
nomically or genetically);

® complementary to each other;

® currently missing or under-represented in con-
servation efforts;

® threatened with genetic erosion.

Areas likely to contain germplasm of interest

Although data on the geographic distribution of
species are often scanty, even this limited informa-
tion can be used to identify areas where a species
has not been previously recorded but where it
might still be expected to occur. GIS tools such as
BIOCLIM* (Busby, 1991; see also GARP,> Genetic
Algorithm for Rule-set Production, an extension of
the BIOCLIM approach), DOMAIN® (Carpenter ez L.,
1993) and FLORAMAP’ (Jones and Gladkov, 1999;
Jones et al., 1997) attempt this type of extrapola-
tion using climate data. They first estimate condi-
tions at sites where a species has been recorded.
Although the details of the methodologies differ,
the software then derive a climatic ‘envelope’ for
the set of collecting sites and display all other areas
that have some level of similarity to the collecting
sites. An example of the output provided by
FLORAMAP is shown in Fig. 36.1. Afonin and
Greene (1999) describe a similar methodology.
Model-based approaches (e.g. Walker, 1990;
Stockwell and Noble, 1992) have also been used to
investigate the so-called ‘potential’ distribution of a
species. An instructive, large-scale example of the
application of GIS to the problem of ‘objective pre-
diction of the full distribution of a species from
incomplete point distribution maps, based on its
ecological preferences’ is the work being carried out
by the Royal Botanic Gardens, Kew,? in the context
of Madagascar’s Environmental Action Plan. These
techniques have mainly been used at the species
level. However, they can also be applied to infraspe-
cific entities such as botanical varieties, groups
of similar accessions (e.g. based on multivariate
analysis of morphological or molecular characteri-
zation), or even farmer-recognized landraces.

A species being targeted for conservation may

4 www.dino.wiz.uni-kassel.de/model_db/mdb/bioclim.html
5 www.kaos.erin.gov.au/general/biodiv_model/ERIN/GARP/home.html

6 www.cgiar.org/cifor/research/intro_d.html
7 www.ciat.cgiar.org/floramap

8 www.rbgkew.org.uk/herbarium/madagascar/plant_dis.html
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Fig. 36.1. Results of FLORAMAP analysis of the distribution of Oryza longistaminata in southern Africa. The
shading shows areas with increasingly high levels of climatic similarity with the sites where the species has
been encountered (the dark dots, which represent germplasm accessions and herbarium records), and
therefore in theory increasing probability of finding the species. The climate variables used were monthly
rainfall totals, monthly average temperatures and monthly average diurnal temperature range. Map used
courtesy of Kihika Kiambi (IPGRI). See text for more information on the FLOrRAMAP software.

be closely associated with a specific habitat, vegeta-
tion, land use or landform. Remote sensing
imagery such as aerial photographs, satellite
imagery and radar images, combined with other
sources of data in a GIS environment, and propetly
ground-truthed, can be useful in locating these
features. For example, Landsat™ satellite images
were used by Veitch ez al. (1995) to map heathland
fragments in southern England, and by Afonin and
Greene (1999) to locate herbaceous meadows in the
western Caucasus. Isolated areas of cultivation can
also be spotted, assuming they are larger than the
resolution of the remote sensing system (about
30 m in the case of Landsat images, and 15 m for
SPOT images), and in some cases even the crops
being grown can be identified.

Obtaining, manipulating and analysing satellite

9 www.fao.org/giews/english/windisp/windisp.htm

imagery can be a complex, costly and time-con-
suming task, but some useful software tools are
available. An example is WINDISP, which was origi-
nally developed for the FAO Global Information
and Early Warning System (GIEWS), and is ‘a
public domain, easy to use software package for the
display and analysis of satellite images, maps and
associated databases’. It can be downloaded from
the Internet.” Some data on ecosystems and land
use derived from satellite sources are available pre-
processed and free on the Internet.!?

Sometimes material with very specific characteris-
tics needs to be targeted for conservation, perhaps
because a need for it has been expressed by the user
community or it is specifically threatened. Here the
problem is one of using environmental data to iden-
tify areas where material with the required adaptation

10 For example see www.edcdaac.usgs.gov/glcc/glcc.html for global datasets derived from AVHRR 1 km

remote sensing imagery.
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might be expected to occur. GIS can be used to
superimpose appropriate thematic coverage from dif-
ferent sources to identify such areas. Thus, for exam-
ple, CIAT’s An Atlas of Cassava in Africa (Carter et al.,
1992), an excellent hardcopy product of a GIS pro-
ject, divides the cultivation area of cassava on the
basis of production environments, based on agricul-
tural censuses, specialized surveys and crop experts.

