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Abstract Species’ potential distribution modelling is the process of building a represen-
tation of the fundamental ecological requirements for a species and extrapolating these
requirements into a geographical region. The importance of being able to predict the
distribution of species is currently highlighted by issues like global climate change, public
health problems caused by disease vectors, anthropogenic impacts that can lead to massive
species extinction, among other challenges. There are several computational approaches
that can be used to generate potential distribution models, each achieving optimal results
under different conditions. However, the existing software packages available for this
purpose typically implement a single algorithm, and each software package presents a new
learning curve to the user. Whenever new software is developed for species’ potential
distribution modelling, significant duplication of effort results because many feature
requirements are shared between the different packages. Additionally, data preparation and
comparison between algorithms becomes difficult when using separate software applica-
tions, since each application has different data input and output capabilities. This paper
describes a generic approach for building a single computing framework capable of
handling different data formats and multiple algorithms that can be used in potential
distribution modelling. The ideas described in this paper have been implemented in a free
and open source software package called openModeller. The main concepts of species’
potential distribution modelling are also explained and an example use case illustrates
potential distribution maps generated by the framework.
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1 Introduction

Knowledge of the potential distribution of species is of great importance for developing
strategies for conservation, public health and sustainable development. Example applica-
tions include: searching for rare or endangered species, planning new conservation areas,
assessing the impact of human activities on biodiversity, predicting the impacts of climate
change on species’ distribution, preventing the spread of invasive species, identifying
disease vectors, understanding the abiotic needs of species, increasing agricultural
productivity, and others [1]. However, there are often insufficient biodiversity data to
support these activities [2, 3]. In response to this problem, many modelling techniques have
been used and developed in an attempt to calculate the potential distribution of species as a
proxy for actual observations. Potential distribution modelling is the process of combining
occurrence data (locations where the species has been identified as being present or absent)
with ecological and environmental variables (such as temperature, precipitation, and
vegetation) to create a model of the species’ requirements [4]. Although there are many
algorithms that can be used to create such models, unfortunately no algorithm is suitable in
all situations. Algorithm suitability is determined by a variety of factors including the
number of occurrence points, availability of absence data, type and number of
environmental variables, and purpose of the experiment [5].

There has been considerable activity in the field of species’ potential distribution
modelling. New algorithms and tools are frequently created and compared with existing
ones [6-9]. However, there is a practical gap between devising a new algorithm and
implementing it as a usable software package. This gap is due to the different types of
expertise required for the various areas involved in developing the software. Algorithms for
modelling species’ potential distribution are usually created by people with a strong
background in mathematics and ecology. However, developing a usable and robust
application for a new algorithm involves considerable additional effort and also requires a
deep understanding of geospatial data. Ideally, such applications should be able to deal with
a range of tasks such as transforming between different geospatial reference systems,
handling geospatial data in different scales and extents, reading and writing geospatial data in
different file formats, and facilitating data visualization. The final software package should
also ideally offer pre-analysis and post-processing tools, providing support for a range of
protocols and data standards for sharing and retrieving occurrence and environmental data.

These tasks are common to any implementation of potential distribution modelling
software, but not directly related to the algorithm itself. To date, most software development
has been carried out in isolation, producing separate software packages that are targeted to a
single algorithm. This is the case for Domain [10], DesktopGARP [11] and Maxent [9]
among others.

There are drawbacks in having a different software package for each algorithm. In
particular, users need to learn multiple software applications to use different algorithms.
Getting familiar with the parameters and methodology of an algorithm is something
unavoidable for users wishing to make proper use of the algorithm itself. However, it
should not be necessary to require that users learn the specific data preparation procedures
and nuances of each different interface simply to run the same experiment using different
algorithms.
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Additionally, since each software package has different input requirements, it is usually
necessary to perform specific data conversions to run the same experiment across multiple
packages. This makes it difficult to compare results. Fair comparisons should ideally be
performed using identical input data and an identical computational environment.

Although literature mentions potential distribution modelling frameworks that can run
different algorithms [12, 13] none seem to be open source and easily available. Openness
and accessibility are important features to allow better evaluation by the scientific
community, estimulate collaboration, and improve research productivity.

The issues described here provided the main motivation for a research effort whose aim
was to create a generic open source framework for potential distribution modelling.

This paper is organized as follows: Section 2 describes the main concepts of potential
distribution modelling. Section 3 presents the scope, framework design, main components,
and a sample use case of openModeller. Section 4 discusses concerns and limitations about
potential distribution models. Section 5 contains the main conclusions of this work.

2 Species’ potential distribution models

Species’ distributions are influenced by many factors [14]. While suitable environmental
conditions determine a species’ fundamental niche [15], biological factors such as
competition tend to reduce the fundamental niche into the realized niche [15]. The
potential distribution of a species can be seen as the geographical expression of its realized
niche at a particular time (i.e., where there is a fulfillment of both abiotic and biotic
requirements [1]). It is important to note that actual distributions often do not correspond to
the modelled potential distribution. Stable populations can only be found in regions that
have been accessible to the species since its origin (via natural, anthropogenic or other
means of dispersal) [16]. Despite this, potential distribution models provide a powerful tool
for predicting species distribution in different geographical and temporal contexts, as well
as for studying other aspects of evolution and ecology [1].

