Biodiversity Informatics, 1, 2004, pp. 1-13

GLOBAL BIODIVERSITY INFORMATICS: SETTING THE SCENE FOR A
“NEW WORLD” OF ECOLOGICAL MODELING
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Abstract.~-Recent developments it information and communication technology are aliowing new experiences
in the irwsgration, analysis and visualization of biodiversity information, and are leaditg 1o development of a
new field of tesearch, biodiversity informatics. Although this ficld hes great potential in diverse reatms,
including basic biology, human economics, apd public health, much of this potsntial remains to be explored.
The success of several concerted intemational efforts depends largely on broad deployment of biodiversity
informatics information and products. Several global and regional efforts are organizing and providing data
for conservation and sustainable development research, including the Global Biodiversity Tiformation
Facility, the Buropean Biodiversity Information Network, and the Tater-American Biodiversity Information
Hetwork. Critical to development of this figld is building a biodiversity information infrastructure, making
primary biodiversity data freely and openly available over the Internet. In addition to specimen and
taxonomie data, access 1o non-biological environmental datz is critical to spatial analysis and modeling of
biodiversity. Adoption of standards and protocols and develop of tools for collection data-
leani ferencing, and modeling t00ls, are allowing a quantum leap in the area. Open access 1o
research data and open-source tools are [eading to 4 new cra of web services and computational frameworks
for spatial biodiversity analysis, bringing new opportunities and dimensions to novel approaches in
<cological analysis, predictive modeling, and synthesis snd visvalization of biodiversity information.
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Biodiversity information is critical 10 a wide Vieglais, 2001; Peterson, 2003), and assessment of

range of scientific, educational, and govermmental impacts.of climate.change on biodiversity (Peferson
uses, and is essential to decision-making in many Fal., 2002b; Siqueira and Peterson, 2003; Thomas
realms. Initiatives to integrate data into viable e al, 2004). This potential nonetheless remains
resources for innovation in science, technology, and  largely unexplored, as this field is only now
decisiop-making are being developed as local, becoming a vibrant area of inquiry and study.
regional, and global initiatives, A formidable
chatlenge lying ahead is integration of these
initiatives into an organized, well-resourced, global Political Framework
approach to build and manage biodiversity The set of agreements signed at the 1992 Rio de
information resources through collaborative efforts,  Janeiro “Earth Summit” included two binding
The existence of biodiversity data resowrces conventions, the United Nations Fromework
from different fields of knowledge, available to all Coavention on Climate Change (UNFCCC) and the
interested, and the sirong demand to integrate, Convention on Biologival Diversity (CBD), While
synthesize, and visualize this information for the CBD aims at conservation and sustainable use of
different purposes and by different end users is  biological diversity, casuring benefit-sharing,
leading to the development of a new field of UNFCCC targets stabilization of atmospheric
research that can be termed biodiversity informatics.  concentrations of greenhouse gases, primarily
This emerging field represents the conjunction of through negotiation of global agreements such as the

HISTORICAL CONTEXT

efficient use and management of biodiversity
information with mew tools for its amalysis and

understanding.
‘This field has great potential in diverse realms,

with applications ranging from prediction of

distributions of known and unknbwn species

Kyoto Protocol, UNFCCC is alse providing
guidance to governments on practical ways to adapt
to changing climates. Successful implementation of
both conventions is highly dependent on combined

. efforts of countries and internationak organizations,

imtegration of distributed information systems, and

“{RaxWatthy é al., 2003), prediction of geographig .. deployment of biodiversity informaties.

and ecolopical distributiod” of infectious ~disease
Vectors (Beard ef ‘bf‘,"’ﬁﬁ Costa ef al., 2003;
Feterson et al, 2002¢; Peterson and Shaw, 2003),
prediction of species” invasions (Peterson and
oo e geemsniei
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Exchange of information “from all publicly
available sources, relevant to the conservation and
sustainable use of biclogical diversity” including
“results of technical, scientific and socio-economic
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research” is addressed in CBD  Article 17.
“Biclogical diversity” is defined as “the variability
amony fiving organisms from all sources including,
inter glig, terrestrial, marine and otber aquatic
ecosystems and the ecological complexes of which
they are part; this includes diversity within species,
between specics and of ecosystems,” To support
access to integrated data ranging from genes to
ecosystem diversity and information ranging from
scientific and techmical to socioeconomic research,
CBD is implementing the Clearing House
Mechanism (CHM), an Internet-based network
promoting technical and scientific cooperation and
exchange of information.

The many ways m which climate and
biodiversity interact are leading sesearchers and
poliey-makers to the conclusion that working on
those issues together will be more effective than
dealing with them separately, At a practical level,
this understanding will mean that initiatives
emanating from UNFCCC and CBE will need to use
integrated approaches as much as possible'.

The Roots of Biodiversity Informatics

Australia has been a leading country in
biodiversity informatics. Since the mid-1970s,
Australian herbaria have been digitizing their data
cooperatively.  The Environmental Resources
Information Network {ERIN), was established in
1989 to provide geographically-related
enviropmental information for planning and
decision-making. Also in 1989, HISPID, Herbarium
Information Standards and Protocols for Interchange
of Data, a standard format for interchange of
electronic  herbarium  specitmen information,
developed by a commitiee of representatives from
all Australian herbaria, was first published. ERIN’s
experience set an example for several other
initiatives, such as Mexico’s Comision Nacional
para el Conocimicnto y Uso de la Biodiversidad
(CONABIO), Costa Rics’s Imstituto Nacional de
Biodiversidad (INBio), and Brazil’s Base de Dados
Tropical (BDT). INBio and CONABIO both became
fully engaged in biodiversity informatics after the
exchange of experience with ERIN experts in 1993.

