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The Florida Keys



Existing Monitoring Programs

 Extensive Benthic Habitat Mapping

 Coral Reef Evaluation and Monitoring Project (CREMP)

 Florida Reef Resilience Program (FRRP)

 EPA Water Quality Protection Program

 NOAA/FIU/DEP Seagrass Monitoring Program

 NOAA/FWC/UM Reef Fish Visual Census Program



Sanctuary Management Questions

 Sanctuary Condition Reports



Additional Needs

 Marine Biodiversity Observation Network

 NOAA Integrated Ocean Observing System (IOOS) Essential Biological Variables

 Diet, mortality rates, etc.



The Ecosystem Modeling Perspective

Ecopath with Ecosim Christensen, Walters, Pauly, and Forrest



Existing Ecosystem Models and Applications

Applications



Ecopath with Ecosim and Ecospace (EwE)

 Mass Balance of a Box

 Requirements per trophic group
 Biomass (t/km2)- Visual Census (Count and Length)

 Production (Z; Literature, empirical equations)

 Consumption (Literature, Q/B = Longevity)

 Diet (Literature, Stomach Contents)

 Catch (Trip ticket program, Creel surveys)

Ecopath     Ecosim    Ecospace

Base Trophic Relationships     
Change over Time   
Change over Space and Time



EwE Ecosystem Metrics

 Structural

 What are the general characteristics of the ecosystem in terms of energy efficiency?

 How is the system influenced by fishing?

 Are these characteristics changing over time?

 Are these metrics within an acceptable range?

 Functional

 Which groups are the most influential trophic groups in the system?

 Are these groups consistently influential?



FKNMS EwE Model

 We constructed a 36-box FKNMS model that:

 Aggregates 224 reef fish species into 19 trophic groups

 Divides fishing mortality into recreational and commercial fleets

 Fits to timeseries from 1994 to 2012

 Parameterizes spatial relationships between biomass, chlorophyll-A (Chl-A), 
sea surface temperature (SST), distance to reefs, and depth



FKNMS EwE Model



FKNMS Ecopath Model



FKNMS Ecosim Model



Structural Metrics

 Total System Throughput  (TST)
 Total trophic flow (P, Q, R, Ex)

 Indirect indicator of ecosystem size

 Mean Transfer Efficiency (TE)

 Ratio of production between trophic levels

 How  much is lost between levels due to M, 
egestion, unassimilated food

 Important for estimating other metrics

 Mean Trophic Level of the Catch

 Primary Production Required to Sustain the 
Fishery

 Total Biomass

 Total Catch
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Structural Metrics

 Total System Throughput 

 Mean Transfer Efficiency

 Mean Trophic Level of the Catch 
 TL considers the fraction or prey in diet and the TL of 

prey 

 Potential changes in community structure due to fishing

 Decreasing value indicates  smaller, faster fish (lower 
trophic levels) are increasingly dominating the system

 Primary Production Required to Sustain the Fishery
 Given the number of  links to a predator and the TE 

between levels, What percentage of the PP is required to 
maintain the catch.

 A measure of human impacts on the lowest trophic level

 Increasing value suggests top predators may starve

 Total Biomass

 Total Catch

Mean Trophic Level of the Catch 
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FKNMS Structural Trends

Metric 1994 2000 2012
Total System Throughput (tn km/yr) 6802 6746 6764
Mean Trophic Level of the Catch 2.8 2.8 2.9
Primary Production Required to 
Sustain the Fishery (considering pp) 14% 17% 17%
Mean Transfer Efficiency 15% 15% 15%
Total Biomass (excluding detritus) 
t/km 365 359 360
Total Catch 5.23 5.5 6

2.8 17%



Functional Metrics

 Mixed Trophic Impact (MTI)

 Sensitivity analysis: How much does an increase in biomass affect all other 
groups?

 Indirect and direct effects

 Positive or negative values

 Relative Total Effect

 The sum of all MTI values across all groups

 High value = influential group

 Keystoneness

 The total effect weighted by the contribution of biomass from the group
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FKNMS Functional Trends

Requiem Sharks
Jacks

Piscivorous Grouper
Snapper

Crustaceans
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FKNMS Functional Trends

Herbivores
Lionfish



Other Applications

 What do we gain by accounting for biotic relationships in such an explicit way?

 We can examine the effect of alternative MPA scenarios while accounting for 
responses to environmental variation

 However, are species distribution predictions valid?

 By Extension, MPA expectations Ecopath     Ecosim    Ecospace

Base Trophic Relationships     
Change over Time   
Change over Space and Time



Moving Forward

 Use Species Distribution Models to refine Ecospace functional responses

 Consider different environmental covariates beyond SST, Depth, Chl-A, Distance

 Run varying MPA scenarios (No MPAs, Existing, Newly Proposed)

 Think about using these models in Ocean Observing Systems
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a  b  s  t  r  a  c  t

Research  toward  the  impacts  of climate  change  and  human  activities  on  marine  ecosystems  is chal-
lenged  by  the  limitations  of  present-day  ecosystem  models  to  address  the  interrelated  spatial  dynamics
between  climate,  ocean  chemistry,  marine  food  webs,  and  human  systems.  The  work  presented  here,
the  spatial–temporal  data  framework,  is part  of a larger  study,  the  NF-UBC  Nereus  Program,  to  develop  a
new  approach  to  model  interoperability  for closing  the  gap  between  marine  ecosystem  modeling  tools  via
geographic  information  systems  (GIS)  technology.  The  approach  we  present  simplifies  interdisciplinary
model  interoperability  by separating  technical  and  scientific  challenges  into  a  flexible  and  modular  soft-
ware  approach.  To  illustrate  capabilities  of  the  new  framework,  we  use  a  remote-sensing  derived  spatial
and  temporal  time  series  to drive  the  primary  production  dynamics  in an  existing  food  web  model  of
the  North-Central  Adriatic  using  the  Ecospace  module  of the Ecopath  with  Ecosim  approach.  In  general,
the  predictive  capabilities  of the  food  web  model  to hind-cast  ecosystem  dynamics  are  enhanced  when
applying  the  new  framework  by better  reflecting  observed  species  population  trends  and  distributions.
Results  show  that  changes  at the phytoplankton  level due  to  changes  in primary  production  are  realisti-
cally  reproduced  and  cascade  up  the  pelagic  food  web.  The  dynamics  of  zooplankton  and  small  and  large

pelagic  fish  are  impacted.  Highly  exploited  demersal  species  such  as  European  hake  do,  however,  not  show
clear  signs  of  cascading.  This  may  be due  to the  high  fishing  pressure  on this species  and  the  resulting
strong  historical  decline  in  the  area.  In general,  the  development  of  the  new  framework  offers  ecosystem
modelers  with  unprecedented  capabilities  to  include  spatial–temporal  time  series  into  food  web  analysis
with  a minimal  set of required  steps.  It is  a  promising  step  toward  integrating  species  distribution  models
and  food  web  dynamics,  and  future  implementations  of  interdisciplinary  model  interoperability.
. Introduction

The effects of climate change and human interactions on global
cosystems are noticeable worldwide, yet the effects on commu-

ities and food webs are still poorly understood (Purves et al.,
013). Research to understand marine changes are challenged
y the limitations of present-day ecosystem models to address

∗ Corresponding author at: Fisheries Centre, University of British Columbia, 2202
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the interrelated spatial dynamics between climate, ocean chem-
istry, marine food webs, and human systems due to the discrete
sciences that these models are derived from. Since all environmen-
tal processes are interconnected, and since sustainable terrestrial
ecosystems are linked with healthy, productive oceans, there is a
real need to advance our understanding on these processes to pre-
vent the environmental health from steadily declining (Butchart
et al., 2010).

Marine ecosystem models (MEM)  are mathematical tools that
help analyze and forecast dynamics within marine ecosystems, and

how these ecosystems respond to external stressors such as fish-
ing and changes in environmental factors (Plagányi, 2007; Fulton,
2010; Christensen and Walters, 2011). MEM  tools can inform pol-
icy makers and scientists about issues such as sustainable fishing,

dx.doi.org/10.1016/j.ecolmodel.2013.04.027
http://www.sciencedirect.com/science/journal/03043800
http://www.elsevier.com/locate/ecolmodel
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arine conservation, and long-term food security. However, the
ajority of present day MEM  tools were originally built as expert

ools by and for scientists to address questions of a specific scope,
nd have limited applicability. Based on largely proprietary data
ormats and coding platforms, existing MEM  tools are often phys-
cally unfit to collaborate with other modeling approaches to
ddress matters beyond the scientific discipline that models were
ritten for (Steenbeek, 2012a,b).

To analyze changing climate conditions and the impact on
arine communities and food webs, one requires analytical capa-

ilities to address the interrelated dynamics between climate,
cean biochemistry, marine organisms and food webs, and socio-
conomic systems, crossing traditional scientific disciplines in the
rocess and covering large geographical and temporal scales. For
his, MEM  tools need to be flexible enough to collaborate with other

odels in order to put their expert capabilities to use in a large,
nalytical context.

Coupling  the science of discrete MEM  tools requires significant
nterdisciplinary effort. This challenge is exacerbated by lack of
ommunication protocols and common data standards between
odeling approaches (Steenbeek, 2012a,b). Geographic Informa-

ion Systems (GIS) offer essential data formats and operations that
rovide the foundation for implementing the link between mod-
ls, while industry-standard software design practices offer the
ecessary structures to enable models to collaborate (Jolma et al.,
008).

Here, a flexible spatial–temporal framework for bridging the gap
etween MEM  tools using GIS was developed (Steenbeek, 2012a,b).
he aim of this framework was to improve the feasibility of MEM
ools to interoperate via GIS data standards by (i) examination of

arine ecosystem modeling needs, available models and tools, (ii)
nteroperability criteria, (iii) data standards used in the scientific
ommunity, and (iv) scientific issues that arise from current limited
odel interoperability.
This  research was conducted as part of the Nippon Foundation

 UBC “Nereus – Predicting the Future Ocean” program, aiming at
urthering the development of coupled modeling approaches to
ssess the dynamics of ecosystems through an interdisciplinary
pproach. Especially, the concept of end-to-end (E2E) models is
eceiving significant scientific interest in peer-reviewed literature
e.g., Travers et al., 2007; Libralato and Solidoro, 2009; Rose et al.,
010; Steele and Ruzicka, 2011; Rose, 2012), but definitions of
hat end-to-end constitutes and how E2E models should be con-

tructed greatly varies. Recent inventories (Plagányi, 2007; Travers
t al., 2007; Fulton, 2010) describe the challenges that are faced by
2E models. For example, they need to: (i) include processes that
re traditionally contained within discrete scientific disciplines,
nd implement bi-directional transfer of appropriate information
etween different sciences to reflect feedback effects between
cosystem components; (ii) join processes that typically operate on
patial and temporal scales that may  differ by several orders of mag-
itude; (iii) consider a potentially open-ended number of species,
hemicals, socio-economic aspects, each described in a proprietary
anner using different and potentially incompatible units; (iv)

ssess the impacts and cascading effects of anthropogenic pertur-
ations in every aspect of marine ecosystems; and (v) evaluate and
ommunicate the impacts of uncertainty.