If characterization and evaluation of germplasm
have already been carried out, geostatistical methods
such as kriging and other forms of interpolation can be
used to describe the spatial pattern of variation in
genetic, morphological and agronomic traits (or com-
binations of traits) among populations. The effects of
natural selection on a broad scale can then be explored
by seeking correlations with environmental and other
factors, and disentangled from the effects of isolation
by distance and micro-environmental variation (e.g.
Epperson, 1993; Monestiez et al., 1994). Differential
systematics can also be used (Kirkpatrick, 1974),
involving the combination of different character con-
tour maps into a single map of a systematic function,
the ridges of which reveal areas where maximum
change over distance occurs. These have been called
genetic boundaries (see also Monmonier, 1973;
Pigliucci and Barbujani, 1991). Such analyses can
guide the user to areas where specific traits are preva-
lent, and also help the conservationist identify areas
that are relatively homogeneous but different from
each other for the characters being studied. This is dis-
cussed further in the section on complementarity.

High diversity areas

Some geographic areas show greater taxonomic or
genetic diversity than others. Diversity is often the
most important consideration at all stages of
genetic resource work, yet remains a difficult para-
meter to map and analyse. Diversity studies usually
begin by dividing the target area (or strata within
the target area, e.g. climate zones) into a number of
smaller zones, for each of which a measure of diver-
sity can be calculated. Different geometric, political
or socio-economic spatial units have been used (e.g.
see references in Csuiti ez al., 1997), ideally areas of
equal shape and size (to reduce the area effect on

't gis.cip.cgiar.org/gis/tools/diva.htm
2 www.gis.ciat.cgiar.org/sid

diversity measures), such as square grid cells, are
best. For example, Nabhan (1991)
presence/absence of species to investigate patterns
in the taxonomic diversity of wild Phaseolus in dif-

used

ferent grid cells covering the Sierra Madre, Mexico.
Measures of diversity based on morphological
characters or molecular markers can also be used, as
done by Pickersgill (1984) to calculate the morpho-
logical diversity of cultivated Capsicum spp. in
different grid cells within Central and South
America. Ferguson et al. (1998) calculated genetic
diversity in wild Lens spp. using randomly ampli-
fied polymorphic DNA (RAPD) markers for differ-
ent grid cells in the Mediterranean basin. To
support this type of analysis by genebanks, IPGRI
and CIP are collaborating in the development of
software called DIVA,!' which calculates diversity
indices for all the cells in a user-defined grid given
latitude, longitude and characterization data for a
set of accessions, and maps the results.

A complementary method for mapping diversity
is the ‘point-based’ approach used by the Spatial
Intraspecific Diversity (SID) software described by
Nelson ez al. (1999).12 SID reads the coordinates of
each accession point in turn, and draws a circle of
user-defined radius around it. All accession points
lying within this circle are then used to calculate
diversity within the defined radius, using either the
Shannon-Weaver or Simpson index. The result is
assigned to the spatial location of the observation
for which the calculation was done. The advantage
of this method lies in the ease with which point-
based values of diversity can be interpolated and
modelled. Figure 36.2 shows sample SID and DIVA
outputs for the same dataset.

Various studies have investigated the use of dif-
ferent environmental parameters as surrogates for
species diversity (Gaston, 1996; Faith and Walker,
1996). One example of the application of GIS to
this kind of investigation is provided by Miller
(1986), who showed that variation in elevation,
calculated by GIS from topographical data for each
of a large number of polygons in the southern
Appalachian region, is a useful predictor of the
richness of rare species in those polygons. This
approach is being applied at the infraspecific level
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in a study of the relationship between environmen-
tal and human diversity and genetic diversity in
cultivated groundnut in Ecuador and Guatemala.
The study is a collaboration among the national
programmes of the countries involved, USDA,
IPGRI and CIAT (International
Tropical Agriculture).

Centre for

Complementary areas

Analyses of diversity can be refined further. One
possible enhancement may be necessitated by the
fact that two areas may have equal richness or
diversity of taxa or morphotypes, but the ones in
one square may be similar to each other (e.g. closely
related), while those in the other may be more dif-
ferent. Other things being equal, the second area
would be the higher conservation priority
(Humpbhries ez al., 1995). The procedure described
by Vane-Wright ez al. (1991), and available in their
WORLDMAP software,!? allows the diversity measure
to be weighted for the distinctness of taxonomic
units, calculated from a phylogeny based on cladis-
tic analysis. Another possible refinement might be
to use the potential distribution of species, say as
predicted by FLORAMAP, to calculate diversity
values, to counteract the kinds of sampling biases
described by Hijmans ez a/. (2000a).

