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ABSTRACT. The Maritime Spatial Planning (MSP) Challenge simulation platform helps planners and stakeholders understand and
manage the complexity of MSP. In the interactive simulation, different data layers covering an entire sea region can be viewed to make
an assessment of the current status. Users can create scenarios for future uses of the marine space over a period of several decades.
Changes in energy infrastructure, shipping, and the marine environment are then simulated, and the effects are visualized using indicators
and heat maps. The platform is built with advanced game technology and uses aspects of role-play to create interactive sessions; it can
thus be referred to as serious gaming. To calculate and visualize the effects of planning decisions on the marine ecology, we integrated
the Ecopath with Ecosim (EwE) food web modeling approach into the platform. We demonstrate how EwE was connected to MSP,
considering the range of constraints imposed by running scientific software in interactive serious gaming sessions while still providing
cascading ecological feedback in response to planning actions. We explored the connection by adapting two published ecological models
for use in MSP sessions. We conclude with lessons learned and identify future developments of the simulation platform.
Key Words: Ecopath with Ecosim; Ecospace; marine spatial planning; MSP Challenge; planning support systems; serious gaming;
simulation game
INTRODUCTION
Oceans and seas play a vital role in society, and many countries
rely on access to the sea for food and social and economic
development (Douvere and Ehler 2009). Marine and coastal
ecosystems worldwide are under increasing pressure because of
a wide variety of human activities (Kannen 2014, Tamis et al.
2016), and planning and management of marine space is a matter
of national and international importance.
Marine or maritime spatial planning (MSP) has developed as a
mechanism to cope with the significant challenges that come
along with the allocation of human activities and ecological
functions to marine space. MSP is seen as a cross-cutting policy
tool enabling public authorities and stakeholders to apply a
coordinated, integrated, and transboundary approach to marine
development (European Commission 2007, Foley et al. 2010,
Katsanevakis et al. 2011). In 2014, the European Union (EU)
adopted the Maritime Spatial Planning Directive (2014/89/EU).
The main purpose of MSP, according to the directive, is to
promote sustainable development, to identify the use of maritime
space, and to manage spatial uses and conflicts in marine areas
(European Commission 2014). However, management of marine
space, on short and long time scales, across a wide range of
socioeconomic sectors and national and transnational
boundaries, under the influence of natural processes and climate
change, with their associated uncertainty, is a daunting task for
which managers and planners are often ill-prepared (Mayer et al.
2013).
MSP is therefore in dire need of innovative approaches and
effective planning support systems by which sectoral planners and
stakeholders can assess the current ecological status of marine
areas and can also jointly explore the future consequences of
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planning decisions on the marine environment (Jean et al. 2018).
In the last few years, several planning support systems for
ecosystem-based MSP have been developed, each one having
specific strengths and limitations (Pålsson and Crona 2017,
Pınarbaşı et al. 2017, Menegon et al. 2018). Few of these tools
can be qualified as “integrated” in the sense that they link a wide
variety of data with simulation models for a range of maritime
sectors such as energy (offshore wind farming, energy grid) or
shipping. Furthermore, most planning support systems tend to
be specialized and scientific, making them useful for desk analysis
but less effective in an interactive context for use in stakeholder
engagement, transboundary consultation, scenario development,
or codesign processes.
In the seminal book Gaming: the Future’s Language, Duke (1974)
argues that a simulation game or serious game is an excellent
communication and learning tool for planning and decision
making. Through gameplay, planners and stakeholders
experientially understand the dynamic interrelations among
various subsystems, the interdependencies among the actors, and
the consequences of actions well into the future. Serious games
are thus connected to a communicative learning style of planning
and planning support (Healey 1996, Muro and Jeffrey 2008,
Mayer 2016).
The MSP Challenge simulation platform has been developed to
explore these ideas further in the context of ecosystem-based
MSP. The MSP Challenge has been designed to help decision
makers, stakeholders, and students understand and manage the
maritime (blue) economy and marine environment. It uses
advanced game technology and aspects of gameplay to engage
and facilitate planners and stakeholders in their dialogue and
support their learning. To enhance the ability to represent
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ecological effects of spatial plans (Steenbeek 2018), the simulation
platform has been integrated with the ecosystem modeling
approach Ecopath with Ecosim (EwE; Christensen and Walters
2004, Heymans et al. 2016). Here, we examine if EwE can be
connected to MSP, considering the range of constraints imposed
by fast model runs, while still providing cascading ecological
feedback. The connection is tested by adapting two published
ecological models for use in MSP sessions. We conclude with
lessons learned and identify future developments of the simulation
platform.
METHODS
Maritime Spatial Planning Challenge simulation platform
The MSP Challenge simulation platform integrates best available
geographic, maritime, and marine data provided by many
proprietary institutions (e.g., Copernicus, EMODnet, HELCOM,
IMO) with science-based simulation models for shipping, energy,
and ecology. These data and models are linked together in a Unity
game-engine based interactive platform (Abspoel et al. 2020). The
simulation platform allows anyone, experts as well as nonexperts,
to operate it for planning support such as stakeholder engagement,
codesign, interactive scenario development, professional learning,
and student education. The current platform hosts three editions,
for the North Sea, Baltic Sea, and Clyde marine region. Because
the platform is built in a highly modular fashion, it can host any
sea basin in the world.
Since its launch in 2018, the MSP Challenge simulation platform
has been used for many interactive sessions with planners,
stakeholders, and students in different parts of the world. In an
interactive session or “game”, participants take up the role of
planner (or stakeholder) in one of the countries in a sea basin. As
planners, users have an overview of the entire sea region and can
review many different data layers to make an assessment of the
current status. They can develop and implement plans for future
uses of space in their exclusive economic zone over a period of
several decades. They can also consult other countries or develop
and implement transboundary plans: shipping routes, wind farms
and power grids, or marine protected areas (MPAs). The
consequences of planning decisions for energy, shipping, and the
marine environment are simulated and visualized in indicators and
heat maps at the sea basin level. Digital game technology makes it
fun and easy to draw and modify plans, run the simulations, and
interact with others. Elements of gameplay such as challenges and
objectives, a story line, role-play, and performance feedback can
be used to facilitate interactions among the participants in a
session.
Ecopath with Ecosim ecosystem modeling
EwE is the world’s most widely used ecosystem modeling approach.
Initially conceived to assess the impacts of fisheries on marine food
webs (Polovina 1984, Christensen and Walters 2004), the EwE
approach is increasingly used to assess the effects of environmental
change on marine ecosystems for policy advice (e.g., Christensen
et al. 2014, de Mutsert et al. 2017). The first component of the
EwE suite is Ecopath, which uses the concept of functional groups
and fishing gear types to describe the trophic flows and their
exploitation in an ecosystem over a period of typically one year.
Ecosim, the time-dynamic module of EwE, uses the mass-balanced
Ecopath conditions as a starting point to describe the dynamics
within an ecosystem over time, and is used for replicating past

ecosystem trends to understand historical ecosystem dynamics
and for exploring future scenarios (Christensen and Walters 2004,
Heymans et al. 2016). Finally, Ecospace is the spatial-temporal
explicit module of EwE. Ecospace represents the modelled area
through a grid of equally sized cells in which functional groups
and fisheries interact according to a modified version of the
Ecosim differential equations (Walters et al. 1999, Christensen et
al. 2014).
Ecospace contains a spatially explicit niche model, the habitat
foraging capacity model (HFCM), in which the cell suitability is
derived from preferences for substrate and/or tolerances to
environmental conditions (Christensen et al. 2014). Spatial
distributions of fisheries in Ecospace are driven by potential yields
vs. the cost of fishing in specific locations. Ecospace can impose
fishing limitations on specific gear types through the notions of
unsuitable habitat or marine protected areas (Christensen and
Walters 2004, Martell et al. 2005). The addition of a dynamic
geospatial data exchange framework (Steenbeek et al. 2013) has
opened up Ecospace to increased realism (de Mutsert et al. 2017,
Peck et al. 2018). More details on the Ecopath approach are
provided in Appendix 1.
Connecting Maritime Spatial Planning Challenge and Ecopath
with Ecosim
We designed and created a connection between the existing MSP
Challenge simulation platform and the EwE approach to translate
the gradual implementation of spatial plans into changes in
environmental conditions and fisheries regulations (henceforth
called pressures). These pressures were incorporated into the
calculations of Ecospace to affect the state of the marine
ecosystem components over time and space. Aggregated, spatially
explicit Ecospace predictions (henceforth called outcomes) were
sent back to the MSP Challenge to disseminate the state of the
ecosystem components to session participants (Fig. 1).
Fig. 1. Conceptual linkage of the marine spatial planning
(MSP) and Ecopath with Ecosim (EwE) platforms. While game
time progresses, players’ plans (actions) translate into changes
in environment and policy (pressures), which are included in the
food web calculations of EwE. Ecological estimates are
summarized (outcomes) and sent back to game players.

