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DIRECTOR® FOREWORD

It is becoming increasingly clear that to understand how marine ecosystems develop over time we have to
evaluate not just how such systems are impacted by fishing, but also the role of food web dynamicsand
environmental change. We have, in fisheries research generdly, and at the Fisheries Centrein particular,
ample experience with the fisheries and food web aspects okcosystem development Factoring in the
impacts of environmental change presents a challenge howeveri especially for spatial applications - due
to the generally very large data sets and the flurry of different formats that are used in different models.

With this report Jeroen Steenbeek has taken a major step to facilitate handling of &rge spatial data sets
and notably, this report provides the fun ctionality that makes it possible to use such data sets in the
Ecopath with Ecosim (EwE) modeling software. EwWE is the world's most widely used ecological modeling
approach, and | am proud to point out that the development of EwWE is led by Fisheries Centre researchers,
including Jeroen Steenbeek, Carl Walters, and Villy Christensen. The approach also serves as a
fundamental building block for the Nereus model, a global ocean model that is currently under
development by Villy Christensen and colleagues as pat of the Nereus Program.

As marine zoning becomes an increasingly important part of ecosystembased management, it is clear that
there is huge potential for the use of the spatial-temporal framework that Jeroen Steenbeek describes in
this report. | am sure that many EwE applications will benefit from this work over the coming years.
Finally, | want to point out that this work represents an important step towards bridging the gap

between ecosystem modeling tools and Geographic Information Systems.

Rashid Sumaila

May, 2013
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ABSTRACT

This paper is an adaptation of my M.Sc. thesis in GIS and Environment, which was completed September
2012 at the Department of Environmental and Geographical Sciences of Manchester Metropolitan
University, Manchester, UK, in collaboration with the UNIGIS department at the Vrije Universiteit,
Amsterdam, The Netherlands, and the Nereus Program at the Fisheries Centre, University of British
Columbia, Vancouver, Canada.

The effects of climate change and human interactions on marine ecosystems are felt throughout the world,
yet these effects are still poorly understood. Research efforts to attain undestanding are hampered by the
limitations of present -day ecosystem models to address the interrelated dynamics between climate, ocean
chemistry, marine food webs, and human systems due to the discreet sciences that these models derived
from.

This thesis seeks to simplify interdisciplinary model interoperability by separating its various technical
and scientific challenges into a flexible and modular framework using open source GIS technology and
common software development paradigms. A prototype of this framework is used to drive the food web
dynamics of an existing and published marine ecosystem model with two spatial-temporal series of
primary productivity. Results show that the predictive capabilities of the model enhanced by better
reflecting observed species population trends, which is a promising step toward future implementations of
the framework, such as in the ambitious end-to-end Nereus Model (Christensen, 2012).
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L 0StASPSs: (GKSys (GKIG GKS O2R FTAAKSNEZIZ ,dankKS KSN
probably all the great sea fisheries, are inexhaustible; that is to say, that nothing we do seriously affects
the number of the fish. And any attempt to regulate these fisheries seems consequently, from the nature
2F GKS OFrasSsz 2 0SS dzasSf Saaoe
- Thomas Huxley (1883)

NTRODUCTION

The effects of climate change and human interactions on marine ecosystems are felt throughout the world,
yet these effects are still poorly understood. Environmental changes and human interactions have
profound and often irreversible impacts on marine and terrestrial ecosystems. Globally, realization is
dawning that all environmental processes are interconnected, that terrestrial ecosystems cannot exist
without healthy, productive oceans, and that past approaches to manageecosystems have been insufficient
to stop many aspects of our environment from steadily declining.

Marine ecosystem models (MEM) are mathematical tools that help analyze and forecast dynamics within
marine ecosystems, and how these ecosystems respond toxternal stressors such as fishing and changes in
environmental factors. MEM tools yield vital information for policy makers and scientists alike to address
issues such as sustainable fishing, marine conservation, and longterm food security. However, the
majority of present day MEM tools were originally built as expert tools by and for scientists to address
questions of a specific scope, and thus have limited applicability. Based on largely proprietary data formats
and coding platforms, existing MEM tools are often physically unfit to collaborate with other modelling
approaches to address matters beyond the scientific discipline that models were written for. Yet, changing
climate conditions require unprecedented analytical capabilities that address the inter related dynamics
between climate, ocean biochemistry, marine organisms, and sociceconomic systems, crossing several
traditional scientific disciplines in the process and covering geographical and temporal scales of several
orders of magnitude. MEM tools n eed to become flexible enough to collaborate with other models in order
to put their expert capabilities to use in such a large, analytical context.

Coupling the science of discrete MEM tools requires significant interdisciplinary effort. This challenge is
exuberated by lack of communication protocols and common data standards between modelling
approaches. Geographic Information Systems offer essential data formats and operations that provide the
foundation for implementing the link between models, while in dustry-standard software design practices
offer the necessary structures to enable models to collaborate. Drawing on all three disciplines this thesis
proposes a flexible framework for bridging the gap between MEM tools using GIS.

OBJECTIVES

The final aim of this thesis is to ascertain and improve the feasibility of MEM tools to interoperate via GIS
data standards by examination of marine ecosystem modelling needs, available models and tools,
interoperability criteria, data standards used in the scientific community, and scientific issues that arise
from current limited model interoperability.

This thesis puts forth a technical framework that allows traditional ecosystem models to provide and
consume geospatial data in a generic matter, using generic data fomats and communication protocols, as
a foundation for scientific collaboration to address questions beyond the scope of a single model. The aim
is to fill a void in the discussion of model interoperability by providing set of technical conventions onto
which environmental model interoperability can be constructed.

The thesis aim is achieved by:
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e Reviewing relevant literature, focusing on prominent marine environmental models and marine
ecosystem models (MEM) tools, model interoperability needs and strategies, and existing and
foreseen environmental modelling interoperability standards;

e Examining the modelling capabilities, data needs, and GIS capabilities of the most widely used
MEM tool, Ecopath with Ecosim version 6 (EwEG), for modelling climate change;

e Researching, testing, and analyzing the scientific challenges that derive from using GIS tools to
connect EWESG to spatial-temporal primary production data;

e Developing a prototype interoperability framework, and testing this framework with a spatio -
temporal time series to drive the base of a food web in EwWE6 using an existing, published
ecosystem model;

e Developing a prototype data delivery framework for EWE6 to provide its model results in any GIS
format suitable for interoperability with other models and spat ial frameworks.

e Agreements to use the data for this thesis have been established through the University of British
Columbia (Vancouver, Canada), and its cooperation with the Institute of Marine Sciences
(Barcelona, Spain) and the Joint Research Center (Ispa, Italy) of the European Union.

e Agreements to use the Ecopath models for this thesis have been established through the
University of British Columbia, the Ecopath Research and Development Consortium, and the
principle investigator behind the EWE6 model a pproach, Dr. Villy Christensen.

The need for marine ecosystem modelling

The understanding of the marine environment has increased dramatically in the past few decades(Fulton,
2010), and Marine Ecosystem Models (MEM) have become indispensable tools for ecosysterrbased
management purposes (e.g., Leslie and McLeod, 2007; EspinosaRomero et al., 2011) However,
understanding of the cumulative impacts of a rapidly changing climate (e.g., Diaz and Markgraf, 2000; Orr
et al., 2005; Hansen et al., 2006; Stock et al., 2011)and anthropogenic interactions (e.g., Hilborn and
Walters, 1992; Pauly et al., 1998) and what these individual impacts mean for an ecosystem as a whole, is
still in a budding stage (Ainsworth et al., 2011; Coll et al., 2012).