E2E models seek to address these challenges by integrating
edicated functionality of ever increasing scope within their pro-
rietary frameworks and code environment. Such E2E models
end to become inflexible and complex, and they require exten-
ive funding and expertise to parameterize, operate, and maintain.

mbedded sub-models share temporal and spatial scales, risking
epresentation of modeled entities at inappropriate resolutions
Fulton et al., 2009). Moreover, the fixed connections within
he E2E imply fixed scientific pathways through the modeling
elling 263 (2013) 139– 151

complex,  limiting the ability to test different hypotheses within
the E2E.

More modular modeling frameworks, such as the Multiscale
Integrated Model of Ecosystem Services (MIMES), offer an exten-
sible 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 E2E models, the value-focused view of this
model offers limited consideration of marine ecosystems beyond
exploited marine species, and is in particular unsuitable to rep-
resent ecology and the effects of climate change (Waage et al.,
2008; Nelson and Daily, 2010). Therefore, an intermediate mod-
ular approach to model integration is required, where individual
models inter-communicate without compromise in functionality
or scale; where models can be replaced to test different hypoth-
esis, and which can alter its scope to address different aspects of
reality (Steenbeek, 2012a,b).

Here we present the spatial–temporal data exchange module of
such a model interoperability framework, which we test using a
remote-sensing derived time series of spatial and temporal data to
drive the primary production of an available food web model. The
food web model used for the test was  previously developed with
the spatial explicit model Ecospace of the Ecopath with Ecosim
v6 (EwE6) modeling approach (Christensen and Walters, 2004)
and represents the North-Central (NC) Adriatic Sea in the Mediter-
ranean basin (Coll et al., 2007, 2009; Fouzai et al., 2012).

We  apply the new spatial–temporal framework at a regional
scale, and results (both considering data in monthly time steps and
annual time steps) are compared with the original model to eval-
uate if the results differ, and if so, if the new framework improves
the model’s capability to hind-cast past ecosystem dynamics.

2.  Methodology

2.1. Ecological model

We  use the ecological modeling approach Ecopath with Ecosim
version 6 (EwE6) as a test case for spatial–temporal model inter-
operability (Steenbeek, 2012a,b). EwE is the most widely used
modeling approach for assessing aquatic food web  dynamics and
analyzing the impact of fishing, with more than 6000 users in over
150 countries, and with more than 600 academic publications to
date based on the approach (ProQuest, 2012). Despite its perceived
simplicity (Plagányi, 2007), EwE is increasingly used in ecosystem-
based management assessments (e.g., Christensen and Walters,
2005, 2011; Cisneros-Montemayor et al., 2012).

The EwE software is developed using the Microsoft .NET plat-
form (Christensen and Lai, 2007), which offers a range of technical
benefits such as compatibility with a suite of programming lan-
guages and the theoretical ability to run on any operation system
(ECMA International, 2012). The core model of the EwE approach
is the Ecopath model (Christensen and Pauly, 1992), a static model
of marine ecosystems, the time-dynamic model Ecosim (Walters
et al., 1997, 2000), and the time–space dynamic model Ecospace
(Walters et al., 1999, 2010). Annex A provides an overview of EwE.

The spatial and temporal module of EwE, Ecospace, has been
widely applied to quantify the spatial impacts of fishing on marine
species, and to analyze 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 et al., 2000, 2008, 2010). It can also be used for spatial
optimization (Christensen et al., 2009) and to assess the impact of
climate change by linking the Ecospace model with lower trophic
level models (Fulton, 2011).
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ig. 1. A spatial–temporal data framework that encapsulated the Ecospace model,
nd provides access to a wide range of spatially enabled data sources.

Ecospace was built to model biomass interactions within an
cosystem across a two-dimensional grid over time in typically
onthly time steps. It distributes biomass values of functional

roups across a grid of equally sized cells, and uses the temporal
quations to model how biomasses vary within each cell in the grid
ver time by considering trophic interactions, fishing and species
ovement (Walters et al., 1999, 2010). Beside a mass-balanced

copath model and an Ecosim configuration, the Ecospace model
equires a nominal set of input, including a basemap, which iden-
ifies the spatial bounds and grid dimensions (Walters et al., 1999)
Annex A).

Spatial variations in driver variables such as the primary pro-
uctivity map  have significant impacts on the Ecospace dynamics
Martell et al., 2002). However, up to the present study, a con-
inued and major shortcoming of the Ecospace routines was its
ack of facilities to read and produce true geo-spatial data into
river layers. Migration to the .NET environment facilitated the
dditions of a plug-in system in EwE  to complement the approach
ith new functionality without changes to the underlying EwE

ource code (Christensen and Lai, 2007). Through this study, the
wE software was extended via plug-ins to interoperate with exter-
al spatial–temporal data and models (Fig. 1). This functionality
llows the Ecospace model to interact with a wide range of spa-
ial data sources, handle GIS data, and interact with other spatial
cosystem models.

.2.  Spatial–temporal data framework

There is an increasing demand to use the Ecospace model in
onjunction with spatial analytical tools, species distribution mod-
ls, and planning tools such as Marxan (e.g., Loos, 2011). The

NET-based plug-in system in EwE  opens for development of a flex-
ble spatial–temporal data exchange and model interoperability
ramework (Fig. 1), which solves key connectivity shortcomings
f Ecospace whilst advancing end-to-end modeling (Steenbeek,
012a,b). Here, we present aspects of this spatial–temporal data
ramework to facilitate the exchange of geospatial and temporal
ata with the Ecospace model (Walters et al., 1999, 2010).

.2.1.  Design of the framework
From  an operational perspective, the framework needs to: (i)

rovide access to static spatial files of relevant data to generate a

asemap; (ii) deliver spatial time series of relevant data during exe-
ution to drive the model; (iii) enable delivery of results as spatial
ime series for consumption by tools and models in the framework;
iv) allow read and write access to geospatial data formats and data
elling 263 (2013) 139– 151 141

delivery media common to the environmental sciences; (v) permit
data interoperability for any spatial extent and raster cell size; and
(vi) enable seamless extensions to include new data formats and
geospatial operations to accommodate future, unforeseen needs.

To serve in an end-to-end model interoperability environment,
the framework needs to: (i) support bi-directional exchange of
spatial–temporal data with an open-ended range of collaborating
models in an end-to-end approach; (ii) sustain scientifically sound
translation of data between models; (iii) allow flexible access to
sub-models to test different hypotheses; (iv) permit the use and
exchange of ecological metadata; (v) store intermediate results to
allow assessments of error; and (vi) enable outside control during
execution of time steps.

To  serve in a GIS interoperability environment the framework
needs to: (i) support the use and exchange of spatial metadata;
(ii) allow a suite of geospatial operations needed to interpolate
geospatial data; (iii) enable a detailed overview of performed data
conversions; and (iv) provide access to all intermediate data pro-
duced to facilitate uncertainty analysis.

The framework may  be operated by ecosystem modelers that
have limited GIS experience. Therefore, we  must (i) reduce the need
for users to interact with the framework, yet not limit framework
capabilities, functionality, and data content; (ii) minimize complex-
ity in user interfaces so that modelers can work with GIS data as an
extension of more familiar ecological model data, without requir-
ing in-depth knowledge of GIS data formats and transformations;
and (iii) support post-run validation of the data transformations
performed by the framework to allow in-depth assessments of the
geospatial functionality.

The  range of requirements and extensibility calls for a modular
design of the framework (Fig. 2). Modularity in software technology
is a technique that breaks down program functionality in separate,
interchangeable components or modules (Baldwin and Clark, 2000)
that work together to implement the purpose of a program. Mod-
ules can be grouped in similar functionality, where each module of
the same type implements similar functionality in a unique manner
and can be exchanged to switch functionality without disrupting
the flow of a program (e.g., Cook, 1991; Gamma et al., 1994).

The  principle of modularity, even though a common software
design principle since the introduction of object oriented program-
ming in the early 1970s (Cook, 1991; Gamma et al., 1994) and
widely used in GIS systems, is not widely applied in the field of
model interoperability (Steenbeek, 2012a,b). The framework devel-
oped here is, however, designed so that the complex task of model
interoperability becomes feasible if the tasks are logically separated
and grouped by functionality, and are then executed via chains
of relatively small, configurable, and conceptually comprehensible
modules.

The functional design of the framework depicts the pathways
for how external data are integrated (Fig. 3). Data integration func-
tionality is divided into the layers ‘data access’, ‘data conversion’,
and ‘data integration’. Independent post-run analysis is facilitated
by the storage of intermediate results produced by the data access,
data conversion, and data integration components of the frame-
work.

The pathway of how incoming data are processed through the
framework is as follows (Fig. 3):

1. External spatial temporal data are located and loaded into the
framework  for a particular time step or at model initialization.
Interchangeable datasets provide read and write access to spe-

cific  spatial data storage format, such as files, geo-databases, web
services, external models, or other sources of GIS data. To facil-
itate  post-run analysis, datasets enter performed activity and
decisions  in the spatial operations log.



142 J. Steenbeek et al. / Ecological Modelling 263 (2013) 139– 151

F s exte
r

2

ig. 2. Conceptual overview of the spatial–temporal data framework, which provide
esults  in spatial data formats when the model executes.

. Spatial data, loaded from a data set, are passed on to the data con-
version  layer. Converters perform all GIS operations required to
transform incoming spatial data into a raster compatible with

a  particular map  layer in the Ecospace model. Converters are
interchangeable modules capable of one type of conversion each,
such  as different types of raster conversions and vector to raster

Fig. 3. A schematic functional design of the spatial–temporal data framewo
rnal GIS data to Ecospace model initialization and at runtime, and provides Ecospace

conversions. Additionally, raster data that are produced by con-
verters  are stored in a local file cache that serves to:

a. preserve the outcome of conversion steps for post-run statistical

analysis,  and

b. facilitate the reuse of data conversion results for next model runs
which  may  greatly enhance the performance of the framework;

rk, displaying how external data is brought into the Ecospace model.