Adjusting an existing EwE model for use in the simulation
platform may require changing the structure of a model in terms
of functional groups and fleets. It may be required to add species
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and fleets of concern for a particular MSP region. It may also be
necessary to reduce the complexity of an existing EwE model to
ensure rapid Ecospace execution times during simulation phases.
For instance, an EwE model for a MSP Challenge sea basin should
contain no more than 30 to 35 functional groups, up to five fishing
fleets, and have a spatial grid of no more than 10,000 cells. A
protocol for adapting, testing, and validating EwE models to MSP
gameplay is available online at https://figshare.com/articles/
EwE_model_guidelines_for_MSP_game_play/5897185/1.
Software framework
Both the MSP Challenge and the EwE approach are data-driven
software systems. Within the bounds of a fixed set of equations
and behaviors embedded within the software, these systems are
parameterized to represent any ecosystem with its specific
challenges and dynamics. We logically connected the MSP
Challenge and EwE software systems through a few new software
components (Fig. 2). EwEShell encapsulates the EwE modeling
logic to receive MSP player-derived pressure maps and aggregates
EwE predictions into maps of outcomes. MSPTools is a plug-in
to the EwE desktop software that allows EwE modelers to
configure how the MSP-derived pressures affect cell suitability
and fishing in a EwE model and which EwE predictions need to
be aggregated into outcomes. MSPTools also serves to test the
behavior of a EwE model as if connected to the actual MSP
Challenge session. Lastly, the MSP-EwE Linker integrates
EwEShell into the MSP software by converting player actions to
pressure maps and by delivering outcomes to the MSP software.
The MSPTools plug-in for EwE desktop and its source code are
available upon request from http://ecopath.org.
Pressures: impacting the ecological model
Several distinct pressure categories were defined (Table 1):
Table 1. Pressures that reflect environmental disturbance caused
by marine spatial planning activities. Each layer expresses the
amount of the cell area covered by a pressure, per cell, across the
game area.
Pressure
Noise

Description

Amount of anthropogenic low-frequency
noise in a cell
Bottom
Amount of cell bottom area that is
disturbance disturbed through anthropogenic
activities such as construction,
sedimentation, excavation, etc.
Surface
Amount of cell surface area that is
disturbance disturbed through anthropogenic
activities such as shipping, construction,
etc.
Artificial
Amount of cell area covered by artificial
substrate
habitat
Protection Amount of cell area closed to fishing, per
fishing fleet; each fishing fleet in a marine
spatial planning game will have its own
protection layer
Fishing
Scalar to initial fishing pressure, per fleet
intensity

Format

Implica
tion

Grid

-

Grid

-

Grid

-

Grid

Protection

Grid

-

Single
value

-

Fig. 2. An overview of software components needed to connect
the Ecopath with Ecosim (EwE) computational core to the
marine spatial planning (MSP) challenge. EwE shell is the
central software library that encapsulates the EwE modeling
logic to receive MSP player-derived pressure layers and to
deliver outcome layers back to the MSP software system. MSP
tools is a plug-in to the EwE desktop software that allows EwE
modelers to design the connectivity between a specific MSP
scenario and a EwE model, and to test the behavior of this
EwE model as if connected to the actual MSP game. MEL, the
MSP-EwE Linker, is a software library that integrates EwE
shell into the MSP game engine by converting MSP player
actions to pressure maps for consumption by the EwE shell,
and by delivering ecological outcomes to the MSP Challenge
game.

. “Noise” is the spatial distribution and intensity of lowfrequency noise resulting from shipping, construction, etc.
The noise map layer acts as an environmental driver layer
in the Ecospace HCFM and affects per-cell foraging
suitability for functional groups sensitive to low-frequency
noise.
. “Surface disturbance” and “bottom disturbance” are the
spatial distribution and intensity of physical disturbance at
the surface and the bottom, respectively. This pressure
includes the presence of temporary and transient structures
and vehicles, turbidity due to anthropogenic activity, some
forms of pollution, etc. The disturbance map layers act as
environmental driver layers in the Ecospace HFCM and
affect per-cell foraging suitability for functional groups
sensitive to these disturbances.
. “Artificial substrate” is the spatial distribution and intensity
of artificial structures that provide shelter and/or habitat to
sensitive functional groups. This layer acts as an additional
habitat in Ecospace to increase habitat-derived cell
suitability in the Ecospace HCFM.
. “Protection” is the spatial distribution of locations where
fishing is impossible due to the presence of other activities
or prohibited through fisheries restrictions. This per-fleet
map layer acts as a MPA layer in Ecospace, blocking fishing
effort for all sensitive fishing gears in cells where MSP
activities that generate this pressure are present.
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Fig. 3. Schematic overview showing how spatial plans (actions), in vector format, are converted to pressure grids, in raster format.
This example shows how oil platforms, ferry and shipping lines, wind park construction, and dredging contribute to the noise
pressure grid via conversion factors unique to each type of action.

. “Fishing intensity” is a scalar pressure to increase or
decrease the nominal amount of fishing across the game
area.
During simulation phases, the MSP Challenge software converts
spatial plans created by players into pressure maps using an
action-pressure conversion matrix, as follows (Fig 3.):
. Spatial plans, which are entered as points (e.g., anchorages,
oil and gas platforms) and lines (e.g., shipping routes, cables,
pipelines, etc.), are spatially expanded to their area of impact
using impact factors, expressed in the action-pressure
conversion matrix as a ratio of Ecospace cell size. The zone
width may be multiplied by the intensity of the spatial plan
where applicable (e.g., shipping intensity). The zone-to-cell
surface overlap is then calculated as a measure of spatially
explicit pressure intensity on a value range from zero (no
pressure) to one (maximum pressure).
. The cell area overlap of spatial plans, which are entered as
polygons (e.g., dredging sites, marine protected areas,
harbors, wind farms, etc.), is directly calculated and
multiplied by the impact amount stated in the actionpressure matrix and intensity of the spatial plan, where
applicable.
. Total pressures from point, line, and polygon features are
added per cell and range from zero (no pressure) to one
(maximum pressure).
Ecospace directly integrates the pressure grids into designated
maps of environmental drivers, habitats, and protection, and
directly incorporates the per-fleet fishing effort multiplier, to
affect ecosystem dynamics.
Outcomes: summarizing ecological changes in the Marine Spatial
Planning software
Outcomes are spatially explicit aggregations of Ecospace
predictions. The complex results of food web dynamics are
condensed to provide MSP session participants with key

ecological results and indicators. Outcomes can consist of four
types of Ecospace predictions: group biomass, group catch, fleet
effort, and biodiversity indicators. The data in the outcome maps
are reflected in the MSP software on a fixed color gradient that
represents one order of magnitude deviation from Ecopath
baseline values. This relatively simple display system facilitates
game participants to perceive drastic (local) changes in ecosystem
functioning on a uniform scale across all outcomes.
Case studies
We integrated two existing published and previously fitted EwE
models into the MSP Challenge simulation platform: one
representing the North Sea and the other the Firth of Clyde (west
coast of Scotland). Because the two systems differ greatly in
spatial scale, species diversity, spatial homogeneity, and planning
challenges, we included both case studies here to provide a broad
overview of model integration challenges as a guideline for similar
future exercises.
Case study 1: North Sea
Background
This case study concerns integrating a model for the entire North
Sea (Mackinson and Daskalov 2007, Romagnoni et al. 2015) for
the project “A North Sea Perspective on Shipping, Energy, and
Environmental Aspects in Maritime Spatial Planning
(NorthSEE)” (https://northsearegion.eu/northsee).
The North Sea is a relative shallow sea of approximately 570,000
km² and is one of the busiest seas in the world, with intense
shipping movement and fisheries targeting mainly cod (Gadus
morhua), haddock (Melanogrammus aeglefinus), herring (Clupea
harengus), and saithe (pollock, Pollachius virens). Oil and gas
extraction has been an important economic sector since the 1960s,
especially for the UK, Norway, and the Netherlands, and more
recently, aquaculture has been developed in the area. Countries
bordering the North Sea are planning to install up to 62 GW of
offshore wind energy by 2030 to meet the Paris Agreement on
CO2 emissions reductions. Hence, the growing need to
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Table 2. Basic inputs for the condensed and balanced marine spatial planning challenge North Sea Ecopath model. Parameters
definitions: TL = trophic level, B = biomass (tonne/km&sup2), P/B = production/biomass (per yr), Q/B = consumption/biomass (per
yr), EE = ecotrophic efficiency, and P/Q = production/consumption. Parameters estimated by the model are underlined. Functional
groups that include more than one of the groups from the original North Sea model are in bold font and their components are in italics.
Parameter
Group Marine spatial planning
num functional grouping
ber
1

