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To date, the processing of wildlife location data has relied on a diversity of software and file formats.
Data management and the following spatial and statistical analyses were undertaken in multiple
steps, involving many time-consuming importing/exporting phases. Recent technological advance-
ments in tracking systems have made large, continuous, high-frequency datasets of wildlife
behavioural data available, such as those derived from the global positioning system (GPS) and
other animal-attached sensor devices. These data can be further complemented by a wide range
of other information about the animals’ environment. Management of these large and diverse data-
sets for modelling animal behaviour and ecology can prove challenging, slowing down analysis and
increasing the probability of mistakes in data handling. We address these issues by critically evaluat-
ing the requirements for good management of GPS data for wildlife biology. We highlight that
dedicated data management tools and expertise are needed. We explore current research in wildlife
data management. We suggest a general direction of development, based on a modular software
architecture with a spatial database at its core, where interoperability, data model design and inte-
gration with remote-sensing data sources play an important role in successful GPS data handling.
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1. INTRODUCTION: GPS DATA, NEW
PERSPECTIVES, NEW CHALLENGES
Global navigation satellite systems (GNSS) are con-
stellations of orbiting satellites working in
conjunction with a network of ground stations that
provide geo-spatial positioning of a user’s receiver
with global coverage (Tomkiewicz et al. 2010). At the
moment, the most used GNSS is the global position-
ing system (GPS) network. This technology
represents a powerful tool for wildlife studies
(Hebblewhite & Haydon 2010). GPS tracking systems
can record huge amounts of highly accurate animal
locations with minimal work by operators, thus allow-
ing reduced sampling intervals, and increased
accuracy and performance when compared with
very high-frequency (VHF) radio-tracking systems
(Rodgers 2001; Frair et al. 2004, 2010; Ropert-
Coudert & Wilson 2005). Furthermore, data can be
remotely transferred to operators (e.g. using GPS for
mobile communications GSM network, or the Argos
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satellite system), making near-real-time monitoring
of animals possible.

GPS tracking datasets can be used to address
animal ecology questions (e.g. resource selection:
Beyer et al. 2010, Fieberg et al. 2010; animal move-
ment: Morales et al. 2010, Smouse et al. 2010;
foraging behaviour: Owen-Smith et al. 2010; preda-
tion: Merrill et al. 2010) from a completely new
perspective (i.e. closer to the animal point of view).

However, the availability of large datasets also poses a
number of challenges, for example the need for appropri-
ate analytical techniques to deal with spatially and
temporally autocorrelated data (e.g. Boyce et al. 2010;
Fieberg et al. 2010), or the development of modelling
approaches to exploit the information embedded in con-
tinuous time series of animal locations (e.g. Kie et al.
2010; Smouse et al. 2010). On a more pragmatic and
underlying level, GPS tracking routinely generates larger
datasets than software tools commonly used by biologists
in the recent past could handle (Rutz & Hays 2009).

Existing dedicated software tools for wildlife studies
were mainly developed on the basis of VHF radio-
tracking data, which are characterized by small and
discontinuous datasets, and focused on data analysis
rather than data management (e.g. RANGES V:
This journal is q 2010 The Royal Society
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Kenward & Hodder 1996; HRE extension for ESRI
ARCVIEW: Rodgers & Carr 1998; Animal Movement
extension to ESRI ARCVIEW: Hooge & Eichenlaub
2000; BIOTAS: Ecological Software Solutions LLC
2004; Hawth’s Tools extension to ESRI ARCGIS:
Beyer 2004; HRT extension for ESRI ARCGIS:
Rodgers et al. 2005). Spatial data, such as animal
locations and home ranges, were traditionally stored
locally in flat files, accessible to a single user at a
time, and analysed by a number of independent
applications without any common standards for inter-
operability. This approach can require data replication
and export/import procedures that are time-consuming
and potential sources of error. Moreover, data prepro-
cessing has to be repeated for every scientific question
to be addressed, resulting in task replication and
wasted time. Instead, good scientific practice requires
that data are securely, consistently and efficiently man-
aged, to minimize errors, increase the reliability and
reproducibility of inferences, and ensure data persist-
ence (e.g. consistent use of data on multiple occasions
and by several persons).

