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Abstract: The ecological niche of a species is defined by an array of biotic and abiotic requirements
that allow organisms to live and reproduce in a geographic region. Abiotic data from the ecological
niche in combination with occurrence data can be used to predict the potential geographic distribution
of a species in different regions. Potential geographic distributions are useful in predicting the extent of
invasive species, predict distributions as preparation for climate change and find appropriate regions
for endangered species, among others. Geographic entities and environmental variables can be
represented with a high-level abstraction in diagrams using formalism dedicated to model geospatial
databases. The schemas produced by these formalisms can later be transformed into implementation
code using software-design approaches such as the Model-Driven Architecture (MDA). This work
describes the stages of MDA to generate geospatial databases for ecological niches and potential
geographic distributions data. The paper also presents a study case, estimating the potential
distribution of the tree Myracrodruon urundeuva, to show how professionals and researches can use
the proposed schema to implement a repository for ecological niche and potential distributions data.

Keywords: Environmental niche; Potential Geographic Distributions; Model-Driven Architecture;
Conceptual Modelling; Myracrodruon urundeuva.

1. INTRODUCTION

The ecological niche of a species includes all biotic interactions and abiotic variables of the
environment in which organisms can survive and reproduce (Polechova and Storch, 2008). Both biotic
interactions and abiotic variables can be used to construct an ecological niche in the manner of an n-
dimensional hypervolume, as first proposed by Hutchinson (Hutchinson, 1957).

Over the past few years, scientists and researchers have been modeling ecological niches in order to
predict distributional areas (also known as Potential Geographic Distributions) of certain species
(Soberén, 2007). Potential Geographic Distributions are useful to predict scenarios of climate change
projection, outbreak of diseases, and invasion of species, among others (Blackburn, 2010; Peterson
and Vieglais, 2001).

Mathematical tools, such as BioMaper and the Genetic Algorithm for Rule-Set Production (GARP), use
occurrence data of a species and a set of environmental layers as inputs to model the ecological niche
and project possible distributions of the species (Ortega-Huerta and Peterson, 2008). Both inputs and
outputs can be imported into a Geographic Information System (GIS), such as QuantumGIS, to
display the data or to perform further analysis. Unfortunately, tools, like the mentioned before, work
with separate files and does not provide a unified repository.

The final aim of our work is to implement a unified repository for ecological niches (represented by an
n-dimensional hypervolume) and potential geographic distribution of species in a Database

Page 1244



G.Zarate et al. / Modelling and Implementation of a Geospatial Database for Environmental Niches and Potential Geographic
Distributions

Management System (DBMS) with geospatial capabilities, i.e., with means to handle geographic
information. To accomplish this, first we need a conceptual data schema capable of representing
environmental and geographic data, that capability is the major advantage over other attempts to
model niches and distribution data from a conceptual standpoint. To construct the data schema we
used UML GeoProfile, a formalism dedicated to model geospatial databases from a conceptual
standpoint, and its support to the Model Driven Architecture (MDA) approach (Lisboa-Filho et al.,
2013). An implementation of the proposed data schema would be capable of storing the inputs and
outputs of mathematical algorithms, such as GARP.

The rest of this paper is structured as follow. Section 2 reviews related works. Section 3 describes the
stages of the MDA approach to implement a geospatial database. Section 4 presents a study case, in
which we use available data for the Myracrodruon urundeuva species and environmental layers to
estimate an ecological niche model and to produce a potential geographic distribution. Section 5
provides some final considerations.

2. RELATED WORK

Previous studies have attempted to provide means to model niche and geographic distribution
information from a conceptual standpoint. This section summarizes prior efforts found in the literature
regarding databases as well as other works related to projections of potential geographic distributions.

Blackburn (2010) emphasizes the importance of databases in GIS applications stressing their storage
capabilities. Moreover, Blackburn (2010) provides a six-step guide for using ecological niche data to
predict potential geographic distributions using the GARP algorithm. The Canopy Database Project
(Mclintosh et al., 2007) is a tool developed to help ecologists to design databases. The focus of this
work is to simplify the design process for ecologists with no experience in database theory. Models
created in this tool can later be exported to a DBMS. OntoCrucible was developed as a framework to
provide guidelines for representing ecological niches in a conceptual model (Semwayo and Berman,
2004). The authors propose an ontological engineering approach to model ecological data; the focus
of their study is modeling the relationships between humans and their environment. Keet (2006)
presents an Object-Role Modeling (ORM) diagram of the ecological niche. The proposed ORM
diagram includes entities such as species, conditions, hyper-volumes, fundamental niche and realized
niche.

Regarding previous work related to projection of potential geographic distributions, there are several
studies that can be taken into account, here we mention only a few of them which use predictive
algorithms to generate possible geographic distributions. Ward (2007) used occurrences and
environmental data to predict the geographic extent of invasive ants in New Zealand. Roura-Pascual,
et al, (2004) took advantage of the GARP algorithm to predict the potential geographic distribution of
Argentine ants in the face of global climate change. Similarly, Blackburn (2010) used the GARP
algorithm to project the potential geographic distribution of the Anthrax Angent (Bacillus Anthracis).
Finally, Ortega-Huerta and Peterson (2008) compared the results of six algorithms regarding the
prediction of the potential geographic distribution of ten Mexican birds.