A growing body of research suggests that changes in the atmosphere have far reaching consequences for
the oceans, suchas unequal shifts of marine species distribution ranges (Stock et al., 2011)in response to
changing ocean temperatures (Hansen et al.,, 2006), increasing anoxic water conditions due to the
formation and die -off of plankton blooms (Stock et al., 2011) decreased ability of corals, crustaceans, and
molluscs to build shells and exoskeletonsdue to ocean acidification (Orr et al., 2005; Fabry et al., 2008) ,
and the projected increase in frequency of major climatological events such aso¢ E | NDigk @rid
Markgraf, 2000; Emanuel, 2005; Edgar et al., 2010) that have the capability to disrupt global weather
patterns (Jacobs et al., 1994; Diaz and Markgraf, 2000; Webster et al., 2005), impacting the functioning of
ecosystems and human ecosystems for several years.

End-to-end modelling

In a response to understand these farreaching but interrelated effects a new type of ecosystem model, the
end-to-end (E2E) model, has emerged. E2E models differ from traditional models by extending their
scope to include the components of, and dynamics between, climate change, biochemical oceanographic
processes, marne food webs models, and the human systems that interact with the marine environment
(Fulton, 2010; Rose et al., 2010).

The idea of E2E modeling is receiving significant scientific interest in peer-reviewed literature (e.g.,
Travers et al., 2007; Erturk et al., 2008; Libralato and Solidoro, 2009; Rose et al., 2010; Steele and
Ruzicka, 2011) but only two ecosystem models, Atlantis andInVitro approaches (Fulton et al., 2004; Gray
et al.,, 2006; Fulton, 2010), truly consider the interrelated end -to-end dynamics. Other modelling
approaches show significant promise by encapsulating new dynamics as they evolve such as OSMOSE



Bridging the gap between ecosystem modelling tools using GIS, Jeroen Gerhard Steenbeek 5

(Shin and Cury, 2001; Shin et al., 2010), MIMES (Boumans and Costanza, 2007) NEMURO.FISH (Kishi
et al., 2007) and EwWES6 (Christensen and Walters, 2004; Christensen and Lai, 2007).

Recent inventories by Plagani (2007), Travers et al.(2007) and Fulton (2010) describe the challenges that
are faced by E2E models. For example, they need to:

e Include processes that are taditionally contained within discrete scientific disciplines, and
implement bi -directional transfer of appropriate information between different sciences to reflect
feedback effects between ecosystem components;

e Join processes that typically operate on atial and temporal scales that may differ by several
orders of magnitude;

e Include a potentially open-ended number of species, chemicals, socieeconomic aspects, each
described in a proprietary manner using different and potentially incompatible units;

e Assess the impacts and cascading effects of anthropogenic perturbations in every aspect of marine
ecosystems;

e Assess and communicate the impacts of uncertainty.

Prevalent marine ecosystem modelling approaches such as Atlantis, NEMURO.FISH and Osmose address
these challenges by integrating more dedicated functionality of ever increasing scope within their
proprietary frameworks and code environment. Therefore, the resulting E2E models are inflexible
complexes that require extensive funding and expertise to parameterize and operate. Moreover, the fixed
connections within the E2E imply a fixed scientific pathway through the modelling complex, which does
not allow for testing of different hypothesis within the E2E by switching model components.

More modular modelling frameworks, such as the Multiscale Integrated Model of Ecosystem Services
(MIMES), offer an extensible set of modules that collaborate on a common set of data definitions and
conventions focused on ecosystem value(Boumans and Costanza, 2007; Nelson and Daily, 2010)
Although providing a wide range of advanced capabilities to represent the socio-economic aspects of end
to-end models, the valuefocused view of this model offers limited consideration of marine ecosystems
beyond exploited marine species, and is in particular unsuitable to represent ecology and the effects of
climate change (Waage et al., 2008; Nelson and Daily, 2010).

Lastly, version 6 of the Ecopath with Ecosim food web model (EwEG6) takes a different approach, and was
designed for model interoperability. EWE6 is an open source product, which enables development of
linkages to other models with reasonable ease. With model interoperability in mind a plug -in system was
built into the very design of the EwE6 software (see Figure 1), which enables users to extend the
capabilities of the software without having to alter the source code of the approach (Christensen and Lai,
2007). The EwES6 software will be further discussed int he sect i oMo d Eabdiniore detad cah
be found in Annex A

Caveats to end-to-end modelling

There is no single ideal model to address any aspect of reality because every model is based on embedded
hypothesis and assumptions (e.g., Christensen and Walters, 2005; Fennel, 2008; Shin et al., 2010).
Models are built for purposes and thus have unique predictive capabilities, strengths and weaknesses.
Therefore, to validate predictions and quantify uncertainty, it is generally agreed that important scientific
questions should be scrutinized with as many model as possible(e.g., Fulton, 2010). This paradigm has
not yet been applied to E2E models, which are exceptionally sensitive to uncertainty propagation due to
their complexity, many data conversions, and long computational paths (Travers et al., 2007; Rose, 2012)



6 Bridging the gap between ecosystem modelling tools using GIS, Jeroen Gerhard Steenbeek

EwE External system Integrating MEM tools toward an
User Interface P_. Plug-ins E end-to-end model requires
I unprecedented scientific and
— technological effort (Fulton et al.,
2009; Gallagher et al., 2010; Rose et
) ‘ l|:| al., 2010), but other than
Ecopath Ecosim Ecospace . InVitro (Gray et al., 2006), no
Web
practical implementations of
I technological frameworks for model
Data source interoperability have surfaced in the
= literature. Theoretical paradigms

abound detailing diverse approaches

to connect lower and higher trophic
Figure 17 Structure ofthe EWwE 6 software with plug  -ins. models (e.g., Argent, 2004; Rose,
2012), but without exception these theories are posed without practical guidelines toward i mplementation,
and without any consideration toward standardization of model interoperability or model collaboration to
facilitate flexibility in end -to-end model construction.

A brief overview of GIS

GIS and modelling

Geographic Information Systems have been an indispensable component of environmental modelling
(e.g., Goodchild et al., 1993; Wesseling et al., 1996; Jolma et al., 2008) Present-day marine environmental
models are interdisciplinary efforts that depend on the spatial context provided by GIS to be successful:
specialist models derive ecological, environmental, and socio-economic indicators - simple measures that
represent key components of the moddled system with a meaning beyond the attributes that are directly
measured i which only by means of GIS functionality are placed within a specific geographic context.
Mapping the environmental variability of indicators across a geographic area enables an integrated
assessment of individual, location-bound indicators within a broader geographic context (Wesseling et d.,
1996).

GIS was conceived for terrestrial applications, which are characterized by largely discrete boundaries, are
highly suitable for representation in a GIS, and can be gecprocessed with relative simple two-dimensional
GIS operations such as ovelaying, buffering, reclassification and Boolean operators with high accuracy
(Wesseling et al., 1996; Valavanis, 2002; Levin et al., 2009). When GIS migrated to the marine realm in
the late 1980s and early 1990s the technology was faced with an entirely new set of challenges. The
underwater environment is highly heterogeneous, dynamic, inter -mixed, and three-dimensional with
unclear boundaries. Dynamic marine processes such as upwelling, gyres, and advection require
consideration of the vertical dimension and time, at scales that differ in several orders of magnitude (e.g.,
Valavanis, 2002; Levin et al.,, 2009). Representing and analysing marine entities such as species,
nutrients, oxygen, and pollutants, which disperse and interact in ways that cannot be explained using mere
geographic location and proximity, requires additional knowledge of several marine disciplines such as
biological and physical oceanography, marine biology, and remote sensing.

