
lable at ScienceDirect

Environmental Modelling & Software 52 (2014) 192e199
Contents lists avai
Environmental Modelling & Software

journal homepage: www.elsevier .com/locate/envsoft
Short communication
Documenting, storing, and executing models in Ecology: A conceptual
framework and real implementation in a global change monitoring
program

Francisco J. Bonet a,b,*, Ramón Pérez-Pérez a,b, Blas M. Benito a,b,
Fábio Suzart de Albuquerque a,b, Regino Zamora a,b

a Laboratorio de Ecología (iEcolab), Instituto Interuniversitario Sistema Tierra, Universidad de Granada, Avda. del Mediterráneo s/n, Granada 18006, Spain
bDepartamento de Ecología, Facultad de Ciencias, Universidad de Granada, Avda. Fuentenueva s/n, Granada 18071, Spain
a r t i c l e i n f o

Article history:
Received 21 January 2013
Received in revised form
23 October 2013
Accepted 26 October 2013
Available online

Keywords:
Algorithms
Metadata
Model
Documenting
Workflow
* Corresponding author. Universidad de Granada
Sistema Tierra, Laboratorio de Ecología (iEcolab), Avda
Granada, Spain. Tel.: þ34 958249748; fax: þ34 95813

E-mail address: fjbonet@ugr.es (F.J. Bonet).

1364-8152/$ e see front matter � 2013 Elsevier Ltd.
http://dx.doi.org/10.1016/j.envsoft.2013.10.027
a b s t r a c t

Many of the best practices concerning the development of ecological models or analytic techniques
published in the scientific literature are not fully available to modelers but rather are stored in scientists’
digital or biological memories. We propose that it is time to address the problem of storing, doc-
umenting, and executing ecological models and analytical procedures. In this paper, we propose a
conceptual framework to design and implement a web application that will help to meet this challenge.
This tool will foster cooperation among scientists, enhancing the creation of relevant knowledge that
could be transferred to environmental managers. We have implemented this conceptual framework in a
tool called ModeleR. This is being used to document, share, and execute more than 200 models and
analytical processes associated with a global change monitoring program that is being undertaken in the
Sierra Nevada Mountains (south Spain). ModeleR uses the concept of scientific workflow to connect and
execute different types of models and analytical processes. Finally, we have envisioned the creation of a
federation of model repositories where models documented within a local repository could be linked and
even executed by other researchers.

� 2013 Elsevier Ltd. All rights reserved.
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1. Introduction: the challenge of storing, documenting, and
executing models in Ecology

Data analysis, modeling, and simulation play a central role in
Ecology. From statistical models to complex numerical models, the
concept of the modeling and data processing has become inherent
to the ecological research. This is due to at least three main factors.

First, there is a vast amount of primary information (data ac-
quired by monitoring methods) available to modelers. This signif-
icant surge in data availability is a result of the enormous effort that
scientists and public agencies have been exerting over the last 3e4
decades in order to gather and share information on the structure
and functioning of the Earth’s ecosystems. The creation of vast data
infrastructures that allow environmental data sharing (Whitlock,
2011) (e.g. GBIF: Global Biodiversity International Facility, LTER:
Long Term Ecological Research, DataONE: Data Observation
Network for Earth, EarthCube) are greatly contributing to provide
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the primary data needed for Ecology to be fostered as a data
intensive discipline (Jones et al., 2006; Kelling et al., 2009;
Michener and Jones, 2012).

Second, the volume and availability of analytic and modeling
methods have increased exponentially in recent decades (Crowley,
1992; Green et al., 2005; Metzger et al., 2011). Thanks to this trend,
modelers can choose among dozens of different methodologies to
analyze the structure or functioning of a given natural system, and
to design complex models to simulate it under different scenarios.

Third, available software and hardware allow scientists to model
complex systems and cope with data intensive computing pro-
cedures (Fegraus et al., 2005; Hobbie, 2003; Plaszczak andWellner,
2005).

Although this newdata intensive approach to research improves
our understanding of ecosystems, challenges persist (Michener and
Jones, 2012). Here, we propose a practical solution for one of the
main challenges: how models and algorithms can be stored,
documented, andmanaged in away that allows their execution and
interoperability.