In the early 1990s, researchers from diverse
fields of expertise held meetings, and began the
Biodiversity Information Network — Agenda 21

_ {BIN2]) initiative, This group cstablished what was

called a Special Interest Network with a Virtual
Library. BINZ1 was set up as an informal,
collaborative, distributed network consisting of a
series of participating “nodes™ aiming at

! etz scidev.net/Dossiers/index cfm.

complementing existing or planned actions. BIN21
was actively nvolved in discussions of the CHM to
the CBD, and produced a document proposing the
structure being used todazy, composed of focal points
and thematic metworks”. At the time, owing to
technological limitations, what was envisaged was
creation of directories of people, institutions, and
data sources.

In 1998, a research project was launched at the
University of Kansas Natural History Muscum and
Biodiversity Research Center: the Species Analyst
(TSA). TSA’s main objective was to develop
standards and softwarc tools for access to world
natural history collection and observation databases.
This project was one of the first networks to draw on
distributed data sources from biological collections
worldwide, scéting an example for other initiatives,
which were attracted by examples based on an
associated modeling tool, the Genetic Algorithm for
Rule-set Prediction (GARP}, ariginally developed
by David Stockwell (Steckwell and Noble, [991).

Global and Regional Efforts

Several global and regional cfforts are aiming
at organizing data stakeholders and making data
available for conservation and sustainable
development research.

Global  Biodiversity  Information  Facility
(GBIFP.—GBIF  had its genesis in 2
recommendation from a working group of the
Megascience Forum of the Organization for
Bconomic Cooperation and Development (QOECD),
although GBIF currently has no direct ties to QECD.
GBIF was founded in March 2001 and participation
is open to any interested country, cconomy, or
recognized international organization that agrees to
make scientific biodiversity information available.
Although GBIF intends eventually to incerporate all
levels of biodiversity data (molecules to
ecosystems), its initial phase is focusing on species-
and specimen-level information, Tts work program
emphagizes four priority areas: (1) digitization of
natural history collection data, (2) data access and
database interoperability, {3) electronic catalogue of
names of known organisms, and (4) outreach and
capacity building. The GBIF data portal, which
connects participant nodes and other data providers,
catne on-line in February 2004, and by October 2004
was serving over 44 million records.

Working with ifs pastners, GBIF is promoting
development and adoption of standards and
prowcols  for documenting end  exchanging
biodiversity data. GBIF has partnered with the

* betpifforww.bat.org br/oin21/wks25/cam _doe.hnl
? hinpfarww. ghiforgl. 2
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Catalogue of Life initiative to speed up development
of a global authority file for the approximately 1.75
million named spegies on Earth, including synonyms
and vernacular pames. In addition, GBIF is tackling
several sociological and policy issues. GBIF has
developed 2 Memorandum of Cooperation. with the
CBD, and is a key promoter of the database-related
components of the CBEP's Global Taxonomy
Initiative and Global  Steategy for  Plant
Conservaticn, GBIF prevides seed-money grants to
help digitize specimen and  observational
information, has partnered with UNESCO to start a
network  of academie chairs in  biodiversity
informatics, and gives a yearly prize to a scientist
who  creatively combines  systematics  and
informatics research. GBIF is holding several
consensus-building workshops and is contracting
white papers on topics such as intellectual property
rights (Muller, 2004} and data-sharing with couniries
of erigin (Canhos ef oL, 2004).

The Europear Effort—Several programs aimed
at development of a platform for European
biodiversity data are being carried out with funds
from the Buropean Commissica. The Consortium of
European Taxonemic Facilities (CETAF)' is a
network of Europe’s largest taxonomic facilities
including natural bistory museums, botanical
gardens, and other biological collections. Together,
CETAF institutions hold very substantial zoological,
botanical,  paleobiological, and  geological
cellections, and provide resources for the work of
thousands of researchers in a variety of scientific
disciplines. CETAF  was  instumental in
establishment of the Fawng Europaea thematic
network, With over 400 contributing specialists,
Fauna Europaea is compiling lists of more than
115,000 non-marine animal species, as well as
informatiorn on their distribution, and is =2
complement to the Buropean Register of Marine
Species (BERMS). In the botanical area, sister
projects are the European Flora and the Furo-
Mediterranean  Plant Diversity (Euro+Med Plant
Database). Several CETAF members have received
support through the FEuropean Commmission’s
Framework Programmes to enhance transnational
access to thelr colleetions, equipment, and cxpertise.

The Furopean MNatural History Specimen
Information Network™s (ENHSIN) goal is to enable
the development of a shared, interoperable
infrastructure of natural history specimen databases
in Buropean institutions®. BioCASE' the Biological
Collection Access Service for Europe, is a weh-

based information service providing researchers with
unified access to biological collections from 35
institions in 3¢ European countries plus Isracl,
leaving control of the information with the collection
holders. The Buropean Network for Biodiversity
Information (ENBI)’ began in January 2003, and is a
three year thematic network project funded by the
European Union. ENBI is the Evropean contribution
to the GBIF. Currently, the network has 66 members
from 24 European countries, including the GBIF
national nodes of member countries.

Inter-American  Biodiversity  Information
Network (IABINS® —IABIN is an Internet-based
forum for technical and scientific cooperation that
seeks to promote coordination among Western
Hemisphere countries in collection, sharing, and use
of biodiversity information relevant o decision-
making and education. IABIN projects include
development of a network for sharing invasive
species information, a survey of New World
specimen holdings in European collections, and
creation of a gateway to the information resources of
IABIN pariicipants. Ongoing IABIN efforts include
establishing cooperative linkages with mnational,
regional, and global initiatives, and developing
projects that build capacity in participating countries
and institutions.