J. Steenbeek et al. / Ecological Modelling 263 (2013) 139– 151 143

playin

3

f
m
f
a
r
a
e
d

2

f
i
w
a
b
a

2

r
s
G

Fig. 4. A schematic functional design of the framework, dis

. Raster data, delivered by the converters and stored in the cache,
are  transferred to the data integration layer. Here, adapters place
the  raster data in the correct maps, and may  trigger tasks to
ensure  that integrated data are correctly included. There is an
adapter  for every type of map  layer that can be driven by external
data.  During execution, results can be exported as maps, while
resulting  spatial datasets can be included in any desired post-run
statistical  analysis.

The reverse pathway, when results are passed through the
ramework for delivery as GIS data, is similar (Fig. 4). Result

aps are passed to an adapter for the type of result data grid
or processing by the framework. The result grid is received by

 converter. Any conversion that needs to be performed, such as
aster-to-vector conversions, is handled here. The converted data
re passed to a dataset, which then makes the data available for
xternal use by for instance saving the data to a file, to a geo-
atabase, or any other destination provided by the dataset (Fig. 4).

.2.2. Implementation and example sequence diagram
To  satisfy the requirement of modular extensibility, all

ramework components that may  require future extensions are
mplemented as plug-ins points (Annex A), which give the frame-

ork flexibility to incorporate new functionality modules without
ffecting the EwE6 source code (Fig. 5). This design provides flexi-
ility to develop access to new data formats, media, models, using
ny GIS functionality, in separate plug-in modules.

.2.3. GIS toolkit

To  implement the framework, candidate GIS toolkits for collabo-

ating with EwE were reviewed and a GIS programming toolkit was
elected based on the following requirements: (i) support a range of
IS raster and vector data formats, and data connectivity methods
g how external data is brought out of the Ecospace model.

common  to the environmental sciences, (ii) provide a library of
basic spatial operations for vector and raster data manipulation,
(iii) permit free distribution with the open-source EwE6 software,
(iv) be compatible with the Microsoft .NET environment, (v) allow
open-source development to facilitate addition of new functional-
ity at any moment, and (vi) support by an active development team
and user base.

We  reviewed candidate GIS programming toolkits, and found
the DotSpatial toolkit (http://dotspatial.codeplex.com/) most suit-
able  for implementing the framework. For the complete list of
selection criteria and evaluated toolkits we  refer to Steenbeek
(Steenbeek, 2012a,b) and to Annex B.

The main purpose of this contribution is to demonstrate the
feasibility of extending the Ecospace model with a framework of
modular components that simplify GIS spatial–temporal data con-
nectivity. The framework integrates with the EwE6 user interface
(Annex C). Access to a wide range of GIS raster data formats was
included in the framework via the DotSpatial toolkit, which pro-
vided the connectivity needed for constructing and using datasets.
A suite of GIS raster operations, native to the DotSpatial toolkit, was
encapsulated in the framework to convert incoming raster data to
a grid compatible with an Ecospace scenario (Fig. 3).

2.3.  Case study

2.3.1.  Study area
The  framework presented in section 2.2 was  applied with exter-

nal GIS data to drive the primary productivity in a food web  model
of the North-Central (NC) Adriatic Sea (Fig. 6), a semi-enclosed basin

in the northernmost part of the central Mediterranean. The area is
mostly characterized by muddy and sandy bottoms (Pinardi et al.,
2006), and primary production varies from a productive shallow
northern basin to an oligotrophic deeper central basin (Zavatarelli

http://dotspatial.codeplex.com/
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ig. 5. Interaction diagram, showing how Ecospace, an adapter, a dataset, a conver
ata.

t al., 2000). The production is influenced by river discharge, par-
icularly the Po River in the northern basin (Pinardi et al., 2006).
As  one of the most productive areas of the Mediterranean Sea,
t is also one of the major fishing grounds in southern Europe,

ith a dramatic expansion of marine capture fisheries since the
arly 1970s (Coll et al., 2010; Fortibuoni et al., 2010; Lotze et al.,

ig. 6. The Northern-Central (NC) Adriatic Sea study area. The light-gray area rep-
esents the spatial coverage of the ecological model available.
d a GIS toolkit communicate to perform the core framework task to read external

2011). This expansion has been followed by fluctuations in annual
landings and a general decline of marine resources. Since the late
1980s, marine capture has progressively declined, especially for
pelagic organisms such as European anchovy Engraulis encrasicolus
and European sardine Sardina pilchardus stocks (Azzali et al., 2002;
Santojanni et al., 2003, 2006). Several bottom-dwelling (demersal)
stocks such as European hake Merluccius merluccius were highly
exploited or overexploited already in the 1980s (Jukić-Peladić et al.,
2001; Vrgoć et al., 2004), and predators have declined with time
(Coll et al., 2009; Fortibuoni et al., 2010; Lotze et al., 2011).

2.3.2.  The food web model of the NC Adriatic Sea
We  use a published food web  model of the NC Adriatic Sea (Coll

et al., 2007). The model includes a total area of 55,500 km2, with an
average depth of 75 m,  and maximum depths of 273 m (Fig. 6). The
area includes Italian territorial waters and the international waters
from the 12 miles off the coast of Italy to 12 miles from Croatia and
Slovenia. The model describes the 1990s and includes 40 functional
groups (defined as single species, trophically similar species, or just
a specific life stage of an individual species), including the main
trophic components of the ecosystem, from primary producers to
top predators, and natural detritus and discards from fishing activ-
ities. The most common fishing activities included were bottom
and beam trawls (here called bottom trawling), mid-water trawls,
purse seines, and tuna fishing fleets.
The original 1990s model was  fitted to historical data from 1975
to 2002 (Coll et al., 2009, 2010), and a spatial model was developed
(Fouzai et al., 2012) using Ecospace to evaluate fishing management
options to recover exploited marine resources.
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Fig. 7. (a) Original relative primary production map  in the Ecospace model (Fouzai et al., 2012), and PP data distributions delivered by the framework, prior to integration
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ton; (3) Sardine (S. pilchardus), with a diet that consists mostly of
zooplankton, supplemented with phytoplankton; (4) anchovy (E.
encrasicolus), with a diet that consists entirely of zooplankton; (5)
n Ecospace, for (b) December 2007, and (c) annual average for 2007.

.3.3. External primary production data
A global, monthly spatial–temporal time series of primary pro-

uction data, derived from the SeaWiFS sensor with a spatial
esolution of 1/12th-degree and a monthly resolution from October
997 to December 2007 was provided by the Joint Research Centre
f the European Commission (JRC) in Ispra, Italy (JRC, 2012). For
ach monthly global map, the data were expressed in gC/m2/day
nd stored in NetCDF format after log-transformation (JRC, 2012).

The  primary production calculation (Mélin and Hoepffner, 2010)
s based on a depth-resolved and wavelength-resolved model fol-
owing the original description of Platt and Sathyendranath (1988)
nd implemented at global scale by Longhurst et al. (1995). At
ny given location and time, the model takes into account the
otal irradiance available for photosynthesis between 400 and
50 nm,  the phytoplankton biomass indexed by the concentra-
ion of chlorophyll-a obtained by remote sensing, as well as the
hysiological capacity of phytoplankton organisms to perform pho-
osynthesis. The spatial and temporal changes in phytoplankton

etabolism and its vertical distribution are considered in the
odel through the partition of the global ocean into biomes and

rovinces within each of which parameters related to photosyn-
hesis and depth profile of chlorophyll are assigned based on field
bservations. In validation exercises (comparison with field mea-
urements of primary production), the model compared favorably
ith respect to other models (e.g., Friedrichs et al., 2009; Saba

t al., 2010, 2011). It is however acknowledged that the satellite
roduct might be locally affected by significant uncertainties, par-
icularly in coastal waters. In the present case study (see Section
.1), only the spatial and temporal relative variations of the satellite
rimary production have an impact on the model simulations (see
ection 3.1).

.4.  Zero-impact hypothesis

To  ascertain that the framework was capable of correctly incor-
orating external data, a zero-impact analysis was developed under
he following hypothesis: the original food web model should yield
dentical results to a food web model that is run against an external
ersion of the PP map  originally embedded in the model.

To  test this hypothesis, the PP map  from the NC Adriatic Sea
odeling application of Fouzai et al. (2012) was exported to

n ESRI-compatible ASCII raster for the model area (Fig. 7a). An
xternal data connection to this raster file was created which
as temporally aligned to the model start date. The Ecopath-to-

cospace scaling factor for this file was calculated (Annex C), and

he external data connection was linked to the Ecospace PP map
ayer.

This temporal, spatial and logical alignment provides the
onfiguration needed to validate the zero-impact hypothesis.
2.5. Spatial food web scenarios

The  NC Adriatic Ecospace food web model with the standard
fitting to time series data and driven by fisheries data (Coll et al.,
2009; Fouzai et al., 2012) was  run under three scenarios: (i) with-
out any forced primary productivity (PP) data, (ii) driven by external
monthly temporal and spatial PP time series ranging from January
1998 to December 2007 (Fig. 8), and (iii) driven by external, annu-
ally averaged, temporal and spatial PP data ranging from January
1998 to December 2007 (examples of the dataset are provided in
Fig. 7b and c; the time series is presented in Fig. 8).

The  scenarios were run from 1975 to 2007 with monthly time
steps using the Ecospace module of the EwE software. Available
external data (from 1998 to 2007) were loaded and converted by
the spatial–temporal data framework to the resolution and spa-
tial extent of the Ecospace scenario, scaled to the Ecopath base
value, and subsequently integrated in the Ecospace primary pro-
ductivity map  layer, only enhancing or lowering cell values for
which external values were present. Following this data exchange
Ecospace calculations resumed, applying food web  dynamics and
phytoplankton production to vary the biomass of phytoplankton.