Our premise is that most of the information regarding the
design and implementation of ecological models or analytic
methods is not available to the scientific community but rather is
stored in individual scientists’ digital or biological memories. Our
thesis is that gathering together all this knowledge is critical to: a)
expand our knowledge of the Earth as a system and advance our
understanding of human impact on that system (Voinov and Cerco,
2010); and b) design and implement procedures for sustainable
stewardship of natural resources in the Anthropocene era (Chapin
et al., 2010; Crutzen, 2002). The creation of tools to preserve and
manage algorithms, models, and scientific workflows will enhance
code sharing and model reuse (Holzworth et al., 2010), and thereby
help boost Ecology into taking its place as one of the so-called “big
sciences”, which, as their main features, encourage the growth of
digital repositories, documentation of data and scientific processes,
plus the creation of technical infrastructures to facilitate interna-
tional collaboration (Borgman et al., 2007).

We argue that it is time for ecologists to face the challenge of
storing and documenting their models and algorithms. Just as a few
decades ago the need for primary data repositories was obvious;
today the creation of model repositories should be considered the
next step in that trend of improving data management. On the other
hand, model documenting and code sharing is becoming indispens-
able in all sciences that depend on computation (Ince et al., 2012).

It will not be easy to create cyberinfrastructures to store,
document, and execute ecological models, but Ecology as a science
must confront this problem soon. Ecologists will be forced to
address several issues that could change the way they do research:
a) any model or analytical procedure should be documented using
metadata standards. This is essential to promote both the auto-
matic connectivity of any models as well as code reuse. b) Modelers
should get used to uploading their code to model repositories.
Despite the initial resistance, ecologists will recognize that model
sharing improves integrated modeling and the reproducibility of
analyses. c) The design and implementation of model repositories
requires tackling a set of significant technical challenges, model
coupling perhaps being the main one. Coupling the execution of
several connected models requires a high degree of integration
between model metadata, model data sources, timing of different
models, model parameters, etc. In this sense, the process of creating
model repositories in Ecology will be facilitated by the progressive
awareness of scientists regarding model documenting, code
sharing, and model reusing.

In this work, we propose a new conceptual framework to
develop a tool to manage models for ecologists and environmental
managers. The main interest of this conceptual framework
(described in Section 3) is that it has been designed by combining
the major advances made in other scientific areas (described in
Section 2). We will also illustrate an implementation of this con-
ceptual framework in a real model/workflow repository (Section 4).
The result, calledModeleR (Pérez-Pérez et al., 2012) is the core of an
information system that manages the data collected by the global
change monitoring program of Sierra Nevada (Spain) LTER plat-
form. We will show two case studies describing different types of
models and workflows that can be documented and executed with
ModeleR.Wewill demonstrate that usingModeleR is a realistic way
tomanagemodels and workflows in Ecology research groups. It can
be considered a locally deployable tool that could help scientists to
improve the way they document, store, share, and execute their
models and workflows. This local approach makes ModeleR
different from other tools used for these tasks.

2. Advances in model storing, documenting, and executing

The challenge of storing, documenting, and executing models
and workflows is not unique to Ecology, but has also arisen in other
areas of science and technology that have followed a similar path:
from gathering and documenting primary data to creating complex
models, and finally to designing and implementing tools to docu-
ment and execute those models. Thus, Molecular Biology
(Buckingham, 2007; Snoep et al., 2006), Earth System Science
(Peckham et al., 2013), or even Process Systems Engineering
(Kuntsche et al., 2011) have achieved noteworthy advances in
model storing, documenting, and executing.

In this section, we describe these advances (Table 1 for a sum-
mary). This shared history among different disciplines could pro-
vide a valuable set of lessons that would be helpful to all of these
fields. Below, we describe the most relevant ones regarding Mo-
lecular Biology and Earth Science.