Marine environmental modelling is an interdisciplinary effort that often relies on integrated assessments

of specialist model tools. Some aspects of marine modelling may be addressed using native GIS
capabilities, such as habitat classification, watershed modelling, interpretation and classification of remote
sensing imagery, or species distribution mapping. However, addressing the dynamics in a marine
ecosystem often demands integration of GIS and dedicated models to amlyze environmental, biochemical,
and biological interactions in a spatial context including mechanistic approaches using modelling
capabilities.

Challenges to integrating GIS and ecosystem modelling

The integration of the different ecosystem components into spatial analysis poses a series of challenges
that are reviewed below:

Ful
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Scales

In marine ecology, it is a well-established fact that individual components of an ecosystem are best
modelled at relevant scales (Levin, 1992; Shin and Cury, 2001; Solimini et al., 2009) . However, the
adequate spatial and temporal scale to model marine phenomena of interest is a daunting task to which no
standard solutions apply (Rose et al., 2010}

e Coarser scales will decrease local variability in data patterns, hence possibly eradicatig crucial
interactions that may drive an ecosystem;

e Too fine scales on the other hand may cause phenomena or processes to become ovegpresented,
introducing computational instabilities and oscillations that approximate interactions at
unrealistic time scales and spatial resolutions (Walters et al., 1999).

Each category of environmental models scrutinizes only directly interacting components at resolutions of
space, time and modelled entities relevant to that model (Levin, 1992). Meaningful translation of data
between two models is a task to which GIS environments provide only limit ed facilities.

Metadata standards

Lack of semantic data standards poses the greatest challenge to enable the various components of spatial
data infrastructures. This problem is exacerbated when attempting to unify ecosystem models in GIS
environments since the field of ecosystem modelling suffers from a similar lack of commonly adopted
standards (Rose, 2012)

The need for semantic data standards for ecology has been long acknowledged for ecological
interoperability in spatial and non-spatial systems (e.g., Michener et al., 1997) and several efforts aim to
address this. Freely accessibe taxonomic repositories such as FishBase(Froese and Pauly, 2010) the
Ocean Biogeographic Information System (Grassle, 2000) and the World Register of Marine Species
(WoRMS; Appeltans et al., 2011) are ongoing efforts to bring a measure of order in the surprisingly
turbulent field of species classifications. Other approaches aim to centralize storage and distribution of
ecological data in repositories such as Dryad (Scherle et al., 2008), an effort that requires metadata
standards with ecological and GIS components (Greenberg et al., 2009). Separately, the textbased
Ecological Metadata Language (EML) shows promise as &flexible structure for describing ecological data,
its purpose and applicability in spatial and non -spatial contexts (e.g., Michener, 2006; Gil et al., 2008;
Whitlock, 2011).

However, adaption of standards by higher-trophic ecosystem models is in its infancy. There are no binding
rules and best practices how to construct higher-trophic models, which species to include, which species to
aggregate, and at what spatial and tempord scales to assess species dynamicg.g., Rose et al., 2010)
Ecosystem models are inherently constructed with different motivations to address unique questions,

requiring different levels of detail and different collections of variables (Fegraus et al., 2005).

Uncertainty

Uncertainty is a key threat to the liability of numerical models. Jager and King (2004) summarize the
classical sources of uncertainty in ecologi@al models as (i) uncertainty in measurements; (ii) cartographic
uncertainty; (iii) uncertainty error propagation and amplification through model computations; and (iv)
uncertainty between alternate input data sets. Francis et al. (2011) add a new source ofuncertainty as the
limited experience with predicting the behaviours of external, anthropogenic drivers: human systems are
immensely complex, and future trends in urbanization, land use and economic developments will
inevitably affect ecosystems in yet paorly understood ways.

Uncertainty and error propagation in GIS have received considerable attention since the early days of GIS,
where the complexity of geospatial operations amplify error due to data accuracy, quality, and error (e.g.,
Heuvelink, 1998; Crosetto and Tarantola, 2001). Ecological models are subject to various types of
uncertainty and error propagation (e.g., Hilborn and Walt ers, 1992; Heuvelink, 1998; Crosetto et al.,
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2000; Jager and King, 2004; Rose et al., 2010). The effect of error are exacerbated when environmental
models and GIS are used in conjunction (Crosetto and Tarantola, 2001; Couclelis, 2003; Kacprzyk, 2010).

In inter -model scenarios, feedback effects amplify error further, and thus subtle parameter variations due
to uncertainty may lead to significant changes in long-term predictions (Kearney et al., 2012). In a
complex modelling approach, error needs to be measurable. It is necessary to assess how uncertainty in
input data, model parameters, etc. propagates through individual model components, but also through the
individual linkages between the models in an integrated assembly. Furthermore, measures of fit of
intermediate model results to observed data may provide further diagnostics on model uncertainty.

Summary

The effects of climate change have underpinned the already known fact that all ecosystems are related, and
that ecosystem modelling tools to date are insufficient to perform an integrated assessment of dynamics in
the entire ecosystem at long term, large spatial scales. In order to assess global impacts of climate change
and to make predictions about the future of our oceans, integrated analysis will have to be performed at
global scales. For managing global issues involving climate and sustainable utilization of the marine
environment we will first require global understanding of these issues, for which the modelling capacity is
slowly emerging.

A major challenge for ecosystem modellers that is still waiting is to build modelling capacity on an
integrated, global scale. Currently a wide array of modelling approaches exist that support in-depth
exploration of specific aspects of the environment, but models are rarely linked, operate on different scales
in time and space and under not necessarily related assumptions. These models were not engineered to
interoperate, lacking features to exchange data with other models in a standardized manner. Integrated
modelling frameworks on the other hand are built to address overarching questions, but are in turn
criticized for not being able to cover phenomena at proper level of detail.

GIS technology forms an essential part of environmental modelling, but GIS capabilities are underutilized
due to a lack of semantic data standards within the realm of GIS itself, and lack of ecological data
standards in marine ecology. The lack of generic abilities to communicate hampers efforts to leverage the
full capabilities of GIS and ecological models for inter-model assessments, and yields hybrid approaches
that are characterized by either a partial implementation of GIS functionality into ecosystem models, or by
a partial implementation of ecological assessments within a GIS (e.g., Valavanis, 2002; Manso and
Wachowicz, 2009). As a result, such endto-end models are developed as narrow paths, based on inflexible
chains of interwoven models, lacking transparency to validate embedded hypothesis.

To advance on our understanding of ecosystem dynamics and our capability to forecast, science and
technology cannot be viewed separately and should be scrutinized in equal measure as we push forward,
while we take in the important lessons from past research. This applies well to the context of E2E

modelling. There is large potential that the 1990s struggles of merging MEM tools into more capable

marine modelling approaches will be repeated all over again when constructing state-of-the-art E2E

models. End-to-end models are staggering efforts that aim to address atmospheric, physical, biological,

and socio-economic factors across wide spatial and temporal scales, crossing many traditional scientific,

technical, and political boundaries. Such endeavours cannot be accomplished by scientific experts alone,
but should draw benefit in equal measure from lessons learned in technical and social sciences.