It is not enough to simply identify areas that are
highly diverse to maximize the amount of diversity
protected for a given amount of effort, because all the
higher diversity areas might actually contain the same
diversity, as well as the same amount of diversity. One
approach to the optimal targeting of conservation
effort is to use multivariate statistics to classify or
ordinate spatial units according to the species found
there, on the basis of characterization or evaluation

3 www.nhm.ac.uk/science/projects/worldmap
14 www.wemc.org.uk/cis

data, or in terms of environmental conditions (Booth
et al., 1989; Pollak and Corbett, 1993; Corbett,
1998). Spatial units can then be targeted for conser-
vation separately in a stratified manner from each
distinct cluster of similar units.

More sophisticated methods are also available.
Iterative procedures (e.g. Rebelo and Sigfried,
1992) can be used to choose the smallest number
of spatial units such that each species, morphotype,
etc. will be present in at least one (or two, three,
etc.) unit(s) in the set. A recent study of 19 differ-
ent techniques (Csuti et a/., 1997) found that this
and various other heuristic techniques can all be
very efficient at solving the problem of selecting
potential biodiversity conservation sites. However,
except when dealing with large, complicated
datasets, the study recommends the use of a linear
programming approach called a ‘branch-and-
bound’ algorithm. The DIVA software tool supports
complementarity analysis as described by Rebelo
and Sigfried (1992), and is being used on a variety
of datasets, notably the geographic distribution of
wild potato species.

Under-conserved areas

The WORLDMAP software allows the user to select a
grid square so that a subsequent run identifies
those grid squares which are complementary to the
selected one. If the selected grid square is the most
diverse, the process approximates that of Rebelo
and Sigfried (1992). On the other hand, if the
selected grid square includes an existing protected
area (a global dataset on protected areas is available
from WCMC, the World Conservation
Monitoring Centre!4) the result is ‘gap analysis.’
The concept and some applications are discussed

Fig. 36.2. (opposite) Comparison of diversity analysis using point-centred and grid-based approaches.
The dataset consists of locality data for ten species of Stylosanthes in Mexico, collated from 119 herbarium
specimens by Susana Gama of UNAM as part of a BADC-funded IPGRI research project. The first map
shows the results of point-centred species-level diversity analysis using the sip software (Simpson’s
diversity index). The dots show the location of specimens. The size of the dots is proportional to the species
diversity in a one-degree circle around each accession point. The second map shows the results of
analysing the same dataset using the DIvA software. The dark grid cells are the most diverse (Shannon-
Weaver diversity index), light grid cells the least diverse, and others intermediate. The third map shows the
results of complementarity analysis as described by Rebelo and Sigfried (1992), and implemented by piva.
The dark grid cell is the most diverse. The other grid cells are the additional ones that would have to be
conserved to retain at least one population of each species. See text for more information on sip and piva.
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in detail by Scott et al. (1993).15 The process
involves the use of ‘digital map overlays in a GIS to
identify individual species, species-rich areas, and
vegetation types that are not represented or under-
represented in existing biodiversity management
areas.” These ‘existing biodiversity management
areas could be protected areas, but also areas
where germplasm collection has already been ade-
quately carried out. Identifying ecogeographical
gaps in existing ex situ germplasm collections in
this way is increasingly important as the large-
scale, coarse-grid collecting of the past 25 years is
replaced with a more targeted, fine-grid approach.

Threatened areas

Areas under imminent threat of genetic erosion are
clearly going to be high priorities for conservation
(Guarino, 1999). But how can we predict where
genetic erosion is going to take place before it
actually happens? Remote sensing has been used to
document and model changes in the extent and
characteristics of forests (e.g. Skole and Tucker,
1993; Gastellu-Etchegorry ez 4l., 1993),'¢ wetlands
(e.g. Sebastini ez al., 1989), deserts,!” different land
use types (e.g. Zheng et al., 1997) and cropping,'®
and must surely have a role to play in predicting
genetic erosion.

Hutchinson and Weiss (1999) have recently
described what that role might be. They present a
model where different potential causes of genetic
erosion are associated with specific indicators. They
then list observable phenomena by which these indi-
cators may be assessed, and finally the means by
which information on the values of these observables
might be obtained, including such diverse sources as
remote sensing imagery, agricultural censuses, News
reports and fieldwork. A similar conceptual frame-
work has been successfully applied to early warning
of crop failure and famine in Africa (for example by
USAID’s Famine Early Warning System, FEWS!).
Thus, if environmental degradation is postulated as a
possible cause of genetic erosion for a particular
genepool, indicators might include desertification,
soil erosion and the extension of agriculture into
increasingly marginal areas. Observables might
include decreasing peak NDVI  (Normalized

Difference Vegetation Index, a measure of the devel-
opment of vegetation) values over the course of
years, increasing outmigration and the appearance of
new fields in marginal areas, all of which can be
managed in a GIS environment.