In this paper, we critically evaluate the requirements
for good management of GPS wildlife tracking data.
We highlight that dedicated data management tools
and expertise are needed. We explore current research
in wildlife data management and suggest a possible
direction of development, based on a modular soft-
ware architecture with a spatial database at its core.
Specific concerns, including interoperability, data
model design and integration with remote-sensing
data sources are discussed.

This paper is focused on GPS-based location data,
but is also valid for other wildlife monitoring data
acquired with remote, automatic device-based tech-
niques (Rutz & Hays 2009), known as biotelemetry
(Cooke et al. 2004; Hooker et al. 2007; Tomkiewicz
et al. 2010) or animal-attached remote sensing
(Ropert-Coudert & Wilson 2005). Examples include
datasets produced by activity sensors/accelerometers
(e.g. Watanabe et al. 2005) that are frequently associ-
ated with GPS sensors (Coulombe et al. 2006;
Tomkiewicz et al. 2010), depth sensors (often com-
bined with other animal-borne loggers, e.g. Mitani
et al. 2004; Wilson et al. 2008a,b), video-monitoring
(Moll et al. 2007), GSM networks (Cronin &
McConnell 2008) or wireless sensor network
monitoring (e.g. Handcock et al. 2009; Pásztor et al.
2010). All these techniques can potentially produce
near-real-time, high-frequency, large datasets that
share the advantages and challenges of data storage
and management with GPS-based location data.
2. EXPLORING THE NEW INFORMATION
FRAMEWORK: A REQUIREMENT ANALYSIS
GPS data characteristics and users’ needs drive the
conceptual definition of a suitable software architec-
ture that can be developed with specific tools on
different platforms. The main requirements and
needs can be summarized as follows:

1. Data scalability. The main challenge is that GPS-
based devices can record hundreds, or in some
Phil. Trans. R. Soc. B (2010)
cases thousands, of locations per animal per day,
and improvements in automated data collection
is increasing the volume of data available from
individual animals. Also, as the cost of this tech-
nology decreases, the number of monitored
individuals will increase, which will increase the
volume of data. Recent multi-sensor devices
(Cooke et al. 2004) amplify the data volume by
orders of magnitude and also complicate the
data structure. To handle this large amount of
data consistently, a persistent and very large data
storage capability is needed.

2. Long-term storage for data reuse. Data must be con-
sistently stored in the long term, independently
from a specific application, to permit data reuse
for different studies.

3. Periodic and automatic data acquisition. Many GPS
data management issues are linked to the fre-
quency of data recording and near-real-time
access to data (Tomkiewicz et al. 2010). This
requires automated procedures to receive, review
and store data from GPS telemetry devices
either continuously or at regular intervals.

4. Efficient data retrieval. Fast data search and retrie-
val tools are needed to support efficient data
analysis and management.

5. Management of spatial information. GPS data are
basically spatial data. They therefore require
retrieval, manipulation and management tools
specific to spatial domains.

6. Global spatial and time references. Studies with
regional or global perspectives imply the develop-
ment of specific tools to manage global time and
spatial reference systems efficiently (i.e. to
handle Coordinated Universal Time versus local
time and different spatial reference systems in a
common framework).

7. Heterogeneity of applications. The complex nature of
movement ecology implies that GPS data should
be visualized, explored and analysed by a wide
range of specific task-oriented applications (e.g.
for mapping, spatial statistics and reporting). This
requires a software architecture that supports the
integration of different software tools.

8. Easy implementation of new algorithms. Methods of
analysis for wildlife location data have undergone
extensive development, especially in recent years
(e.g. Worton 1989; Morales et al. 2004; Moorcroft
et al. 2006; Calenge et al. 2009; Smouse et al.
2010). Such rapid development of analytical tech-
niques should be supported by a software
environment where new algorithms can be easily
implemented and customized.

9. Integration of different data sources. The availability
of spatial data derived from remote sensing,
environmental and socio-economic databases,
and other animal-related data (e.g. capture details,
life-history traits), provide many opportunities to
expand the information embedded in GPS-based
locations if these spatial and non-spatial datasets
can be correctly managed and efficiently inte-
grated into a comprehensive data structure.

10. Multi-user support. Within research groups, public
institutions and environmental organizations,
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several users might need to access data
simultaneously, both locally and remotely, with
different access privileges (e.g. Wong et al.
2007). This multi-user environment calls for
concurrency-control mechanisms and security
functionalities.