It would, for instance, be very exciting if we could reuse the existing, published higher trophic level models
in Figure 2 for addressing larger ecosystem questions by simply reengineering those tools to better
collaborate for this larger scope without having to rebuild new models. This thesis hopes to set first steps
toward this standardization.

This thesis puts forth a technical framework that allows traditional ecosystem models to provide and
consume Geospatial data in a generic matter, using generic data formats and communication protocols.
This provides a foundation for scientific collaboration to address questions beyond the scope of a single
model. The thesis may advance in filling a void in this discussion by providing the theorists and scientists
with a set of technical conventions onto which MEM model in teroperability can be constructed.
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Figure 2 - An overview of published Atlantis, EwWE, and OSMOSE models (Adapted from Fulton, 2010)
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dal 1S GKAy3a & aAAYLIXS & LkaaAirofSs

- Albert Einstein

MATERIALS AND METHODS

ECoOLOGICAL MODEL

For this thesis the ecological modelling approach Ecopath with Ecosim version 6 or EWE6 has been
selected to serve as a test case for spatigiemporal model interoperability. EWE is the most widely used

model for assessing aquatic food wéd dynamics and the impact of human exploitation ( Figure 2), with an

estimated 6000 users in more than 150 countries, and with more than 600 academic publications to date

(ProQuest, 2012). EwE is increasingly used in ecosystem based management assessmentge.g.,
Christensen and Walters, 2005, 2011; CisnerosMontemayor et al., 2012), despite criticism for its

perceived simplicity (Plaganyi, 2007).

The software is developed using the Microsoft .NET platform (Christensen and Lai, 2007), which offers a
range of technical benefits such as compatibility with a suite of programming languages and the
theoretical ability to run on any operation system (ECMA International, 2012) .

The EwEG6 approach is deemed as prime candidate for model interoperability. The software has seen a
wide range of applications and is increasingly used in ecosystem based management assessmeni{®.g.,
Christensen and Walters, 2005, 2011; Cisneros-Montemayor et al.,, 2012). The need for integrated
ecosystem assessments have led to recent additions to the approach, such as for example a management
strategy evaluation module, an integrated species distribution envelope model, and facilities to integrate
with digital taxonomic libraries. Migration to the .NET environment facilitated the additions of a plug -in
system that allows users to complement the EwWE6 approach with new functionality without making
physical changes to the EwWE source codeAs part of this thesis, the software is being extended via plugins

to interoperate with external spatial -temporal models.

Annex A provides a cursory overview of EwWE version 6.2.0 (released 20 June 2011) to illustrate its
potential in a model interoperab ility environment. The core model of the EwWE approach is the Ecopath

model (Christensen and Pauly, 1993; Pauly et al., 2000; Ghristensen and Walters, 2004), a static model of
marine ecosystems. NOAA, the National Oceanic and Atmospheric Administration, celebrated the

approach as one of the ten biggest scientific breakthroughs in its 200 year existence(NOAA, 2007). Most

relevant to this thesis, though, is that the static mass-balance snapshot model Ecopath became the
precursor to the time-dynamic model Ecosim (Walters et al., 1997; Walters, 2000) and the time-space
dynamic model Ecospace(Walters et al., 1999, 2010).

In 1995 the Ecosim module was added to the desktop software for exploring past and future impacts of
fishing and environmental disturbances over time. Ecosim re -expresses the linear Ecopath equations as a
set of differential equations and solves these forregular time intervals for any given time period, under the
assumption that biomasses and the ability of any group to produce and consume are variable.

The third core module of EwE is the spatial/temporal model Ecospace, a spatially explicit multi -species
ecosystem model (Walters et al., 1999, 2010; Christensen et al.,2003; Christensen and Maclean, 2011)
Ecospace has been widely applied to quantify the spatial impacts on marine species due to fishing, and to
analyse the outcomes of management options such as the establishment of marine protected areas and its
impact in terms of spatial distribution of marine species and fishing effort (e.g., Walters, 2000; Martell et
al., 2005; Walters et al., 2010; Fouzai et al., 2012) It can also be used to develop spatial optimization
routines (Christensen et al., 2009) and assess the impact of climate change by linking the Ecospace model
with low trophic level models (Fulton, 2011).
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The Ecospace model was built to model biomass interactions within an ecosystem across a twe
dimensional grid over time. Ecospace distributes Ecopath biomass values of functional groups across a
grid of equally sized cells, and uses the Ecosim equations tanodel how biomasses vary within each cell in
the grid over time by taking trophic interactions, fishing and species movement into account. Spatial
variations in driver variables such as the primary productivity map have significant impacts on the
Ecospacedynamics (Martell et al., 2002) . T

pece ook Yfndows Help
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However, up to version 6.2.0 of the EwWE software, a
continued and major shortcoming of the Ecospace
routines has been its lack of facilities to read and
produce true geo-spatial data into driver layers.
Map data to Ecospace needs to be sketched onto the
map user interface (Figure 3) by hand using a
mouse, or can at most be read carefully crafted
comma-separated text files without explicit spatial
reference. Facilities that tried to mitigate this lack
of functionality, existent in the precursor to EWES,
were not implemented in the EwE version 6
because of limited applicability (Christensen and
Lai, 2007).
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. . . . Figure 3 1 The main Ecospace user interface in
This thesis addresses the inability of Ecospace to the EwE6 desktop software.6.3.

handle GIS data and interact with other spatially
enabled ecosystem models by defining a spatial temporal data framework that encapsulates theEcospace
model (Figure 4) to interact with a wide range of spatial data sources.

FRAMEWORK

The Ecopath and Ecosim models have been successfully linked to other models, but the spatial model

Ecospace has seen little use in this regard due to lack of facilities to exchange data. Since its initial

development in 1999 the ability for Ecospace to

exchange spatial-temporal data has been desired. ' expor

Continued popularity of the EWE approach, increasing
Static
maps

demand for the ability to use the Ecospace model in
conjunction with spatial analytical tools, specialist
models, and planning tools such as Marxan (e.g., Loos,
2011) and facilities offered by the mature .NET
programming environment, gave rise to the idea of a
flexible spatial-temporal data framework to solve the
data connectivity shortcomings of Ecospace.

Ecospace

Spatial temporal
data framework

Uncertainty
analysis

Figure 4 - A spatial temporal data
framework that encapsulates the Ecospace
model, and provides access to a wide range

of spatially enabled data sources.

Spatial
time series

In this chapter such a framework is conceptualized,
designed and implemented. First, a theoretical
framework is designed. Requirements for the
framework are identified, and a theoretical design for
the framework is discussed. This theoretical
framework is then converted to a functional design.
Then, candidate GIS programming toolkits are
evaluated and a GIS programming toolkit is selected to implement a prototype of the framework. Lastly,
this prototype is presented.

The terms spatial temporal data framework, spatial framework, or framework may be used
interchangeably for the same principle.
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METHODOLOGICAL DESIGN

Requirements

From an Ecospace operational perspective, the framework needs to fulfill the following technical
requirements:

e Provide access to static spatial files of relevant data to generat an Ecospace basemap;

e Deliver spatial time series of relevant data into Ecospace during execution time to drive the
model;

e Enable Ecospace to deliver its results as spatial time series for consumption by tools and models
outside of the Ecospace model;

e Enable read and write access to geospatial data formats and data delivery media common to the
environmental sciences;

e Enable Ecospace data interoperability for any spatial extent and Ecospace raster cell size.