There are many methods that can be used to model the potential distribution of species.
Most are data-driven methods based on a correlative approach. The correlative approach
tries to build a representation of the fundamental ecological requirements of a species based
on the environmental characteristics of known occurrence sites [17]. In this case, three
types of input data are required to generate a model: occurrence data, environmental data,
and algorithm-specific parameters. When projected into a geographical region, the resulting
map will typically show areas that are ecologically similar to those where the species is
known to occur [16]. Community models follow a similar approach, except that they
include data from other species belonging to the same biological group as the species being
modelled [6, 18]. Another method known as mechanistic modelling is based on the
physiological responses and constraints of organisms to the environment [19]. Since this
method requires an in depth understanding of the species’ physiology, its use is still limited.
This article focuses on correlative modelling methods.

2.1 Species’ occurrence data
Species’ occurrence data are records of where individuals of a certain species were
collected or observed. This kind of data is typically comprised of a unique identifier (e.g.,

an accession code), taxonomic identification, location (including longitude, latitude, and
ideally, datum and the associated error), abundance, and a corresponding date. Occurrence
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data is normally obtained from biological collections or field observations. Biological
collections hold approximately 2.5 billion records [20] collected over three centuries.
These records are maintained by institutions such as natural history museums, herbaria
and culture collections. Observation data are usually gathered during surveys by
researchers and also by citizen volunteers that participate in numerous biodiversity
monitoring projects.

Of these 2.5 billion estimated records, a concerted digitization effort is under way and
the data is quickly becoming available over the Internet [21]. The exchange and sharing of
such data is facilitated by the adoption of common data formats [2]. One of the most
prominent sources of species occurrence data is the Global Biodiversity Information
Facility (GBIF), currently serving more than 150 million records from several institutions
around the world. However, it should be noted that much of this data may still not be usable
for potential distribution modelling due to data quality issues [3].

2.2 Environmental data

Environmental data is mostly available in the form of georeferenced raster [22] layers.
These environmental layers typically represent abiotic conditions that will be used to
determine the potential distribution of the species being modelled. They may represent, for
example, temperature, precipitation, radiation, wind, evaporation, topography, soil
moisture, and vegetation coverage. Geospatial raster data are delineated by an extent of
coverage (coordinates of its corners), an associated geospatial reference system and a matrix
of cells containing the actual data for the region. The region covered by one cell is
represented by a single number (cell value).

Environmental rasters are typically produced from satellite data, weather station data (by
interpolation of raw data) or some other set of measurements. The environmental coverages
currently available in digital format encompass the key physical variables that commonly
influence macro-distributions of species [17]. These data are produced and made available
by many different sources, ranging from local initiatives to international efforts, from
companies and non-government organizations to government agencies. Examples include
NASA, USGS, INPE, IPCC, CIAT, the UK Met Office and WorldClim among others.

2.3 Algorithms for modelling

There are many different methods that have been used to model the potential distribution of
species. Some were developed specifically for this purpose, such as Bioclim [23] and
GARP (Genetic Algorithm for Rule-Set Production) [24]. Others are general methods that
are already widely used in other areas and have been applied to species’ distribution
models. These include various statistical approaches, like regression analysis [25-31],
discriminant analysis [32, 33], and machine learning techniques [7, 9, 34-36].

To use these algorithms, researchers have either developed their own software
applications or used general packages for statistics and numerical computation, such as
R, GNU Octave and MATLAB. Software applications that have been specifically
developed for species’ distribution modelling tend to offer a better experience for users,
although even these bespoke packages are limited to a single algorithm and were not
designed for extensibility. Generic statistical packages are usually very flexible, with many
plug-ins available and sometimes a graphical user interface. However, in this case usability
tends to be compromised by factors that are unrelated to the modelling process, such as the
need to learn a programming language or to use complex statistical software.
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3 A generic potential distribution modelling framework

The openModeller framework was developed to perform the most common tasks related to
species’ potential distribution modelling based on the correlative approach. Despite this
original purpose, the framework follows a generic design that may allow other areas such as
archaeological research and geological prospecting to make use of it. Virtually any problem
that seeks patterns for the geographical distribution of an entity based on environmental
attributes could make use of the framework described here. This possibility is also enabled
by the fact that openModeller can run different algorithms, read and write different data
formats, and be used by different types of interfaces.

Temporal data is not handled by the framework, therefore it can only produce static
models. When users have time series of environmental layers, openModeller can be used to
generate independent potential distribution maps for each scenario. The result can then be
post-processed by other tools.