Molecular Biology has advanced in the design and implementa-
tion of model repositories. With the immense scientific benefits
gained by researchers after the creation of primary data repositories
such as GeneBank [15], the documenting of algorithms and models
has come to be considered obvious and necessary. According to
Buckingham (Buckingham, 2007), model repositories should allow
model documenting (bymeansofXML schemas orontologies),must
be connected to primary data repositories, and should be designed
using the concept of web service. These concepts have been imple-
mented in several tools (Snoep et al., 2006). We can highlight Bio-
models (Li et al., 2010), a repository of peer-reviewed, curated,
published, versionable, andparameterizable computationalmodels.
To promote the use and growth of Biomodels, some publishers
encourage authors to upload their models here after publication.
Other initiatives such as myExperiment (Goble et al., 2010) enable
workflows to be shared among scientists, as in a social network. The
major contributions made byMolecular Biology to the idea of a tool
to manage ecological models include: a) the strong connection be-
tween primary data repositories andmodel repositories; and b) the
efforts made to promote the use of model documenting and
executing tools in the scientific community.

Earth System Science develops comprehensive and highly in-
tegrated models describing the interaction between atmosphere,
hydrosphere, lithosphere, and biosphere. This need for integration
has prompted the creation of tools similar to model repositories
that: a) enable the coupling of model execution (Bulatewicz et al.,
2009; Castronova et al., 2012); b) manage model versioning
(Thornton et al., 2005); c) track computational provenance of
models (Dozier and Frew, 2009; Frew et al., 2008); and d) create
models collaboratively thanks to community modeling systems
(Voinov et al., 2010). Major contributions of Earth System Science to
the idea of a tool to manage ecological models have been the



Table 1
Summary of the notable progress achieved by different disciplines regarding model storing, documenting, and executing models and workflows.

Name References Scientific discipline Key features

Biomodels Li et al., 2010 Molecular biology Connection with biological data sources.
Web interface to search models using ontologies.

myExperiment Goble et al., 2010 Molecular biology Use of social networks to promote workflow and model
sharing.

JWS Online Cellular Systems Modelling Olivier and Snoep, 2004 Systems biology Code repository able to interactively run kinetic models
via web.

ECOBAS Benz and Hoch, 2001 Ecology Model documenting.
Meta-modeling Keller and Dungan, 1999 Ecology Framework helping to process model construction.
Simecol Petzoldt, 2007 Ecology R-package to implement, simulate, and share ecological

models.
Meece (Marine ecosystem

evolution in a changing environment)
http://www.meece.eu/Library.aspx Marine ecology Catalog of documented models.

OpenMI Turuncoglu et al., 2013 Hydrology, Earth
Sciences

Software component interface to linking any combination of
models, databases, and analytical and visualization tools.

ESMF (Earth System Modeling Framework) Hill et al., 2004 Earth Sciences Software infrastructure to promote connectivity between
models.

CSDMS (Community Surface Dynamics
Modelling System)

Peckham et al., 2013;
Voinov et al., 2010

Earth Sciences Component-based system to promote connectivity among
models.

MOSAIC Kuntsche et al., 2011 Process systems
engineering

Documenting equations using a systematic approach.

CoMSES (The Network for Computational
Modeling for SocioEcological Science)

http://www.openabm.org/models Social and life
sciences

Library containing descriptions of agent-based models.
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advances in model execution and system modularity. These chal-
lenging issues are especially important due to the complexity in the
design and implementation of standards to document and couple
model executions. Notable among the different initiatives that are
trying to design and implement tools to manage models (docu-
ment, couple executions, share code, etc.) is CSDMS (Community
Surface Dynamics Modeling System) (Overeem et al., 2013;
Peckham et al., 2013), an NSF (National Science Foundation) pro-
gram with the aim of integrating a wide variety of Earth surface
processes considering different temporal and spatial scales. CSDMS
also contains a source code repository where modelers can upload
or download models created by themselves or by other scientists.
Each model can be documented in detail, describing the processes
involved, input and output datasets, bibliographic references, and
technical specifications. On the other hand, OpenMI (Goodall et al.,
2013; Gregersen et al., 2007) provides a standard interface to
facilitate the data exchange between any models.

3. Conceptual framework for an envisioned tool to store,
document and execute both models and workflows

Our proposed conceptual framework combines certain major
advances (Table 1) made by the above-mentioned sciences
regarding the issue of model repositories. In this section, we
describe this framework according to its main functions: model
documenting, connectivity, model execution, and model version-
ing. Fig. 1 shows a graphic description of this framework.