Condensed groups

Cetacean
Baleen whales
Toothed whales

2
3
4
5

Seal
Diving seabirds
Surface-feeding seabirds
Cod
Cod (juvenile 0–2)
Cod (adult)

6

Commercial gadoids
Whiting (juvenile 0–1)
Whiting (adult)
Haddock (juvenile 0–1)
Haddock (adult)
Saithe (juvenile 0–3)
Saithe (adult)

7

Demersal predators
Juvenile sharks
Spurdog
Large piscivorous sharks
Small sharks
Hake
Other gadoids (large)
Monkfish
Catfish (Wolf-fish)

8

Pelagic small gadoids
Blue whiting
Norway pout

9

Herring
Herring (juvenile 0–1)
Herring (adult)

10

Sandeel and sprat
Sandeels
Sprat

11
12

Mackerel
Small pelagic fish
Miscellaneous filter-feeding
pelagic fish
Horse mackerel

13

Flatfish
Plaice
Dab
Long-rough dab
Flounder
Sole
Lemon sole
Witch
Turbot
Megrim
Halibut

14

Large demersal fish
Juvenile rays
Starry ray + others
Thornback and spotted ray
Skate + cuckoo ray

TL

B

P/B

Q/B

EE

P/Q

4.278
4.444
4.644
4.886
4.084
3.139
4.668
4.306
4.806
4.225
4.255
4.336
4.057
4.265
4.022
4.337
4.534
4.281
4.748
4.918
4.334
4.901
4.515
4.823
4.272
3.440
4.094
3.586
3.274
3.420
3.436
3.319
3.345
2.959
3.745
3.763
3.432

0.084
0.067
0.017
0.008
0.004
0.002
0.130
0.100
0.130
0.760
0.027
0.430
0.008
0.120
0.116
0.210
0.269
0.001
0.130
0.001
0.002
0.014
0.065
0.042
0.014
1.540
0.230
1.310
2.823
0.143
2.680
2.429
1.850
0.579
0.750
0.779
0.029

0.020
0.02
0.02
0.090
0.450
0.237
1.190

2.280
2.28
2.28
0.600
1.015
4

11.464
9.900
17.630
26.842
86.970
77.280
2.170
4.967
2.170
4.455
17.402
5.460
7.685
2.350
8.511
3.600
2.076
2.500
2.000
1.600
2.960
2.200
2.500
1.700
1.700
5.649
9.060
5.050
4.705
11.537
4.340
5.250
5.240
5.280
1.730
3.747
10.190

0.396
0.000
0.000
0.000
0.000
0.000
0.916
0.989
0.911
0.963
0.917
0.981
0.883
0.824
0.904
0.716
0.647
0.194
0.229
0.619
0.337
0.681
0.950
0.853
0.802
0.794
0.321
0.980
0.990
0.888
0.567
0.896
0.991
0.839
0.772
0.311
0.990

0.002
0.002
0.001
0.003
0.005
0.003
0.548
0.360
0.548
0.208
0.136
0.163
0.260
0.485
0.117
0.244
0.317
0.200
0.240
0.275
0.172
0.373
0.400
0.412
0.282
0.397
0.276
0.436
0.107
0.114
0.184
0.434
0.435
0.432
0.347
0.271
0.393

4.277
3.951
3.982
4.001
4.178
4.377
3.998
3.938
4.046
4.535
4.454
4.513
4.254
4.231
4.428
4.495
4.426

0.750
4.431
0.580
2.800
0.350
0.250
0.135
0.140
0.082
0.027
0.034
0.033
0.799
0.268
0.390
0.066
0.050

0.9
0.734
0.85
0.672
0.7
1.1
0.8
0.864
0.9
0.86
0.72
0.16
0.647
0.66
0.66
0.78
0.35

3.500
3.818
3.420
4.000
4.000
3.200
3.100
4.320
3.000
2.100
3.100
3.140
1.782
1.700
1.700
2.300
1.800

0.227
0.384
0.850
0.222
0.489
0.261
0.882
0.502
0.396
0.583
0.249
0.278
0.086
0.006
0.050
0.217
0.386

0.257
0.192
0.249
0.168
0.175
0.344
0.258
0.200
0.300
0.410
0.232
0.051
0.363
0.388
0.388
0.339
0.194

0.927

0.658
0.500
0.480
0.440
0.510
0.820
1.000
0.700
0.480
2.245
2.5
2.2
0.504

(con'd)
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Large demersal fish
15

Small demersal fish
Other gadoids (small)
Gurnards
Dragonets
Small demersal fish

16
17

Squid and cuttlefish
Zooplankton
Carnivorous zooplankton
Herbivorous and omnivorous
zooplankton (copepods)
Gelatinous zooplankton

18
19

Large crabs
Large benthic invertebrates
Nephrops
Epifaunal macrobenthos
Infaunal macrobenthos
Shrimp

20

Small benthic invertebrates
Small mobile epifauna
Small infauna
Sessile epifauna
Meiofauna

21

Microflora (including
bacteria, protozoa)
Benthic microflora
Planktonic microflora

22
23

Phytoplankton
Detritus and discards
Detritus: dissolved organic matter,
water column
Detritus: particulate organic
matter, sediment
Discards

accommodate offshore wind park construction will be one of the
main drivers for future development, resulting in spatial claims
and possible conflicts with other uses. Increasing development in
the North Sea has cross-border impacts, which require the
involved organizations to cooperate more efficiently regarding the
establishment of coherent international networks of MPAs,
dealing with cumulative ecological impacts, multiple use of space
(for example, offshore wind energy coinciding with aquaculture
or other forms of energy), and land-sea interactions, among other
factors. Because national policies leave room for different
interpretations, countries do not always follow comparable
methods and approaches for development within their areas of
jurisdiction.
The NorthSEE project aimed to achieve greater coherence
between MSP processes and maritime spatial plans, as well as
furthering sustainable development in the North Sea through
MSP. Several national MSP authorities and knowledge
institutions worked together to develop and share knowledge on
key economic sectors and future developments, transnational
planning, and institutional developments. As part of the
NorthSEE project, the North Sea area was captured in an updated
version of the MSP Challenge simulation platform to engage and
teach planners and sectoral stakeholders about planning
challenges in the North Sea.
Ecopath with Ecosim model
We based this case study on the original model for the North Sea
(Mackinson and Daskalov 2007), updated with more recent data

4.208
4.045
3.813
4.440
3.974
4.227
3.608
2.261
3.228
2.057

0.025
0.850
0.280
0.180
0.045
0.345
0.060
19.213
3.147
16.000

0.55
1.419
1.8
0.82
1.44
1.42
4.500
8.327
4
9.2

2.540
3.862
4.000
3.200
6.900
3.700
15.000
27.053
12.500
30.000

0.900
0.860
0.990
0.264
0.955
0.990
0.825
0.620
0.990
0.384

0.217
0.367
0.450
0.256
0.209
0.384
0.300
0.308
0.320
0.307

3.574
3.680
2.991
3.503
3.310
2.870
3.053
2.851
2.893
2.954
2.797
3.030
2.143

0.066
1.200
215.054
0.980
78.000
136.000
0.074
288.821
30.000
150.000
105.000
3.821
1.545

2.9
0.550
0.779
0.37
0.3883938
1
11
1.166
1.36
0.9
0.26
35
1175.786

6.444
2.750
2.828
1.850
1.942
3.333
22.000
4.088
3.886
3.000
1.300
125.000
2351.573

0.793
0.961
0.412
0.988
0.433
0.275
0.997
0.933
0.982
0.869
0.028
0.990
0.729

0.450
0.200
0.275
0.200
0.200
0.300
0.500
0.285
0.350
0.300
0.200
0.280
0.500

2.238
2.139
1.000
1.000
1.000

0.105
1.440
7.500
25.000
25.000

9470
571
286.667

18940.000
1142.000
0.000

0.950
0.725
0.208
0.931
0.914

0.500
0.500

1.000

25.000

0.940

1.000

0.000

0.993

(ICES 2015). This model was too computationally demanding for
integration into MSP simulations and was thus reduced in
complexity. Charismatic groups (e.g., seals, cetaceans),
commercially important groups (e.g., cod, herring, sandeel
[Ammodytes spp.]), and groups subject to anthropogenic impacts
or legal protection at the international level and thus in need of
monitoring (e.g., seabirds, benthic invertebrates) were retained in
the model because they were essential to MSP interests. Other
groups were aggregated to reduce the computational cost of
running the model (Table 2) based on ecological, taxonomic, or
other considerations such as similarities in spatial distribution or
catch dynamics. Original fleets were aggregated based on
similarities in catches and economic characteristics. Three main
fleets were considered relevant for MSP game player control
(bottom trawl, industrial and pelagic trawl, and drift- and fixednet fleets), whereas others (gears using hooks, dredges, pots, or
other gear) were kept constant in the model to retain ecosystem
dynamics (Table 3).
The resulting Ecopath model was balanced and calibrated
according to best practices (Heymans et al. 2016). Temporal
model predictions in Ecosim were calibrated using time series of
biomass, catch, total mortality, and fishing mortality. Using the
automated stepwise fitting plugin (Scott et al. 2016), model fit
was improved via the estimation of predator vulnerabilities.
Model fit was statistically measured using the Akaike information
criterion for small sample sizes (AICc; Burnham and Anderson
2002). In total, 31 vulnerabilities were estimated, reducing the
sum of squared deviations from 512.3 to 391.5 and AICc from
−305.4 to −443.4.
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Table 3. Fishing fleet structure, landings, and discards for the condensed marine spatial planning challenge
North Sea Ecopath model. Fleets that include more than one of the fleets from the original North Sea model
are in bold font and their components are in italics.
Fleet number
1