11. Data sharing. The need for multi-disciplinary
answers to global environmental problems
makes data sharing among research groups a high
priority (e.g. Movebank, http://www.movebank.
org; Global Biodiversity Information Facility,
http://www.gbif.org; INSPIRE, http://inspire.jrc.
ec.europa.eu). This requires adherence to standard
data formats, definition of metadata and methods
for data storage and management that, in turn,
guarantee interoperability (Yeung & Hall 2007).

12. Data dissemination. Dissemination of data among
the scientific community and general public is
important to promote management decisions
(e.g. by public administrators), raise funds and
make people aware of conservation and more
general environmental issues (e.g. WILDSPACE
project, http://wildspace.ec.gc.ca, Wong et al.
2003; Seaturtle project, http://www.seaturtle.org;
Tagging of Pacific Predators, http://www.topp.
org; OBIS Seamap, http://seamap.env.duke.edu;
MooseResearch.SE, http://www.moose-research.
se). Moreover, the general public can become a
source of information (Dettki et al. 2004). All
these instances require the integration of specific
tools to make data accessible (e.g. Data Web
interface and Web-GIS tools).

13. Cost-effectiveness. Cost-effectiveness of software
tools is an important accessibility factor for insti-
tutions with limited financial resources that can
be applied to production and analysis of data,
instead of data handling.

These requirements must all be satisfied to take full
advantage of the information that wildlife tracking
devices can provide, and to avoid the risk of drowning
in data. The software used in the past cannot provide
for all these needs with the increasing volume and
complexity of data. There is thus an urgent need for
new software architectures.

3. TOWARDS A SOLUTION: SPATIAL DATABASE
MANAGEMENT SYSTEMS
Advanced information systems currently developed to
manage wildlife tracking data include: Information
System for Analysis and Management of Ungulate
Data (ISAMUD) and European Roe Deer project
(EURODEER; E. Mach Foundation, Trento, Italy;
Cagnacci & Urbano 2008; http://sites.google.com/
site/eurodeerproject); Wireless Remote Animal Moni-
toring (WRAM; Swedish University of Agricultural
Sciences, Umeå, Sweden; http://www-wram.slu.se);
MoveBank (New York State Museum, New York
State, USA and Max Planck Institute for Ornithology,
Radolfzell, Germany; http://www.movebank.org);
CSIRO integrated database system (Hartog et al. 2009);
HEARDMAP (Australian Antarctic Division; Frydman &
Gales 2007); GPS PLUS DATABASE MANAGER

(Vectronic Aerospace GmbH, Berlin, Germany;
Phil. Trans. R. Soc. B (2010)
http://www.vectronic-aerospace.com); and BIOMAP

for GPS (Lotek Wireless Inc, Newmarket, Canada;
http://www.lotek.com). Similar approaches have been
adopted for data from sensors other than GPS (e.g.
The Penguiness book, Ropert-Coudert et al. 2006).
All these software solutions share a common feature,
namely the use of a relational or object-relational data-
base management system (DBMS), with dedicated
spatial tools. DBMSs are efficient tools for storage,
fast retrieval and manipulation of data (e.g. Elmasri &
Navathe 2003). From a strictly technical point of
view, advantages of a DBMS for wildlife behavioural
studies include:

— storage capacity: virtually unlimited data storage
capacity if compared with the potential volume of
data from wildlife GPS tracking (requirement 1);

— backup and recovery: efficient tools to manage
backup and recovery processes (requirement 2);

— data integrity: controls can be added to force data
inserts, changes and deletions to respect specific
rules (requirement 2);

— data consistency: full support of transactions, which
are units of work performed in a database to ensure
complete data operations and correct data
management (requirements 2, 9);

— automation of processes: DBMSs can be empowered
by defining internal functions and triggers, thus a
wide range of routinely complex workflows can be
automatically and efficiently performed inside the
database itself (requirement 3);

— data retrieval performance: querying hundreds of
thousands of GPS-based locations can be very
time consuming—DBMSs can speed up this pro-
cess using database indexes (requirement 4);

— time data type management: relevant properties linked
to temporal data types (e.g. time stamp with
Coordinated Universal Time, time interval) are
supported (e.g. time difference; requirement 6);