3.1 System requirements

The following requirements were considered to be most important during the software
design process. A generic potential distribution modelling framework should be able to:

* Read a set of georeferenced points (presence or absence) with support for different
coordinate systems.

* Load attributes for each point from a list of specified raster geospatial datasets.

* Read and write different raster geospatial formats.

* Permit the use of rasters with different cell sizes and extents in the same experiment.

*  Permit the use of different modelling algorithms, isolating algorithm logic from other
issues related to geospatial data, input and output formats.

* Project resulting models back into geographical space.

e Allow for the existence of multiple end-user interfaces.

* Run on commonly used operating systems including Microsoft Windows™, Mac OS
X™  and GNU/Linux.

*  Run with optimal performance.

Additionally, to encourage external review and possible new partnerships, it was decided
that the development process should be collaborative and transparent. As a consequence,
openModeller is free and open source software.

3.2 Architecture

The openModeller framework follows a common approach taken by other similar generic
libraries. For optimal performance and cross platform portability, it was written in ANSI C++.
The framework contains a set of classes that are focused on the core modelling functions and
delegates the task of creating user interfaces to other high level applications. This architecture
allows openModeller to be used by and embedded in different applications such as the
openModeller Desktop graphical user interface.

The framework was designed in a modular fashion making use of other external libraries
where available. Proj.4 is used to perform transformations between different cartographic
projections and GDAL is used to read and write different GIS raster formats. TerraLib, an
open source GIS library, can optionally be used to read and write both raster and point data
that are stored in TerraLib relational databases.
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To facilitate the implementation of new algorithms, the framework takes care of all common
tasks and treats algorithms as plugins (dynamic libraries). This means that their implementation
must conform to an abstract interface that specifies all common methods that are needed to
interact with the core modelling components. Using this approach, new algorithms can be
loaded at run-time. Algorithms can also make use of additional external libraries when
necessary, such as the GNU Scientific Library (GSL), which is already being used by one of the
algorithms. Figure 1 shows a diagram representing the basic architecture of openModeller.

The main modelling functions are exposed through specialized classes and a more
generic controller class. This enables other languages and applications (like GIS software)
to make use of openModeller via its programmatic interface.

Besides the C++ API that can be directly used from openModeller’s framework, an additional
binding is provided for the Python programming language. This was achieved using the SWIG
interface translator, which can also be used to produce bindings for other languages in the future.

The following interfaces were developed on top of the framework:

*  Console and command-line interface: A set of shell programs including om_console
(both a console and command-line application that can be used to create and project models
based on a parameters file with key-value pairs), om_model (command-line application to

Client Web
Applications Desktop Console Web Services

Libraries \% Algorithms

implemented

used by - r
Technology Specific Interface as plugins
openModeller 6. C++ SWIG (Python).
SOAP, etc.
openModeller Algorithm 1
Interface
Projection openModeller| Algorithm
Proj4 —| Transform P Core Mgnager P Algorithm 2
Manager
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Raster /O Occurrences
Reader Algorithm N
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Fig. 1 openModeller’s architecture
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create models, also accepting parameters in XML), om_project (command-line application
to project models, also accepting parameters in XML), om_test (command-line application
to test models, also accepting parameters in XML), om_algorithm (command-line
application to display information about algorithms), om_sampler (command-line
application to dump environmental data), om_points (command-line application to read
occurrence data from various formats, including remote sources) and om_pseudo
(command-line application to generate random points inside a specified mask region). In
addition to being useable as standalone programs, these applications can also be used by shell
scripts to run complex experiments in batch mode or by other types of applications that can
interact with scripting environments. Two other related programs, om_viewer and om_niche,
depend on the X11 library and can be used to visualise distribution maps and models,
respectively. All these applications are distributed with the openModeller framework.

*  Graphical User Interface: openModeller Desktop is a separate software application,
also free and open source, that provides a user friendly graphical front-end to the
framework. The current version (1.0.9) has been designed to support large experiments
where multiple species can be modelled using multiple algorithms. It can use the locally
installed openModeller library bundled with the application or it can interact with a
modelling service, in this case sending requests to a remote modelling server
responsible for running the experiment and then retrieving the results.

*  Web Services: Web Services interfaces allow remote program interaction between client
and server software through a specific protocol. Such a protocol has been defined as
part of the openModeller project making use of HTTP and SOAP. A modelling server
has been developed in C++ as well as two clients: one in Perl and the other in C++ as
part of the openModeller Desktop application.

*  Web Interface: A prototype Web interface was developed so that users can run
experiments using an Internet connection and a web browser. At the moment this
interface is still experimental and unavailable to the general public.

3.3 Modelling approach

The framework builds on the notion that a Potential Distribution Model (PD-Model) is a
mathematical model generated by an algorithm based on the correlative approach (see Section 2).
This process receives as input a set of georeferenced occurrence points (presence or absence),
a set of georeferenced environmental rasters and a set of algorithm-specific parameters.