A Global Environment Facility (GEF) grant
funded development of a plan for “Buliding the
Inter-American Biodiversity Information Network.”
According to this plan, in the next five years, IABIN
will work on interoperability and data access; data
content creation; and information products for
decision-making, Cross-cutting  issues  include
standards and protocols to ensure compatibility of
diverse data sources, and agreement as to which data
models to use. An IABIN catalogue service will he
developed by the United States' National
Biodiversity Information Infiastructure (NBII), and
the project implementation plan also recommends
development of fhematic networks on specimens,
species, ecosystems, invasive species, pollinators,
and protected areas. The IABIN Secretariat is being
established at the City of Knowledge Foundation in
Panama.

BUILDING THE BIODIVERSITY INFORMATION
INFRASTRUCTURE
Most biodiversity informatics initiatives are
focusing on species and specimen data as the first
necessary information component of a global
comprehensive data network on  biodiversity.
Nonbictic etvironmental data and ecological data

? hittprifwwss.cobi.info/ferams/enbi/index, php,
¥ brtpiwwr jabin.sey.
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i are increasingly being used in biodiversity
; informatics for meodeling distribution patterns of
; species and populations, and therefore also need to
{ be addressed.

Primary Biodiversity Data

Specimen collections arg the primary research
archives documenting biological diversity on Earth.
The 2.5-3.0 billion specimens available in biological
collections worldwide document identities, habitats,
histories, and spatial distributions of the roughly
1.75 million described species of life. The specimen
vouchers and associated information provide a
fundamental resource for biological systematics.
Return on invesiments made during 250 years of
global biological inventories can be realized
dramatically through digitization and integration of
information about species and specimens, Less than
10% of worldwide specimens are availeble in the
electranic domain (Krishtalka and Humphrey, 2000).

Species Information

Access 10 consistent, scientifically credible
taxonomic informaticn is essential 10 nany
activities, including natural rescurce and waste
management for sustainable use, environmental
monitoring,  regulation, and  biotechnology
development. Storage and retrieval of biological data
requires  high-quality, well-documented, and
continwously updated sources of taxonomic
information. A basic coneept in databasing is the use
of contralled vocabularies to assure that one can
find, relate, and retrieve information that refers to a
particular class of objects. This seemingly simple
concept, of course, may become a nightmare when
databasing specimen data. As such, prompt aceess to
digital authoritative data on  taxomomic and
vemacular names becomes critical.

For broader applications, information systems
integrating  disparate  biodiversity  databases
worldwide need a core dictionary of names for
mediating gueties across datasets—the species name
may often be the only field in common between
databases. The niche for nomenclatural data and
taxonomic authority files has brought numerous
taxonomic databases onto the Internet, including
local faupa and flore checklists, and “taxon-by-
taxon” datat such as the Integrated Taxonomic
Information System {ITIS)* and the UNESCO-IOC
Register for Marine Organisms (URMO)Y' (Bisby,
2000}, To accelerate fon of a comprehensive
index of all of life, in June 2001, two large

w2.eti.uvandatak default himt

fuhl’qn'lwww.ilis.l_lsda.gw!.
o

initiatives, Species2000" and ITIS, joined forces
and formed the Catalopue of Life (CoL) Program.
The goal of this effort is gathering the ~1,75 million
of specics names fhought to exist to serve the
world’s need for names information, Col is
composed of synonymic species lists prepared by
faxonomic experts in various groups of organisms.
CoL is envisaged to become a common
standard for referencing biodiversity data of ail
sorts, including the World Catalogue of Plants, CoL
is being prepared in two forms—an annual checkdist
published as a new edition yearly, and a dynamic
checklist provided as an online, distributed resource
based on contributing databases in real time. The
annual checklist has been available since 2001 on
the Internet and on CD-ROM, and is now widely
used in biodiversity data portals around the world,
The fourth CD-ROM release of the annual checklist
contains a searchable database of more than 800,000
scientific and common pames (nearly 342,000
species and subspecies) of viruses, microorganisms,
protists, fungi, animals, and plants (Bisby et al,
2004). Beside the major task of accelerating
integration of taxonomic-sector databases, major
efforts are being invested . development of the
Species2000 meta-database, peer review and quality
control programs, and the software support program
(e.g., new versions of SPICE™ for Species2000, and
experimental versions of LITCHI" software for ‘,,u-"ﬁ
monitoring taxonomic dispatities). =z

e,

Non-biological Envirenmental Data ~

Efforts to improve understanding of
environmental patierns, their variability, their
changes over time, and their implications for human
welfare and decision-making, depend critically on
the quality, accessibility, and usability of diverse
environmental and related social science data. A key
scientific and technical challenge, therefore, is
improving access to existing and emerging sources
of environmental, biological, and socioeconomic
data, and to improve integration of these data in
suppart of disciplinary and interdisciplinary research
efforts and applications, and related policy-making
initiatives (Canhos ef al, 2004). Terrestrial
environmental data fall into three basic categories:
terrain, climate, and substrate, and afl are
fundamental in ecological niche modeling. Terrain
refers to surface morphology and includes
parameters such as elevation, slope, and aspect,
Climate data summarize patterns and variation in
atmospheric characteristics, and substrate data

" bttp:/fwrww. speciesz00.argf.
" http:/epice sp2000suropa.org/SPICE/.
13 http/litchi biol.soton.ac.ukr.
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include soils, lithology, surface geology, hydrology,
and landforms. Climate change projections
constitute  another key suife of envirommental
datasets. For many regions, they are only available
at global scales (Intergovernmenta? Parel on Climate
Change, IPCC™), and hence may not have the
precision required for modeling at local seales.
Integrating regional climate models (RCMs) may
represent a promising fontier to be explored.

biological comtrunity invelved with ecological

1' Demand for environmental data by the

T I

niche modeling is quite tecent. It is important to
enable open accsss to data by sharing data formats
and by developing opem-source tools for data
coaversion, visualization, and analysis. Challenges
inherent are in managing data resources effectively
for optimal access and use, and for developing
rational rules and structures for that process. It is
also important to address fechnical aspects
concerning interoperability of environmental data
across sofiware and hardware systems, and, in the
case of miche modeling, to develop tools for
automated dataset preparation.