However, the link between these kinds of
changes and genetic changes in specific crops or
wild species of interest has still not been suffi-
ciently investigated. We may have observables, but
we are not sure in most cases whether they are in
fact associated with genetic erosion, because this
has rarely been measured. An exception is perhaps
habitat fragmentation, because the link between
this phenomenon and genetic diversity, particu-
larly in tree species, has been the subject of a
number of theoretical and practical investigations
(e.g. Templeton ez al., 1990; Ledig, 1992). The use
of remote sensing to monitor and predict genetic
erosion in the same way as is being done for food
security and famine remains a theoretical, though
no less interesting, and tantalizing, possibility.

The somewhat different problem of identifying
areas of past genetic erosion is exemplified by ongo-
ing work by CIP and IPGRI on cultivated potatoes
in Peru. In this study, isozyme data from the CIP ex
situ potato collection are being used to estimate lev-
els of genetic variation in each 20 km X 20 km? in
a grid covering the whole potato-growing area of
the country. Data on the extent of potato cultiva-
tion and the biophysical environment in each
square are used as the independent variables in a
multiple regression model, with genetic diversity as
the dependent variable. Negative deviations from
the model are then mapped to identify possible
areas of genetic erosion, and correlations sought
with a number of socio-economic variables (such as
accessibility and population growth) to identify
possible causative factors for any lower than
expected level of genetic diversity.

Synthetic analyses: a case study

GIS tools can be used not only to map the different
kinds of areas described above, but also, crucially, to
show where they coincide. We have used a dataset
on the distribution of 15 wild Gossypium species in
Africa to illustrate a possible methodology for the

15 See also www.gap.uidaho.edu/gap for an application of this methodology.
16 edcwww.cr.usgs.gov/earthshots/slow/Rondonia/Rondonia

17 www.medalus.leeds.ac.uk/medalus.html

8 edcwww.cr.usgs.gov/earthshots/slow/Mozambique/Mozambique

9 www.info.usaid.gov/fews
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Fig. 36.3. High priority areas for conservation of wild Gossypium in Africa are shown in the shaded areas.
Dots are locations of herbarium specimens. See text for details of the analysis.

integration of different datasets and analyses in a
GIS environment in support of a large-scale ecogeo-
graphic study (Holubec, 1998). The methodology
involves four separate analyses, the results of which
are then combined to produce a single map of prior-
ity areas for conservation interventions.

1. Probability of high diversity. First, the SID soft-
ware was used on the localities of 607 herbarium
specimens to calculate species diversity within a 1-
degree radius of each collecting point. The locality
data of the top 20% diversity points were then
imported into FLORAMAP. The FLORAMAP output
was a probability surface displaying areas with cli-
matic conditions most suitable to harbour a high
diversity of Gossypium species.

2. Proximity to existing accession points. Next, a
map was prepared which prioritizes areas most
distant from existing collections, thus targeting
geographical gaps in existing collections.

3. Proximity to roads. Third, an accessibility map
was developed, with ease of access running from 1

20 www.isric.nl/GLASOD.htm
21 www.grid.cr.usgs.gov/clearinghouse/datalist.html

(directly on a road) to 0 (20 km from the road). A
CIAT dataset on road networks was used.

4. Genetic erosion risk assessment. Fourth, an index
of genetic erosion risk was produced, using a variety
of data sources. The first component of the index is
severity of soil degradation, using a dataset from the
and
Centre.?’ The threat of habitat loss was crudely mod-
elled based on population growth. Those areas under-
going the highest rate of population growth were

International  Soil  Reference Information

assumed to present the greatest risk of genetic ero-
sion. This analysis was made using a dataset on popu-
lation density?! for 1970 and 1990. The final
component uses an ILRI dataset on cattle density for
the African continent (Kruska er 4l, 1995). It is
assumed that a high density of cattle produces a sig-
nificant risk to wild species of cotton. These three
components were put together with equal weighting
to form a single index of genetic erosion risk.

Figure 36.3 shows the results of combining these
four components into a single map, which highlights
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those areas most in need of conservation because of a
combination of high diversity and high risk of
genetic erosion. Such a methodology can be adapted
to account for the specific objectives of a conserva-
tion programme. It could be refined further by, for
example, overlaying the results of complementarity
analysis or giving higher priority to specific taxa. It is
currently being applied by IPGRI, USDA and
national partners in support of a programme of
exploration for wild Arachis spp. in Bolivia.

Fieldwork

The ecogeographic study is essentially desk-based.
It needs to be refined and expanded, and its results
implemented, through fieldwork. GIS technology
can contribute to this phase of genetic resources
conservation through:

® the development of field aids; and
® providing information on the optimal timing of
field visits.