— reduced data redundancy: using a database as a
central data repository avoids data replication, pre-
venting error derived from asynchrony between
different versions (requirements 7, 10, 11);

— client/server architecture: an advanced DBMS pro-
vides data as a central service, to which a number
of different applications can be connected and
used as database front-end, including spatial, stat-
istical, and internet tools (requirements 7, 10, 12);

— advanced exploratory data analysis: databases
support data mining techniques for automatic
knowledge discovery of potentially useful information
embedded in large spatial datasets (Miller & Han
2001; requirement 8);

— database data models: in a database context, data
models can link and integrate different data sources
defining complex relationships (requirement 9; see
§§5, 6);

— multi-user environment: once centralized in a
DBMS, data can be accessed by multiple users at
the same time, keeping control on the coherence
between operations performed by them
(requirement 10);

— data security: a wide range of data access controls
can be implemented, where each user is
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constrained to the use of specific sets of operations
on defined subsets of data (requirement 10);

— standards: consolidated industry standards for data-
bases facilitate interoperability with client
applications and data sharing among different
research groups (requirement 11; see §4).

In addition to these features, most DBMSs also can
support the spatial dimension of GPS tracking data.
Spatial tools are increasingly integrated within data-
bases that now accommodate native spatial data
types (e.g. points, lines, polygons). These spatial
DBMSs are designed to store, query and manipulate
spatial data, including spatial reference systems
(requirements 5, 6). Spatial databases integrate the
geometric data types of spatial objects with standard
data types that store the object’s associated attributes
(requirement 9). Some spatial databases also include
support for storing and managing raster data (require-
ment 9). In a spatial database, spatial data types can be
manipulated by a spatial extension of the structured
query language (SQL; Shekhar & Chawla 2003;
OGC 2006; Yeung & Hall 2007), where complex geo-
spatial queries can be generated and optimized with
specific spatial indexes. Today, practically all major
relational databases offer native spatial information
capabilities and functions in their products, including
IBM DB2 (SPATIAL EXTENDER), SQL SERVER (SQL
SERVER 2008 SPATIAL), ORACLE (ORACLE SPATIAL),
INFORMIX (SPATIAL DATABLADE), and the open source
POSTGRESQL (POSTGIS), MYSQL (SPATIAL EXTEN-

SION) and SQLITE (SPATIALITE and SQLITEGEO),
while ESRI ARCSDE is a middleware application that
can spatially enable a set of DBMSs.

Spatial databases can be integrated with GIS soft-
ware that can be connected to the server database as
client applications. In fact, traditional GIS software
is focused on specific analysis and data visualization,
providing a rich set of spatial operations, but few are
optimized for managing large vector datasets and com-
plex data structures. Spatial databases, in turn, allow
simple spatial operations that can be efficiently under-
taken on a large set of elements (Shekhar & Chawla
2003), like GPS datasets. Thus, in an ideal infor-
mation system, simple but massive operations are
preprocessed within the spatial database, while more
advanced spatial analyses rely on the GIS and spatial
statistics packages connected to it (requirement 8).

Finally, the need of a cost-effective system architec-
ture (requirement 13) can be achieved using, partially
or totally, open source software (James 2003). Most rel-
evant open source tools are available for wildlife GPS
applications (Tufto & Cavallini 2005; Hall & Leahy
2008), addressing all the requirements listed in §2,
including strong adherence to standards. Notable
open source software tools available in the most used
operation systems include: spatial databases (e.g. POST-

GRESQL, MYSQL, SQLITE), spatial libraries (e.g.
PROJ4, GDAL/OGR, GEOS, GEOTOOLS, GEOSERVER),
desktop GIS (e.g. GRASS GIS, QUANTUM GIS,
UDIG, GVSIG, ILWIS, SAGA), Web-GIS packages
(e.g. UMN MAPSERVER, OPENLAYERS, MAPFISH) and
statistical tools (R and its several specific packages). R
(R Development Core Team 2009, http://www.
Phil. Trans. R. Soc. B (2010)
r-project.org), in particular, as an open advanced soft-
ware environment for statistical computing and
graphics, supports the quick implementation of new
statistics and spatial analysis algorithms (requirement
8). Popular examples are the home range and trajectory
analysis tools in the ADEHABITAT package (Calenge et al.
2009). R functions also can be loaded inside the
database itself as native procedures (Conway 2008).