Preparation of environmental layers ranks
among the most time-consuming and computer
intensive areas of the informatics enmterprise. An
interesting initiative focused on delivery of detailed,
worldwide climate data is WORLDCLIM™, and
data are publicly and freely available. These layers
are at scales ideal for species’ modeling for both
local area {307) and continental (2.5 and 57
analyses, and represent a major improvement over
fayers previously available.

Promotion of scientific cooperation and
partnerships between researchers and institutions
working with biological and non-biological
environmental data is just beginning, and is expected
to expand in the near future. This interaction is
essential for better understanding of the environment
fo enable sustainable economic and social
development.

Specimen and Strain Data Networks
Numerous specimen data networks are being
developed to make (his primary information freely
and openly available. A particularly exciting

i1 development is the Distributed Generic Izformation

Retrieval (DiGIR'} protocol that is being adopted

i, by networks around the globe, including the former

Species Analyst network, speciesLink in Brazil, and
GBIF. Many regional znd local initiatives are
orgapizing specimen data and making it openly

" http:/Avwwdpec.ch,
 bitpifbiogeobarkeley.edu . \dchm bt
* ittpifAdigir. souretforge ey,

available on the Internet. In general, these systems
are converging into a global data refrieval system,
using compatible protocols.

The Species Analyst (TSA)Y, launched in 1998
ag a prototype nehwork initially based on Z39.50
information transfer protocol evolved into several
taxon-based networks. These networks, in general
funded by the National Science Foundation (NSF),
include FishNet' (29 ichthyological collections),
Mamtnal Networked Information System (MaNIS",
17 North American mammal collections), and
HerpNET® (37 Norfh American herpetological
collections). This network serves approximately 65
million records of specimens in 120 institutions; in
the ncar future, the Ornithological Enformation
System (ORNIS®; North American ornithological
collections, including vocal recordings, egg and nest
collections) will contribute nearly 4 million more
specimen records, The entire TSA network is most
tecently  shifting o a DiGIR platform  for
information transfer.

The World Biodiversity Information Network
(REMIB)? was created in accordance with the
Declaration of Qaxaca (November 1993) that
cstablished a Mexican Biological Information
Network to interconnect biclogical data banks in the
country, REMIB ig known today as the World
Biodiversity Information Network, serving specimen
information net only from Mexico, but from 140+
cowztrics. The network serves more then 6 million
specimen records, and is based on a proprietary
protocol.

The Ewropean Natural History Specimen
Information Network (ENHSINYS, s a thematic
network funded by the Evropean Commission, Its
aim is to enable development of a shared,
interoperable infrasttucture of natural history
specimen databases in European institutions. Seven
Europeat institutions compose the iritial phase of
the project: Natural History Museum, London;
Royal Botanic Gardens, Kew; Zoological Muscum,
University of Copenhagen; Museo Nacional de
Ciencias Naturales, Madrid; Muséum WNational
d'Histoire Naturelle, Paris; Botanischer Garten und
Museum  Berlin-Dahlem; ané Universiteit vam
Amsterdan,

Comnmon Access to Biotechnological Resources
and Information (CABRI®) is an online service of

7 htpespeciesanalyst.octs,

* httpy/hebanero.ohim. ku.edu/fishmey,
™ hitp:/felib.cs.berkelcy edu/manis/.

* hitp:/herprot.erg/.

# httpe/fwww spec i/ iceomis,
2 hitpi//www.conabio,go nmx/renaib_ingles/doctos/remib_ing bl
2 bty bii, a6 uklacicnccinilarhsin)
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European Biokgical Resource Centre (BRCs)
catalogs. The 9 CABRI centers include 26
collections covering most of known diversity of
buman and animal cells, bacteria, fungi, yeasts,
plasmids, animal and plamt viruses, and DNA
probes. Their holdings total nearly 140,000 deposits
(100,000 of which are currently included in
electronic catalogues}), representing approximately
half of deposits in Europe [Burepean Culture
Collection  Organization (BCCO) membership,
1993]. An interesting feature was the definition of
the minimum, recommended, and fufl data set for
each type of organism. Brazil subsequently adopted
a modification of this dataset definition for its
nformation system of biotechnological collections,
SICol®.

The Australion Virtual Herbarium (AVH™), is
a collaborative project of the Australian botanical
commurity, providing integrated on-line access to
herbarium datasets. In addition to making available
taxenomic, distribition, and occurrence information
associated with all 6.5 million herbarium specimens
through a simple online GIS application, the
ultimate aim is to provide a complete, integrated
flora information system as a tool for scientific
rescarch, environmentat decision-making, and public
information, AVH is based on a distributed,
heterogeneous system, so that the data reside with
and are managed and controlled by the collections
custodians, Each herbarium has a portal to receive
requests and deliver data from its institutional
database(s). A shared AVH quety interface at each
herbarium polls all participating herbaria and
delivers to users a single integrated result set. The
desipn  philosophy of the AVH is based on
information standards developed by and for the
botanical commumnity, open architecture, public
domain software, and free availability of the
application and information management structures
for use in other projects,

The Brazilian Biota/FAPESP Virtual Institute
of Biodiversity Program™ was officially launched in
1999, and aims to collect, organize, and disseminate
biodiversity information regarding Sdo Paulo State,
defining mechanisms for the conservation and
sustainable use of biodiversity. The program funds
nearly 50 projects, involving approximately 400
professional scientists and an equal number of
students working at research instittions both locally
and abroad. Major components of the integrated
information system include SiwBiota™, a system

* hitpi/fsigol.cria.org.br.