3.1. Model documenting

Model documenting could be considered the first and the most
important function of a model/workflow management tool. Our
proposed documenting schema is based on ECOBAS (Benz and
Hoch, 2001; Strube et al., 2008), as we are considering a hierar-
chical documenting schema. A modeler can document a model
using three levels of detail: a) general model description (aims,
methods, bibliography, authors, links); b) general information
included in the first level plus detailed technical information and
some basic information about the mathematics of the model; c)
Information included in the second level plus detailed information
about the mathematics of the model (algorithm description, pa-
rameters, connection with source data, execution rules). This
documenting structure should be versatile enough to cope with
both statistical and analytical models, and others that like ABMs
(agent basedmodels) have their own documenting protocols (ODD:
overview, design concepts, and details (Grimm et al., 2010; Müller
et al., 2013)). This documenting framework also allows the doc-
umenting of models that contain only one or several algorithms not
implemented.

The “depth” of the documentation process depends on the
modeler’s knowledge of how to use the model. The most detailed
level of documenting should also include the description of input
and output datasets as an inherent part of a model documenting
process. Given that input/output datasets are extraordinarily
diverse in environmental sciences (Reichman et al., 2011), the re-
pository should be able to “speak several metadata dialects”
(Nogueras-Iso et al., 2004) used to document different types of
datasets. This could be by the creation of crosswalks between
metadata standards. Thus, the proposed tool could read metadata
catalogs written with different specifications and add these data-
sets as input data.
3.2. Connectivity among models

The capability of linking models with data sources and outputs
provides a powerful framework to promote connectivity between
differentmodels stored in a repository.We are proposing that when
the outcome of a model (e.g. M1) can be used as an input dataset by
another model (e.g. M2), then both models become connected
(Lundström et al., 2007; Zerger and Wealands, 2004). This connec-
tion becomes real when models are executed. Execution of M2 re-
quires the previous execution of M1, for example. A temporal
coupling of executions is also needed, as the outcome for M1 in the
first time step is used by M2 for its first step execution, too. This
framework allows for the existence of intermediate models that
calibrate output datasets to make them useful for other models.

Linkingmodels relies onweb services (Goble et al., 2010; Goodall
et al., 2013). These services would be interoperable using metadata
specifications and would supply information about input/output
datasets and algorithmcharacteristics. Therewould be aweb service
for each model and another one for the input/output dataset.

Linking models that are stored in different model repositories
could yield the creation of a federation of model repositories. This
federation of repositories, based on the statement that information

http://www.meece.eu/Library.aspx
http://www.openabm.org/models


Fig. 1. Scheme showing the most important functions of the proposed tool. The envisioned infrastructure should be able to describe diverse ecological models, following a gradient
of levels of documentation: from simply adding a name and a unique identifier (Bafna et al., 2008; Wang, 2007) to providing a detailed description of the mathematical algorithms
used by the model (Hucka et al., 2003; Miner, 2005). Input/output datasets should also be documented using metadata specifications such as Ecological Metadata Language
(Michener, 2006) and others. Finally, models documented in great detail could be executed by the system. This conceptual framework takes into account the ability for a federation
of model repositories. Local repositories could connect to some others via web services.
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must be stored and curated wherever it is created, is best suited to
promote synergyamongscientists andalso tomeet theirdemandsof
managing the models that they create. Web-based simulation tools
and component-based programming could be useful to implement
the idea of a federation of local repositories (Byrne et al., 2010).

3.3. Model execution

Only models with the most detailed level of documenting could
be executed by the system.When executing amodel, it is important
to track specific actions by algorithms in input datasets. This
feature, called ‘tracking provenance’ (Dozier and Frew, 2009; Frew
et al., 2008), allows the optimization ofmodel execution and should
be included in any framework aiming to execute ecological models.
The proposed web tool needs to be able to execute both workflows,
such as Kepler (Altintas et al., 2004) or Taverna (Oinn et al., 2004),
and scriptable code. The output (only those considered definitive or
useful for other models) should be properly documented, too, in
order to allow model connectivity.