3. DATA SCHEMA FOR ENVIRONMENTAL NICHES AND POTENTIAL GEOGRAPHIC
DISTRIBUTIONS USING MDA

Zarate et al., (2014) proposed a conceptual data schema for environmental niches and potential
geographic distributions using the formalism UML GeoProfile (Lisboa-Filho et al., 2013). Being an
extension of the Unified Modeling Language (UML), UML GeoProfile uses classes, associations
(relationships) and other UML features. UML GeoProfile was preferred over other formalisms for
its capacity to model both object and field phenomena, as well as for the implementation of
international standards. Other characteristic of UML GeoProfile is its support of the MDA approach.
MDA is a design technique that emphasizes the use of models in the software development process
(Mellor et al., 2002). In MDA, software is first modeled in a Computation Independent Model (CIM);
CIM models are later transformed to a Platform Independent Model (PIM). The third stage of the
process is the Platform Specific Model (PSM), which is later converted to implementation code. Details
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of UML GeoProfile and other formalisms for geospatial databases can be found in Lisboa-Filho et al.
(2013) and Pinet (2012).

Figure 1 shows the CIM stage of the conceptual data schema modeled using UML GeoProfile. Some
classes are marked with a pictogram (stereotypes in UML GeoProfile), which indicates a class being
geospatial (polygon, point, field objects) or affected by time (temporal objects).

Environmental Niche | Abiotic Conditions
] Species
e LN B3 1 P @ 8

Qccurrence = name
& description

*
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= max\Value

Slope

= units

1 Envtl. V;riable @ '-:-;-. Ii"ﬁl

Elevati
Occupied Area evation

= Type

Potential Geographic Distribution |

e.
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Figure 1. MDA CIM level for Environmental Niches and Potential Distributions

Occurrences of a species are modeled as geospatial points that are inside a specific area. It is
possible to spot the same organism in two or more areas in a different time; this is solved by assigning
the Temporal Object stereotype to the Occurrence class, this indicates the instant in which the
organism was spotted. Dimensions of the hypervolume are represented with the class Niche Axis,
which is dependent of the relationship between the Species and the Environmental Variable classes.
Multiple instances of the Niche Axis class form the n-dimensional hypervolume of a species.

Environmental data in the form of GIS coverage types are shown in the package Abiotic Conditions.
These conditions can be stored in a variety of GIS types, such as TIN, Grid of Points and Grid of Cells,
among others. Those types are specified with the UML stereotypes (pictograms). Notice that there is
not relationship between geographic areas and coverage layers, the reason behind this is that they
belong to different conceptual views (Geographic Objects and Fields) and there is no topological
relationship between them. Finally, the Evaluated Region and Potential Distribution classes (i.e. the
potential distribution of the evaluated region of interest) are modeled as Polygon and Grid of Cells
respectively. Further explanation of the CIM stage is presented in Zarate et al., (2014).

The next level of abstraction is the PIM level, which is still independent of any implementation
technologies. The transformation process from CIM to PIM consists in the inclusion of identifiers that
differentiate the instances of a class and the use of standard ISO types. UML GeoProfile stereotypes
change to ISO data types, e.g., the Polygon stereotype is transformed to a GM_Surface attribute
(Lisboa-Filho et al., 2013). Figure 2 exhibits the PIM level of MDA.

Finally, for a PSM model it is necessary to use a technology capable of storing geospatial phenomena.
Some wide known technologies are Oracle Spatial and PostgreSQL (with the PostGIS geospatial
extension), both able to store and manage geospatial data. Figure 3 exhibits the PSM level of the
proposed schema using PostgreSQL and PostGIS. The PSM level presents implementation details
like the use of Primary and Foreign Keys. Notice the use PostgreSQL specific basic data type such as
NUMERIC or CHARACTER VARYING. ISO standard geospatial types are transformed to PostGIS
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implementations, e.g., the GM_Surface ISO type is transformed to the generic GEOMETRY type. The
PSM stage can later be implemented in PostgreSQL using basic SQL statements.

Environmental Niche | Humidity
Occurrence Species & geometry_1: CV_GridCell
] ] . & geometry 2: CV_DiscreteGridPointCoverage
= id_organism: Integer 1 E id_species: Integer E geometry_3: CV_SegmentedCurveCoverage
= geometry: GM_Paint = name: String & period: TM_Period
& instant: TM_Instant £ description: String
Temperature
* *
= geometry_1: CV_GridCell
Niche Axis = geometry_2: CV_DiscreteGridPointCoverage
& geometry_3: CV_SegmentedCurveCoverage
= minValue: Float E period: TM_Period
[’] = maxValue: Float 77777 —
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. = geometry_1: CV_GridCell
1 = geometry_2: CV TINCoverage
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Elevation
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geometry_1: CV_GrdCell
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geometry_3: CV_SegmentedCurveCoverage

nopn

period: TM_Period

Figure 2. MDA PIM level.