A general schema of a client/server architecture
based on a spatial database able to accommodate all
the relevant data sources is illustrated in figure 1.

An example of a modular software platform developed
to handle GPS telemetry data and built on a spatial data-
base is offered by ISAMUD, described by Cagnacci &
Urbano (2008). This is based on an open source spatial
database (POSTGRESQL and POSTGIS) and includes,
as client applications, a statistics and spatial statistics
package (R), GIS software (QGIS; GRASS), Web-GIS
(MAPSERVER; KA-MAP), a database management tool
(PGADMIN) and a user-friendly interface for data entry,
querying and reporting (MICROSOFT ACCESS).
4. INTEROPERABILITY AND STANDARDS
To answer the requirements 7, 10 and 11 (heterogen-
eity of software client applications, multi-user
environment, data sharing in a collaborative frame-
work), international data and metadata standards
must be adopted to ensure interoperability between
different software platforms, both within and between
organizations. Standards play an important role in
improving data quality and can liberate data structures
from the specific aim for which they were collected.
Adhering to such standards ensures that data can be
reused for a wide range of purposes, maximizing the
returns of research funding and facilitating multi-
species, large-scale and long-term ecological studies.

Standards have been developed and applied to
many forms of spatial data, but not yet for wildlife
GPS data. For example, GPS devices from different
vendors produce data outputs with no standardization,
making different data sources hard to manage inside
the same information system. At the moment, the
recognized bodies developing standards related to
GPS data and the spatial domain include: Dublin
Core Metadata Initiative (http://dublincore.org); Dar-
winCore (http://www.tdwg.org/activities/darwincore);
Access to Biological Collections Data (ABCD, http://
rs.tdwg.org/abcd). Spatial functionality standards for
database systems (De Smith et al. 2007) have been
defined by the Open Geospatial Consortium (OGC
2006, http://www.opengeospatial.org). The Inter-
national Organization for Standardization, Technical
Committee for Geographic Information/Geomatics
(ISO TC211, http://www.isotc211.org) is another
organization that works on geospatial standardization,
including spatial databases.

Standards for GPS tracking data urgently require
further attention because the development and
adoption of standards is a prerequisite for the
integration of wildlife tracking data into national and
international Spatial Data Infrastructures (SDI;
Onsrud 2007).
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Figure 1. Schema of a possible client/server software system. Information from several data sources, including core GPS data,
are integrated in the central spatial database and here accessed, locally or remotely, by client applications for manipulation,
visualization and analysis. Outputs are stored back in the database.
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5. AT THE CORE OF THE SYSTEM: DATA
MODELLING
As database systems grow in size and complexity, and
user requirements get more sophisticated, (spatial)
data modelling becomes more important. A data
model in a database framework (typically, relational
or object-relational) describes what type of data are
stored and how they are organized. It can be defined
as a conceptual representation of the real world in
database structures that include data objects (i.e.
tables), associations between data objects, and rules
that govern operations on the objects, thus explicitly
determining their spatial and non-spatial relationships
(Shekhar & Chawla 2003; Arctur & Zeiler 2004;
Yeung & Hall 2007).

The definition of a suitable data model for wildlife
GPS data should take into account the research aims,
the structure of GPS data, the technical environment,
the policies governing the use of information and the
expected performance of the application (Yeung &
Hall 2007). Data modelling permits easy update, modi-
fication and adaptation of the database structure to
accommodate changing goals, constraints and spatial
scales of studies, and the evolution of wildlife tracking
systems. Without a rigorous data modelling approach,
an information system built for GPS tracking data
might lose the flexibility to manage data efficiently in
the long term, reducing its utility to a simple storage
device for raw data, and thus failing to address many
of the needs identified in the requirement analysis.

A reference conceptual data model in the context of
GPS tracking should include at least two main objects,
namely GPS devices and monitored individual ani-
mals. In figure 2, we propose a schema for the core
elements of an example data model. Once GPS-based
Phil. Trans. R. Soc. B (2010)
locations are stored in the database as spatial features
(i.e. points), they can be intersected with other spatial
layers using appropriate spatial SQL code, thus enrich-
ing the record with all the relevant environmental and
socio-economic information describing the animal’s
habitat. Many other objects can be added and linked
to these to extend the initial data model according to
species, study objectives, information context, sensor
devices, user environment and analysis. Thus,
locations are managed not just as a pair of numbers
(coordinates), but as complex multi-level objects.
This perspective reduces the distance between physical
reality and the way data are structured in the database,
filling the semantic gap between the user’s view of
biological systems and its implementation in an infor-
mation system (Shekhar & Chawla 2003; Nathan et al.
2008).