After  running the scenarios, results were analyzed by examin-
ing historical temporal and spatial dynamics of phytoplankton and
other compartments of the food web  (Fig. 9). For this, we focused on
functional groups with direct or indirect relationships with phyto-
plankton (Coll et al., 2007, 2009): (1) phytoplankton, which serves
as the nutritional basis for the food web and is directly driven by
PP dynamics; (2) zooplankton, which solely consumes phytoplank-
Fig. 8. Spatial mean ± standard deviation of primary productivity for the North-
Central  Adriatic of the monthly and annual datasets, as delivered by the spatial
temporal  data framework, prior to integration into Ecospace.
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Fig. 9. Food web  model of the North and Central Adriatic model, based on Coll et al. (2007, 2009). This figure highlights the groups that were used to analyze the impact of
the  new spatial–temporal data framework (in gray, with black outline).

Fig. 10. (a) Predicted biomass relative (final/initial value) of phytoplankton for each of the scenario runs, and Ecospace relative dynamics of (b) zooplankton, (c) sardine and
(d)  anchovy biomasses, relative to the start value, for the three scenarios analyzed. The start of SeaWIFS data being read by the modeling framework is indicated by a black
vertical line. (For interpretation of the references to color in the text, the reader is referred to the web version of the article.)
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ig. 11. Distribution of relative biomass of phytoplankton (a–c) and zooplankton (d
ithout external PP data, (b and e) with monthly PP data, and (c and f) with annual
eabirds, that consume mostly sardine, and some anchovy; (6) large
elagic fish (Thunnus thynnus and Xiphias gladius), with a diet that
onsists largely of anchovy; and (7) adult hake (M.  merluccius), with

 diet that consists of anchovy and sardine, and other demersal

ig. 12. Relative biomass in the NC Adriatic, as computed by Ecospace, when (a) the spa
ata, (b) when forced with monthly JRC primary production data from 1997 to 2007, and
r the last year of the simulation, 2007. Results are related with the model (a and d)
ta.
organisms  (Fig. 9). Anchovies, sardines, large pelagic fish and adult
hake are highly exploited commercial species and have been sub-
jected to large fishing pressure from historic times (Coll et al., 2009;
Lotze et al., 2011).

tial–temporal simulation was  executed without any external primary production
 (c) when forced with annual JRC primary production data from 1997 to 2007.
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ig. 13. Distribution of relative biomass of sardine (a–c), anchovy (d–f), seabirds (
odel (a, d, g and j) without external PP data, (b, e, h and k) with monthly PP data, 

. Results

.1. Zero-impact analysis

The  zero-impact hypothesis was validated by numerically com-
aring the primary production maps that Ecospace produces at the
nd of the first time step. These maps represented the PP distri-
ution after one month of food web effects. The classic, fitted to
ime series model was executed with and without the zero-impact
rimary production map  and the resulting PP maps at the end of

anuary 1975 were numerically identical (Annex D). This analy-
is confirmed that the framework was able to incorporate original
riving data without producing deviating results. The framework
as thus deemed suitable for incorporating external PP datasets.

.2.  Spatial–temporal simulations: phytoplankton dynamics

Results of running the NC Adriatic Sea food web model with

he new spatial–temporal framework were analyzed for the three
cenarios: (i) without external spatial–temporal data; (ii) with
onthly spatial–temporal PP data (Fig. 8), and (iii) with annual

veraged spatial–temporal PP data (Fig. 8).
nd hake (j–l) for the last year of the simulation, 2007. Results are related with the
, f, I and l) with annual PP data.

Regarding  the temporal pattern of phytoplankton biomass, the
original run of the model, starting in 1975, hind casted a steady
biomass of phytoplankton from late 1970s to late 1990s. In the last
part of the time series the model showed a slight increase of phy-
toplankton that leveled out at the end of the time series (Fig. 10a,
blue line). In contrast, results using the spatial–temporal frame-
work with monthly PP data showed larger variations of relative
biomass of phytoplankton over time starting from the beginning of
the new dataset in 1997 (Fig. 10a, green line), in agreement with
the monthly PP dataset (Fig. 8). Results using the annual averaged
spatial–temporal PP data showed smaller fluctuations than the sec-
ond scenario, a slight increase of phytoplankton biomass from late
1990s to early 2000s and then a slight decline with time (Fig. 10a,
red line).

Regarding the spatial distribution of primary productivity, the
satellite-derived primary production data (Fig. 7b and c) were com-
pared with phytoplankton biomass results from the model. The
spatial results of the original annual run of the model did not cap-

ture the distribution of phytoplankton biomass well enough (higher
in northern and western areas and lower in southern and eastern
areas) (Fig. 11a). This is due to a more homogeneous distribution
of initial primary production data from the model (Fig. 7a) than the
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bservations from the area (Fig. 7b and c). On the contrary, results
f phytoplankton biomass in the second scenario with monthly
patial–temporal primary productivity data, and the third scenario
ith annual averaged spatial–temporal primary productivity data,

etter reproduced the expected spatial patterns of phytoplankton
iomass that occur in the area, with less productive regions in the
outhern and eastern part of the maps (Fig. 11b and c).

.3.  Temporal food web effects by functional group

The temporal results of phytoplankton biomass changes from
he original run of the model and fishing dynamics showed an
ncrease in sardine biomass due to higher biomass of phytoplank-
on, their prey, and a decrease in zooplankton due to higher
redation mortality by sardines (Fig. 10b and c). On the contrary,
nd due to high fishing pressure, anchovy firstly increased due to
rey availability but then continued its historical decline (Fig. 10d).
he seabirds, and to a lesser extent the large pelagic fish increased
ue to higher abundance of prey, mainly small pelagic fish, pre-
ominantly sardine, while hake continued to decline due to high
shing impact over time (Fig. 12a).

Under the second scenario, with monthly spatial–temporal PP
ata, the model showed larger variations in the biomass of zoo-
lankton after 1997 following the variations in phytoplankton
Fig. 10b), which were translated into high variations in the biomass
f sardine, anchovy and seabirds (Figs. 10c, d and 12b). Sardine and
eabirds, in contrast to the first scenario and due to the pattern
bserved in phytoplankton biomass, showed first an increase and
hen a decline, which was also observed in the patterns of large
elagic fish, but with much less variability (Fig. 12b). Anchovy and
ake continued to decline due to fishing impact, although anchovy
howed an increase in biomass in the late 1990s, due to higher
hytoplankton biomass, and overall larger variability than hake
Fig. 12b).

Under the third scenario, with annual averaged
patial–temporal PP data, the model showed lower tempo-
al variability (as expected), but similar results to scenario 2
Figs. 10 and 12c). Sardine increased first and then declined follow-
ng phytoplankton biomass patterns, and this trend cascaded up
he food web to seabirds and to a lesser extent to large pelagic fish.
ooplankton abundance/biomass decreased due to declines of the
rey (phytoplankton) and higher predation mortality, and anchovy
nd hake continued their historical declines due to fishing impact,
lthough again anchovy showed a slight increase in biomass late
990s, due to higher phytoplankton biomass, and higher variability
ue to zooplankton dynamics.

.4.  Spatial food web effects by functional group

The spatial dynamics of zooplankton biomass of the origi-
al model captured some of the phytoplankton spatial dynamics
Fig. 11d), although the spatial patterns were more realistic when
he external data were used under the second and third scenarios
Fig. 11e and f), showing higher zooplankton biomass in northern
nd western coastal areas of the study region. Differences in spa-
ial distributions between the second and the third scenario were
mall, indicating that both monthly and annual average produced
easonable results at the end of the modeling runs.

The spatial dynamics of sardine biomass of the origi-
al model also captured some of the phytoplankton spa-
ial dynamics (Fig. 13a), although the spatial patterns were
learer when the external data were used (Fig. 13b and c).

ifferences between the second and the third scenario were also

mall. The spatial dynamics of anchovy biomass of the original
odel and the new spatial framework showed similar patterns for

nchovy distribution (Fig. 13d), although these patterns were more
elling 263 (2013) 139– 151 149

evident with the new spatial framework in place (Fig. 13e and f).
Differences between the second and the third scenario were also
small.

The spatial distribution of seabirds’ biomass was similar under
the three simulations (Fig. 13g–i). However, the original model hind
casted less abundance of seabirds in the northern areas of the Adri-
atic Sea, probably due to less productivity patterns in that area.
Finally, the spatial dynamics of large pelagic fish and hake biomass
of the original model and the new spatial framework showed over-
all similar patterns (results shown for hake only, Fig. 13j–l).

4.  Discussion and conclusion

This  study presents the new spatial–temporal data framework
developed under the Ecospace spatial and temporal modeling
approach (Christensen and Walters, 2004; Walters et al., 2010). The
new framework was applied to drive the dynamics of primary pro-
duction of an Ecospace model representing the NC Adriatic Sea (Coll
et al., 2007, 2009; Fouzai et al., 2012).

This case study is the first of its kind to drive the spatial
and temporal dynamics of the Ecospace food web  model with
spatial–temporal time series, and it facilitates the incorporation
of GIS analysis into food web models. The zero-impact analysis
provided evidence that the framework is able to deliver reliable
data into Ecospace. The flexible organization of the framework
facilitated the execution of the Ecospace model with a minimal
set of required steps while demonstrating transparent access to
GIS data. Overall, results are satisfactory and by implementing the
new framework biological results were consistent with historical
data and improved from those of the original model (Coll et al.,
2009). The distribution of phytoplankton highlighted the produc-
tive northern areas, and the influence that this production has
on the western coast of the NC Adriatic Sea, while the eastern
and central areas show less productivity. This is linked with the
oceanography and water circulation of the area (Zavatarelli et al.,
2000). The original run of the model did not hind cast correct tem-
poral and spatial dynamics of primary production for the period
with external data, from 1998 to 2007, since a slight increase in
phytoplankton biomass was  computed by the original model run.
However, using the new spatial–temporal data framework, the
dynamics of primary producers were in line with their declining
trend observed in the recent past (Mozetič  et al., 2010; Mélin et al.,
2011; Cabrini et al., 2012). These results highlight the importance of
driving the spatial Ecospace model with external observational data
to improve the capability of models to better approximate observed
temporal and spatial patterns of primary producers.

Changes in the temporal dynamics of phytoplankton biomasses
cascaded up the food web and influenced the dynamics of
zooplankton and small pelagic fish, which directly feed on phy-
toplankton or zooplankton (Palomera et al., 2007). The impact on
the dynamics of larger predators was also noticeable, although this
impact was mitigated by other factors in the food web. Seabirds
and large predatory fish showed similar patterns to their prey.
When the new spatial framework was in place (under the sec-
ond and third scenarios), these groups showed first an increase,
followed by a decrease in abundance due to dynamics of phyto-
plankton, then zooplankton, and following the small pelagic fish.
The dynamics of adult hake were less affected by the bottom-up
effects of the food web  and this could be due to the lesser depen-
dency of this species on the pelagic compartment (Coll et al., 2007),
but also due to the high fishing pressure placed upon this highly

exploited commercial species (Jukić-Peladić et al., 2001; Vrgoć
et al., 2004).