* httpsffavh.calm wa.gov.an/,
" hatpr/fwww.biota.org b,

* htpri/sinbiota. cris.org br/.

developed to support geo-spatial analysis and
viswalization of  observational  data, and
SpeciesLink®, a distributed information system
integrating primary specimen data from biological
coliections. The project is also developing tools to
belp visualize, clean, and usc these data sets™,

TRENDS AND DEVELOPMENTS IN BIODIVERSITY
INFORMATICS

Biodiversity data are generated by thousands of
rescarchers worldwide. The result is a global
distributed array of heterogeneous  biodiversity
information resources. Integrating these data
resources bas beer a goal of biodiversity informatics
practitioners for more than 10 years. Following
developments in infermation and communication
technology, integration of distributed databases can
now be virtual and dynamic, processed “on-the-ily,”
according to users’ needs,

Standards and Protocols

To integrate data from distributed sources in
real time, not only is technology necessary, but
standards and protocols are essential. The
International Union of Biological Sciences’
Taxonomic Database Working Group (FTDWG*') has
been working on biodiversity data standards since
1994, One of TDWG's task groups, in a joint
initiative with the Committee on Data for Science
and Technology (CODATA™), is working on a
standard called Access to Biologicat Collection Data
(ABCD™). ABCD aims to define global formats for
data exchange and retrieval from diverse biological
collections. In practical terms, a highly structured
XML schema is defined in agreement with
representatives  from  different projects and
communities. The current version contains reusable
data types and specific elements related to each
biological discipline, ranging from paleontological
collections to collections of living organisms, Its
impressive number of elements and the intricate
struchure provides a fairly complete representation of
the biodiversity data universe,

More recently, distributed database networks of
biological collections have taken a different
approach, The Darwin Core™ defines a simpler set
of fields common to all taxonomic groups. The
result is a simple XML schema with a small number
of elements covering basic and essential
information. Its simplicity allows straightforward

= http/fsplink.crinorg.bri.

# ttpsplink. cris.org. britools.

* hopiwww tdwg.org/.

** httpu/fwwnw,codata.org!.

* hmg:/www.bgbm.crg TDWG/CODATAMefault htwn,
* ttp:i/specicsanalyst.net/docs/dwe/.
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configuration and casier interfaces, although it does
not satisfy the needs of fill, detailed data exchange.
Darwin Corc was conceived as a foundation for
functional data exchange in the DiGIR and Species
Analyst projects, Other schema extensions were
ariginally plarmed in a modulardzed strategy to
accommodate broader data sets and full information
transfer.

ABCD and Darwin Core are both federated
schemas that need protocols to be used in networked
systems. DNGIR is an XML-based protoco} capable
of working with configurable federated schemas.
Use of peneric query elements and customizable
record structures cnables not only decoupling from
semantics, bul also the possibility of wrapper
software  encapsulating  heterogeneous data
providers,

DiGIR was a project of the University of
Kansas Natural History Museum and Biodiversity
Research Center, California Academy of Seiences,
and Museurn of Vertebrate Zoology in Berkeley.
The main motivation was to replace the Z39.50
protocol, and to unify diverse networks in a single
technelogy. Part of its strategy was the use of cpen
standards and protocols (e.g., HTTP, XML, and
UDDI). A collaborative environment was set wp
following an open-source development model.
DiGIR has been adopted by several distributed
networks, including GBIF, MaNIS, OBIS, and
speciesLink, but its original inability to work with a
completely independent XMI-federated schema
{e.g, ABCD) has lead to a derivation of the
profecol.

BioCASE is also implementing a networked
biological collection information system for Europe,
consisting of 31 national nodes providing metadata
on collections and collection databases through daily
XML-based updating mechanisms. These metadata
are used to populate a database constituting a
registry for clients accessing unit-level databases,
BioCASE is using the ABCD XML schema as an
exchange format for collection information. These
two protocols (DiGIR and BioCASE) evolved
separately, and at fhe moment have significant
differences. A recert collaborative initiative
inyolving GBIF and TDWG is workir% toward
development of a single standard protocol.

Collection Management Tools
During the last decade, several software
packages have been developed to aid in digitization
and data management for natural history collections.
Many of these packages Iack controlled

byt ftwsrw.cris.org, b 1o 1. pef

vooabularies, and most fall short in collating region-
or ecosystem-specific information (Chavan and
Krishnan, 2003). To assess available software
solutions for collection management and digitization
for pateral history colleclions institutions, GBEF
recently contracted the Botanic Garden and
Botanical Muscum, Berlin-Dahlen, Germany, to
carty out a survey. The report provides a
comparative analysis of commercially available and
frec-of-charge  software solutions to capture,
organize, and manage specimen data. Elements of
apalysis included availability, cost, limitations to
scalability, computing platform limitations, and data
import/export capabilities (Berendsohn e al.,
2003%).

Georeferencing Tools

Georeferencing biodiversity data is absolutely
necessary to biogeographic studies, The time and
cost of geocoding large museum and herbarium
datasets at first seems prohibitive to many
imstitutions, However, according to Soberén and
Peterson (2004), 70-80% of specimen label data can
be georeferenced via simple techniques using
convenient, automated online gazetteers. Remaining
localitics may either prove impossible to reference
or may be feasible only via parficipation of experts
familiar with the actual collectors.