Fishing fleet type

Condensed fleets

Bottom trawl
Demersal trawl + dem
seine
Beam trawl
Nephrops trawl
Shrimp trawlers

2

Industrial and pelagic
trawl
Industrial trawl
Pelagic trawl

3
4
5
6
7

Drift and fixed nets
Gears using hooks
Dredges
Pots
Other

The Ecospace model area was divided into a grid of 85 columns
and 144 rows at 10 × 10 km cells. The spatial model included five
habitat types based on depth and ecological relevance following
Romagnoni et al. (2015). An additional “artificial substrate”
habitat was included to receive the corresponding pressure from
the MSP game. Relevant groups such as benthic invertebrates
were assigned preferences to this new habitat based on existing
literature (Baine 2001, Perkol-Finkel and Benayahu 2005). Spatial
distributions were driven by habitat preference and by the
functional responses to environmental conditions for selected
groups through the Ecospace HFCM. Functional responses to
distance from shore were applied to seals and seabirds (Karpouzi
et al. 2007, Jones et al. 2013). Additionally, known seabird forage
and migration habitat areas were included to define base
distributions.
Little information was available for species-specific functional
responses to changing intensities of anthropogenic pressures;
however, there is abundant literature to support that these
pressures can detrimentally affect marine communities.
Anthropogenic noise has been found to affect the foraging and
resting behaviours of seals (Mikkelsen et al. 2019) and seabirds
(Buxton et al. 2017) and has been linked to fatal stranding (Forney
et al. 2017), hearing damage (Ketten 2012), disrupted foraging
and reproductive behavior (Gomez et al. 2016), and changes to
the distributions (Graham et al. 2017) of cetaceans. The presence
and physical disturbance caused by boats and recreational
activities on the water’s surface can have short-term effects on
marine mammal behavior (Lusseau 2003), lead to displacement
(Machernis et al. 2018), and increase the risk of physical harm
via ship strikes (Redfern et al. 2013). Finally, activities that result
in bottom disturbance, such as the installation and operation of
renewable energy or the extraction of aggregates, can lead to the
destruction of benthic habitats (Gill 2005, Foden et al. 2010).
Many benthic invertebrates are sensitive to habitat disturbance
and often suffer high mortality leading to reduced biomass,
production, and species richness (Hinz et al. 2009).
Simple linear functional responses were used to link functional
groups to specific MSP pressures in the Ecospace HFCM (Table

Landings (tonne/km²)

Discards (tonne/km²)

1.303
0.782

0.367
0.151

0.406
0.090
0.074
2.511

0.177
0.076
0.041
0.031

1.256
1.255
0.024
0.002
0.586
0.007
0.156

0.008
0.023
0.001
0.000
0.000
0.000
0.020

4) using three response curves: low negative, high negative, and
positive (Fig. 4). As the intensity of a pressure increased, the
habitat foraging capacity multiplier for functional groups with
low negative responses would decline to 0.5 at maximum pressure
intensity. For functional groups with high negative responses, the
habitat foraging capacity at maximum pressure intensity declined
to zero, making it impossible for affected functional groups to
feed within the corresponding Ecospace cell.
Table 4. Functional responses by pressure (noise, surface
disturbance, bottom disturbance) as assigned for each group in
the ecosystem, at initial settings.
Pressure
Group Group name
number

Noise

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

High
Low
Low
Low

22
23

Cetacean
Seal
Windfarm-avoiding seabirds
Windfarm-indifferent seabirds
Cod
Commercial gadoids
Demersal predators
Pelagic small gadoids
Herring
Sandeel and sprat
Mackerel
Small pelagic fish
Flatfish
Large demersal fish
Small demersal fish
Squid and cuttlefish
Zooplankton
Large crabs
Large benthic invertebrates
Small benthic invertebrates
Microflora (including bacteria,
protozoa)
Phytoplankton
Detritus and discards

Surface
Bottom
disturbance disturbance
Low
Low
Positive
Positive

High
High
High
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Table 5. Outcomes delivered by Ecopath with Ecosim the marine spatial planning challenge game for the North Sea Ecospace model,
covering 11 biomass summaries, three catch summaries, and two ecological indicators. The outcomes labelled as benthic invertebrates
and demersal fish contain aggregations of functional groups. The large fish indicator (Engelhard et al. 2015) is a per-cell result of the
sum of biomass of cod and commercial gadoids divided by the sum of biomass of all fish. Ecospace in Ecopath with Ecosim release
6.5 and newer versions calculate the Shannon diversity indicator following Shannon (1948).
Category

Outcome name

Biomass
(group)

Benthic invertebrates
Cetacean
Cod
Demersal fish
Flatfish
Herring
Mackerel
Sandeel
Seal
Windfarm-avoiding seabird
Windfarm-indifferent seabird
Bottom trawl
Drift and fixed nets
Pelagic and industrial trawl
Large fish indicator

3
1
1
2
1
1
1
1
1
1
1
1
1
1
11

Shannon diversity indicator

1

Catch
(fleet)
Indicator
(group)

Number of
components

Components
Large crabs, large benthic invertebrates, small benthic invertebrates
Cetacean
Cod
Commercial gadoids, demersal predators
Flatfish
Herring
Mackerel
Sandeel and sprat
Seal
Windfarm-avoiding seabirds
Windfarm-indifferent seabirds
Bottom trawl (otter, beam, seine)
Drift and fixed nets
Industrial and pelagic trawl
Cod, commercial gadoids, demersal predators, pelagic small gadoids, herring, sandeel and
sprat, mackerel, small pelagic fish, flatfish, large demersal fish, small demersal fish
-

Fig. 4. Functional responses for low negative, high negative,
and positive impacts used in the final version of the North Sea
model.

project closure meeting. The assemblage of the model with focus
on reparameterization, assumptions, and pressure testing is
detailed by Romagnoni (2019).
Case study 2: Firth of Clyde
Background
The second case study pertains to the integration of a model for
the west coast of Scotland (Haggan and Pitcher 2005, Alexander
et al. 2015, Serpetti et al. 2017) into a MSP Challenge Clyde
Marine Region edition for the project “Supporting
Implementation of Maritime Spatial Planning in the Celtic Seas
(SimCELT)” (http://www.simcelt.eu/).

The choice and configuration of outcomes delivered back to the
MSP Challenge North Sea edition were determined in close
collaboration with the NorthSEE project, and incorporated
iconic, commercial, or ecologically important species, fishing
activities, and two ecological indicators (Table 5).
Testing
The North Sea EwE model was calibrated to approximate species
distributions and intensities of the original model. Based on
literature, species most sensitive to one or more MSP pressures
were configured accordingly. Model performance was then tested
and validated through an incremental introduction of MSP startup pressures (e.g., pressures caused by MSP activities present in
the model at the start of a game) following the aforementioned
protocol.
The model was integrated in the MSP Challenge North Sea
edition and tested during a full-day session with NorthSEE
project participants. The model was adjusted to incorporate test
session feedback and was formally delivered at the NorthSEE

The River Clyde and its wider estuary, or firth, is one of Scotland’s
most iconic and economically important waterbodies, with a
highly indented coastline of > 1200 km with numerous islands.
Under the EU-funded SIMCelt project (2015–2018), a case study
was proposed for the Clyde Marine Region that examined the
challenges of undertaking marine planning across administrative
borders. In particular, it considered innovative mechanisms for
stakeholder engagement and used the MSP Challenge approach
(a board game, not discussed here, and the simulation platform)
to test whether a better understanding of MSP and the complexity
of marine ecosystems could be achieved. Because the MSP
Challenge simulation platform was initially developed for
extensive sea areas with high diversity and intense use such as the
North Sea, adapting the game to the Clyde Marine Region was
a challenge because of its relatively small size coupled with diverse
and overlapping uses. The Clyde Marine Region is intensively
used for recreation, commercial shipping, lifeline ferry services,
military, and industrial purposes. There is currently no renewable
energy production in the Clyde Marine Region because
conditions are not favorable. The fishing industry in the Clyde
Marine Region focuses on five fleets: demersal trawl, scallop fleet,
Nephrops fleet, pots and creel, and seine. There are also two no-
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Table 6. Basic estimates for the condensed and balanced marine spatial planning challenge Clyde Sea Ecopath model. Parameters
definitions: TL = trophic level, B = biomass (tonne/km²), P/B = production/biomass (per yr), Q/B = consumption/biomass (per yr),
EE = ecotrophic efficiency, and P/Q = production/consumption. Parameters estimated by the model are underlined. Functional groups
that include more than one of the groups from the uncondensed Clyde Sea model are in bold font and their components are in italics.
Parameter
Group
number