To create a PD-Model, openModeller reads the corresponding environmental values for each
occurrence point from the input rasters. The occurrence points are transformed into data
structures called samples, whose elements represent the environmental conditions at each
location. The set of all samples is then used by an algorithm to find a representation of the
species’ niche in the environmental space. The result is a PD-Model, which can be a
probabilistic data model or a mathematical function that relates environmental conditions to the
suitability for species existence. Algorithms are free to internally make use of additional species-
specific data - an approach taken, for example, by the AquaMaps [37] algorithm. They are also
free to make use of other algorithms internally, eventually combining multiple PD-Models into
a single one. This allows community models to be implemented in different ways.

For some algorithms, the mathematical representation of the PD-Model can be easily
interpreted. Simple envelope-based algorithms like Bioclim or some of the machine
learning algorithms like Decision Trees [38] fall into this category. This allows PD-Models
to be used for special purposes such as predicting the distribution of hypothetical species
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ancestors by fitting PD-Models to phylogenetic trees [39, 40]. Most types of PD-Models,
however, are difficult to interpret. This is the case for PD-Models generated by GARP,
SVM (Support Vector Machines) [41] and ANN (Artificial Neural Networks) [42].

However, PD-Models are typically not interpreted, but rather used to project the model
back into a target geographical region. In this process, the environmental conditions are
iteratively read from a set of rasters for each cell position associated with a target region.
This set of rasters can be the same as used to generate the PD-Model (native projections).
Alternatively, an equivalent set of rasters related to a different period in time or different
geographical region could be used. The set of environmental conditions for each cell is then
passed as a parameter to the algorithm. The algorithm returns a prediction value
corresponding to the suitability of this environment for the species. Each prediction is
then written to a corresponding cell in the georeferenced output map, and the final result is
a Potential Distribution Map (PD-Map). A PD-Map represents the potential distribution of
a species in a particular geographic region at a particular time. Prediction values can be real
probabilities or can be the result of a function that returns continuous or categorical values
depending on the algorithm used. The meaning of prediction values on a PD-Map can only
be correctly interpreted by understanding the algorithm that produced the PD-Model.

A more precise description of the whole process is illustrated by the following pseudo code:

0l1. Let O = the set of n occurrence points;
02. Let E = the set of m environmental rasters;
03. Let V = the set of n environmental conditions related to O;

04. // Find the set of environmental conditions for each occurrence.
05. For each occurrence o in O do:

06. Let (lat, long) = location of occurrence o;

07. Let v = a vector of environmental conditions;
08. For 1 = 1 to m, do:

09. Let v[i] = value of raster E[i] at (lat,long);
10. done

11. Insert v into V;

12. done

13. // Generate PD-Model based on V and on algorithm parameters.
14. Let alg = new Algorithm object instance;
15. Set alg specific parameters;

16. If alg.needsNormalization() Then

17. Normalize V;

18. Feed alg with V;

19. alg.initialize();

20. While Not alg.done() do:

21. alg.iterate();

22. done

23. alg.finalize();

24. // Generate PD-Map (PD-Model projection).

25. Let Model = alg.getModel ()

26. Let Map = the resulting potential distribution map;

27. For each cell c in Map do:

28. // Find the environmental conditions at the location of c.

29. Let (lat, long) = position of cell c (geometric center);
30. For i =1 to m, do:

31. Let v[i] = value of raster E[i] at (lat, long);

32. done

33. Let Prediction = Model.getValue (v);
34. Set the value of cell ¢ with Prediction;
35. done
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3.4 Occurrences

openModeller has a generic OccurrencesFactory component that can be used to instantiate
different drivers to read point data. Currently two drivers can be used to read local data: a
driver for reading delimited text files and a TerraLib driver that can read point data from
TerraLib relational databases. With the growth of biodiversity Web Portals and the
establishment of protocols and data standards for biodiversity data [2, 43—45], two other
drivers were implemented to retrieve occurrence data from the following remote data
sources: GBIF’s database (through GBIF’s occurrence record data service) and TAPIR/
DarwinCore providers. All drivers implement the openModeller OccurrencesReader API,
and any number of additional drivers can be developed in the same way. These drivers
provide openModeller with a set of occurrence locations, each characterised by an
identification (unique identifier), label (normally the species determination), latitude,
longitude, and abundance. An abundance of zero can be used to indicate absence. A
coordinate system must also be specified for the set of occurrence locations using the Well-
Known Text (WKT) descriptive format as defined by the Open Geospatial Consortium
(OGC) specification for coordinate transformation services. When occurrences are loaded,
openModeller converts them to an internal coordinate system (Lat/Long WGS84) using the
Proj.4 library.

3.5 Rasters

openModeller has a generic RasterFactory component that can be used to instantiate the
appropriate Raster driver to read or write raster data. Currently there are two
implementations of the Raster API: a GDAL driver and a TerraLib driver. These drivers
are responsible for reading raw raster data and delivering it to openModeller as a cell
matrix, as well as for producing the final PD-Maps. GDAL itself is a generic raster
library that supports a large number of different formats. Currently, when rasters have
multiple bands openModeller will only access the first band. Environmental data access is
also limited to raster data. In the future this could be expanded to vector (polygon)
coverages.