4. STUDY CASE AND IMPLEMENTATION

As mentioned before, one of the applications of the potential geographic distributions is the projection
of the geographic extent of invasive species. Myracrodruon urundeuva is a native Brazilian tree that
grows in the northeast, southeast and central-west regions of Brazil. M. urundeuva has both economic
and medical importance: it is a high-quality hardwood that can be used in constructions and its tannins
are useful in pharmacology (Carmello-Guerreiro and Paoli, 1999). Furthermore, M. urundeuva has
shown potential in therapeutic treatments of neurological disease patients (Souza et al., 2007).

Up to the year 2008, M. urundeuva was on the Official List of Endangered Brazilian Flora, which
prevents the exploitation of the species. However, in some regions of Brazil there is a notable
monodominance (a tree species occupies more than 50% of the forest area), which causes soil
erosion preventing the growth of other species. Furthermore, the monodominance leads to
environmental, economic and social damage (Murta et al., 2012). Therefore, we consider of utmost
importance to know which regions have the appropriate environment for M. urundeuva for two
reasons. Because it is listed as an endangered species in Brazil; and, contrastingly, because it can
potentially be an invasive species if it presents monodominance in the region. We attempt to
propagate the usage of potential geographic distribution techniques, combined with the data schema
presented in this paper, for professional and researchers interested in the species.

DesktopGarp and OpenModeller are two well-known free tools for ecological niche modeling and
geographic distribution predictions. While DesktopGarp is an implementation of the GARP algorithm,
OpenModeller offers a wide selection of algorithms, including GARP. For the test presented in this
paper, we used OpenModeller as an arbitrary choice. Notice that comparing both tools is out of the
scope of this paper.
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Figure 3. MDA PSM level using PostgreSQL and PostGIS.
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Low
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Figure 4. A possible potential geographic distribution of M. urundeuva.

As mentioned before, algorithms work with occurrence data and environmental layers to construct an
ecological niche model and to predict geographic distributions. We obtained occurrence data for M.
urundeuva from GBIF.org (www.gbif.org), where every occurrence is registered with source details,
which includes the institution that registered the occurrence. Environmental layers were retrieved from
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WorldClim (http://www.worldclim. org/bioclim). WorldClim offers global environmental layers that are
commonly used to construct ecological niche models and potential geographic distributions. Figure 4
exhibits the potential geographic distribution obtained with an instance of the GARP algorithm included
in OpenModeller. The prediction was made using occurrences within Brazil and global environmental
conditions. For illustration purposes, the background shows a relief map instead of a world map.

Based on some occurrences registered in Brazil, GARP produced an ecological niche model and a
potential geographic distribution for the rest of the World. Both inputs and outputs were stored in a
data schema, created in PostgreSQL, using basic SQL statements for non-geospatial data and the
tools raster2pgsql and shp2pgsql for geospatial data. Figure 5 shows an example of the usage of the
tool raster2pgsql via command in a computer console. A detailed reference of PostGIS is available at
http://postgis.net/docs/.

C:wrraster2pgsgl —= 4236 distributionl.asc —-F —a public.potential_disteibution

i psgl -U postgres —d nichedbh —h localhost —p 5432_

Figure 5. Usage of the tool raster2pgsql.

Notice that algorithms can be configured with parameters that might improve the quality of the
prediction and that the purpose of this example is only to show the usage of the algorithm. More
accurate and detailed tests can be done with the appropriate configurations and datasets.

5. CONCLUDING REMARKS

This paper presented the MDA stages of a database design for Ecological Niches and Potential
Geographic Distributions of species. The use of MDA provides models with different levels of detall
that can be transformed to a variety of lower-end implementations. In this work, we use UML GeProfile
for the CIM level and the PSM level was implemented with the data types offered by PostgreSQL and
PostGIS, a variation of the PSM level can be implemented with Oracle Spatial. A database
implementation provides the benefit of having data for multiple species stored in a single place instead
of different files. Furthermore, our approach can exploit all the advantages of a DBMS. We also
presented a study case for the ecological niche and potential geographic distribution of M. urundeuva,
an important tree species in Brazil that is both an invasive and endangered species. Occurrence data
of the species and environmental layers were used as inputs for a predictive algorithm and both inputs
and outputs were stored in the proposed data schema. The storage process is carried out with SQL
statements and commands in the console of the computer. QuantunGIS or similar software can be
used to retrieve the stored data from the database in the form of maps. The models presented in this
paper could serve as a starting point for research related to ecological niches and geographic
distributions in the Computer Science field. On the other hand, professionals in the field of Ecology
may found in this work a suitable introduction to database and GIS technologies. Future work includes
the development of software that facilities the storage process for professional and researches that
are not familiar with database technologies.
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