Marine spatial planning
functional groupings

1
2
3
4
5
6
7
8
9
10

Seals
Cetaceans
Birds
Sharks
Rays and skates
Cod
Haddock
Saithe
Whiting
Other demersals

Condensed groups

Other demersals
Gurnards
Inshore fish
Norway pout
11

Flatfish
Halibut, turbot, brill
Plaice
Sole

12
13
14
15

Mackerel
Herring
Sandeels
Other pelagic
Other pelagics
Horse mackerel
Sprat

16
17
18
19
20

Crabs and lobsters
Nephrops
Prawns and shrimp
Cephalopods
Other invertebrates
Other invertebrates
Echinoderms
Polychaetes
Epifauna
Infauna

21
22
23
24

Large zooplankton
Small zooplankton
Phytoplankton
Detritus

take zones, where these fleets cannot operate, to protect benthic
communities. Cables in the Clyde Marine Region are buried or
protected by rocks, eliminating the need to impose bottom trawl
restrictions near cables.
Ecopath with Ecosim model
The EwE MSP model for the MSP Challenge Clyde Marine
Region edition was built using the original Firth of Clyde EwE
model (Heywood 2009) and the West Coast of Scotland model,
originally developed by Haggan and Pitcher (2005) and recently
updated by Alexander et al. (2015) and Serpetti et al. (2017).
The original Firth of Clyde model included 37 functional groups
and was reduced to 24 groups for the purpose of MSP gameplay
(Table 6). Similar to the North Sea case study, species of interest
for MSP gameplay, such as commercial species, were retained as
single-species functional groups, whereas others were merged into

TL

B

P/B

Q/B

EE

P/Q

4.364
4.074
4.150
4.052
3.799
3.417
3.148
3.972
3.402
3.419
3.894
3.691
3.585
3.231
3.277
4.138
3.454
3.377
3.334
3.187
3.328
3.310
3.795
3.237
3.152
3.112
3.106
2.645
3.198
2.133
2.666
3.001
2.037
2.000
2.000
2.112
2.031
1.000
1.000

0.047
0.126
0.005
0.682
1.400
0.560
0.384
0.505
0.785
2.622
3.503
0.150
0.207
0.541
1.785
0.269
1.637
0.456
0.835
1.827
0.849
9.806
4.326
1.873
1.484
1.077
4.493
16.321
0.446
33.397
7.305
3.945
10.000
10.584
1.561
9.686
5.389
80.000
100.000

0.111
0.090
0.400
0.600
0.480
1.644
1.370
0.870
1.450
0.816
0.770
1.400
5.000
2.000
0.929
0.550
0.975
0.800
0.626
1.800
1.826
1.216
0.869
0.700
1.900
0.425
0.730
3.000
1.981
10.556
6.000
4.000
5.000
20.000
20.000
9.731
18.000
70.000

12.000
14.000
83.051
3.000
2.243
6.112
7.542
4.023
5.460
2.726
2.567
4.610
16.667
7.000
3.097
1.800
3.420
2.700
3.950
10.100
6.085
4.958
2.895
2.900
8.500
2.833
4.867
12.000
15.000
41.224
24.000
16.000
16.667
80.000
80.000
35.269
72.000
0.000

0.000
0.000
0.864
0.653
0.084
0.814
0.950
0.631
0.995
0.950
0.950
0.638
0.711
0.950
0.950
0.441
0.689
0.910
0.972
0.950
0.950
0.377
0.221
0.703
0.950
0.950
0.976
0.451
0.950
0.689
0.950
0.924
0.430
0.384
0.734
0.950
0.950
0.159
0.000

0.009
0.006
0.005
0.200
0.214
0.269
0.182
0.216
0.266
0.299
0.300
0.304
0.300
0.286
0.300
0.306
0.285
0.296
0.158
0.178
0.300
0.245
0.300
0.241
0.224
0.150
0.150
0.250
0.132
0.256
0.250
0.250
0.300
0.250
0.250
0.276
0.250

larger groups. Fishing fleets were aggregated into the fleets of
importance to Clyde stakeholders and according to the pressures
of interest to MSP gameplay (Table 7). The model was sensechecked and calibrated using PREBAL diagnostics (Link 2010)
and best practice methods (Heymans et al. 2016).
The temporal dynamics of the model were validated using driving
(fishing mortality) and calibration (biomass, catch) time series.
Automated stepwise fitting mechanisms (Scott et al. 2016) were
used to estimate the combination of vulnerabilities between
functional groups that produced a best fitting model capable of
capturing the trends of historic data (using sum of squares and
AICc). A total of six predator vulnerabilities were estimated,
suggesting top-down control from sharks, haddock, and Nephrops
(Nephrops norvegicus), and bottom-up control from cod, saithe,
and whiting (Merlangius merlangus). Estimated vulnerabilities
reduced the models sum of squared deviations from 68 to 49 and
AICc from −221 to −277.
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Table 7. Fishing fleet structure, landings, and discards for the
marine spatial planning challenge Clyde Sea Ecopath with Ecosim
model. Fleets that include more than one of the fleets from the
uncondensed Clyde Sea model are in bold font and their
components are in italics.
Fleet
num
ber

Fishing fleet type

1
2

Demersal trawl
Scallop fleet

Condensed fleets

Dredge
Hand collecting
3
4
5

Nephrops fleet
Pots and creels
Seine
Seine
Pelagic fleet

Landings
(tonne/km²)

Discards
(tonne/km²)

0.73
0.12
0.03
0.09
0.93
0.01
0.83
0.41
0.42

0.39
0.00
0.00
0.00
1.70
0.0004
0.12
0.00
0.12

The Ecospace map was defined at 93 rows by 67 columns at 1.5 ×
1.5 km cells to capture fine-scale planning activities in the area.
The spatial distributions of species in the Firth of Clyde were
determined by habitat preferences and functional responses to
depth, whereas fleet activity was restricted by habitat type. Habitat
types were grouped into five categories: mud, rock, sand, coarse
sediment, and mixed sediment. The minimum, maximum, and
optimum depths for functional groups were taken from
AquaMaps (Kaschner et al. 2016), a global distribution model
for marine species. AquaMaps depth tolerance ranges were
converted into Gaussian functional responses and assigned to
functional groups to determine their spatial distributions through
the Ecospace HFCM. By using Gaussian response functions, the
habitat capacity of functional groups were multiplied by 1 in
Ecospace cells, which corresponded with their optimum depths
having no diminishing effect. The multiplier, and therefore habitat
capacity, declined in cells with depths greater or less than
optimum, eventually reaching zero at tolerance extremes.
Similarly to the North Sea case study, functional responses to
impacts were set based on low–high linear functional responses
for functional groups most sensitive to MSP pressures. Seals and
seabirds were given low negative functional responses to noise,
whereas cetaceans were given a high negative response. Both seals
and cetaceans were assigned low negative responses to bottom
surface disturbance, whereas crabs and lobsters and other benthic
invertebrates were assigned high negative responses to bottom
disturbance (Table 8).
Testing
The Firth of Clyde EwE model was tested using various scenarios
of hypothetical gameplay actions, following the aforementioned
protocol, prior to integration in the MSP Challenge simulation
platform. The individual and cumulative ecological impacts of
noise, surface disturbance, bottom disturbance, and artificial
substrate were tested on the Clyde Sea Ecospace model by
subsetting a rectangular region toward the south of the Clyde
model as a pressure-testing area. The effects of the pressures on
the biomass of functional groups within and outside the pressure
region were tested at increasing pressure intensities. The
behaviour of the ecological model was publicly tested during