BioGeoMancer” is a georeferencing  tool
specifically  designed for  texi-to-coordinate
conversion of locality data. It cuerently encompasses
natural language processing  (geo-parsing) to
interpret descriptive localities, place-name lookup to
register localities with known  geographic
coordinates, and ambiguity analysis to self:
document uncertainties in resulting geographic
descriptions. Results can be tetumed in HTML,
XML, or as a graphic map. Its development is the
result of a partmership between the University of
Kansas Natural History Museum and Biodiversity
Research Center, Peabody Museum of Natural
History at Yale University, and Museum of
Veriebrate Zoology in Berkeley. This initiative
marks progress, not only in addressing the volume of
georeferenced  specimen data, but also  in
understanding the fundamental challenges of
georeferencing, The spatial results obtained by this
automated tool are comparable in quality to those
done by trained apecialists,

BioGeoMancer provides a significant step
towards automated geo-referencing, Next versions
will include a web services interface using the
Simple Object Access Protocol (SCAP), which will

* hitpuifoirca. ghif net/ir/DownLoad/,
* hup:fwrww. biogeomaneer. orgl.
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enable cross-platform  interoperability between
applications. Having such an interface will make it
possible for existing applications to easily integrate
antomated georeferencing services.

Data-cleaning Tools

Use of biodiversity data in biogeographic
studies has imposed an extra focus on issues of data
quality. When digitizing specimen data, data quality
considerations  include errors  in  taxonomic
identification, geocoding, and in the transcription
process itself. Errors arc common and are to be
expected, but cannot be ignered.  Good
understanding of errors and error propagation can
lead to active quality control and management
improvement (Chapman, 2004).

The heterogeneous origin of the distributed
biodiversity databases makes guality control even
more important. Procedures must be used to detect
and flag emrors or potential crrors. This problem
becomes even more crucial when one considers all
digitization processes being carried out by most
museums and herbaria in the world, with legacy data
covering the past 100-300 years. Historical data
cannot be replaced by new surveys even if necessary
funds were available, owing to loss of biediversity
and habitat changes and the unique nature of each
organism that constitutes a specimen. Geocoding
historical data can also be very complex, and is an
additienal potential source of emors (Soberdén and
Peterson, 2004).

Emerging web-based tools for wvalidating
georeferences, taxenomic  identifications, and
collection dates (or at least flageing records with
high probabilitics of emwor}) are leading to
development of complex automated data-validation
tools, The need for tools capable of detecting
geographic or ecclogical outliers, incorrectly
georeferenced  localities, and  misidentified
specimens, such that doubtful records are flagged for
later checking by examination of specimens, is great,
New tools will provide users with summary files thai
can easily be linked with master collections
databases to wpdate database records. The
speciesLink and ORNIS projects are developing a
number of data cleaning tools that are being tested
and ¢valuated by scientific collections (Canhos e#
al., 2004).

Modeling Tools
In general, existing biodiversity data do not
provide sufficient coverage for «irect, detailed
envireomental  decisions. Modeling—or some
inferential step—is thus needed for identifying and
filling data gaps, planning future research, assessing
conservation priorities, and providing information
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for environmental decisions. Modeling ecological
niches for prediction of geographic distributions of
species (Peterson ef ol, 2002a; Soberén and
Petersen, 2004} is a growiag field in large-scale
ecology and biodiversisy informatics,

The general idea of ecological nich, deling ...
(ENM) involves use of Bipdiversity information
(species’ occurrences) to characterize species’
ecclogical requirements {the ecological niche).
These medels, which are in the middle stages of
exploration and understanding, provide ability to
integrate across diverse spatial and temporal scales,
and can be applied to understanding diverse features
of species’ distributional ecology, including
responses o environmental change, poteatial
impacts on human economy, and public health. The
field is clearly in its infancy, and yet already shows
enormous  potential to  yield new classes of
understanding.

Museum and herbarium data from specimens
that traditionally have been used for taxomomic
studies now present themselves as the basis for
biogeographic  studics,  Inteprating  primary
biodiversity data with environmental information via
ENM, researchers can predict impacts of global
climate change on terrestrial and marine biodiversity
(Siqueira and Petersen, 2003; Thomas ef al., 2004);
conservationists can find gaps in networks of
conservation reserve systems (Rodrigues et al,
2004); and agricultural researchers and health
specialists can analyze insect ¢ollections to predict
the timing and spread of pests and diseases
(Peterson, 2003).

Many modeling tools and techniques can be
used for ENM, such as BIQCLIM (Nix, 1986),
generalized linear maodels (GLM; Austin et of.
1994), generalized additive models (GAM; Yee and
Mitchell, 1991), regression and classilication tree
analyses {CART; Breiman er @l 1984), genetic
algorithms {Stockweli and Peters, 1999), and
artificial neural networks (ANN; Olden and Jackson
2002; Pearson ef af. 2002), among others. Which %:
meshod one uses may depend on the number of ’12
points available, type of environmental variables, fw
availability of absence data, purpose to which the i
model is going to be put, and personal preferences :}
and experience {Chapman, 2004).

Comparisons between techniques do exist
(Thuiller, 2003; Manel et al., 1999b), but are hard to
accomplisk. Apart from explicit differences among
algorithms, each algorithm is usually implemented
by a different tool which has its own restrictions
tegarding data input and ouiput. When performing
comparisons, one should preferably ensure that each
algorithm runs under the same conditions and using
the same input, Howewver, recent efforts are

v
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" "develop'mg generic  frameworks to  support
% development and testing of modeling algorithms.
i BIOMOD (Thuiller, 2003) and openModelier™ have
t followed this approach, BIOMOD provides four
| techniques o predict spatial distributions (GLM,
;GAM, CART and ANN), and includes accuracy
testing for each result. OpenModeller is an open
source library being developed as part of the
speciesLink project. It is eatirely based on open
source software to accomplish tasks like reading
differcut map file formats, converting between
coordinate systems, and performing ecalculations.
The current package includes several ENM
algorithms (BIOCLIM, Climate Space Model,
GARP, and Buclidean distance techmiques), and
includes a SOAP and a command line interface, and
a desktop inteface is available as a plugin for the
QuantumGIS project.