The  simulations including the external data reproduced more
realistic spatial distribution of phytoplankton (Bosc et al., 2004),
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nd thus yielded more accurate spatial distributions of zooplankton
nd small pelagic fish that directly feed on phytoplankton (Morello
nd Arneri, 2009). The differences between the three simulations
egarding the spatial distribution of predators were less profound
nd may  indicate that predator distributions are affected by other
actors such as the distribution of their prey and predators, and
shing effort.

The  distribution of hake hind-casted by the model was similar
o that obtained from survey data (Županović  and Jardas, 1986;
driamed, 2012), suggesting that the model is providing realistic
esults. The distribution of seabirds computed by the original model
as less realistic than results using the new spatial module given

hat seabird populations in the northern Adriatic Sea are known to
e very abundant (Baccetti et al., 2002).

The spatial–temporal data framework provides new possibili-
ies for climate change science, such as the integrated assessments
f species distributions and food web dynamics, or driving the
cospace food web model with the output from predictive climato-
ogical models such as used by the International Panel on Climate
hange (Stock et al., 2011). The approach utilized in this framework
an be also used as a foundation for simplifying and compart-
entalizing complexity in order to further model interoperability

nd closing the gap between marine ecosystem modeling tools via
eographic information systems (GIS) technology. The approach
implifies interdisciplinary model interoperability by separating its
arious technical and scientific challenges into a flexible and modu-
ar software system using open source GIS technology and common
oftware development paradigms. This framework will be used in
he near future for a series of ambitious model interoperability
rojects that will integrate the Ecospace model in GIS environments
o model the global ocean through the NF-UBC Nereus Program
Christensen et al., 2012).
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ABSTRACT

Why are marine species where they are? The sci-

entific community is faced with an urgent need to

understand aquatic ecosystem dynamics in the

context of global change. This requires develop-

ment of scientific tools with the capability to pre-

dict how biodiversity, natural resources, and

ecosystem services will change in response to

stressors such as climate change and further

expansion of fishing. Species distribution models

and ecosystem models are two methodologies that

are being developed to further this understanding.

To date, these methodologies offer limited capa-

bilities to work jointly to produce integrated

assessments that take both food web dynamics and

spatial-temporal environmental variability into ac-

count. We here present a new habitat capacity

model as an implementation of the spatial-tempo-

ral model Ecospace of the Ecopath with Ecosim ap-

proach. The new model offers the ability to drive

foraging capacity of species from the cumulative

impacts of multiple physical, oceanographic, and

environmental factors such as depth, bottom type,

temperature, salinity, oxygen concentrations, and

so on. We use a simulation modeling procedure to

evaluate sampling characteristics of the new habitat

capacity model. This development bridges the gap

between envelope environmental models and

classic ecosystem food web models, progressing

toward the ability to predict changes in marine

ecosystems under scenarios of global change and

explicitly taking food web direct and indirect

interactions into account.

Key words: food web model; species distribution

model; ecopath; ecospace; habitat modeling; for-

aging capacity model; sampling; simulation model.

INTRODUCTION

Marine ecosystems are impacted by numerous

anthropogenic stressors including fishing (for

example, Pauly and others 2002), aquaculture (for

example, Naylor and others 2000), chemical

pollution (for example, Ueno and others 2004),

eutrophication (for example, Vitousek and others

1997), and climate change (for example, Root and

others 2003). Marine species respond differently to

these stressors, and interact by complex relation-

ships that make an assessment of human impacts a

challenging endeavor (for example, Jennings and

Kaiser 1998; Jackson and others 2001). Marine

ecosystems are also influenced by environmental

natural fluctuations and variability (Cury and

others 2008; Link and others 2010). The ability to

understand how human activities, environmental
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factors, and ecological components interact and

influence each other, and affect ecosystem services

in the future, is an issue of pressing importance

(Worm and others 2006).

The scientific community is faced with an urgent

need to understand ecosystem dynamics in the

context of global change. This requires develop-

ment of scientific tools with capability to predict

how biodiversity, natural resources, and ecosystem

services will change in response to stressors such as

climate change and further expansion of fishing.

Species distribution models and ecosystem models

are two methodologies that are being developed to

further this understanding.

Species distribution models use a combination of

physical, environmental, ecological, and physio-

logical data to predict where species are likely to

occur (Jones and West 2005; Elith and Leathwick

2009). They aim to predict species occurrence

ranges by various approaches, such as the correla-

tion of maps with physical habitat characteristics,

or by using theoretical frameworks that use the

physiological responses between species distribu-

tions, or known tolerance limits to environmental

predictor variables of physical, environmental, or

other types. If dedicated models are used to predict

future distributions of driving factors, one can then

forecast possible future distributions of species un-

der changes in predictor variables (Jones and others

2013).

Species distribution models are widely used in

both terrestrial and marine ecosystems, and

increasingly to predict consequences of climate

change (Guisan and Zimmermann 2000; Guisan

and Thuiller 2005; Elith and Leathwick 2009).

However, most species distribution models do not

take trophic interactions of predators and preys and

food web dynamics into account (Micheli and

others 2004; Austin 2007; Elith and Leathwick

2009), or at most consider these interactions indi-

rectly (Albouy and others 2014). Such interactions

have been shown to be key elements for under-

standing species and ecosystems dynamics in the

ocean (Frank and others 2005; Christensen and

Walters 2011). In addition, the application of spe-

cies distribution models in the marine environment

poses problems due to data unavailability and

paucity (Kaschner and others 2006; Pearson and

others 2007; Cheung and others 2009; Ready and

others 2010).

Ecosystem models aim at developing a mecha-

nistic understanding of principal species and pop-

ulation dynamics, which in turn can be used to

predict community and ecosystem dynamics (for

example, Christensen and Walters 2004; Fulton

2010). They use multiple datasets including species

information (for example, abundance and distri-

bution), population parameters (for example,

growth, reproduction, feeding), community traits

(for example, prey-predators information), and

data from ecosystem drivers such as fishing activi-

ties and environmental dynamics. For about

30 years, ecosystem models have been used to hind

cast population dynamics with considerable capa-

bility (Walters and others 2008; Christensen and

Walters 2011) and are increasingly being deployed

to forecast ecosystem dynamics and develop future

scenarios for the ocean (Christensen 2013; Steen-

beek and others 2013).

To bridge the gap between ecosystem models and

species distribution models we have extended Eco-

space, the spatial-temporal explicit module of the

Ecopath with Ecosim (EwE) modeling approach, with

the means to include the impacts of variable habitat

quality on modeled spatial population distributions.

EwE is the most widely applied food web model for

marine ecosystems (Christensen and Walters 2004;

Christensen and Walters 2011). EwE, which is

freely available from http://www.ecopath.org, de-

scribes ecosystem food web models by means of

functional groups, each representing a species, a

sub-group of a species (multi-stanza groups, Walt-

ers and others 2000, 2010) or a group of species

that have functional and ecological similarities.

EwE consists of three main, linked routines that

have been developed over the last three decades:

Ecopath, Ecosim, and Ecospace. Ecopath is the mass-

balance routine that allows building spatially and

time averaged models of the trophic web (Polovina

1984; Christensen and Pauly 1992, 1993), and

which serves to parameterize the dynamic modules

of EwE; Ecosim is the time dynamic routine (Walters

and others 1997, 2000); and Ecospace allows rep-

resenting temporal and spatial 2D dynamics of

trophic web components (Walters and others 1999,

2010).

Although no single model can capture all the

relevant processes for ecological forecasting and

scenarios, EwE can integrate a large body of infor-

mation in a coherent description of aquatic food

webs and places human activities in an ecosystem

context that accounts for environmental changes

(Christensen and Walters 2004). EwE models are

widely used to evaluate the structure and func-

tioning of marine ecosystems (for example, Hey-

mans and others 2004; Coll and Libralato 2012),

make ecosystem comparisons (for example, Molo-

ney and others 2005; Coll and others 2006), derive

emergent properties (for example, Pauly and

Christensen 1995), assess the impacts of human
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activities (for example, Manickchand-Heileman

and others 2004; Mackinson and others 2009)

including climate change (Ainsworth and others

2011) and fishing impacts (Libralato and others

2008), analyze management options for marine

resources (for example, Criales-Hernandez and

others 2006; Araújo and others 2008; Walters and

others 2008), and describe bioaccumulation of

toxins in the food web (for example, Booth and

Zeller 2005). Recently, the Institute for European

Environmental Policy concluded that, among the

available models of marine ecosystems, EwE was

the most suitable for the development of scenarios

for exploring future trends of marine biodiversity

and changes in ecosystem services (Sukhdev 2008),

and the modeling framework is indeed seeing in-

creased use for this purpose (Wilting and others

unpublished).

Ecospace, the spatially explicit model of EwE, has

been widely applied to quantify the spatial impact

of fisheries on marine species (Christensen and

others 2003; in press; unpublished), to analyze

impact of management scenarios such as the

establishment of marine protected areas, and to

assess the correlation of spatial distributions of

marine species and fishing effort (Walters 2000;

Martell and others 2005; Fouzai and others 2012).

Ecospace can also be used to develop spatial opti-

mization routines (Christensen and others 2009),

to assess the impact of climate change by linking

Ecospace with low trophic level models (Fulton

2011) or by driving Ecospace directly with external

temporal-spatial time series (Steenbeek and others

2013).

The original Ecospace model has, however, been

limited in the way habitat is represented as a fixed

parameter in the spatial model, providing limited

support to represent changes in the quality and

extent of habitats. Large-scale habitat structures

with associated impact on biomass distributions

and trophic interactions have been represented

only by a binary habitat use pattern, with each

spatial cell being either entirely suitable—or en-

tirely unsuitable—for species/functional groups.

The original Ecospace model thus assumed homog-

enous conditions within each spatial cell, and local,

but possibly relevant variations within cells, could

not be represented. This binary formulation has

been particularly troublesome for models repre-

senting ecosystems where there is strong ‘‘sub-

grid’’ spatial structure of one or more key habitat

types, for example, small but productive reef

structures that are smaller than a single grid cell, or

strong, productive, and significant coastal struc-

tures that cannot be represented as entire cells.