game sessions with project participants, public audiences, and
stakeholders as part of the wider SIMCelt project (Fairgrieve
2017)
The report detailing the simplification, temporal fitting, spatial
setup, and pressure testing for the MSP Clyde Sea EwE model is
available in Bentley et al. (2017).
RESULTS
North Sea case study
The introduction of MSP start-up pressures had the largest effects
on cod, demersal predators, sandeel and sprat, small demersal
fish, and large crabs. Individual pressures had different effects
across the modeled components. Low-frequency noise only had
a direct negative effect on a small number of functional groups
such as cod, commercial gadoids, and demersal predators, whose
displacement had positive effects on some prey and competing
groups (e.g., herring, sandeel and sprat, small pelagic fish, flatfish,
small demersal fish, large demersal fish, and large crabs). For
some groups negatively affected by noise (e.g., herring), the net
effect of noise was positive due to predator displacement. This
result was observed across multiple groups and demonstrated that
a food web model captures both direct and indirect effects of game
pressures. Bottom disturbance had a negative effect on most
groups except for pelagic fish such as mackerel, herring, and
sandeel and sprat, and small demersal fish, which indirectly
benefitted from disturbance-induced displacement of their
predators. Surface disturbance had a negative effect on some
groups, including windfarm-indifferent seabirds, cod, commercial
gadoids, demersal predators, and mackerel. Other groups showed
positive responses to surface disturbance (seals, windfarmavoiding seabirds, herring, sandeel and sprat) through food web
dynamics.
Establishment of artificial habitat had a negative effect on most
groups except for commercial gadoids, demersal predators,
flatfish, large benthic invertebrates, and small benthic
invertebrates, which either find extra habitat and shelter or
increased prey availability through reduction of competing
predators. Large crabs, which typically find highly favorable
conditions in artificial habitat, showed a negative biomass trend
under this effect. This result is because the favorable habitat
conditions caused this functional group to aggregate, resulting in
local depletion of food resources and higher vulnerability to
predation. This result is a typical example of a nonlinear food
web effect.
Protection had a positive effect on most species, in particular on
intensely harvested fish species (e.g., herring, sandeel and sprat,
mackerel, and flatfish) whose increasing biomasses supported
larger biomass of their predators such as seals and both groups
of seabirds. However, the effect of protection was negative for cod
and demersal predators because fishing fleets banned from
protected areas concentrated in the remaining open areas,
increasing the overall impacts on these target groups.
For many groups, the overall effect of combined pressure
profoundly differed from the effect of individual pressures (e.g.,
for cod, demersal predators, and sandeel and sprat) or even
triggered inverse effects (e.g., for herring and mackerel, the
combined pressure impacts were strongly negative, whereas all
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Table 8. Spatial pressures and drivers applied to functional groups and fishing fleets in the marine spatial
planning challenge Clyde Sea Ecospace model. MPA = marine protected area.
Functional group or fishing
fleet

Spatial driver or
pressure layer

Functional response

Seals

Depth
Noise
Surface disturbance
Depth
Noise
Surface disturbance
Noise
Depth
Depth
Depth
Depth
Depth
Depth
Depth
Depth
Depth
Depth
Depth
Bottom disturbance
Bottom disturbance
MPA (demersal fleet)
MPA (scallop fleet)
MPA (Nephrops fleet)
MPA (pots and creels)
MPA (seine)

Gaussian
Linear (low negative impact)
Linear (low negative impact)
Gaussian
Linear (high negative impact)
Linear (low negative impact)
Linear (low negative impact)
Gaussian
Gaussian
Gaussian
Gaussian
Gaussian
Gaussian
Gaussian
Gaussian
Gaussian
Gaussian
Gaussian
Linear (high negative impact)
Linear (high negative impact)
Restricted entry
Restricted entry
Restricted entry
Restricted entry
Restricted entry

Cetaceans

Birds
Sharks
Rays and skates
Cod
Haddock
Saithe
Whiting
Flatfish
Mackerel
Herring
Sandeels
Crabs and lobsters
Other invertebrates
Demersal trawl
Scallop fleet
Nephrops fleet
Pots and creels
Seine

but one individual pressure had positive biomass effects). These
results highlighted the nonlinear effects that take place
throughout the food web and the interactions occurring between
impacts.
Similarly, the spatial distributions of some groups were more
affected than others (Figs. 5 and 6): cetaceans, seals, and seabirds
showed higher or lower negative effects from shipping routes,
windfarms, oil platforms, and submerged cables because of
increased noise and surface disturbance. These groups displayed
localized impacts, either positive or negative, from human
activities. Predatory fish showed more even patterns due to the
combination of fishing displacement and pressure effects on their
spatial distribution vs. that of prey fish because top predator
species with little or no fishing mortality were able to move away
from impacts without repercussions, dispersing across their
habitat. Most fish groups showed similar patterns to impacts from
noise and surface and bottom disturbance interacting with the
food web effects and fishing. Species generally avoided areas
affected by human activities (shipping routes, oil and gas
platforms, windfarms). Commercially important fish such as cod,
commercial gadoids, demersal predators, and flatfish showed
generally larger increases in the southern area of the North Sea.
This was explained through reduced fishing pressure caused by
much higher initial activity in the south than in the north. Benthic
invertebrates and large crabs benefitted from artificial habitat for
shelter and were most sensitive to bottom disturbance.
Firth of Clyde case study
The establishment of protection from fishing generated the largest
biomass fluctuations of functional groups within the Firth of
Clyde ecosystem. In response to MPA placement, the biomass of

Dynamic pressure layer
N
Y
Y
N
Y
Y
Y
N
N
N
N
N
N
N
N
N
N
N
Y
Y
Y
Y
Y
Y
Y

Nephrops, crabs and lobsters, and rays and skates increased,
whereas noticeable biomass decreases were observed for groups
such as herring, sharks, and sandeels. The gradual addition of
other pressures had only minor effects on the total biomass of
functional groups in the Firth of Clyde. The cumulative impact
of all start-up pressures on the total biomass of functional groups
resembled the changes witnessed when MPAs were added
independently, albeit with slight deviations.
The responses of functional groups to low-frequency noise and
surface disturbance were much more apparent when viewed in a
spatial context. Whereas the total biomass of functional groups
showed little change under the implementation of these layers
independently, the spatial distributions of many species,
specifically seals, cetaceans, and seabirds, noticeably deviated to
avoid noise and surface disturbance generated by shipping
activities (Fig. 7). The impact of shipping intensity generated
cascading food web effects in the Clyde food web model. The
biomass distribution of mammals and seabirds decreased in areas
of high noise and surface disturbance, leading to an increase in
the biomass of pelagic and demersal fish due to reduced predation
pressure, which then led to a decrease in the biomass of
invertebrates due to increased predation pressure. The biomass
of mammals and seabirds was redistributed to areas outside of
shipping lanes, leading to biomass declines for their prey in these
areas.
Invertebrate groups such as crabs and lobsters and Nephrops
benefitted from the reduced fishing mortality within the MPAs,
as illustrated by the increase in their biomass (Figs. 8 and 9). These
MPAs did not directly protect demersal or pelagic fish, but instead
displaced effort from demersal trawl and Nephrops fleets to the
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Fig. 5. North Sea biomass distribution and intensity changes up to 10% in response to the introduction of
marine spatial planning start-up pressures after a 40-yr simulation period for various biological
compartments. (A) Cetaceans. (B) Seals. (C) Windfarm-avoiding seabirds. (D) Windfarm-indifferent
seabirds. (E) Cod. (F) Commercial gadoids. (G) Demersal predators. (H) Herring. (I) Sandeel and sprat.
(J) Mackerel. (K) Flatfish. (L) Large demersal fish. (M) Large crabs. (N) Large benthic invertebrates. (O)
Small benthic invertebrates.

outer edge of the MPAs, where demersal and pelagic fish were
found in greater abundance because of their preferences for
increased depths. Therefore, despite the establishment of the
protected areas, overall landings of demersal and pelagic species
still increased because both species are caught by the seine fleet,
which was granted access into the large MPAs.
Initial pressures of bottom disturbance and artificial habitat had
negligible effects on the total biomass and overall biomass

distribution of functional groups in the Firth of Clyde. This was
not because of their lack of impact, but rather because of the low
intensity and distribution of these pressures in the Clyde Marine
Region. Despite this limited impact, the biomass of invertebrate
groups increased in areas where artificial habitat had been created
by the presence of ports and marinas. Invertebrate biomass
declined in the presence of bottom disturbance. Whereas the
extent of these pressure layers had minimal effects at the start of
gameplay, spatial plans developed during game sessions showed
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Fig. 6. North Sea biomass distribution and intensity changes up to 5% in response to the introduction of
marine spatial planning start-up pressures after a 40-yr simulation period for various compartments. (A)
Pelagic small gadoids. (B) Small pelagic fish. (C) Small demersal fish. (D) Squid and cuttlefish.

Fig. 7. Proportional change in the biomass of functional groups
in the Firth of Clyde marine spatial planning (MSP)-Ecopath
with Ecosim model after the implementation of gaming startup pressure layers. The baseline (0) denotes the biomass prior
to the addition of environmental pressures. Hollow bars and
points denote changes that are not explicitly shown to MSP
game participants. MPAs = marine protected areas.