Thesc initiatives are providing researchers with
the required fools to compare modeling
methodologies easily, and to spend more time
analyzing and interpreting results. Algorithm
developers can concerirate on algorithm togic when
using frameworks that take care of handling input
data and making projcctions. Moreover, in the near
future, generic libraries like openModeller wilt be
able to perforn ftasks in a distributed fashion,
includirg rusning analyses separately in remote
cluster processors wvia web services or Grid
paradigms,

Web Services and Computational Frameworks

As the Internet grows in scope, techrology, and
speed, emerging technelogical concepts such as Web
services and grid computing are changing the way
that software development is done, as they allow
sharing of computing power and software know-how
across the global community. Web services enable
application-to-application  interaction,  making
functions written to deal with specific tasks avajlable
to programs runming on any machine comnected to
the network. This technology can play an important
role in the area of biediversity software production
in a cooperative way, as it makes existing know-how
available to other groups.

If a proup develops, for example, a tool to
produce maps efficiently and attractively, it can
make this result available on the Internet as a service
for others needing to produce maps with their own
data, but having no expertise in doing so. The
service can be casily and transparently incorporated
in the new tool. CRIA is presently developing a
setvice for map production™ based on the University

 hitpoffapenmodeller. saureefor e net.
* httpffwww. cria.org brimaperial.

of Minnesota’s MapServer™’. Another good example
would be a Web service that answers questions
about names of organisms—their correct spelling,
validity, synanymy, ete. Incorporating such services
in coliections management software, for example,
many collections’ databases would benefit from
standardized and clean nomenclature. The Web
services approach makes such infrastructure scalable
and available to both ferge and small institutions.
Integration of disparate data sets has led to
qualitative advances in understanding geographic
and ecclogical patterns in biodiversity. This initial
integration has been achieved “by hand,” but more
efficient solutions are now becoming available, An
important initiative based on the idea of an
analytical framework is the Seience Environment for
Ecological Knowledge (SEEK™). Its goals are to
make fundamental improvements in how researchers
gain  global access to ecological data and
information; locate and utilize  distributed
commputational services; and exercise powerful new
methods for capturing, reproducing, and extending
the analysis process itself. The project involves a
multidisciplinary team of computer scientists,
ecologists and technologists from the international,
multi-institutiona! Partnership for Biodiversity
Informatics (PBI). SEEK and related projects are
working on a next generation of analytical tools,
which will provide wvisual and automated
environmert in which researchers can build their
own sciemific workflows by selecting and
connecting  specific  components.  Semantic
mediation will be key in determining which
components ¢an be used in each situation,
BiodiversityWorld® is another initiative based
on emerging technologies, It is a three-year e-
Science Pilot Project funded by the Biotechnology
and Biological Sciences Research Council (BBSRC)

to create a Grid-based problem-solving environment

for studying biodiversity. Grid compuiing is a form
of networking, but unlike conventional networks that
focus on communication among devices, grid
computing harnesses unused processing cycles of all
computers in a network for solving problems too
intensive  for any stand-alome  machine.
BiediversityWorld will also provide new anabytical
tools making use of resources connected to the Grid
environment. Planmed anslyses include case studies
for bioclimatic modeling with climate change
scenarios, assessment of biodiversity richness, and
phylogenetic and biogeography researches.

“* http://mapserver.gis.umn,edw.
“ hitprffseek. ecoinformatics. org/.
“ bitpi/www, bdwarkdLorg!.
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CHALLENGES AND OPPORTUNITIES

Substantial increases in computing capacity are
enabling vast quantities of digital data to be put to
use for multiple research purposes by many
insfitutions.  Technological developments  are
enabling exchange and integration of data and
information systems, and arc promoting a new
framework for intermational collaboration and
cooperation, Optimal international exchange of data,
information, and knowledge will contribute
decisively to advancement of scientific research and
innovation in biodiversity informatics. Fostering
broader ageess, open access, and wide use of
biodiversity research data will enhance the quality
and productivity ‘of biological science systems
wotldwide, Open and unrestricted data access will
promote scientific progress, facilitate training of
reseatchers, and maximize value derived from public
investments in data collection and archival efforts,
Altbough legal, techmical, and cultural restrictions
cxist and must be discussed and overcome, the
challenge is enormous and opportunities are
manifold,

Many challenging topics bave already been
addressed in this paper, such as adoption of common
standards and protocols, and development of a
global biological name service. Others are equally
important, and are addressed below.

Open Access to Digital Data

Reseatch advances depend on availability of
diverse and rich databases from multiple public and
private saurces, and their openmess to casy
recombination, seavch, and progessing, The overall
principle is that full and open exchange of scientific
datz—ihe “bits of power” on which the health of the
scientific enterprise depends—is vital for advancing
progress and maximizing social benefits accruing
from science worldwide (CODATA, 1997).
Intellectunl property laws in most countries have
never atlowed protection of data, and countries like
the United Statcs even have laws that specify that
government data are in the public domain. Indeed,
although a long sociclogical tradition exists among
scientists to shate and disseminate data, great
pressures to protect data nonetheless exist (see, e.g.,
Directive 96/9/EC”™ of the European Parliament and
of the Council of 11 March 1996 on legal protection
of databases ). Some in the field even among the
scientists still consider data a source of potential
revenue o be exploited, rather then a public good to
be shared. Recently at a meeting entitled “Science,
Technotogy and anovation for the 21% Century™,

 bupyfw jsucopei i it
* heeprww.oecd.orgldosument/.

OECD ministers tecognized the value of sharing
publicly-finded rescarch data, and adopted a
declaration entrusting the OECD to work towards
commonly agreed principles and guidelines on
aceess to research data from public funding.