To serve in an endto-end model interoperability environment the framework needs to facilitate Ecospace
to:

e Support bi-directional exchange of spatial-temporal data with an open-ended range of
collaborating models in an end-to-end approach;

e Support scientifically sound translation of data between external models and Ecospace;
e Support flexible access to submodels in the Ecospace model to test different hypothesis;
e Support the use and exchange of ecological metadata;
e Store intermediate results to allow assessments of error;
e Enable outside control to when Ecospace executes a time step.
To serve in a GIS interoperability environment a framework needs to enable Ecospace to:
e Support for the use and exchange of spatial metadata,
e Support a suite of geospatial operations needed to interpolate geospatial data inb Ecospace;
e Support a detailed overview of performed data conversions;
e Provide access to all intermediate data produced to facilitate uncertainty analysis.

Functionally, the framework will be operated by users that may have limited GIS experience. From a
usability point of view, the following additional requirements were identified:

e Minimize the need for users to interact with the framework without violating framework
capabilities and functionality;

e Minimize complexity in user interfaces;

Lastly, the framework should not pose any limitations to future unforeseen uses, thus it should:
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e Permit inclusion of access to new file formats, new data delivery media, and new spatial

operations in the future.

Conceptual design

The conceptual integration of the spatial framework
into EWEG is summarized in Figure 5. Spatial data is
either used to define an Ecospace base map at
model initialization, or is used to drive Ecospace
maps during every time step. Ecospace results are
presented as GIS data through the spatial
framework. The requirements listed in the previous
section can be conceptually grouped into layers of
functionality within the spatial temporal data
framework, as displayed in Figures 6 and 8.

Figure 6 reflects the flows of data through
interacting layers of functionality when external
data is brought into the Ecospace model. Dag,
derived from external GIS or models, is
scientifically adjusted to fit the parameterization of
the Ecospace model (layer 1). The resulting data, or
data directly derived from readily available GIS data
sources, is converted to the spatial dimensions ofan
Ecospace basemap (layer 2). This data is then
inserted in the running instance of the Ecospace
model (layer 3). All layers produce intermediate
results, which then, in conjunction with produced
Ecospace results, can be used in statistically analysis
for uncertainty.

Figure 8 is somewhat simpler, and reflects the flows

of data through the same interacting layers when

Ecospace has computed results. For consistency
layer numbering is kept identical to Figure 6. In

(Figure 8), Ecospaceresult maps are converted to

georeferenced GIS data (layer 2), which may be
stored in a GIS repository or may be scientifically

adjusted to feed into external models (layer 1).

Intermediate results and Ecospace results serve to
perform statistical analysis after the model has run

(layer 4).

The conceptual organization of functionality into

Initialization Execution

External data GIS GIS
data data

Spatial temporal data framework

Ecospace
raster
define basemap

Figure 5 - Conceptual overview of
framework, which provides external GIS data
to Ecospace model initialization and at
runtime, and provides Ecospace results in
spatial data formats when the model execute.

1. Model data exchange |

I

2. GIS data conversion

!

3. Ecospace data integration

run time step H results /

the

H Ecospace
Ecospace
results

Figure 6 - Conceptual layers of functionality

Intermediate
results

4. Post-run analysis

Usm!

within the framework when integrating
external data into Ecospace: (1) inter -model
data exchange to match Ecospace

parameterizations, (2) GIS data conversion to
match Ecospace resolution, (3) Ecospace data
integration, and (4) post -run analysis.

layers of similar functionality is a first organizational step toward building a comprehensive, modular and
extensible model interoperability framework. The layered design facilitates interaction with Ecospace at
different levels of complexity, depending of data exchange needs:

e Data that is readily available for integration into Ecospace, such as produced by plugins that
perform secondary analysis on Ecospace data, can bedirectly integrated into the running
Ecospace model via layer 3 inFigure 6. GIS processing and model exchange steps can be

bypassed,;

e Spatial data that reside outside the EWE6 application but that are scientifically compatible with
spatial driver variables in Ecospace require conversion from external spatial formats to grids that
are compatible with Ecospace. These data enter the framework in layer 2 (seeFigure 6), are
loaded and processed by the conversion layer, and then passed on to the integration layer (layer 3

in Figure 6) for further processing;
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e Spatial data that cannot be accepted or accessed by Ecospace in their current form will require
scientific translation in layer 1 (see Figure 6), before undergoing conversion to an Ecospace
format in layer 2 and integration in layer 3. Such data may be delivered by external models in a
model interoperability environment, or may reside in a GIS that is able to communicate with the
spatial framework.

Modular organization

Within each layer, facilities must to be available to fulfill the framework requirements earlier identified in
this section. Most of these requirements are deliberately open-ended to offer the ability to cater to fut ure,
unpredictable needs of the framework. Hence, capabilities of the spatial framework should be allowed to
grow when needed. This calls for a modular design of the framework.

Modularity, in software technical terms, is a technique that breaks down functionalit y in separate,
interchangeable components called modules. A modular program consists of chains of modules that work
together to implement the purpose of a program. Modules can be grouped in similar functionality, where
each module of the same type implemerts similar functionality in a different way, and modules of the
same type can be freely exchanged to switch functionality without disrupting the flow of a program.
Additionally, modules can be added to a program without compromising the workings of the system (e.g.,
Cook, 1991; Gamma et al., 1994)

A modular approach to the framework would yield benefits of flexibility and extendibility. Figure 7
provides an example of multiple and exchangeable data access modules.

The principle of modularity, even though a common software design principle since the introduction of
object oriented programming in the early 1970s (Gamma et al., 199), is not being applied in the field of
E2E modelling. GIS systems have been leveraging

the power of modular design at least since the first GIS data
release of GRASS (the Geographic Resources
Analysis Support System) in 1982. Yet, designers of
most marine ecosystem models have not adopted

GIS data access modules

modularity as a strategy to simplify ecosystem ShapeFile NetCOF file GeoDatabase etc...
. . access access access
model interoperability.
?
The spatial framework posed here is based on the Read data

assumption that model interoperability becomes
feasible if the tasks in a model interoperability
scenario are intuitive separated and _groupt_ad by Figure 77 A modular approach to reading GIS
functionality, and are then executed via chains of  §ta . Different GIS data access modules offer
relatively small, configurable and dedicated the framework access to unique GIS data
modules. The layered structure of the framework  formats and storage media, and modules can
conceptually separates the different tasks that need be added without disrupting existing modules.

performing into logical steps, while modules

provide targeted, specialist solutions to address

these logical steps.

. Ecospace 2. GIS data conversion
Design for open-ended use s ¥

I 1. Model data exchange

The framework designed here may see many ‘ it s /_"'"jm
different uses, and most challenging will be to —r
apply the framework in an end-to-end ecosystem S— 4. Post-run analysis W
model environment. The model interoperability resuns
layer is designed to implement one-on-one

translation modules reminiscent o f 6broke rF?‘gl?re g N Coﬁc@pﬁjal layers of functionality
InVitro approach (Gray et al., 2006). InVitro is an  yhen the framework dispenses Ecospace data:
agent-based model interoperability system that 2. conversion of Ecospace results to spatial

manages the collaborative executing of a cluster of formats, and (1) inter -model data exchange,
ecosystem models. Here, a central time step and (4 ) post -run analysis.
controller synchronizes the timed execution of the
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individual models, and orchestrates the exchange Togend
of data by connecting two models via dedicated "™
data translation sub-models referred to as brokers.

A conceptual layout of integration of EwE in such Daeshinge
an environment is given in Figure 9. g

Data integration

A

— Control

——> Model X output

«we:2> Model Z feedback

—> EWE output

0> EwE fleeddack

Broker
X - EwE

Data conversion

If Figure 9 is considered for the purpose of

metadata processing and delivery, it becomes |vaainegaton
instantly clear that brokers will perform this task.