Fig. 8. Firth of Clyde biomass distribution and intensity
changes up to 5% in response to the introduction of marine
spatial planning start-up pressures after a 40-yr simulation
period for various compartments. (A) Seals. (B) Cetaceans. (C)
Birds. (D) Sharks. (E) Rays and skates. (F) Cod. (G) Saithe. (H)
Whiting. (I) Mackerel.

when tightly interwoven with the wide range of planning
challenges offered by the MSP Challenge simulation platform.
The cascading food web dynamics add ecological repercussions
to the gameplay, which encourages players to pay attention to the
ecosystem, rather than treating ecological issues as an
afterthought.
that player allocation of waste disposal sites or artificial structures
could drastically influence the ecology of the Clyde Marine
Region.
DISCUSSION
The MSP Challenge simulation platform, enhanced with the
scientific ecosystem models presented here, has the potential to
serve as a powerful planning support tool and learning
environment, revealing ecological complexities and dynamics of
marine food webs under the direct and indirect repercussions of
planned human activities. Ecological conservation and marine
renewable resource management are complex processes, especially

Lessons learned from the case studies
We included two contrasting case studies to demonstrate the
feasibility of adapting preexisting EwE models for inclusion in
the MSP Challenge simulation platform with different
characteristics and objectives. The introduction of anthropogenic
disturbances at the start of the model runs altered the spatial
distributions of functional groups (Fig. 10), deviating from the
master models. This result was expected and unavoidable because
these disturbances were not explicitly represented in the original
models.
Models for the North Sea and Firth of Clyde showed different
responses to the introduction of similar environmental effects.
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Fig. 9. Firth of Clyde biomass distribution and intensity changes up to 1% in response to the introduction
of marine spatial planning start-up pressures after a 40-yr simulation period for various compartments.
(A) Other pelagic. (B) Nephrops. (C) Prawns and shrimp. (D) Other invertebrates.

Fig. 10. Comparison of proportional changes in the biomass of
ecological groups in the North Sea and Firth of Clyde marine
spatial planning (MSP)-Ecopath with Ecosim models after the
implementation of MSP start-up pressure layers. The baseline
(0) denotes the biomass prior to the addition of these pressures.
MPAs = marine protected areas.

environmental sensitivities of different species, and fishing
unavoidably caused both models to respond differently to MSP
disturbances.
Interestingly, our study shows that overall disturbances had
significantly greater impacts in the Firth of Clyde model than in
the North Sea, which was a direct consequence of the difference
in modeled area between the models. Whereas mobile species in
the North Sea had ample room to relocate in response to
unfavorable conditions, functional groups in the Firth of Clyde
were more spatially restricted, with predators and prey closely
tied together within a smaller area.
Challenges and limitations
A significant limitation to our exercise was the need to use a
simplified pressure system. Pressure categories such as noise,
surface disturbance, and bottom disturbance are broad
generalizations of much finer disturbances that could have wide
ranges of impacts on marine animals if properly included in
accordance with recent studies (Williams et al. 2015, Hawkins and
Popper 2017, Platteeuw et al. 2017, Spence et al. 2018). Similarly,
there are many types of artificial substrate that offer different
benefits across ecosystems (e.g., Wright et al. 2020), and variety
in marine protection schemes is broadly studied (Katsanevakis et
al. 2011, Horta e Costa et al. 2016, Stelzenmüller et al. 2018).
Because of limitations in computational power, we opted to
include only the most iconic stressors into the EwE-MSP
modeling approach, using generic environmental responses to
evoke intuitive first-order responses of the ecosystem to these
stressors that then mechanistically cascade through the food web.
As scientific evidence of pressure impacts grows, we will need to
revisit the pressure-response system, bringing more variety to the
choice of environmental pressures to affect Ecospace.

Several factors contribute to these differences: The North Sea and
Firth of Clyde ecosystems greatly differ in ecological and physical
characteristics, uses, impacts, and management mechanisms
(Haggan and Pitcher 2005, Mackinson and Daskalov 2007,
Alexander et al. 2015, Serpetti et al. 2017). Ecological responses
to anthropogenic disturbances differed between the two regions
because both areas experienced unique patterns of shipping
intensity, waste disposal, renewable energy, etc. For example, no
renewable energy structures exist in the Clyde, whereas windfarms
were established in the North Sea; artificial habitat and its impacts
were thus more prevalent in the North Sea than in the Firth of
Clyde. Additionally, unique characteristics of the food web,

Similarly, the use of simple linear response functions rather than
evidence-based elaborate response curves was a simplification
born out of a lack of data for all species included in functional
group aggregations. We cross-validated first-order responses to
MSP disturbances with expert opinion. Although a lack of
rigorous validation introduced a significant amount of
speculation into the modeling framework, there were simply no
alternatives available to validate the impact of hypothetical MSP
gameplay onto complex food webs; studies of the synergistic and
antagonistic effects of multiple pressures are still rare because of
inherent complexity (Coll et al. 2019). As such, the pressureresponse system on which this initial version of the MSP-EwE
linkage was based will need refining when more empirical evidence
and validation data become available.
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Effectiveness
With this study, we illustrated the enrichment of the MSP
Challenge simulation platform with ecological dynamics.
Participant responses to this first integration of a scientific model
into the platform was strongly positive overall (Fairgrieve 2017,
Jean et al. 2018, Abspoel et al. 2020). Through nonlinear effects
such as spatial trophic cascades, food webs can produce
unexpected effects crucial for providing a deeper understanding
of ecological dynamics in response to changes in the use of marine
space.
MSP test sessions indicated that overfamiliarity with the
geography of a real-life area could hamper MSP Challenge
uptake. Keijser et al. (2018) observed that perceptions among the
participants differed greatly on the ground of familiarity with
MSP processes: participants less familiar with MSP benefitted
the most from the sessions. The authors hypothesize that MSP
Challenge sessions are most effective for participants with limited
personal knowledge or involvement with the sea area or specific
sectoral interests. These potential challenges can be addressed via
a well thought-out plan of objectives, roles, and goals for a given
session, tailored to a specific audience, and calling for a specific
role of the so-called game master and session moderator (Abspoel
et al. 2020).
Future work
Because both MSP and EwE are data driven, new geographic
areas, with different characteristics and a different ecosystem, can
be incorporated into the simulation platform solely through data
without requiring software changes. This factor makes it possible
to develop new regional editions within an acceptable time frame
and budget. As an example, together with Dalian University of
Technology (China) and funded by the National Natural Science
Foundation of China, we are preparing the development of a Bo
Hai Bay edition of the MSP Challenge.
Other improvements include the following.
. The simulation platform itself can be improved and
extended: The fisheries management system can be refined,
with customizable harvest control rules (Mackinson et al.
2017) and detailed control over the functioning of MPAs (e.
g., Christensen et al. 2009).
. Oceanic currents and larval stages of key food web
components can be included to allow the MSP Challenge
models to focus on larval connectivity between protected
areas (Walters et al. 2010).
. Projections of climate change can be implemented to affect
how the ability of marine animals to use the marine space
may shift over time (Christensen et al. 2014).
. A refined action-pressure model with evidence-based
functional responses should be developed to simulate species
responses to anthropogenic pressures more realistically and
address specific conservation concerns.
. A host of new spatially explicit ecological indicators could
be added as potential outcomes to support different ways to
explore the impacts on ecology, such as those defined in the
EU-Marine Strategy Framework Directive (2008/56/EC;
Coll and Steenbeek 2017).

Diversifying the amount and detail of the environmental drivers
may hamper the ability to discern cause and effect; keeping the
MSP Challenge simulation platform as simple as possible to
optimize participant learning should remain a top priority.
Additionally, including environmental change beyond MSP
participant control may give rise to a perception that the
simulations are out of control. Both factors thus risk adversely
affecting participant engagement and learning (Westera 2017),
despite providing increased predictive capabilities. This result, in
the end, may defy the aim of the MSP Challenge simulation
platform: engaging stakeholders and planners to learn about the
complexity of MSP. When simulation run times are no longer a
limiting constraint to EwE model complexity, the MSP-EwE
connection could be leveraged at its full potential as a tool for
planning support, with food webs, environmental forcing, and
functional responses at sufficient detail to answer MSP questions,
comprehensively validated with data, and a quantification of the
various sources of uncertainty. This work can furthermore inspire
and direct others challenged with the integration of a complex
model into an advanced interactive planning support system. It
serves as a springboard for the use of advanced game technology
and gameplay for learning about managing complex systems and
natural resources. Let’s play.