The framework can deal with rasters with different cell sizes. To enable this during
projection, one raster is nominated by the user as a template layer. When sampling rasters,
the cell size of the template layer is used to determine the sampling interval. If raster layers
with different cell sizes are encountered, the Sampler component interpolates data from
each raster to return a single number for the areal extent represented by a single cell of the
template layer. The Sampler implements the nearest neighborhood algorithm, but any other
bidimensional interpolation algorithm such as linear and bi-cubic interpolation can be
easily implemented through programmatic class extension. openModeller performs all
necessary transformations when reading from rasters with different geographical projec-
tions. From the algorithm developer’s point of view, all environmental raster data is always
transparently read and resampled.

Environmental rasters can be located on a host that is remote from the computer carrying
out the modelling tasks. However, generating PD-Maps requires reading iteratively each
cell from each environmental raster. Since raster files can be large, currently this process
rapidly becomes prohibitive over an Internet (and in some cases even an Intranet)
connection. Where bandwith allows, remote rasters can be read using the GDAL driver
through WCS (Web Coverage Service). If necessary, more drivers can also be developed
based on the openModeller Raster 1/0 interface in the future.
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3.6 Algorithms

openModeller can deal with different types of algorithms, ranging from simple and intuitive
ones to more complex, sometimes non-deterministic algorithms. The framework also serves
as a platform to experiment with the development of new approaches. Currently, algorithms
must be written in the same language as the framework: ANSI C++. Since C++ allows
integration with statistical packages such as R, it may be possible in the future to also run
algorithms written directly in the R language.

In the framework, each algorithm has its own class extending an abstract AlgorithmImpl
class. This abstract class facilitates the implementation of new algorithms by providing a
standard way to:

* Define and expose algorithms metadata: Metadata is used to identify the algorithm,
distinguish between different versions, provide information about algorithm function-
ality, give credit to authors and developers, and also indicate what kind of input data it
accepts (whether it accepts categorical maps, and whether it requires absence points).

* Define and expose parameter metadata: Algorithms indicate which parameters are
needed, providing clients with additional descriptive information. This information can
be passed to an interface from where parameter values can be specified by users.
Examples of parameter metadata are: name, data type, description, valid range, and
default value.

* Get parameter values: For each parameter described by the algorithm metadata,
openModeller can retrieve the corresponding value in a computational way.

*  Get occurrences data: All input points (presence and/or absence) are directly available
to algorithms by means of a sampler object. When absence points are not available but
required by the algorithm, the same sampler object can be used to generate pseudo-
absence points by sampling random points from the background.

*  Get environmental data: Algorithms can use the same sampler object to read
environmental conditions at some desired coordinate (latitude, longitude). Usually this
is used to get the conditions for each input occurrence. By using the sampler,
algorithms do not need to worry about sampling methods, GIS map formats, scale
problems (including matching between environmental rasters with different scales), or
cell value normalization (for example, algorithms can instruct openModeller to return
environmental conditions scaled to a certain range).

Algorithm execution is controlled by openModeller, which calls a sequence of methods
available from the abstract AlgorithmImpl class. Real algorithms extending this class must
implement the methods initialize (used for general initialization procedures) and getValue
(used to return a prediction value given an environmental condition after PD-Model
creation). The purpose of an algorithm is to create PD-Models. Non-iterative algorithms can
create the PD-Model in a single step, which can take place during initialization. Iterative
algorithms can use the iferate method to create the PD-Model. In this case, openModeller
keeps calling the iferate method until the done method returns true. Algorithms can also
implement the getProgress method allowing users to keep track of the execution progress.
This standardized way of interacting with algorithms does not allow user interaction during
PD-Model creation. The only opportunity for user interaction is to specify parameter values
before algorithm initialization.

PD-Models are stored as an XML file including data about environmental layers,
occurrence points and algorithm parameters that were originally used as input. This data is
stored in a standard way regardless the algorithm used. The XML also includes a specific
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section to store PD-Model properties calculated by the algorithm. In this case, each
algorithm defines its own PD-Model representation and must be able to encode and decode
that specific XML section accordingly. Methods _setConfiguration and _getConfiguration
must be implemented by algorithms for this purpose. The following XML illustrates a
simple PD-Model generated with the Bioclim algorithm. The PD-Model was created with
two layers and five presence points. Inside the <Model> element, each algorithm will
represent the PD-Model in a different way:

<SerializedModel>
<Sampler>
<Environment NumLayers="2">
<Map Id="precipitation.tif" IsCategorical="0"/>
<Map Id="temperature.tif" IsCategorical="0"/>
<Mask Id="precipitation.tif"/>
</Environment>
<Presence Label="some species" Count="5">
<CoordinateSystem>
GEOGCS [ &gquot;WGS84&quot;, DATUM[ &quot;WGS84&quot;, SPHEROID[&gquot ;W
GS84&quot;,6378137.0,298.257223563]], PRIMEM[ &quot;Greenwiché&quot;
,0.0],UNIT[&quot;degree&quot;,0.017453292519943295],AXIS[&quot; Lo
ngitude&quot;,EAST],AXIS[&quot; Latitude&quot;, NORTH] ]
</CoordinateSystem>
<Point Id="1" X="-68.849999" y="-11.150000"/>
<Point Id="2" X="-67.379999" y="-14.320000"/>
<Point Id="3" X="-64.700000" Y="-15.970000"/>
<Point Id="4" X="-71.269999" y="-11.919999"/>
<Point Id="5" X="-72.829999" y="-12.330000"/>
</Presence>
</Sampler>
<Algorithm Id="BIOCLIM" Version="0.2">
<Parameters>
<Parameter Id="StandardDeviationCutoff" Value="0.674"/>
</Parameters>
<Model>
<Bioclim Mean="207.80 2458.81" StdDev="70.51 136.79" Minimum="90
2113.01" Maximum="319 2589.48"/>
</Model>
</Algorithm>
<Statistics/>
</SerializedModel>

Once created, PD-Models can be used to generate one or more PD-Maps, each covering
a different region and/or a different period in time. In each case, the same environmental
variables that were used to generate the PD-Model need to be used to generate the PD-Map.
The matching in this case is semantic—the same data sets do not need to be used, but the
data sets used in the projection should represent the same environmental variables used
during PD-Model generation. PD-Models can also be stored on disk for later usage or be
transmitted to other computers to parallelize PD-Map generation. Each cell of a PD-Map
contains a prediction value calculated by the algorithm and returned by the getValue
method.

The current openModeller version (1.0.0) includes the following algorithms: ANN,
AquaMaps, Bioclim, two different implementations of GARP (for individual runs and
GARP Best Subsets [4]), CSM (Climate Space Model) [46], a generic distance-based
algorithm (Environmental Distance), SVM, and Envelope Scores.

Figures 2, 3, 4 and 5 show different PD-Models in the environmental space for different
algorithms using the same input data: 65 presence points from Thalurania furcata boliviana
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Fig. 2 PD-Model generated with
Environmental Distance to the
nearest point using the Euclidean
metric

Fig. 3 PD-Model generated with
Environmental Distance to the
average point using the Euclidean
metric

Fig. 4 PD-Model generated with
Bioclim

Fig. 5 PD-Model generated with
GARP Best Subsets
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[YST)

(Boucard, 1894) and two environmental layers, precipitation in the “x” axis and
temperature in the “y” axis. Red dots represent the original presence points and the blue
density represents prediction values.

In Fig. 2, the prediction value is inversely proportional to the Euclidean distance to the
nearest presence point. In this example the maximum distance parameter was set to “0.1”.
In Fig. 3, the prediction value is inversely proportional to the Euclidean distance to the
average presence point. In this example the maximum distance parameter was set to “0.3”.
Figure 4 shows the bioclimatic envelopes calculated with Bioclim using a cutoff parameter
of “0.99”. In this case the space is divided into three areas: a) Suitable: when all
environmental values fall within the interval [m—c*s, m+c*s] where “m” is the mean, “s” is
the standard deviation and “c” is the cutoff parameter, b) Marginal: if at least one
environmental value falls outside the suitable envelope but still inside the minimum and
maximum range for the corresponding variable; c) Unsuitable: if at least one environmental
value falls outside the marginal envelope. Figure 5 shows a model generated by the GARP
Best Subsets algorithm. GARP is a genetic algorithm that creates a set of rules based on the
environmental variables to determine suitable areas for the species. The GARP Best Subsets
procedure runs a number of GARP models, chooses the best models based on omission and
commission errors and then overlays the best models. In this example 20 GARP models
were run to select the five best rulesets. The other parameters were: Training proportion
(0.5), hard ommission threshold (100), models under ommission threshold (20),
commission threshold (50), commission sample size (10,000), maximum generations
(400), convergence limit (0.1), population size (50) and resamples (2,500).

3.7 Sample use case

Mathematical models are an approximation of reality based on assumptions. PD-Models are
no exception. Although there are many issues that can affect results, one of the advantages
of using generic modelling software is that researchers can use an experimental approach
and try many algorithms. Various PD-Models can be produced using different algorithms
with different parameters and input values enabling researchers to compare results and then
decide if and how to use them.

One of the interfaces developed on top of openModeller, known as openModeller
Desktop, enables users to set up complex experiments involving multiple sets of occurrence
points, algorithms and projection scenarios. Figure 6 shows a screenshot of the “Experiment
designer” window. The application also includes a simple panel that can be used to
visualise PD-Maps (Fig. 7).