Field aids

Maps are crucial to fieldwork. Unfortunately, pub-
lished maps showing a specific factor of interest to the
conservationist (or combination of factors) may not
be available. An example of the use of GIS to develop
mapping products for use in the field is provided by
Greene et al. (1999a). A number of moisture and
temperature maps synthesizing some 60 monthly cli-
mate variables at 500 m resolution were prepared in
support of a joint USA/Russia forage collecting pro-
gramme in the Caucasus. Even when published maps
are available they may be unwieldy to use: a single soil
map of the study region in the Caucasus was synthe-
sized from four different map series. These maps
allowed the identification of ecogeographic gradients
in the field, the slope of which influenced decisions
about sampling frequency. They were also used to
monitor, during the course of the fieldwork, which
combinations of environmental conditions were
being adequately sampled and which were not.

Timing
Rainfall can be unpredictable in both space and
time, especially in the arid and semiarid tropics,

making it difficult sometimes to time field explo-
ration work to coincide with the most appropriate
stage of vegetation development. Satellite imagery
can provide data on the state of vegetation with rel-
atively short lag-times. Use of such data could allow
collectors to be more precise in timing their visit,
adding greatly to the cost-effectiveness of collecting
trips. Meteosat and NOAA/AVHRR (National
Oceanic  and  Atmospheric ~ Administration
Advanced Very High Resolution Radiometer) data
on rainfall and the state of vegetation (as measured
by NDVI), although fairly low in resolution, can be
analysed to allow surveillance of the state of crops
and vegetation over the growing season. Justice et
al. (1987) describe the annual course of NDVI in a
variety of East African vegetation types, and how
this measure relates to the phenology of rainfall and
plant growth. The USA/Russia forage collecting
programme mentioned above used Landsat MSS
(multi-spectral scanner) and TM (thematic mapper)
imagery not only to locate the primary target of
meadow patches, but also to evaluate the stability of
their phenology across years (Afonin and Green,
1999). The patches with the most predictable phe-
nology were considered the highest priority for field
visits, because of the greater likelihood of finding
seed of the target species for collection.

FAO’s WINDISP software package has various
features that are of relevance in this context, for
example, tools to compare two images and analyse
trends in a time-series of images. Much analysis
may not be necessary, however, as there are sources
of relevant pre-packaged data. It is possible for a
collector in, say, Zimbabwe to determine the loca-
tion of potential collection areas from the satellite
imagery available on the Zimbabwe Meteorological
Services Department’s Vegetation Index Report web
pages?? or indeed FAO’s GIEWS?® and then visit

the areas a matter of days later.

Design, management and monitoring of in
situ reserves

The design of protected areas, including questions
of optimal size and shape, zonation and networking
(e.g. Given, 1994; Hawkes ez al., 1997) is a spatial
problem, and spatial analysis in a GIS environment
has been applied to them, although mainly in the

22 www.weather.utande.co.zw/navigator/latest-vegetation.idc

28 www.fao.org/giews/english/giewse.htm
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context of ecosystem or animal conservation. Thus,
Howard (1996) discusses how spatial information
on species richness, distribution and abundance of
an endangered species, disturbance and distribution
of timber resources within a forest can be used to
develop a zoning plan for a forest reserve, including
different use areas, buffer zones and a core. This
type of application presents the challenge of inte-
grating demographic, socio-economic, cultural
and other data on, and from, the human popula-
tion with data on the biophysical environment and
on the target taxon. For example, Fox ez al. (1996)
used GIS to map areas where the objectives of pro-
tecting red pandas and those of meeting the claims
and grazing-land needs of communities living in
the area either coincided or came into conflict.
Harmsworth (1998) described an attempt to man-
age within a GIS information on the cultural values
of different features of the landscape, flora and
fauna, with a view to developing resource and envi-
ronmental management plans more in tune with
the requirements of local people.

A particularly comprehensive example of the
application of GIS to the design of an in situ
reserve is the work of Kremen ez /. (1999) on the
Masoala National Park in Madagascar. They
defined a set of 13 design criteria relating to ecolog-
ical and socio-economic sustainability, which, for
example, included that special consideration should
be given to rare and threatened habitats and
species, that the limits of the park should follow
natural features to make them easy to respect and
that buffer areas should be large enough to meet
the subsistence need of the human population sur-
rounding the park. Information needs were then
identified, combining maps, satellite imagery, bio-
diversity surveys and population studies. Data from
these different sources were then analysed in a GIS
environment to develop a park proposal balancing
human and wildlife needs, including a core rainfor-
est area, three satellite marine reserves and a large
surrounding multiple-use zone. The proposal was
discussed with local people and, once their approval
was obtained, formed the basis of a national decree
establishing the national park.

Given the rapid rate of environmental and
socio-economic changes (including the threat of
global climate change), it is important for reserve
design to take into account possible future scenar-
ios. GIS combined with computer modelling can
be used to optimize reserve selection and manage-
ment based not only on current climatic and vege-

tation patterns, but also under different assump-
tions of change. Menon and Bawa (1997) used GIS
to document land use change, deforestation and
habitat fragmentation in the Western Ghats of
India, and investigate the socio-economic drivers of
these processes to develop predictive models. These
were then used to estimate the current and future
effectiveness of the protected area network for bio-
diversity conservation.