Responses to this article can be read online at:
http://www.ecologyandsociety.org/issues/responses.
php/11580
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Appendix 1
Here we summarize key characteristics of the Ecopath with Ecosim (EwE) food web
modelling approach, and relevant mechanisms of EwE for the Maritime Spatial Planning
Challenge platform dynamics.
Ecopath
The foundation of the Ecopath with Ecosim (EwE) modelling approach, Ecopath, is a massbalanced model that represents the energy flow in a food web (Polovina 1984, Christensen
and Pauly 1992). Living components in the food web are represented as functional groups,
which can be a single species, a combination of species with similar roles in the ecosystem,
or discrete life stages of a single species.
Ecopath uses a system of linear equations to describe the average flows of mass and energy
between functional groups over a period of time, typically a year, which can be summarized
as follows:
𝑃
𝑄
𝑃
𝐵𝑖 ∙ ( ) = ∑ 𝐵𝑗 ∙ ( ) ∙ 𝐷𝐶𝑗𝑖 + 𝐵𝐴𝑖 + 𝐸𝑖 + 𝑌𝑖 + 𝐵𝑖 ∙ ( ) ∙ (1 − 𝐸𝐸𝑖 )
𝐵 𝑗
𝐵 𝑗
𝐵 𝑖

Eq.1

where, for functional groups i and j, B is biomass; P/B is production per unit of biomass; BA
is biomass accumulation rate; E is net migration rate (emigration − immigration); Y is total
fishery catch rate; EE is ‘ecotrophic efficiency’, defined as the proportion of the production
that is utilized in the system; Q/B is consumption per unit of biomass; and DCji the fraction of
prey i in the diet of predator j.
For each group, Ecopath requires values for B, Q/B, P/B, DC, Y, and other values are
optional. Of B, P/B, Q/B, and EE, three values must be entered while the fourth will be
estimated by the model (Christensen and Pauly 1992 p. 1, Christensen and Walters 2004).
Ecosim
The temporal module of EwE, Ecosim, applies the mass-balanced Ecopath parameters,
augmented with a few extra parameters related to behavior and temporal dynamics, to a series
of time-dependent differential equations, expressing the biomass growth rate as:
𝑑𝐵𝑖
= 𝑔𝑖 ∙ ∑ 𝑄𝑗𝑖 − ∑ 𝑄𝑖𝑗 + 𝐼𝑗𝑖 − (𝑀𝑖 + 𝐹𝑖 + 𝑒𝑖 )𝑖 ∙ 𝐵𝑖
𝑑𝑡

Eq.2

where, for functional groups i and j, dB/dt represents growth rate during time interval dt; g is
net growth efficiency (P/Q); I is immigration rate; M is natural mortality rate; F is fishing
mortality rate; e is emigration rate.
Ecosim stabilizes its food web dynamics through the concept of the foraging arena, which
expresses that through predator avoidance behavior, at any given moment in time, only a
fraction of a total prey biomass is vulnerable to predation by a predator (Ahrens et al. 2012).

In its simplest form, the consumption rate is defined as:
𝑄𝑖𝑗 (𝐵𝑖 , 𝐵𝑗 ) =

𝑣𝑖𝑗 ∙ 𝑎𝑖𝑗 ∙ 𝐵𝑖 ∙ 𝐵𝑗
+ 𝑣𝑖𝑗 + 𝑎𝑖𝑗 ∙ 𝐵𝑗

′
𝑣𝑖𝑗

Eq.3

where, for prey group i and predator j, Q is consumption; B is biomass; a is effective search
rate; v is vulnerability to predation exchange rate; and v’ is invulnerable to predation
exchange rate.
The foraging area concept implies that predators, over time, may greatly vary the
composition their diets with fluctuations of available prey.
Ecospace
The spatial-temporal module of EwE, Ecospace, extends the Ecosim parameter set with extra
parameters related to spatial preferences and movement. Ecospace executes the Ecosim
equations across a two-dimensional grid of equally sized cells, where functional groups and
fishing effort gravitate towards better conditions (Walters et al. 1999, Christensen et al.
2014). Cells can be blocked out from having ecosystem dynamics to represent land (for
marine ecosystems) or cells that fall beyond the modelled area of interest.
Species dynamics
Ecospace contains a highly configure niche model that defines cell suitability for functional
groups. Central to this concept is the term of ‘capacity’, or ‘habitat foraging capacity’ in full,
which defines the suitability of functional groups to forage across the spatial grid
(Christensen et al. 2014). Ecospace affects the capacity of a predator to forage as follows:
𝑉=

𝑣𝐵
𝑣 + 𝑣 ′ + 𝑎𝑃⁄𝐴

Eq.3

where, for a given predator, V is vulnerable prey density; B is prey biomass, P is predator
abundance; v and v’ are vulnerability exchange rates to and from the feeding arena; a is
search rate; and A is the foraging arena size.
The niche model can derive its capacity, per cell, per group, per time step, from three
different pathways:
1. Through habitats (spatial distributions of relevant spatial features) and habitat
preferences (the ability to use each habitat for a given group)
2. Through environmental drivers (spatial distributions of relevant environmental
parameters) and environmental responses (functional response curves that quantify
the tolerance or preference of a given group to a specific environmental driver)
3. Through external forcing, in case an external species distribution model is used.
Habitat capacity Ch is defined as the total suitability of a cell for a species to feed due to the
presence of preferred habitats:

𝑛

𝐶ℎ𝑖 = ∑ 𝑟ℎ ∙ 𝑝𝑖,ℎ ;

𝐶ℎ𝑖 ∈ [0, 1]; 𝑟ℎ ∈ [0, 1]; 𝑝𝑖,ℎ ∈ [0, 1]

Eq. 4

ℎ=1

where, for functional group i and habitat h, Ch is habitat capacity; n is the number of habitats;
r is the ratio of the cell area covered by a habitat; p is habitat preference of a group to a
specific habitat.
Environmental capacity Ce, on the other hand, is defined as the multiplicative assessment of
environmental preferences:
𝑚

𝐶𝑒𝑖 = ∏ 𝑌𝑖,𝑒 ;

𝐶𝑒𝑖 ∈ [0, 1]

Eq. 5

𝑒=1

where, for functional group i and environmental driver e, Ce is environmental capacity; m is
the number of environmental drivers, and Y is the environmental preference of group i to
environmental condition e as dynamically evaluated across the spatial grid (Fig. 1).

Environmental
preference
functions Fi

Distribution of
environmental
parameter ei, cell
value Xi

Fig. 1. Schematic diagram of the environmental capacity calculations with 4 hypothetical
environmental preference functions. Environmental suitability Y for environmental driver e
is obtained by looking up cell value X along environmental preference function F. The total
environmental suitability for a cell is then defined as Y1·Y2·Y3·Y4 (adapted from
Christensen et al. 2014)
The total capacity Ci in a cell for a functional group is then simply defined as:
𝐶𝑖 = 𝐶ℎ𝑖 ∙ 𝐶𝑒𝑖 ;

𝐶𝑒𝑖 ∈ [0, 1]

Eq. 6

Note that EwE release 6.5 introduces the flexibility to derive capacity from habitats alone
(Eq. 4), from environmental responses alone (Eq. 5), or from both (Eq. 6). This is a per-group
setting.
Functional groups in Ecospace will gravitate towards better nearby conditions, with better
feeding opportunities are lower risk to predation. A set of specific parameters controls
functional group movement: dispersal (average distance a group moves, during the Ecopath
period, while searching for food), advection (current-induced movement), and migration
(directed behavioral movement patterns). Groups can also be coaxed to stay out of ‘bad’
habitat, where risk to predation can be higher, and increased movement rates serve to return

to more suitable habitat. Ecospace considers a cell as bad habitat for a given group when the
available foraging arena size drops to 10% or below (Christensen et al. 2015).
Fleet dynamics
Fishing intensity in Ecospace is inherited from the base intensity specified in Ecopath, and its
temporal fluctuations in Ecosim, and is expressed as a spatial distribution of effort for each
fishing fleet in the model. Fishing effort is distributed across the Ecospace grid based on a
simple economic evaluation, which balances the financial returns of catching target groups
and their market value, against combined fixed fishing costs and catch per unit of effort
(CPUE).
Ecospace offers four mechanisms to control fishing effort, per fleet, and its spatial
distribution:
1. The total amount of Ecospace fishing effort can be increased or decreased through a
fishing effort multiplier;
2. Habitats can be used to prohibit fishing for specific fishing gear types over unsuitable
bottom types;
3. No-fishing zones (generally referred to a Marine Protected Area or MPA) can be
established to close specific cells to specific fishing gear types, too (Walters et al.
2000);
4. The CPUE component of the economic evaluation can be affected by entering a
distribution of relative fishing costs across the spatial grid, making specific map areas
more expensive for fishing than others (Walters et al. 1999, Bauer et al. 2018).
Although typically used to incorporate distance from port as an economic evaluation
factor, this mechanism can also receive inverted historical fishing effort distributions
to coax Ecospace to mimic observed fishing patterns.
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