Figures 8 and 9 show two PD-Maps that were generated by openModeller using
different algorithms and the same input data (occurrence points for Caryocar brasiliense
Cambess. and a set of environmental layers that may influence the species’ distribution).
Both PD-Maps are displayed in pseudocolor with the test points as a dot overlay.

Caryocar brasiliense Cambess. is a tree characterized by it’s twisted trunk covered by a
thick rough bark. It occurs in the Cerrado (Brazilian savannah) open field, typical Cerrado and
Cerradao physiognomies [47] across a wide area in the central region of Brazil. The PD-Maps
illustrated here were produced using 114 presence points that were collected using a rapid
survey technique [48, 49]. From these points, 64 were collected throughout Brazil, mainly
during the 1990’s [50]. These points are estimated to have a precision of 1 Km?, which is still
acceptable for regional-scale modelling experiments. The other 50 points were collected in
the State of Sdo Paulo, Brazil, during the period of 1999-2001, and were obtained using a
Global Positioning System (GPS) unit with precision of approximately 100 m? [49].
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Fig. 6 Screenshot of the Experiment designer window (openModeller Desktop version 1.0.9)

The following environmental data layers were used:

1) Average rainfall in January (resolution: 2.5 min);

2) Average rainfall in July (resolution: 2.5 min);

3) Maximum temperature in January (resolution: 2.5 min);
4) Minimum temperature in July (resolution: 2.5 min);

5) Elevation (resolution: 30 s).

The climate data layers (1 to 4) came from the WorldClim [51] current conditions dataset

(1960-1990), while the topographic layer (5) came from the HYDRO1 k project.
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‘@ openModeller Desktop - Another demo experiment
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Fig. 7 Screenshot of window showing experiment results (openModeller Desktop version 1.0.9)

The aim of this experiment was to illustrate PD-Maps generated by openModeller and
demonstrate the capacity of different algorithms to represent the potential distribution of the
species. The 114 occurrence points were randomly separated into test and training datasets,
each one with 57 points. The training dataset was then used to generate two PD-Models
using different algorithms: Bioclim and GARP Best Subsets. Both PD-Models were tested
with the second dataset and the statistical results were highly significant (binomial, one-
tailed, and chi-square tests, p<0.0001). The PD-Models were then projected back into
geographical space using the same environmental layers to produce the PD-Maps (Figs. 6
and 7). The Bioclim implementation produces only three discrete prediction values—1.0,
0.5 and 0.0—based on its own notion of bioclimatic envelopes. Brown areas represent the
suitable envelope (highest prediction value) and orange areas represent the marginal
envelope (medium prediction value) while remaining areas represent unsuitable regions for
the species. The GARP Best Subsets implementation produces a wider range of prediction
values based on the number of models that were overlayed. In this case the colors are
ramped based on the number of GARP models predicting presence, where brown represents
high prediction values and yellow represents low prediction values. These scaling
differences between the two algorithms are intrinsic to their nature. However, in terms of
predicted area, both algorithms produced similar results that approximately coincide with
the Cerrado biome in central Brazil. Despite not having an input layer related to vegetation
coverage, both algorithms were able to predict the Cerrado biome region using points from
a single species along with a few climatic and topographic layers.

4 Discussion

Although openModeller provides a powerful tool for potential distribution modelling, care
must be taken when interpreting results. Users should be familiar with the underlying logic
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Fig. 8 PD-Map for Caryocar brasiliense Cambess. generated with the Bioclim algorithm and projected into
Brazil

Fig. 9 PD-Map for Caryocar brasiliense Cambess. generated with the GARP Best Subsets algorithm and
projected into Brazil

@ Springer



Geoinformatica (2011) 15:111-135 127

of the algorithm being used so as to understand its advantages and limitations. With this
background knowledge, the input requirements, parameter meanings, provenance, and
accuracy of input data can then be properly considered before trying to interpret a result.

When a resulting PD-Map is interpreted, it is important to remember that algorithms will
usually only find regions that “resemble” those where the occurrence points are located,
based on the layers provided [16].

Other factors such as biotic conditions (interactions with other species), ecological
barriers (regions that are inaccessible for dispersal by the species) and evolutionary
aspects are also not necessarily taken into account by the algorithm. One must always
bear in mind that the tools are intended to facilitate the work of specialists and not to
substitute them.

4.1 Concerns about input data

Accuracy of PD-Models and the corresponding PD-Maps is directly related to the accuracy
of input data. There are important aspects concerning quality and accuracy of occurrence
and environmental input data that must be considered when used in the context of PD-
Modelling [52].

4.1.1 Occurrence data

* Coordinate precision: In biological collections, specimen location is often only
described by the county and/or locality where the specimen was found. In these cases,
locations need to be translated into geographical coordinates if they are to be used by
PD-Modelling algorithms. This translation process can be carried out in different ways
[53] but it inherently entails a geographical uncertainty, sometimes as large as a county
radius. It is important to note that even when a location is determined with a GPS there
is an associated error that must be taken into account. Ideally, uncertainty values should
always be provided as part of location data, so that applications or researchers can
decide if the corresponding occurrence record is suitable for a particular analysis.