Once the in situ reserve has been established,
some form of management intervention may need
to be implemented, and its results on the frequency,
abundance, demography and genetic diversity of
target species monitored (Maxted ez al., 1997b).
GIS can assist in defining and implementing the
management plan. Although most examples of such
applications relate to ecosystem management (e.g.
Kessell, 1990), Liu ez a/. (1995) used a spatial popu-
lation model in a GIS to simulate the potential
effects of a range of forest management plans on the
size of the population of a bird species. Working in
a GIS environment can ease the application of such
analytical techniques of plant demography as transi-
tion matrix sensitivity analysis (Silvertown and
Lovett Doust, 1993), thus hopefully stimulating
what is still their incomplete integration into the
armoury of plant genetic resources conservation.

Germplasm regeneration and evaluation

A key step in both germplasm multiplication and
evaluation is to decide what sites are best for which
accessions. The environment of the regeneration
site must not only provide suitable conditions for
reliable flowering and seed production, but also any
necessary triggers for the different stages of plant
development (Sackville Hamilton and Chorlton,
1997). Unless controlled pollination is practised,
pollinators must also be present. On the other
hand, pests and diseases must not be prevalent and
populations of species related to the one(s) being
regenerated should not be found nearby. Climate
data and distribution maps for pests, diseases, polli-
nators and wild relatives can be overlapped using
GIS to identify potential sites for regeneration. If
the choice of locations for regeneration is limited,
which is usually the case, such data can be used to
estimate the relative suitability of different available
sites for the regeneration of different accessions, by
comparison with the environment at their site of
collection (e.g. using FLORAMAP). They can also
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help to determine the unique needs of individual
accessions so that growing procedures can be cus-
tomized in sub-optimal sites.

As for germplasm evaluation, both ecologically
optimal and stress locations are usually necessary.
Classification of testing locations using GIS-derived
climatic data (e.g. Pollak and Pham, 1989) can be
used to determine the suitability of different sites for
the evaluation of specific traits, or combinations of
traits, of interest. If a site has already been
chosen, GIS can be used to determine the extent of
the region where similar conditions apply, and hence
the relevance and potential impact of the evaluation
work (Chapman and Barreto, 1996). CIMMYT's
Africa Maize Research Atlas on CD-ROM (Hodson e¢
al., 1999) provides an interesting illustration of how
GIS can support germplasm evaluation work. It pro-
vides a compendium of data layers and an easy-to-
use GIS exploration tool, allowing researchers to
‘characterize regions of interest and target and pre-
dict the potential impacts of promising germplasm’.

Use of genetic resources

The major aim of conserving germplasm is, of course,
for it to be used. Adequate access policies, good link-
ages between genebanks and users and well-developed
breeding and other use programmes are necessary
conditions for genetic resources to be used to the full;
but they are not sufficient. The lack of data on acces-
sions and the large size of collections can still present
significant bottlenecks to the use of conserved mater-
ial. GIS can help to alleviate the problem in the first
instance by improving the quality and quantity of the
locality data associated with collections. Given ade-
quate data on the origin of material, GIS can also
help to identify particularly interesting germplasm
and reveal the structure of diversity within collec-
tions. Finally, GIS can be used to assess the potential
impact of the products of germplasm use.

Better locality data on accessions

Typically, a large proportion of germplasm acces-
sions, especially older ones, lack latitude and longi-
tude data, though elevation data are more common.
GIS can help the collector and genebank curator in
completing such passport data. Gazetteers, both

24 www.shiva.pub.getty.edu/tgn_browser/
25 www.164.214.2.59/gns/html/index.html

published and on-line (e.g. the Gerty Thesaurus of
Geographic Names** and the GEOnet Names Server,”
which provide the coordinates for about 3.5 million
global geographic features, such as populated
places), maps and collectors’ notebooks can be used
to determine latitude and longitude for accessions
where only a locality name is available. With locali-
ties marked on paper maps, latitude and longitude
may be estimated by using digitized maps of the
area and employing the common facility of GIS
software to return coordinates when a specific point
is selected, say by moving the cursor to it.

Even when passport data are available, they are
sometimes inaccurate. Rapid data visualization using
a GIS can reveal obvious errors in latitude and longi-
tude data resulting in accessions falling into the sea, a
lake or the wrong country. Ecogeographic outliers
will also be suspect. Chapman and Busby (1994)
describe a method of spotting outliers which involves
plotting the climate profile of each specimen and
looking for entries that are out of step with the rest.
Similarly, FLORAMAP can be used to identify acces-
sions with climatically discordant localities and to
carry out other data checking analyses (Jones and
Gladkov, 1999). Data can be checked further by
comparing locality descriptions in the passport data
with GIS datasets of administrative boundaries. A
methodology for such data-checking is presented by
Hijmans et al. (1999).