GBIF has recently held a Meeting of Experts to
discuss biodiversity dafa, databases, and intellectyal
property rights, A white paper was produced, with
several recommendations, including that & poliey of
making data openly aceessible 1o all, and in this way
addresses the issee of data repatriation in the most
positive manner (Muller, 2004), A GBIF study on
primary biodiversity data-sharing with countries of
origin {Canhos ef of., 2004} concluded shat proper
attribution, custodianship (ie., eack contributing
Dmsewm  tetains  ownership of its  records),
acknowledgement, and control of data delivery can
be much more important to biological coliections
than considerations of intellectual property rights.

The major restrictions to open data-sharing are
now coming mainly from developing countries,
based on interprefations of CBD terms regarding
access and benefit-sharing (Chavan and Krishnan,
2003). Nevertheless, moves to restrict access to
primary  biodiversity information will  huxt
developing countries more than others. For historical
reasons {coflecting expeditions, museum facilitics,
technological developments), primary datasets, both
biological and environmental data are housed mainly
in developed countries.

The existence of sensitive data cannot serve as
an excuse for broad withholding of data. Vast
amouds  of biodiversity information are not
sensitive, and can be shated to the benefit of alf, It is
important to document the benefits of sharing data to
scientists and to institutional administrators and
policy makers. Without access to primary
biodiversity data, scientific studies carried out on
regional or global scales like the extinction risk
assessment carried out by Thomas et al. (2004)
would not be possible,

Capacity Building and Outreach

Incerporation of recent advances in biodiversity
informatics in research and maintenance activities is
sifll restricted to & relatively fow institations around
the globe. The plobal impact of deployment of the
expanded data infrastructure and emerging tools is
yet fo be seen, Capacity building is not an easy
issue, and yet is fundamental in consolidating this
emerging field of knowledge, not only in developing
countries and economies in transition, but aiso in
industrialized countries. In addition to development
of innovative mechanisms of training young
scientists, such as the GBIF-UNESCO Biodiversity
Informatics Chairs, special international programs
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arc needed to address implementation of large-scale
research projects involving development and
consolidation of biodiversity informatics programs.

Long-term Archiving

Several important reasons exist for preserving
and archiving scientific data. An important concept
is that knowledge creation is a cumnulative process.
Science is based on hypotheses, and new hypotheses
may change the relative importance of existing data,
Therefore, availability of data for re-analysis and re-
use is fundamental.

Data archiving includes the practices and
procedures that support collection, long-term
preservation, low-cost access to, and dissemination
of, science and technology data (CODATA, 2002).
Long-term preservation of digital data presents a
varigty of challenges. The more obvious technical
challenges include the constant evolution of
hardware and software, and the risk of systems
becoming obsolete. On the other hand, positive
developments inciude declining storage costs and
developments in data management technology.
Understanding that access to reliable seicntific data
includes both attention fo acquisition of data and
preservation and  archiving of sciemtific data,
CODATA established a task group on “'preservation
and archiving of scientific and fechnical data in
developing countries.” The main purpose of this
group is to develop best-practices guidelines on
preserving and archiving scientific data,

According to Hodge and Frangakis (2004),
crganizations are focused on capturing and acquiring
digital information, rather than on preservation or
permanent  access. While many institutional
repositories are committed to long-term preservation
and access, the technical and metadata aspects
required are not yet well incerporated into their
systems. Open standards being  developed for
interoperability hold promise as a basis for
preservation formats. Open formats are working
toward hardware and software independence, and
the potential for using these formats for preservation
should be investigated further. Parmerships will be
increasingly important as they bave the benefit of
providing  some measure of  redundancy,
sustainability, and sharing of costs of preservation,

LOOKING AHEAD

As anticipated by Krishtalka and Humphrey
(2000), substantial developments are being
consolidated in the field of biodiversity informatics
(Soberén and Peterson, 2004). Science is growing in
size and complexity, and is becoming more
cooperative and cumulative. More and more, the
global science system is involving larger and more
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interdisciplinary teams of scientists, and is using
larger instrurmnental facilities in all areas of
knowledge. As information processed becomes more
precise  and  systematically  structured, new
developments in information and communication
technologies (ICT) are playing significant roles in
sclence and innovation. Use of ICT is broadening
the scope and scale of science, and is bringing new
opportunities  for  international  collaboration
(Schroeder, 2003)

Similar to the impact of genomics and
proteemics in the development of suborganismal
bioinformatics, the huge amount of digital primary
biodiversity data being released will have a
fremendous  impact in  the develpment of
biodiversity informatics. Biodiversity dala access
fhrough new software tools, web services, amnd
architectures will bring new opportunities and
dimensions to novel approaches in ecological
analysis, predictive modeling, and synthesis and
visualization of biediversity information.

Innovation and infrastructure developments will
greatly reduce long-ferm data capiure costs in the
broader  biodiversity community, Modular,
configurable, open-source Web services will provide
interoperability and scalability in  distributed
environments. By wrapping image processing,
image-te-text  conversion, and data  mackup
capabilities into distributed, interoperable web
services, greater efficiency, portability, and
scalability will be achieved. It is expected that
before the end of this deeade, worldwide natural
history collections will be contributing hundreds of
millions specimen records into Internet-accessible
data servers. Good scientific information is
fundamental for sound environmental decision-
making, and design of mechanisms to link scientific
research to the decision-making process is no easy
matter (Reid, 2004). Biodiversity informatics will
directly benefit environmental education programs,
TesoUreE management, conservation, and biomedical
and agricultural research.

Development of interfaces with  global
environmental iaitiatives will be fundamental to
promote coordination and avoid duplication of
efforts, In July 2003, the Earth Observation Summit
was held at Washington, D.C. (USA), with the goal
of promoting development of a comprehensive,
coordinated, and sustained Earth observation system
among governments and the temnational
community to understand and address global
envirenmental and economic challenges. As an
immediate result, an od hoc Group on Earh
Observations {GEO) was established to prepare a
10-year implementation plan for building such a
system.
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