*  Misidentification: Specimens are sometimes misidentified [54], either because they
were labelled with an invalid or outdated name, or because they belong to groups of
organisms that are taxonomically difficult to identify. It has been estimated that
specimen misidentification rates are in the range of 5% to 60% [21]. In these cases an
incorrect niche may be modelled.

* Digitization error: There can be errors during the digitization process or even during
label transcription. One of the most frequent errors when recording coordinates in decimal
degrees is to omit the ‘=’ sign for latitudes in the southern hemisphere and for longitudes
in the eastern hemisphere. Another common error is to switch latitude and longitude.

*  Lack of absence points: Although presence-only data satisfies the mathematical
requirements of clustering algorithms [55] like Bioclim and CSM; classification
algorithms [56], such as GARP, depend on absence data. If absence points are not
given, classification algorithms can ask openModeller to produce pseudo-absence
points. Usage of pseudo-absence points tends to reduce model accuracy, especially
when they are randomly generated without any previous knowledge about the species
distribution. Currently, openModeller provides only a random generator, but other
pseudo-absence sampling strategies [57] can be implemented to minimize the
possibility of feeding classifiers with incorrect data. Therefore, when real species absence
data is available, it should always be used when running a classification algorithm.
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4.1.2 Environmental layers

*  Resolution: Resolution is the geographical size of each raster cell. Choosing the
appropriate resolution of environmental layers in a modelling experiment is a critical
step and also depends on the goal of the experiment [58]. In general, resolution must be
compatible with occurrence data uncertainty. Too fine a scale can lead to errors if the
corresponding occurrence data uncertainty is greater than the cell size, while too coarse a
scale may produce results that fail to distinguish between suitable and unsuitable areas for
the species [59]. A similar problem may happen with categorical data, where cell values
represent the most abundant value for the corresponding area. Since openModeller does
not require input layers to have the same resolution, care must be taken not to mix layers
with significantly different scales. In such cases, at each point the current version of
openModeller will simply retrieve the nearest neighbor value for each environmental
layer.

*  Accuracy: Environmental rasters are generated in different ways, but the process always
involves a sample of reality. For example, rainfall coverages are generated by interpolation
of raw data captured by rainfall stations that are distributed across the target region. The
accuracy of this kind of process depends on the accuracy of the sampled data, the number
of samples, and the mathematical method (approximation or interpolation) [60].

* Spatial Reference System: A georeferenced vector or raster coverage is a two
dimensional representation of a region. To achieve this representation, a mathematical
shape for the earth must be assumed. Different spatial reference systems assume different
approximated earth shapes and each assumption leads to different kinds of imprecision.
There is also an intrinsic distortion related to the projection itself. This distortion can also
compromise coverage accuracy in different ways for different regions [61].

*  Cell value: Each cell is represented by a numerical value. If the cell value is not categorical
and represents a numerical range, then that range will influence map accuracy. For
example, if cell values need to be stored in one byte, the values can only represent a total of
256 possible values, which may not be accurate enough to express certain types of data.

*  Aggregation: Sometimes a single environmental raster is actually the result of processing
and aggregating data from several other rasters. Examples include mean annual rainfall or
mean lower temperature during the coolest months of a particular year. Experience
demonstrates that such combinations may have more environmental relevance and often
produce better PD-Models than just using raw monthly values [23]. In these cases, the act
of post-processing environmental data can introduce further errors in the final result.

5 Conclusions

Although it has been demonstrated by several studies that species’ potential distribution
modelling can be successfully used in many important areas [1], only a limited number of
experts have been able to use the existing tools so far. Wide and effective use of species’
potential distribution models will depend on the availability of new tools and interfaces that
can improve users’ experience. New programmatic interfaces should also facilitate the
processing of massive modelling experiments so that species’ distribution model
repositories can be created and made available. The framework approach presented in this
paper has been created to help address these issues.

Model results produced by two independent software packages usually include
differences that are related to different sampling strategies, data conversions and limitations
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in data input/output. Detecting such differences and measuring how much they can affect
results is a difficult task. Generic frameworks like openModeller enable researchers to
generate PD-Models and PD-Maps using different algorithms with the guarantee that any
observed differences are exclusively due to algorithm logic and not to other internal
computational decisions made by application developers of different software packages.

The plugin architecture described here provides a robust platform for researchers to write
new algorithms. By separating data handling from the implementation of algorithms, it is
hoped that openModeller will stimulate future algorithm development and increase
productivity in the field. The flexibility of the architecture presented here has already
enabled novel applications for potential distribution modelling [39, 40].

Finally, the open source nature of openModeller also provides for transparency of the
underlying modelling algorithms. The authors feel this is essential to encourage scientific
debate by allowing thorough peer review of algorithm logic and implementation.
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