Germplasm targeting

Next, once locality data are better and more com-
plete, such data as altitude, major soil type, land use
and vegetation, if missing from the field documenta-
tion, can be estimated by overlaying the locations of
sites on different thematic base maps of the appropri-
ate scale and reading off the map attributes.
Interpolated climate surfaces can also be used to char-
acterize conditions at each collection site given its lati-
tude, longitude and altitude, for example using
FLORAMAP. Steiner and Greene (1996) describe this
process as ‘retro-classification’ of accessions and give
an example of its usefulness using the Lotus collection
of the US National Plant Germplasm System
(NPGS) (see also Greene et al., 1999b).
Retro-classification of the collection site can guide
the use of the material by focusing the attention of
users on the most promising material for their specific
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purposes. For example, although they have been devel-
oped in the context of introduction of tree species, the
climate matching programmes described by Booth
(1990; 1999) for various countries are valuable tools
for targeting the introduction of germplasm to specific
areas for evaluation and use based on the conditions
where it was collected. Similarly, Chapman and Taba
(quoted by Chapman and Barreto, 1996) overlaid
germplasm locations on soil maps to identify candi-
dates from an extensive maize collection that might be
adapted to alkaline soils. A geographical approach was
also used by Beebe e al. (1997) to identify edaphic

adaptation in beans as part of a breeding programme.

Structure of collections

‘A core collection is a selected and limited set of
accessions derived from an existing germplasm
collection, chosen to represent the genetic spectrum
in the whole collection and including as much as
possible of its genetic diversity’ (Brown, 1993). The
core collection can be used to evaluate traits that are
expensive or time-consuming to measure on the
whole collection, for example complex yield and
quality traits and general combining ability with
local germplasm. These studies can then be used to
identify material in the rest of the collection that
might require further investigation.

Different workers have employed passport, char-
acterization (taxonomic, morphological, molecular,
etc.) or evaluation data, often in different, usually
hierarchical, combinations, to classify accessions into
groups and identify duplicates. However, the impor-
tance of location data is widely acknowledged and
agroclimatic conditions at the collection site is often
one of the more important types of criteria used in
the classification process. The case of the Phaseolus
vulgaris core collection described by Tohme et 4l
(1995) illustrates this — and the role of GIS — well.
First, regions were prioritized based on the history of
the crop. Then, interpolated surfaces for four para-
meters (length of growing season, photoperiod, soil
type and moisture regime) were used to define 54
distinct environments, and each 10-minute grid cell
was assigned to one of these classes. Passport data
were then used to match each landrace accession to
an environmental class. Finally, accessions in each
environmental class were stratified according to char-
acterization data (growth habit, grain colour and
grain size) and selections made at random from
within each stratum within each environmental class.

Environmental data on accessions derived from

analysis using GIS can be used to investigate the
structure of genetic diversity collections without
going as far as developing core collections. Thus,
analysis of various datasets using FLORAMAP, in-
cluding Passiflora spp. in the Andes (Sergio Segura,
personal communication, 2000), wild rice in south-
ern Africa (Kihika Kiambi, personal communica-
tion, 2000) and Stylosanthes in South America
(Jones and Gladkov, 1999), has revealed correspon-
dences between the groupings of accessions by clus-
tering using the climatic characteristics of collection
sites and those derived from isozyme and DNA
marker data. Indeed, Chapman and Barreto (1996)
have suggested that as the linkage between genetic
resources and environmental data is explored, ‘geo-
graphic trait loci’ may be identified, where particu-
lar parts of the genome are linked to adaptation to
different conditions.

Assessing impact

GIS has a role to play not only in facilitating the
use of germplasm, but also in predicting the likely
impact of that use. Thus, a breeding programme
could weigh the relative effects of achieving a range
of different improvement objectives, and then con-
centrate on the ones likely to have the greatest
impact with a particular priority target group. An
example is provided by recent work at CIP on frost
tolerance in potato (Hijmans ez a/., 2000b). A crop
growth simulation model was used in conjunction
with high-resolution monthly climate surfaces for
the Altiplano of southern Peru and northern
Bolivia to predict the likely effect on yield in differ-
ent areas within the region of increasing the frost
tolerance of a standard variety by specific amounts.
This type of analysis is strongly dependent on the
availability of the kind of detailed, within-country,
geo-referenced crop distribution data that are being
assembled by CGIAR Centres (e.g. Huaccho and
Hijmans, 1999; Hyman, 1999).