At the broker level, external GIS data is interpreted e

and translated between sciences. Due to their
knowledge of both scientific models, brokers are

key qandidates to interpret ge_OSpatial E,md Figure 9 - Conceptual overview of EwWE in a
ecological metadata to drive their conversion  odel interoperability framework, featuring a
process. Upon conversion, brokers will describe  central time step controller, and brokers
data alterations in new metadata to accompany the  between dedicated models th  at propagate
data that they just converted. results and feedback effects.

Ecospace I | Model Z |

If Figure 9 is considered for uncertainty analysis, it becomes clear that every step in the framework may
attribute to uncertainty, and that intermediate results between the different layers in the framework
should be accessible for performing spatial analysis. Note that uncertainty analysis is not incorporated in
this figure; the types of analyses and when analysis is wanted depends on the type of the data and its
contextual use. What is clear is that the spatial data framework must guarantee that statistical meta-
analysis can be performedto assess any stage of the model interoperability chain.

Functional design

The functional design of the spatial framework formalizes the conceptual framework outlined in the
previous section.

The division of functional i6tdat antconvbesil agé@y yseadd a 6 d a
Conceptual Design, Figures 6 and 8), are translated into modular code components of similar name (see
Figure 10).

The fourth | ayer @afunf wmmaitliysn sCinddpsa Bésgpodsoiirda 69, s split in
two parts.

External spatio-temporal data Independent post-run analysis

e The first part comprises generation and [ Raster ][ potygon || pomt |
storage of intermediate results produced e ——
by the data access, data conversion, and
data integration components of the Spatal dats ranawork
framework; Data access

ISpatialDataset

e The second part, the actual analysis, must
be executed outside the flow of the b g
e . patialDataConverter

framework to facilitate analysis whenever

needed. This analysis should be done using IspatiaRaster i
independent spatial statistical analytical Data ntegraton
tools that do not rely on the technology iSpatiiDataAdapter
within the framework to avoid bias.
EwWE6 ks ISpatialDataWriter
Figure 10 reflects the pathway of how incoming Time step %__
data is processed through the framework: results
e First, external spatial temporal data is _ ) _ _
located and loaded into the framework fora ~ Figure 10 - A schematic functional  design of

the framework, displaying how external data is

particular time step or at model brought _ into Ecospace

initialization. The components in the data
access layer that perform this task are a
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category of modules called datasets, represented by the code componentSpatialDataSet in
Figure 10. Datasets are interchangeable modules that provide read and write access to spatial data,
and each dataset implements access to a specific data storage format, such as files, a specific type
of geo-database, a spatially enabled web service, a specific egtnal model, or an interoperability
broker (see Figure 9). To facilitate post-run analysis, the Datasets will enter performed activity
and decisions in the spatial operations log, represented by the code component
ISpatialOperationsLog in Figure 10;

e Loaded spatial data is passed on to the data conversion layer to a family of moduks called
converters, represented by the code componentiSpatialDataConverter in Figure 10. Converters
perform all GIS operations required to transfor m incoming spatial data into a raster compatible
with a particular driver map layer in the Ecospace model. This raster is represented by the code
component ISpatialRaster in Figure 10. Converters are interchangeable modules that are capable
of performing one type of conversion each, such as different type of raster conversions and vector
to raster conversions.
Converters will log performed spatial operations into the sp atial operations log. Additionally, the
rasters that are produced by the converters are stored in a cache that serves to (i) provide the
outcome of conversion steps available for postrun statistical analysis, and (ii) to facilitate reusing
the intermediat e data for a next model run which will enhance the performance of the spatial
temporal data framework (not depicted in Figure 10);

e Converted raster data is passed on to the data integration layer to a family of components called
adapters, represented by the code componentISpatialDataAdapter in Figure 10. Adapters
perform the task of placing the loaded and converted raster data into the correct maps of the
Ecospace model, and may trigger Ecospace to perform dedicated tasks to ensure that integrated
data is correctly included in the running computa tions. The Ecospace model will offer an adapter
for every type of map that can be provided with external data.

Adapters will enter their activity in the spatial operations log for post -analysis purposes;

e During Ecospace execution, results are written to a spatial map files via the code component
ISpatialResultWriter . These files can be included in any desired postrun statistical analysis.

The reverse pathway, when Ecospace results are passed through the framew& for delivery as GIS data, is
given in Figure 11 This pathway is similar:

e Result maps produced by Ecospace are passed to an adapter for the type of result data. The
adapter encapsulates the map data into a
generic ISpatialRaster grid for p rocessing
by the spatial data framework; [ _Reser | [ Proysen | [ _pom_]

External spatio-temporal data Independent post-run analysis

e The result grid is received by 615 framework
ISpatialDataConverter ~ converter. Any

Data access

conversion that needs to be performed, B L1
such as rasterto-vector conversions, will )
be handled here, Data conversion

ISpatialDataConverter

ISpatialRaster

e The converted data is passed to
ISpatialDataSet which then makes the
data available for external use by for
instance saving the data to a file, to a
geodatabase, or by passing the data on to a
model interoperability broker.

Data integration
ISpatialDataAdapter

Post-run
analysis

=
time step
results

EwE6

Time step

Implementation

. . ) Figure 11 - Data exchange framework T
The implementation of the spatial framework producing data .

needs to be open tofuture changes. The system
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may require access to new data formats, storage ENES sphcaton Puiginmaodde Legend
media, and different models which demands
flexibility in adding new ISpatialDataset modules to
the framework. New conversion modules may be
required if the internal structure of GIS data is

incompatible with existing converters, or if different

GIS operations are needed. Additionally, new
adapters, operation logs, and result writers may be
needed to extend the capabilities Ecospace itself.
Here, the existing EWE6 plug-in structure provides
the flexibility that is needed.

—p plug-in call
» user interaction

—q> model flow

QYprvorom

O
The EWwWE6 plug-in manager, one of the core
components of the EwWE6 software, investigates code
libraries in the EwE6 application directory when

EwESG is launched. All libraries that match a plug-in
signature are loaded into the EwWE6 application. Each
plug-in library can decide to implement one or more Figure 12 - An illustration of how plug -in points

plug-in points, which are invoked dynamically in the .o integ rated into the flow of the EWE6
flow of the EWEG6 application (see Figure 12). application.

All data framework components that may require future extensions are thus included as plug-ins points.
This gives the spatial data framework the flexibility to incorporate new GIS functionality without
modifications to the EWE6 source code. Even better: the plug-in structure allows addition of spatial data
framework modules by any developer with access to the BvE6 source code.