In the software platform cited as an example in §3
(ISAMUD; Cagnacci & Urbano 2008), the system
imports location data from GPS collars via GSM
connection into the database. Then, triggers automati-
cally raise functions that transform the coordinates in a
spatial attribute, intersect new points with vector
environmental layers stored in the database (e.g. land
cover, protected areas) and update the relative attri-
butes. Another SQL statement computes the linear
distance, the time interval, and the relative and absolute
angles between successive locations. A script connects
GRASS to the database and intersect points with
raster environmental layers (e.g. DEM, slope). POST-

GIS computes and stores trajectories and minimum
convex polygons for selected points. Another script
connects R to POSTGRESQL to perform ecological
spatial analysis (e.g. home range) and store the results
back to the database. A set of additional tools combine
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functions from POSTRESQL, POSTGIS and GRASS to
compute spatial statistics on locations, trajectories and
home ranges based on their environmental attributes.

A further promising extension to spatial data
models is the adoption of spatio-temporal data
models. Animal locations are characterized by both a
spatial and a temporal dimension, representing a
unique double-faced attribute of animal movement.
Spatio-temporal databases (Pelekis et al. 2004) offer
the opportunity to extend the spatial data model by
integrating data types and functions specifically related
to the spatio-temporal nature of animal movements,
thus fully satisfying requirements 5 and 6 (e.g. consid-
ering the movement as an attribute of the animal
instead of relying on ‘location’ objects, and modelling
the environment as an object changing over time).
This approach would help to decipher the continuity
of animal movement related to habitat use. Although
commonly used DBMSs do not yet support an
integrated spatio-temporal extension, we foresee that
spatio-temporal databases, which are undergoing
intense development (Pelekis et al. 2004), will be
the natural evolution for wildlife tracking data
management tools in the future.
6. EXPLOITING REMOTE SENSING:
INTEGRATION OF WILDLIFE LOCATION DATA
WITH ENVIRONMENTAL DATASETS
Remote sensing is a rapidly advancing technology for
gathering environmental data using a wide range of sat-
ellite and airborne platforms. As such, it plays a major
role in spatio-temporal earth surface monitoring with
a spatial resolution approaching GPS data precision.
Phil. Trans. R. Soc. B (2010)
Different remote-sensing technologies are available,
including optical (passive), thermal (passive), LiDAR
(active) and microwave (active) systems (Lillesand
et al. 2004). Table 1 lists a series of ecological indicators
from selected remote-sensed data sources.

Using classical methods of applied ecological remote
sensing (e.g. statistical image classification or manual/
semi-automated digitizing of patches), information on
animal habitat use can be extracted from classified satel-
lite or aerial images (Fuller et al. 1998). Also landscape
metrics can be applied to the classified images in order
to obtain information about connectivity, patchiness,
diversity and more (e.g. Frohn 1998; Leyequien et al.
2007). Texture analysis and image segmentation are fre-
quently used (e.g. Tuttle et al. 2006). Terrain modelling
is another relevant source of information to enhance
further the production of habitat maps (Hengl &
Reuter 2009). The extracted ecological variables may
then be used as input for habitat or population models
(e.g. Handcock et al. 2009). However, it is important
to use relevant environmental data at the appropriate
temporal and spatial scales (Martin et al. 2009;
Gaillard et al. 2010). For ecological applications, usually
a choice must be made between very high-
resolution data (spatial resolution of few metres, e.g.
SPOT, or in the sub-metre range, e.g. QuickBird),
which are often expensive and only generated on
demand (acquisition requires prior data order, hence
no continuous temporal and spatial coverage is granted),
and high-resolution, low-cost (spatial resolution of 15/
30 m, e.g. Aster and Landsat-ETM) or medium resol-
ution (spatial resolution of 250 m or larger, e.g.
MODIS) data, which are often available online for a
nominal fee, or even for free. But while the latter have



Table 1. List of ecological indicators from selected data sources.