Using smaller cells to address this limitation may

adversely impact the speed of computations and

the amount of memory needed at runtime, and

may eventually yield unrealistic results by over-

representing modeled phenomena (Fulton and

Smith 2004). Further, the complex habitat gradient

calculations required in the original Ecospace model

greatly slow simulations of changing habitat usage

over time, requiring re-calculation of habitat gra-

dients whenever species habitat preference changes

occur.

AIM

To date, species distribution models and ecosystem

models offered limited capabilities to work jointly

to produce needed integrated assessments: assess-

ments that take both food web dynamics and spa-

tial-temporal environmental variability into

account. To overcome these problems, we have re-

structured the Ecospace model to consider habitat

quality adding a new habitat foraging capacity

model. The change presented and tested here is

fairly simple and mainly implies to replace a binary

habitat variable with a continuous habitat suit-

ability factor, where the area that species can feed

in each cell is determined by functional responses

to multiple environmental factors. This modifica-

tion builds on the fact that animal populations have

lower local impacts as the size of their forage area

increases. The new model offers the ability to drive

foraging capacity from multiple physical, oceano-

graphic, and environmental factors such as depth,

bottom type, temperature, salinity, oxygen con-

centrations, and so on, which have cumulative

impacts on the ability of functional groups to for-

age. Because cell capacity is calculated for every

functional group at every time step, this modifica-

tion makes the model fully temporal and spatially

dynamic.

In this study, we present the new habitat

capacity model and we use simulation modeling to

evaluate its sampling characteristics. For this, we

use an artificial data set based on a spatial food web

model of a marine ecosystem. We derive ‘‘true’’

distribution based on environmental preference for

the functional groups in the model, and then

evaluate the degree to which it is possible to

recreate the ‘‘true’’ distributions from sampling. As

part of this we evaluate the impact of sample size

and uncertainty in key parameters. The final goal

of the paper is to develop and test a continuous

habitat suitability model to be used within the

Ecospace modeling framework to address a suite of

new ecological questions, such as the impact of
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habitat degradation due to coastal development,

eutrophication, and climate change.

The Original Ecospace Model

The Ecospace model is a spatially explicit time dy-

namic model based on the Ecopath mass-balance

and Ecosim time dynamic routines (Walters and

others 1997; Christensen and Walters 2004). It

applies the same set of differential equations as

used in Ecosim, executed for each cell in a grid of

cells. In Ecosim (Walters and others 1997; Chris-

tensen and Walters 2004), a set of differential

equations is defined based on the biomass change

during time for consumer functional groups, ex-

pressed as:

dBi

dt
¼ gi

Xn

j¼1

Qji Bj tð Þ;Bi tð Þ
� �

�
Xn

j¼1

Qij Bi tð Þ;Bj tð Þ
� �

þ Ii � M0i tð Þ þ Fi tð Þ þ eið ÞBiðtÞ; ð1Þ

where Bi(t) is the biomass of i at time t, gi is the

growth efficiency, Ii is the immigration rate; M0i is

the natural mortality (mortality not due to fishing

or predation from the described food web); Fi(t) is

the mortality rate due to harvesting (fishing mor-

tality); ei is the emigration rate. The term Qij rep-

resents the consumption due to predation on i by

predator j and is a function of their biomasses,

whereas the term Qji represent the consumption

due to predation on group j by predator i. For pri-

mary producers the term f(Bi(t)) represents the

growth term as function of the group biomass

(Christensen and Walters 2004).

The consumption rates Qij are based on the for-

aging arena theory (see Walters and others 1997,

2000; Christensen and Walters 2004; Walters and

Martell 2004; Ahrens and others 2012), where the

biomass of prey i is split between a vulnerable (Vij)

and a non-vulnerable (Bi - Vij) component. The

transfer rate, called vulnerability (tij) between the

two fractions determines the vulnerable biomass at

time interval dt:

dVij

dt
¼ vij Bi � Vij

� �
� vij � Vij �

aijVijBj

1þ hjaijVij

; ð2Þ

where aij is the effective search rate for the predator

(j), and hj is handling time for the predator. The

vulnerability parameter (tij) expresses the maxi-

mum increase in predation mortality under the

given predator/prey conditions. High values of tij

imply large proportions of biomass (Bi) vulnerable

to predator j (Vij), and thus imply Vij = Bi, and that

the predator j is far from its carrying capacity with

regards to prey i.

In Ecospace, the spatial extent of the ecosystem is

represented by a grid of cells, each of which can be

defined as land or water and, and in the last case, a

habitat type can be assigned to the cell. Ecospace

represents the biomass (B) and consumption

(Q) dynamics over a two-dimensional space as well

as time (Walters and others 1999; Christensen and

others 2008). Space, time, and state are considered

discrete variables by using the Eulerian approach,

which treats movements as ‘‘flows’’ of organisms

among fixed spatial reference cells.

In the original Ecospace model, a first step of

parameterizing entails the definition of a basemap

based on habitat information (depth strata, bottom

type, and so on) in the study area. Species prefer-

ences are then assigned to these habitat types based

on the biology and ecology of the species included

in each functional group of the ecosystem model,

their depth distributions, their preferred sediment

type, etc. In addition, the model requires (i) the

dispersion rate of each functional group in ‘‘pre-

ferred’’ habitats, (ii) the relative dispersal rate in

‘‘non-preferred’’ habitats, and (iii) the relative

feeding rate in non-preferred habitat by functional

group.

Fishing fleets can be depicted as operating in a

specific region and cells can be defined as protected

areas (MPAs, for example, Walters and others

2000). Moreover, relative variations of primary

productivity and fishing costs can be defined for the

initial conditions of the model. For trophic inter-

actions, fishing, and movement calculations, bio-

mass is considered as homogeneous within each

cell and movement of biomass and flows is allowed

across the borders to adjacent cells. For each cell,

the immigration rate Ii of equation 2 is assumed to

consist of up to four emigration flows from the

surrounding cells. The emigration flows (Bout,rci)

are in turn similarly represented as instantaneous

movement rates mi times the biomass density in the

cell (Brci):

Bout;rci ¼
X4

d¼1

mi;d � Brci; ð3Þ

where (r,c) represents cell row and column, and d is

movement direction (up, down, left, or right).

The instantaneous emigration rates mi from a

given cell in Ecospace are assumed to vary based on

the functional group, habitat preferences, and re-

sponses of organisms to depredation risk and

feeding conditions. The probability of movement of

organisms toward favorable habitats is calculated

by means of a ‘‘habitat gradient function’’ for each

mapped habitat type and species or group i. Bio-
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mass dynamics in unsuitable cells are modified by

predicting higher rates of emigration, lower feeding

rates, and/or higher vulnerability to predation, a

complex gradient calculation to modify dispersal

rates is used to direct biomass toward suitable cells.

The Habitat Foraging Capacity Model

Using Relative Habitat Capacity to Predict Spatial

Abundance

A reasonably simple and tractable way around the

binary parameterization of habitat definition is to

define a continuous relative habitat capacity Crcj for

each group j in each cell r,c, where Crcj varies from

0.0 to 1.0, and is calculated for each cell as a

function of a vector of habitat attributes Hrc = (H1,

H2, … Hv)rc of that cell, that is, Crcj = fj(Hrc). For

example H1 might be water depth, H2 might be

proportion hard bottom, H3 might be summer

water temperature, and so on. Figure 1 provides a

schematic overview of the basic calculations in the

habitat capacity model.

The proportion of a cell that a species (or func-

tional group) can use is thus a continuous value

from 0 to 1, and allows inclusion of as many

environmental factors as needed to define the for-

aging capacity of a cell for a species in an Ecospace

model.

If the functions fj are chosen carefully, Crcj can be

updated over time with relatively little computa-

tional cost, for example by loading time-varying

values of Hrc generated by other models or remotely

sensed data for physical or biophysical change, and

implemented using the spatial-temporal data

framework of Ecospace (Steenbeek and others

2013).

To use the Crcj habitat assessments, the Crcj values

have to be linked to trophic interaction dynamics to

specify how Crcj impacts food consumption and

predation rates. A simple and reasonable way to

represent this linkage is available through the basic

foraging arena equations used to predict trophic

interaction (food web biomass flow) rates (equa-

tion 2). If we look at the basic way that Ecosim

represents biomass dynamics (exclusive of spatial

mixing effects), trophic interaction, and fishery

effects are modeled by equations of the form:

dBj

dt
¼ gj � aij � vij � Bj � Bi

2 � vij þ aij � Bj

� Zj � Bj; ð4Þ

where Bj is predator biomass, Bi is prey biomass, Zj

is total instantaneous mortality rate of j, gj is growth

efficiency (corresponding to the production/con-

sumption ratio, which can vary as predators grow

in size), vij is prey vulnerability exchange rate, and

aij is the rate of effective search by the predator.

Note that in this model, vulnerable prey density Vij

is represented by the foraging arena equation

(equation 2), which simplified can be expressed as:

Vij ¼
vij � Bi

2 � vij þ aij � Bj

; ð5Þ

where predation pressure in a cell depends on the

foraging arena area in that cell. If we assume that

variation in relative habitat capacity for the

predator means variation in the foraging arena

area over which a species can forage successfully,

we can include variation in relative habitat

capacity in the model by dividing the denominator

aijÆBj term by relative habitat size or capacity Crcj,

that

Figure 1. Schematic diagram of the habitat capacity model calculations with four (hypothetical) environmental prefer-

ence functions (any number of functions is possible). During model run, cell-specific environmental parameter values can

be read from data layers for each time step, and a cell-specific habitat capacity value is estimated as the product of the

environmental preference values. No weighting is used, but weighting can be considered by altering the shapes of the

environmental preference functions.
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Vij ¼
vij � Bi

2 � vij þ aij � Bj=Crcj

: ð6Þ

In effect, this assumption concentrates predation

activity into smaller relative areas when C (foraging

arena size) is small, so as to drive down vulnerable

prey densities Vij more rapidly as Bj increases in

locales with less foraging arena area.