3.4. Model versioning

Besides the above-described functions, a tool to manage
ecological models and workflows should consider the changes that
algorithms as well as input datasets undergo during the lifecycle
of a model. The versioning system should include both the objects
to be versioned (algorithms, datasets, parameters) and a proce-
dure to identify versions (Ogasawara et al., 2009). A model ver-
sioning system helps to (Altmanninger et al., 2009): a) maintain
the history of the evolution of models, b) support collaboration
between modelers, and c) manage different development
branches in a given model. According to Ogasawara (Ogasawara
et al., 2009) we are proposing a versioning system where each
versioned object in any model (algorithm, input, and output) has
an object identifier (OID). This means that any change in input
datasets, model algorithm or model parameters would imply the
creation of a new OID. There are different types of OIDs: digital
object identifier (Parr et al., 2012; Wang, 2007) is an international
standard for identifying digital objects. LSID (life-science identi-
fiers; (Bafna et al., 2008) can be used to name and locate infor-
mation on the web.

4. ModeleR: a web based model and workflow management
system

Besides formulating a conceptual framework, we have also
implemented some of its main functions within a functional tool,
called ModeleR (Pérez-Pérez et al., 2012). This web application has
been built in the context of the Sierra Nevada (S Spain) global
changemonitoring program. Sierra Nevada is a Biosphere reserve, a
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National Park, and also an LTER (long term ecological research)
platform.

We have implemented in ModeleR the documenting function-
ality previously described in the conceptual framework. Thus,
ModeleR can document different types of ecological models. It also
allows the connection of a given model to a dataset documented
using EML (ecological metadata language; Fegraus et al., 2005). If
the model is documented at the most detailed level, the system
automatically creates an initial prototype of a Kepler workflow
(Altintas et al., 2004). When the user completes this prototype
(adding the code needed, all remaining actors and parameters), it
can be uploaded toModeleR and then themodel can be executed by
the system. Thus, these workflows are used to guide different
execution steps within one model. In addition, if the model is not a
Kepler workflow, the system accepts any kind of code to execute a
model. The only requisites are to install the execution engine (must
be scriptable; e.g. R, MatLab, or ESRI scripts) in the server where
ModeleR is running and upload the code. This requisite could be a
limitation if those scripts are created using commercial software,
due to the cost associated with such software. Thus, using com-
mercial software causes dependence and limitations in the system.
We have also implemented the connectivity function previously
described: model outputs could be used by another model as in-
puts. To promote the idea of a federation of model repositories, we
have created ModeleR using a service-oriented architecture (SOA),
which would allow interoperability and connectivity with other
similar tools. Finally, model creation and documentation can be
undertaken collaboratively thanks to a blogging system associated
to ModeleR.

5. ModeleR in action: two study cases in the context of a
global change monitoring program

Currently, we are using ModeleR to document and execute
models and analytical processes associated with the Sierra Nevada
LTER platform. This model management tool, which can be
accessed via web (http://modeler.obsnev.es/), has become the core
of the platform’s information system. The global changemonitoring
program under way in Sierra Nevada offers a great array of datasets
and algorithms that have been used to test both ModeleR as well as
the conceptual framework that supports it. This monitoring pro-
gram provides information about more than 100 environmental
variables belonging to 48 monitoring protocols. This great amount
of information is processed via ModeleR to gain useful knowledge
to assist environmental decision making.

ModeleR can document several types of models from aggrega-
tion/summarization workflows (e.g. processing data from meteo-
rological stations) to species distribution models (Jetz et al., 2012)
(Fig. 2) or dynamic models such as agent based models (Grimm
et al., 2005) (Fig. 3). These two examples illustrate how ModeleR
works and how models can be connected to each other by doc-
umenting their inputs/outputs.

6. Concluding remarks

The creation of tools able to document, store, and execute
ecological models collaboratively (Byrne et al., 2010) will help
advance Ecology in twoways: by bolstering the capacity of creating
relevant knowledge and by improving its capacity to transfer that
knowledge to decision makers.

Model documentation is a beneficial practice in modeling
(Scholten, 2008), facilitating the process of conceptualization,
mathematical description, and real implementation of a given
model (Keller and Dungan, 1999). A tool to document and execute
workflows/models will also improve model outreach among
different scientists. Model sharing should also allow modelers to
advance in the reproducibility of their analyses (Cassey, 2006).
Model sharing and code reuse will strengthen the environmental
management decisions that could be based upon those models
(Scholten, 2008).