Example sequence diagram

The interaction diagram in Figure 13provides an example of how the Ecospace, adapter, dataset, converter
and GIS toolkit collaborate, and how data flows through these objects, in order to bring external data into
the Ecospace model. The dataset here is a hypothetical GIS file reader, and the data converter in this
example performs a hypothetical set of

GIS operations to convert a GIS raster Ewes(Ecospace) Plug-in B

into a format compatible with the
Ecospace model. This schematic diagram
illustrates the conceptual interactions B e o T
only, and is not intended to present a

complete  overview. For instance, it L]
interactions with the spatial data log and Lockdataal 7 =
the spatial data cache, as mentioned B =
earlier in this section, are not included. cotmsraty T

| time step T | |:ISpatiaIDataAdapter| | :ISpatialDataSet | |\Spal\a\DataConver(ar| | GIS |
T T T T

raster
| 10COCD00000590000

Figure 13illustrates the deliberations that
will be made by the framework when Comet e P
trying to access external data. Note that B
the interaction diagram in Figure 13 ER.
shows that Ecospace, the spatial temporal stor
data framework and the GIS toolkit are . L
physically separate .NET modules. Fosaneie
Adapters are embedded within the EWE6 Wianden | B SeataRaer | B D
application because of their deep Synchronize L
integration with the Ecospace model. Seompece b
Datasets and converters are imgemented L — ,
as separate plugin modules, and ‘ ‘
different plug-in libraries can utilize
different GIS toolkits if needed. This extra  Figure 13 - Interaction diagram, showing how Ecospace, an
modularity ensures that the EWE adapter, a dataset, a converter and a GIS toolkit
communicate to perform the core framework task to read
external data.

B....
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approach does not become reliant on third-party developed software.

The challenge is now to preset this modular framework in a cohesive manner to EwWE users in the
prototype. First, a GIS toolkit will be selected in the next section to implement the prototype of the spatial
temporal data framework.

GIS Toolkit

To implement the prototype of the spatial framework a GIS programming toolkit needs to be selected. In
this section, candidate GIS toolkits are reviewed for collaborating with EWE and a toolkit is selected.

Requirements

Several considerations apply when selecting suitable GIS programming toolkits for implementing a
spatial-temporal framework for EWE:

Capabilities

A GIS toolkit for Ecospace should support a range of GIS raster, vector and grid data formats and data
connectivity methods common to the environmental sciences. Based on repeated request for Ecospace
data connectivity, a candidate toolkit must support at least read and write access to grid file formats
netCDF/HDF, ESRI ASCII and binary grid (bdg) files, and GeoTIFF files. Supported vector file formats
should include ESRI ShapeFile, Geogaphy Markup Language (GML), and elevation data formats such as
DEM. At the moment of writing no immediate need has been expressed to exchange data with common
geodatabase formats or geospatial web services. It would be prudent to assume that future uses othe
spatial framework require facilities to interact with web services and spatial enabled databases such as
PostGIS and Microsoft SQL Server.

A GIS programming toolkit should provide a library of basic spatial operations for vector and raster
datasets. The Ecospace model operates exclusively on gridded data and the GIS toolkit must support the
basic geospatial operations to convert raster and vector data intoa format compatible with EwE.

To process raster datasets for consumption in Ecospace, the candidte toolkit must provide at least the
means to explore the cell values in a raster, and must be able to report the dimensions, cell size and data
type of the raster. Fundamental spatial operations such as merging, extracting and splitting raster data are
needed. In order to convert raster to Ecospace the toolkit must support means to resample and interpolate
raster content using algorithms such as linear interpolation, kriging, and inverse distance weighting.

In order to process vector data, the toolkit must be able to report the type of vector data in a spatial set,
must be able to loop over features in the vector data, and query and modify feature attribute data.
Fundamental spatial operations such as merging, clipping, and overlaying vector data are needed The
toolkit should be able to convert vector data to raster by specific attribute values. Furthermore, the toolkit
should be able to perform polygon area calculations.

Last but not least the toolkit should be able to convert spatial data between geograghic projections.
Visualization capabilities are not required for the current version of EWE6 since the application is shipped
with a simple but sufficient map rendering engine (see Figure 3). However, GIS toolkit visualization

capabilities are considered for possible future use;

Intellectual property

A GIS programming toolkit should permit distribution with the EwE6 software. The EwWE6 desktop
software and its source code have been freely available since their inception. Over the years, several user
developed modifications have been contributed to the approach (e.g., Kavanagh & al., 2004; Beecham et
al., 2009; Gascuel et al., 2009). With the 2011 foundation of the Ecopath International Research and
Development Consortium a need arose to formalize a license model for the Ecopath approach. In 2012, the
software approach was officially licensed under the GNU Public License version 2 astrue Free and Open
Source Software (FOSS). This license grants any EwE user the freedom to: (i) run the program, regardless
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of purpose; (ii) study and adapt the program; (iii) redistribute the software; and (iv) improve the software
and to release these mprovements to the public, provided improvements inherit this same license model.
This license model poses restrictions to the GIS programming toolkits for implementation of the spatial -
temporal data framework.

As such, the EwE approach can only incorporae and publicly release FOSS components that are
compatible with the EwE license, thus excluding commercial, paid -for toolkits;

Technical environment

A candidate GIS programming toolkit must be compatible with the Microsoft .NET environment, the
platform t hat used for the EWE6 source code

Free open source GIS toolkits implemented in.NET languages such as C# and VB.NET can be directly
integrated in the software development environment of EWEG, which facilitates development and trouble
shooting. For this reason, technical preference is given to .NET-based GIS toolkits.

The interaction between C and C++ software and .NET applications is limited to the Windows platform.

Efforts are under way to port EWE6 to other operating systems, and a GIS toolkit written in C or C++
cannot be used outside the Windows environment. C and C++ toolkits may be useful to construct the
framework prototype, and are therefore included in the evaluation.

.NET applications can interact with programs written in Python and Java via wrappe r libraries or via
Mono, an open source crossplatform for the .NET framework. Mono, for instance, is the current platform

of choice to enable EWEG6 to run on operating systems other than Windows. At the time of writing the
EwWEG6 user interface is not fully Mono compliant, and implementation of the spatial framework could not
wait for this compliance to be realized. Java and Python GIS toolkits are evaluated for potential future use;

Extensibility

Due to the intended open-ended applicability of the framework, it must be possible to add new
functionality to a candidate GIS toolkit at any moment. Open source software can be extended, per
definition, via modifications to its source code. However, this is rarely a desired option because this will
make source code deviate from publicly and centrally maintained versions, which could lead to
complications when code needs to be synchronized with this central repository. Therefore, native
extensibility features within the toolkit are preferred for toolkits that offer re latively small sets of core
functionality;

Support

Active support of a development team, number of individuals participating in software development,
frequency of public releases and updates to source code, and level of engagement of software developers
and users in discussion forms may be indicative of how well open souce software is maintained and how
long it may be around (e.g., Ramsey, 2007) Frequent, continued, and recent activity in these areas is
therefore valued in the evaluation.

When reviewing open source GIS software, Ramsey(2007) also takes the width of the developer
community 7 the number of participating organizations and available funding, among other factors - into
account. However, a number of high profile and broadly supported open GIS initiatives such as Feature
Data Objects and OpenEV seem to have stopped.

Additionally, the completeness and actuality of reference documentation, availability of discussion groups,
and volume of available code examples on the Internet are highly relevant.

Lastly, this review focuses on open source GIS toolkit libraries only. Desktop GIS such as GRASS,
Quantum GIS, SAGA, and uDig, and webbased mapping and analysis GIS solutions such as OpenlLayes,
MapServer, and MapBuilder are not consider at this stage. Interoperability to these tools is technically
feasible, but will require complex programming constructs to synchronize and validate the communication
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between the framework and the remote GIS. This added complexity will make the prototype framework
difficult to test and comprehend. Hence for the prototype, which aims to showcase the feasibility of the
framework, only GIS toolkits that facilitate direct interaction with .NET are evaluated.

Reviewed candidate GIS programming toolkits for the spatial temporal data framework are presented

inAnnex B. There, for each toolkit the main purpose is listed, along with its license and utilized

programming language. Then, capabilities and support levels are rated to suitability for the EwE spatial
temporal data framework as follows: (| (not supported or unsuitable), + (basic support, usable for EwWE),

++ (supports all features needed by EwE), +++ (support exceeds needs of EwE), and ? (insufficient
information av ailable for assessment).