Importantly, including Crcj as a modifier in the

aijÆBj/ Crcj predation rate term results in the equi-

librium predator biomass (Bj for which dBj/dt = 0)

being proportional to Crcj, that is,

Bj ¼ gj � vij �
Bi

Zj

� 2 � vij

aij

� �
� Crcj ð7Þ

That is, using the Crci as modifiers of the foraging

arena consumption rate equation results in spatial

patterns of biomass of consumers being propor-

tional to Crci, other factors (prey biomasses Bi and

mortality rates Zj) being equal over space. We can

of course also assume that variation in habitat

capacity also affects the vulnerability exchange

rates vij, search rates aij, and predation rates Zj (and

if so, add minor changes to the code to implement

these assumptions), but the default assumption is

that the dominant cause of ‘‘poor’’ or relatively

small habitat capacity is lack of usable foraging

arena area. As such, the basic change made to the

rate equations is a simple division of the denomi-

nator terms for predator search term, by-arena

vulnerable prey density equations, by the capacity

values Crcj.

The new model is made compatible with existing

Ecospace models by providing the option to derive

capacity directly from presence/absence habitats. In

this case, habitat maps and habitat preferences are

directly converted to a capacity map for each

functional group. Cells that contain a preferred

habitat will receive a full capacity of 1, other cells

will receive a capacity of (almost) 0.

Setting Initial Adjusted Biomasses
for Ecospace

In going from Ecopath to Ecospace, it is assumed that

the Ecopath base biomasses represent the average

over all modeled cells of the cell-specific biomasses.

This means that Ecospace biomass densities can be

much higher on favorable spatial cells if there are

relatively few such cells. Initial biomass densities

Brcj(0) reflecting the Crck variation are assigned at

the start of each Ecospace simulation by assuming

that these biomasses are proportional to the Crcj. If

there are nw water cells, such that overall biomass

density for group k across the grid is given by nkBi*

where Bj* is the Ecopath base biomass for group j,

the initial spatial biomass densities are assigned as,

Brcj 0ð Þ ¼ Crcj

TCj

� �
� nj � B�j ; ð8Þ

where TCj is a total capacity index over the grid for

group j, that is,

TCj ¼
X

r;c

Crcj ð9Þ

and the sum over r and c is over all water cells in

the spatial grid. Note that TCj > nj implies severe

concentration of group j biomass on few cells.

Correction of Search Rate and
Vulnerability Parameters for Spatial
Overlap Patterns

Spatial concentration of biomass for any group

implies a requirement to adjust the rates of effec-

tive search au and vulnerability exchange rates vu

for all foraging arenas u that are used by group j

and its predators j¢, since without such adjustments

predicted predation rates (using foraging arena

equations from Ecosim) at the higher local densities

would be artificially increased from the rates im-

plied by Ecopath base consumptions. In order to

make this adjustment, the rates are set so that the

total consumption for each arena link is the same in

Ecospace as in Ecosim, scaled up to the total number

of water cells. This implies the condition

nwQu ¼
au � vu �

P
r;c Brcj � B0rcj

2 � vu þ au � B�j
: ð10Þ

Here, Qu is the Ecosim base biomass flow rate for

arena link u, Brcj¢ is the initial predator abundance

(biomass for non-stanza groups or sum of numbers

at age times length squared for multistanza groups)

for cell (r,c), and B�ju is the spatially invariant initial

predator abundance obtained by noting that

applying the Crcj correction in equation 6 results in

B�j ¼
nj � BE cos im;j

0

TC 0j
: ð11Þ

Here BEcosim,j¢ is the Ecosim initial predator

abundance. Using the assumed relationships above

between initial Brcj, Brcj¢, and Crcj, equation 10 can

be written as:

Qu ¼
au � vu � B��ju � B�j
2 � vu þ au � B�j

; ð12Þ
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where B��ju is the prey-predator ‘‘incidence weigh-

ted’’ mean prey biomass divided by Bj* for link u

given by

B��ju ¼
B�j �

P
rc Crcj � C 0rcj

TCj

: ð13Þ

Note that this reduces to just B�ju if all predator Crcj¢
are near 1.0 for the same (r,c) cells where prey Crcj are

near 1.0, that is, where there is strong spatial overlap

of the prey and predator distributions, but can be

much lower than B�ju for cases where predators oc-

cupy restricted spatial areas compared to the prey.

Assuming the same vulnerability exchange rate vu as

in Ecosim (from total base consumption rate over all

predators using arena u) where k is the user-supplied

vulnerability multiplier (aka Vulmult), equation 12

can be solved for au:

au ¼
2 � vu

B�j0 vu � B��ju =Qu � 1
� �h i : ð14Þ

Unfortunately, this calculation fails if vuB�ju=Qu<1,

which can happen with relatively low vu settings

and weak overlap between prey and predator such

that B��ju is much less than Bj. In that case, the as-

sumed spatial distribution overlap pattern simply

cannot support the total predation rate estimated

for the link in Ecopath and Ecosim, and instead we

simply set

vu ¼
1:001 � Qu

B��ju
ð15Þ

before solving for au in equation 14 so as to provide

at least some large estimate of au to make simula-

tions come as close as possible to predicting the

base Qu. The rate of effective search au is further

adjusted upward by the multiplicative factor QmÆ-
Qoj¢/(QmÆQoj¢ - 1) to account for handling time ef-

fects in order to create type II functional response

effects by setting a low ratio of maximum (Qm) to

base feeding rate (Qo).

Modification of Spatial Mixing Rates to
Reflect Movement Toward Preferred Cells

For species with body sizes and mobility large en-

ough to exhibit oriented dispersal and/or migra-

tion, it is reasonable to assume that dispersal rates

between adjacent spatial cells are distorted so as to

maintain abundance differences reflective of dif-

ferences in habitat capacities between the cells.

Without such distortions or oriented movement,

random dispersal between cells would greatly re-

duce abundance gradients created by the Crcj

capacity effects, and for species with restricted

habitat use would result in too much biomass dis-

persing into unsuitable spatial cells so as to cause

biomass to decrease substantially from Ecopath base

biomasses, even without any changes in fishing

pressure or predator abundances. For each border

between cells, for example, between cell (r,c) and

cell (r,c + 1) to its right, Ecospace assumes instan-

taneous mixing rates m1jBrcj to the right and m2jBrcj

to the left. Absent orientation implies

m1j = m2j = mj, where mj is a user-supplied ex-

pected dispersal rate. To avoid smearing of the

distribution, the dispersal rates are set so that

m1jBrcj ¼ m2j � Brcþ1j: ð16Þ

Assuming biomasses are then to remain near or

proportional to Crcj, this balanced movement con-

dition implies that the m1j and m2j have to be varied

so as to meet the balance condition

m1j

m2j

¼ Crcþ1j

Crcj

: ð17Þ

Ecospace meets this condition by setting the exit

rate to mj for whichever cell has lower capacity Crcj,

then adjusting the exit rate for the cell with higher

Crcj to mj times the capacity ratio. Thus for example

if Crc+1j > Crcj, m1j to the right is set to mj and m2j to

the left is set to mjCrcj/Crc+1j so that m2j will be very

small if Crcj > Crc+1j, that is, movement into the low

capacity cell will be severely restricted.

Model Behavior and Reproducibility

Simulation Modeling Evaluation

The new habitat capacity model presented here in

essence asks the question: ‘‘why are the species

where they are?’’ and seeks to explain this based

on food web characteristics, fisheries patterns, and

environmental preferences, such as, for example,

relationship between temperature and productivity

or abundance as a function of bottom type. In

applications of the model, the environmental

preferences typically will be parameterized for each

species (or functional group) based on a series of

preference functions derived from general (litera-

ture) or specific (sampling) information, which are

applied in a factorial manner.

We evaluated the performance of the habitat

capacity model based on a simulation modeling

where we constructed a food web model based on

EwE (Christensen and Walters 2004), we devel-

oped a spatial version of the model with Ecospace,

we defined environmental preference functions for

Spatial Habitat Capacity Modeling
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a number of the groups in the model based on

Table 1, and based on this we obtained (‘‘true’’)

spatial distributions of the functional groups by

running the food web Ecospace model. We then

sampled spatially for abundance (with and without

sampling error) and for environmental parameters

for one key group, and reconstructed the envi-

ronmental preference functions from this resam-

pled data to replace those that initially were used to

run Ecospace. We used a sampling scheme where we

sampled a proportion of the spatial map (without

repetition of cells) of the distributions of the func-

tional group biomass as computed by Ecospace at the

end of runs. For each run we varied the sampling

error from 0 to 1 times the coefficient of variation

for the cell abundance of the key species assuming

a distribution around the mean. Using these

abundance data as input in the habitat capacity

model, we then ran the Ecospace model to obtain

predicted spatial distributions for the key group,

which we in turn compared to the ‘‘true’’ distri-

bution for the group coming from the first run of

Ecospace. Further, we evaluated how the spatial

distributions for the key species are impacted by

Figure 2. Simulation modeling approach for evaluating performance of the new habitat capacity model based on

resampling from a simulated model data set.

Table 1. Functional Groups in the Food Web Model Whose Distributions are Based on Environmental Map
Layers

No Group Environmental map layers

1 Whales Depth, distance from coast

2 Seals Depth, distance from coast

3 Cod Depth, temperature, hard bottom, salinity, oxygen

4 Whiting Depth, temperature, sand bottom, salinity, oxygen

5 Mackerel Depth, temperature, oxygen

6 Anchovy Depth, temperature, oxygen

7 Shrimp Depth

8 Benthos Depth, oxygen

For each group and layer an environmental preference function is defined and used as model input.
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inclusion or exclusion of environmental preference

functions in the habitat capacity model. The sim-

ulation modeling procedure is described schemati-

cally in Figure 2.

For this simulation, we constructed a simple food

web model with 12 functional groups, including

whales, seals, whiting, cod, mackerel, anchovy,

shrimp, krill, benthos, zooplankton, phytoplank-

ton, and detritus. The model and its parameters are

hypothetical, but are constructed based on experi-

ence from many other models, and are realistic as

representative of a temperate ecosystems (Coll and

others 2008; Heymans and others 2012; Christen-

sen and others in press). The food web diagram for

the model, showing trophic linkages between

functional groups in the food web, is shown in

Figure 3.

We constructed a spatial model of the food web

model with 1600 spatial cells distributed over 40

rows and 40 columns. Nine of the functional

groups in the food web model are distributed spa-

tially based on environmental preference functions

as indicated in Table 1. From the model groups, we

chose ‘‘whiting’’ as the key group for which to

evaluate how the species distribution could be

replicated through sampling. Whiting was chosen

because it was a high trophic level species, yet was

predated upon by three other groups (Figure 3),

and because it had a wide distribution with con-

siderable variation in abundance over the map.