Despite the notable advantages provided by model documen-
tation and model repositories, these tools are not yet very suc-
cessful in Ecology. Some scientists argue that using these tools is
excessively time consuming. This might be disputed, since, ac-
cording to our calculation, the time to document a complex model
(such as the examples provided above) is less than two hours using
ModeleR. This process is straightforward if beforehand the user has
locally described and documented the intermediate steps given to
build a complex model. In other words, the better the local process
of documenting a model, the easier it will be to describe it in any
model/workflow management tool.

Another reason that could explain the lack of success of model
management tools in Ecology is the meager reward that scientists
receive on documenting and uploading models into repositories.
Molecular Biology is implementing a strategy to properly reward
scientists that document their models. Some publishers encourage
authors to upload their models into repositories after publishing
them in journals (Li et al., 2010). We believe that a similar strategy
applied to ecological models could promote the use of these tools.

Regarding model sharing via repositories, it is important to
examine the issue of licensing and model sharing policy. Another
drawback in implementing model repositories could be that
modelers might prefer to preserve their intellectual rights. On the
other hand, model repositories aremost useful when the concept of
“open access” is applied. That is, the higher the rate of sharing
models, the greater the synergy generated. To cope with both
scenarios, model repositories must implement sharing policies.
Although this issue has not been fully addressed in this work, we
propose an approach similar to the one created by GBIF (Global
Biodiversity Information Facility), which has built a data portal with
almost 400 million data records onworldwide species distribution.
Part of their success is due to one of the statements described in
their data sharing policy: “Data providers retain all rights and re-
sponsibilities associated with the data they make available”. Data
providers also decide whether they provide whole datasets
showing species occurrence or only metadata. We propose to
transfer this approach to model documenting.

We are proposing a tool capable of documenting and executing
several types of ecological models or analytical processes. The tool
described here will help to extend the paradigm of metadata from
datasets to models and algorithms. Finally, our approach is also
taking into account the scalability needs of individuals, research
groups, and institutes. The overarching idea is to create an inter-
national federation of tools to manage models/workflows with a
high degree of connectivity. The benefits of this tool can be sum-
med up with a single word: synergy. The easier it is to share how
we analyze ecological data to get useful knowledge, the stronger
the collaboration will be among peers.
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Fig. 2. This diagram shows how a species distribution model (SDM) is documented using ModeleR. SDMs are workflow based models that aim to provide a spatial representation of the area potentially used by a particular species
according to the distribution of certain environmental variables. The whole model is described using the first level of documenting (dark-blue labels). In a more detailed view, the model can be described as two different modules
connected via input/output elements. The first module (green) is in charge of retrieving presence data from GBIF (Global Biodiversity Information Facility) using web services. This dataset represents the presence distribution of
different species in the landscape. The second module (orange) uses as input data the outputs created by the previous module and two outputs created by different models (Model 2, present climate; Model 3, future climate). These last
two datasets are the environmental variables that are assumed to influence species distribution. The SDM uses a maximum entropy algorithm to simulate the potential distribution of the target species. This algorithm is also able to
project the “potential habitat” over the present and future environmental variables, yielding two output layers: one showing the areas suitable for the target species at present and another one showing the suitability in the future. In
this case, all algorithms are implemented in R or different Kepler’s actors. This link (http://goo.gl/vhzgM) shows a summary of the documentation process for this model. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.).
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Fig. 3. This figure shows how an agent based model (ABM) is documented using ModeleR. In this specific case, ABMs can be considered dynamic models that simulate the behavior of a set of agents that act in a given landscape. This
example describes the dynamics between a forest pest and its host tree. The input data are layers describing the status of some environmental variables (solar radiation, areas potentially suitable for host species, terrain, or soil
moisture) that are important for an agent’s activities. Here, we have considered two types of model output: a) GIS layers showing the spatial distribution of hosts and pest agents in the landscape and b) graphs showing both the
evolution of pest numbers and the defoliation percentage of hosts with time in the overall landscape. The model is described using the first level of documentation (dark-blue labels). The next level of documentation involves the
description of a single module and its inputs/outputs. Some inputs are the outputs created by other models implemented in ModeleR. ABM’s core is a script containing both the behavior of each agent type and the relationships of these
agents with the landscape. This script can be coded with NetLogo or any other modeling software. The most detailed level of documenting implies uploading the NetLogo script. Users can also include all the parameters needed by the
algorithm to be executed. This link (http://goo.gl/DDJw6) shows a summary of the documentation process for this model. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.).
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