Prospects

The application of GIS to estimating the impact of
improved germplasm opens the way for a fully inte-
grated approach to the use of GIS in plant genetic
resources management, in which GIS-based analysis
guides and facilitates the process from start to finish
and back again. First, the likely impact of a particu-
lar potential use product in a given area is assessed
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using GIS; for example a more frost-tolerant potato
variety. Next, retro-classification of past collection
sites is carried out with GIS to identify germplasm
in existing national and international collections
which could be useful in developing the proposed
product. In the potato case, interpolated surfaces for
the occurrence or severity of frost in the Andes
could be used. If sufficient suitable material is not
available in genebanks, climatic data are used to
identify areas where further germplasm collection
should be done. This could be approached by super-
imposing maps of frost severity and potato cultiva-
tion, or by running the collecting localities of
frost-tolerant accessions through FLORAMAP. Once
promising material has been obtained, GIS is used
to identify appropriate evaluation sites. The best
material coming out of the evaluation programme is
then used to develop the improved product, the
actual performance of which is finally fed back into
the impact model to start the cycle all over again.
The potential is clearly there for GIS-based
analysis of data on germplasm accessions to add
greatly to the value of the data, and thus of the
germplasm to which they pertain. It should signifi-
cantly enhance the cost-effectiveness of conserva-
tion efforts, and facilitate use of germplasm by
breeders and others. However, it must be admitted
that GIS technology has not been taken up by
plant genetic resources conservation programmes to
the extent that one might have predicted on the
basis of its potential. Part of the reason is that many
such programmes, particularly in developing coun-
tries, have significant resource constraints, and GIS
hardware, software and data are perceived as being
expensive, difficult to obtain and complex to use.
The perceived ‘barriers to entry’ may still be too
high, but the current revolution in GIS technology
is putting both the data and the analytical tools
within the reach of many. However, if the potential
of GIS in the field of plant genetic resources conser-
vation and use is to be fulfilled, the plant genetic
resources conservation community needs to take
positive action itself at the international, regional
and national levels, and not simply wait for the
technology to come to its aid. At the international
level, the CGIAR Centres must show the same lead-
ership in the application of GIS-based approaches to
plant genetic resources conservation and use as they
have been showing in their application to natural
resources management. An important first step will

26 www.singer.cgiar.org/

be the integration of more GIS capability into the
International Crop Information System (ICIS)
being developed by CIMMYT (Fox and Skovmand,
1996) and the on-line database of the System-wide
Information Network for Genetic Resources
(SINGER29). In fact, Web-based tools, where maps
and accession points can be manipulated on-line
with easy-to-use, browser-based, graphical interfaces
will help wider adoption of GIS by plant genetic
resources conservation programmes.

IPGRI has been collaborating with other
CGIAR Centres, in particular CIAT and CIB, in
implementing a three-pronged strategy of support
to  GIS

programmes. This entails the following activities:

adoption by national and regional

® development, testing and dissemination of a
menu of basic methodologies;

® development, promotion and distribution of
easy-to-use, inexpensive software tools (and
data) specifically aimed at carrying out the
analyses alluded to in the previous point; and

® awareness-building.

The approach that has been taken is to implement
a series of case studies to develop methodologies,
whenever possible based on the use of specialized
software such as FLORAMAP, SID and DIVA. The
hope is that the results of such case studies will be
used to build awareness of the potential of GIS
technology at both the technical and decision-
making levels within the plant genetic resources
conservation community.

At the regional level, plant genetic resources net-
works have a potentially pivotal role to play in the
process of GIS adoption. If GIS technology is still not
within the reach of many individual national pro-
grammes, it should be possible to find a mechanism
whereby the members of a regional network can share
the costs, as well as benefits, of GIS adoption. GIS
provides an ideal environment within which to man-
age and analyse data from a number of countries in a
common framework, and thus develop both regional
and national conservation strategies based on a broad
vision of the problems and opportunities.

At the national level, genebanks need to forge
linkages with institutions which already have GIS
capacity, for example meteorological services, the
geography departments of universities, mapping
and survey departments and national statistical and
natural resources institutes. This will guarantee
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access to data and expertise in the longer term and,
therefore, sustainability. It will also eventually place
genebank managers in a position to lobby decision-
makers with tangible evidence of the gains in effec-
tiveness that can accrue from the use of this
technology, so that both national and international
resources may be accessed for the eventual acquisi-
tion of in-house GIS capability.

It is certainly possible to visualize in a not too
distant future GIS being used routinely and in an
integrated fashion in support of plant genetic
resources conservation and use as outlined above.
However, before we are swept away by our enthusi-
asm, it is worth reminding ourselves of the fact that
none of the analyses that have been described here
would be possible without adequate data on
germplasm, in particular accurate locality data in
coordinate form. At the risk of seeming prosaic, the
future of GIS adoption, with the improvements in
efficiency of plant genetic resources programmes
which it will bring, is likely to be more dependent
on these programmes having solid documentation
components, that is, effective data management

systems and lots of data to manage, than on
methodological or software innovations.
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