Whiting was distributed spatially based on five

environmental parameter maps (see Table 1) for

which the environmental preference functions are

given in Figure 4. It should be noted that the spe-

cies distributions also are influenced by food web

characteristics (driven by the spatial overlap of

predator and prey) as well as by fisheries (for which

effort is distributed spatially based on profitability,

which in turn is impacted by target group abun-

dance and the spatial cost of fishing) (Christensen

and Walters 2004).

Figure 3. Food web diagram for the hypothetical food

web model showing prey–predation relationships. The

groups are arranged after trophic levels (TL) in the ver-

tical plane. TLs are indicated with numbers.

Figure 4. Environmental

preference functions for

‘‘whiting’’ used to obtain

the ‘‘true’’ spatial

distribution for this

species. A is used for

depth (m), B temperature

(�C), C salinity,

D proportion of cell that

is sand bottom, and

E dissolved oxygen (mg

O2/ml). The dotted lines

indicate estimated

environmental functions

based on sampling of all

spatial cells with no

sampling error.
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RESULTS

As a first step, we evaluated the relationships be-

tween the environmental parameters maps in the

spatial model. This is shown in Figure 5, which

indicates a strong negative correlation between

depth and temperature (r = -0.95; deeper water is

cold), followed by salinity with oxygen (r = 0.77),

depth with salinity (r = 0.74), and temperature

with salinity (r = -0.71), whereas at the other

extreme, proportion of sand bottom and dissolved

oxygen shows only very little correlation (r =

-0.30).

We sampled the parameter space for sampling

effort in steps of 200 from 200 to 1600 cells out of

1600 cells total without cell replication, and with

sampling error on the biomass of the key group in

steps of 0.1 from 0 to 1.0 times the coefficient of

variation (CV, that is, the standard deviation /

mean ratio), for a total of 48 runs. We found that as

a best-case scenario, that is, based on sampling all

spatial cells with no sampling error, we obtained a

CV of 0.73 between the predicted and observed (or

‘‘true’’) biomasses of the key group.

This result should not be seen as surprising or

disappointing; one cannot expect to replicate the

environmental preference functions perfectly from

sampling, as the spatial map will not cover all in-

stances of the preference functions. Indeed, the

Figure 5. Pair-wise comparisons of parameters for the five environmental maps used for distributing the key group

‘‘whiting’’ spatially.
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estimated environmental preference functions

based on sampling (stippled lines on Figure 4)

while showing a close relationship to the ‘‘true’’

environmental preference functions (full lines on

Figure 4) will differ, and therefore the predicted

biomasses will differ as well.

Rather than illustrating the entire sampling state

and space, we have extracted representative results

as shown in Figure 6. We conclude from this (and

from examining the entire space) that the parame-

ters space with 38% or more (600+ samples) of the

cells sampled and with CV of 0.2 or less does not lead

to deterioration of the biomass predictions. The

correlation for the 600 samples with CV of 0 indeed

gave a higher correlation (r2 = 0.76) than the full

sampling scheme (r2 = 0.73)—because of random

effects in which 600 cells that were selected.

Although the observed/predicted relationship

deteriorates with lower sampling effort and higher

sampling error, there is still a reasonable good

relationship even with low effort and high error. As

an example, the case with 38% of the area sampled

and a CV of 1.0 results in a correlation (r2) of 0.67,

not much below the best-case scenario.

All of the 48 runs (16 of which are shown in

Figure 6) we made to evaluate impact of sample

size and sampling error were biased with a trend

toward overestimation of predicted biomasses at

high biomasses and underestimation at low bio-

masses. Indicative of this is that the slopes of the

linear regression lines in Figure 6 all are above 1.

This is also clear from the spatial biomass maps for

four representative cases as shown in Figure 7,

which, however, also indicates that the habitat

capacity model, while biased capture the overall

trend in spatial distributions remarkably well. The

species distributions based on sampling for the key

group (Figure 7B–D) are very comparable to the

‘‘true’’ distribution (Figure 7A) even with low

sampling effort (b, 200 cells) or high sampling error

(d, CV = 1).

The ‘‘true’’ biomass distribution for the key

group is derived as a function of the five environ-

mental preference functions in combination with

food web and fisheries effects. All of these factors

have uncertainty and errors associated, and notably

for the environmental preference functions we

may never know exactly what factors cause a

Figure 6. Predicted

(y-axis) vs. observed

(x-axis) biomasses of the

key group in the spatial

model. The number of

sampled cells varies from

200 to 1400 (out of 1600)

by column, and the

sampling error varies with

coefficient of variation

from 0 to 1.0 by rows. The

linear regressions,

correlation coefficients

and slopes of the

regression lines are

indicated on the plots.
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species to occur where it does. We can often cor-

relate the distribution with environmental factors,

but these will be correlations only.

We can evaluate in the present case where we

have perfect information about the ‘‘true’’ envi-

ronmental preference functions and what the

impact is of omitting some of these functions. As

the simplest case, we did this by omitting each of

the five environmental functions, one by one

(Figure 8). We found the strongest effect by

omitting temperature (Figure 8B), which resulted

in the correlation between predicted and ‘‘true’’

biomass breaking completely down (r2 = 0.1), for

the other parameters the effect was much less

strong (r2 of 0.32 to 0.59). This strong impact of

omitting the temperature impact is somewhat

surprising given the close correlation between

depth and temperature (Figure 5, r = -0.95). The

explanation for this may be that although depth

could largely substitute for temperature because of

the spatial correlation, there were still parameter

combinations with other factors that were not

captured by depth.

It can be highlighted that the tendency toward

overestimation in the predicted values is much less

clear when an environmental function is omitted;

we note from Figure 8 that the slope of most linear

regressions is below unity.

DISCUSSION

The new habitat capacity model in Ecospace adds a

new approach for modeling species distributions

and evaluating habitat impact in the EwE modeling

framework (Christensen and Walters 2004). There

are already a number of studies in progress that use

the new model and since this new capability

bridges the gap between food web modeling and

species distribution models, we argue that the

habitat capacity model will provide a step forward

for spatial food web modeling and ecological fore-

casting enabling the evaluation of cumulative

drivers in food webs. To our knowledge, this is the

first effort to bridge the gap between species dis-

tribution modeling and ecosystem food web mod-

eling. The new approach is simple to understand,

Figure 7. Biomass maps

for the key group in the

spatial model, white

indicates higher biomass.

A The original ‘‘true’’

biomass distribution for

the key species,

B sampling of 200 of 1600

cells with no sampling

error, C sampling of all

cells with no sampling

error, and D sampling of

all cells with sampling

error equal to the

coefficient of variation for

the biomass.
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yet powerful when it comes to replicating species

distributions, and it notably opens for evaluation

how major habitat changes may be impacting

marine resources and ecosystems. The potential

uses spans wide, including evaluating impact of

coastal zone development, marine protected areas,

habitat impacting fishing gears, or climate change,

where it, for instance, opens directly for evaluating

the impact of future conditions for temperature,

oxygen, and pH effects, all of which are typically

simulated using biogeochemical models (Stock and

others 2011).

Substantial progress has been made in the

identification and quantification of multiple hu-

man threats and environmental drivers that im-

pact marine diversity, habitats, and ecosystems

(for example, Halpern and others 2008; Coll and

others 2012). There is currently increasing

knowledge on the identification, quantification,

and distribution of these multiple stressors. How-

ever, the way these multiple stressors may interact

and combine to impact productivity patterns of

marine ecosystems is hardly known (Sala and

others 2000). Multiple impacts may interact and

their effects may accumulate, acting synergistically

or antagonistically at different ecological levels,

from species to community, and ecosystem levels,

and may be mediated by food web effects. A

comprehensive understanding of these impacts

and their interactions is lacking, although it seems

that synergistic effects are frequent (Folt and

others 1999; Crain and others 2008; Darling and

Côté 2008). Moreover, future changes of current

human activities (such as climate change, or the

invasion of new species), and the appearance and

spread of new activities, will likely challenge our

current understanding of cumulative impacts. To

tackle some of these scientific challenges there is a

growing need to use and develop novel method-

ologies of data integration, assimilation, and

modeling at different scales, taking into account

uncertainties in data and processes (Parravicini

and others 2012). This study certainly contributes

to this challenging endeavor.

There is an important caveat about using the

habitat capacity model for cases with very fine

spatial grids. Many organisms use one habitat type

for resting or hiding, (for example, use coral reef as

cover), then undertake horizontal movements into

other habitats to forage, (for example, reef plank-

tivores that move off the reef to forage). In such

cases, a fine spatial grid that separates resting from

foraging habitats may incorrectly represent such

organisms as using only one or the other of the

habitats that they depend upon. We have not yet

found a good way to represent the possibility of

spatially restricted utilization of adjacent habitat

types by such organisms, because it is a fairly

complex computational problem to allow organ-

isms to forage in multiple spatial cells within de-

Figure 8. Effect of

omitting one

environmental preference

function for the key

group when running the

spatial model. Model run

are done with four out of

five environmental

functions with A depth

being omitted,

B temperature, C salinity,

D proportion of cell that

is sand bottom, and

E dissolved oxygen. The

linear regressions,

correlation coefficients

and slopes of the

regression lines are

indicated on the plots.
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fined distances of their ‘‘normal’’ or resting habi-

tats.

The present study in addition to introducing and

describing the new habitat capacity model also

evaluated how the model can be parameterized

through sampling. There is often little connection

between these two entities, sampling and model-

ing, and the model can help bridging these two

fields. From a modeling perspective, there is a clear

need for understanding why species occur where

they do, not just in connection with climate change

studies, and we need empirical estimates for cor-

relations with environmental parameters to bring

our understanding of key ecological processes for-

ward.

This study presents some improvements over the

previous spatial-temporal model Ecospace (Walters

and others 1999) by making it more flexible and

open to external dynamic data. This new develop-

ment bridges the gap between envelope environ-

mental models and classic ecosystem food web

models, progressing toward the ability to predict

changes in marine ecosystems under scenarios of

global change and explicitly taking food web direct

and indirect interactions into account. This new

capacity model is a core component of a global ocean

modeling complex currently under development

(Christensen and others unpublished). As a next

step, we also intend to explore the functioning of the

habitat capacity model when driven by spatial-

temporal variations in environmental conditions as

presented in Steenbeek and others (2013).
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