ecological indicator generated from dataset source

daily/monthly/annual minimum, mean,
maximum temperatures (8C), trends,

growing degree days

MODIS land surface temperature
(LST): land surface temperatures,

4 maps per day, spatial resolution
1 km, period 2000–today

NASA EOS, USA, https://wist.echo.
nasa.gov (free of charge)

phenological status, duration of growing
season

MODIS vegetation indices (NDVI/
EVI): 1 map per 16 days, spatial
resolution 250 m, period 2000–

today; SPOT Vegetation VGT, 1
map per 10 days, spatial resolution
1 km, period 1998–today

NASA EOS, USA, https://wist.echo.
nasa.gov; VITO Belgium, http://
www.vgt.vito.be (free of charge)

snow extent MODIS maximum snow extent: 1

map per 8 days, spatial resolution
500 m, period 2000–today

NASA EOS, USA, https://wist.echo.

nasa.gov (free of charge)

daily/monthly/annual actual, mean, total
precipitation (mm)

GPCP: worldwide accumulated daily
precipitation in millimetres, spatial
resolution 1 arc degree, period

1997–2008

NOAA, USA, http://www1.ncdc.noaa.
gov/pub/data/gpcp/1dd/data (free of
charge)

fraction of absorbed photosynthetically
active radiation and leaf area index

MODIS FPAR/LAI: 1 map per 8 days,
spatial resolution 1 km, period
2000–today

NASA EOS, USA, https://wist.echo.
nasa.gov (free of charge)

gross/net primary production (biomass) MODIS GPP/NPP: 1 map per 8 days,

spatial resolution 1 km, period
2000–today

NASA EOS, USA, https://wist.echo.

nasa.gov (free of charge)

land cover/land use maps, derived habitat
maps (high-level data processing)

LANDSAT satellite series: spatial
resolution 15 m/30 m, period
1972 today; ASTER: spatial

resolution 15 m/30 m, period
2000–today

USGS Earth Explorer, http://
earthexplorer.usgs.gov (free of
charge); NASA EOS, USA, https://

wist.echo.nasa.gov (nominal fee)

daily photoperiod, including cast
shadows, geomorphological parameters
(e.g. slope, aspect, curvature), flow

accumulation

digital elevation model (DEM) SRTM (spatial resolution 90 m),
http://www2.jpl.nasa.gov/srtm
governmental data at higher

resolution (free of charge); ASTER
GDEM, http://www.gdem.aster.
ersdac.or.jp (free of charge)

habitat structure from 3D vegetation

model (high-level data processing)

LiDAR data which permit to separate

digital elevation model from digital
surface model

governmental data (expensive, except

part of US free of charge)
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a high temporal and spatial coverage, they unfortunately
do not usually line up well with the scale of animal home
ranges. Ultimately, which kind of remote-sensing data
and processing algorithm are selected for a wildlife
tracking data management system strictly depends on
study goals, scale and financial resources.
7. CONCLUDING REMARKS
Data management is often not considered a core scien-
tific issue in ecological studies, probably as a result of
general reluctance to change work habits and under-
take the initial costs for workflow and software
updates, including hiring expert counselling and train-
ing of personnel. This paper advocates the view that
good management of GPS-based locations is an essen-
tial step towards better science. Proving this statement
empirically is difficult, although the best evidence is
the enhanced efficiency and consistency in results.
We suggest that dedicated management tools are
needed and propose a client/server architecture based
on a spatial database. This offers the opportunity to
model location data as objects characterizing the pres-
ence of individuals in space and time within their
Phil. Trans. R. Soc. B (2010)
habitat. We believe that the intrinsic consistency and
integrity of spatial databases represents a necessary
scientific infrastructure for rigorous science per se, pre-
venting error propagation, optimizing performance of
analysis and improving robustness of inferences. In par-
ticular, this favours the move from simple descriptive
approaches towards mechanistic models with higher
explanatory and predictive power (e.g. Millspaugh &
Marzluff 2001; Morales et al. 2010; Smouse et al.
2010), focusing wildlife research on biological, rather
than statistical, significance (Johnson 1999; Otis &
White 1999; Ropert-Coudert & Wilson 2005).

To conclude, data management is increasingly
becoming a necessary skill for ecologists, as has already
happened with statistics and GIS. We expect further
research towards innovative software solutions to
assist the wildlife scientific community towards better
data management techniques.
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