Selected toolkit

After careful evaluation (see the comparison chart in Annex B), the open source GIS toolkit DotSpatial
(http://dotspatial.codeplex.com/ ) was selected. The license ofhis library is identical to that of EwE6 and
hence poses no obstructions to releases with EWE. DotSpatial is developed in C#, a language of the .NET
family, and can thus be directly integrated in the EWE6 code base.

DotSpatial provides bi-directional access to required raster and vector GIS file formats, and provides
foundation support for connecting to spatial databases and geo web services. Additionally, DotSpatial has
strong map visualization capabilities that may benefit future developments in EwE.

DotSpatial supports modular extension of its capabilities via a plug-in structure similar to that of EWES,
where plug-in components are automatically recognized and activated when needed.

There is substantial support information for programming DotSpatial ava ilable on the Internet. In
particular, discussion forums dedicated to the DotSpatial GIS toolkit refer to a wide range of freely
available code examples. The DotSpatial programming manual is technical but complete. The DotSpatial
source code, which can beobtained for free, includes an extensive set of code projects that demonstrate
how to operate basic and advanced functionalities of DotSpatial.

Lastly, the DotSpatial user community is actively engaged with the developers in discussion forms, and
development activity occurs almost daily. There is a substantial amount of user-contributed C# code
involving DotSpatial programming. The development process is transparent, offering clear milestones and
insight in the evolution of the DotSpatial code base. Lastly, updates to the DotSpatial toolkit are issued
twice per year, which can be considered frequent among open source toolkits. The newest version of
DotSpatial was released a month before this thesis was submitted
(http://dotspatial.codeplex.com/releases/view/87867 ).

The only downside to DotSpatial is its reliance on the GDAL (Geospatial Data Abstraction Library) for
accessing a range of raster and vector GIS file formats. At time of writing, these GDAL libraries are
included in DotSpatial as traditional Windows code libraries. These libraries are not part of the .NET
family of languages and are only accessible to .NET code via the Windows operating system. These
libraries will not be usable by other operating systems in their current form, and DotSpatial will not be
able to leverage their functionality when EwE is ported to another operating system.

This shortcoming was not deemed prohibitive to using the DotSpatial toolkit for the framework prot otype.
An operating system independent version of the EWE6 should not be expected before the summer of 2013,
and present efforts by the DotSpatial developer team indicate that this hiatus may be solved before then.


http://dotspatial.codeplex.com/
http://dotspatial.codeplex.com/releases/view/87867
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RESULTS

PROTOTYPE

The prototype of the spatial temporal data
framework was implemented using the DotSpatial
GIS toolkit and was designed in accordance with
the designs discussed earlier in this section. The
main purpose of the prototype is to demonstrate the
feasibility of extending the Ecospace model with a
framework of modular, abstract components that
simplify GIS spatial data connectivity. If successful,
this framework will be used for a series of ambitious
model interoperability projects waiting to integrate
the Ecospace model in GIS environments such as
the Nereus Model (Christensen, 2012). Perhaps the
approach utilized in this framework can be a used | 2 E——
as a foundation for  simplifying  and
compartmentalizing complexity in order to further Figure 14 - The .EWE6 user interface, with
model interoperability. inRadnstothepledrRe of indlekiding Shiti@ € t he
framework first. data facilities: (1) an item in the EwE navigation

tree, (2) a configuration option in the Ecospace
The prototype of the spatial temporal framework menu, (3) an indicator beside a layer in the

integrates with the EWEG6 user interface in several Ecospace map interface to  indicate each layer

locations, such asshown in Figure 14. connected to external data, and (4) an indicator
' to notify the user of the number of active external

data connections.

- O Reset 30 + #
Map Hobitat MPA

Connections

The chain of connected components throughout the spatial data framework can be complicated to

understand, especially for busy academc s t hat just want to figet the biol
components that connect a spatial map layer to =y
external data is simply [f=edf ternal
data connectiono. 7 i
@mmn [ASCildataset ]
) Gt ]
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Users can manage external data connections from a e oy

central user interface displayed in Figure 15 From
this interface users can perform the tasks needed to
configure the spatial temporal data framework: \f)

e Select an Ecospace layer for which to
configure an external data connection F=E=
(area 1). Layers connected to external
spatial data connections are indicated with o W,
a blue database image;

e Create, configure, and delete datasets, and Figure 15 - The central interface to mana ge
assign created datasets (area 2) to the external data connections to the Ecospace map,
Ecospace map currently selected in (1). showing (1) Ecospace layers that accept external
Note that the form refers to data sets as data connections, (2) elements to manage data

connections. which was. after much S€ts: and (3) elements to select and configure
’ ’ converters

(
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deliberation, chosen as a more intuitive term to
present to EWE users;

e Assign a converter to the currently selected
Ecospace map and connetion, and configure the
selected converter (area 3);

e Additionally, this form provides an op tion where
users can clear any intermediate spatial result files
that have been created and cached by the spatial
temporal framework.

Three experimental types of data sets have been built for
testing the spatial framework prototype. A single file

dataset facilitate connections to a single geospatial file
without explicit temporal dimension. A multi -file dataset
allows connections to a time-indexed collection of GIS
files. Last, a simulated model interoperability dataset was
created for testing model intero perability capabilities of

the framework. The model interoperability dataset will be

used in future research; the multi-file dataset will be
briefly explained to illustrate the workings of the

framework. This dataset will also be used extensively in the
case study (see Chaptel0).

The multi -file dataset maintains a time-stamped index to a
list of geo-spatial files. Time steps must correspond to the
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Figure 16 - User interface, developed for
this thesis, for configuring a data set to a
series of spatial -temporal files. A dataset
needs a description (1). Files can be adde d
from folders (2). Every file is tagged by
date (3), which allows the spatial -temporal
framework to locate external data when
Ecospace executes. The dataset in this
figure is connected to a directory of
netCDF files.

monthly, first day of the month time steps of Ecospace, for
which this type of data set may provide access.

The modularity of the framework allows datasets to provide configuration user interfaces when needed.
The configuration interface for the multi -file dataset is displayed in Figure 16. Here, users can enter
desriptive data about a dataset, and build a temporal index to spatial files found on a local computer or a
network. Each file is tagged to the first day of a month. Via this date, the dataset will be able to locate
required files when the spatial temporal data framework executes. The multi-file dataset, developed for
this thesis, exclusively utilizes the DotSpatial GIS toolkit to interact with geospatial da ta files.

Once defined, datasets can be reused for different
Ecospace models. Datasets can even be shared
between users in an organization via a local
network.

The first converter that was included in the spatial
data framework prototype is a direct raster
converter. This type of converter can only operate
on incoming raster data, and transforms this raster
via three fundamental GIS raster operations to an
Ecospacecompatible grid of cells. First, the
converter performs a projection transformation to
conform the data set to the standard Ecospace
projection, WGS 84. Secondly, the raster is clipped
to the spatial extent of the Ecospace basemap.
Lastly, the clipped raster is converted to a grid of
equal number of rows, number of columns, and cell
size as definal in the Ecospace basemap.

Figure 177 The EwES6 user interface that provides
a cursory overview of the spatial and temporal
compatibility of external data with an Ecospace
model. The map section (1) of the interface shows
the area of the Ecospace map (2), and provi
details for selected data connection and time step
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