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The MSP Challenge Simulation Platform assists planners and stakeholders in understanding and managing the complexity of Maritime Spatial Planning (MSP). It allows users to view various data layers covering an entire sea region, assess the status of the socio-ecological system, and create future scenarios for marine space usage over several decades. The platform integrates the ecosystem modelling approach Ecopath with Ecosim (EwE) to support the implementation of evidence-based and ecosystem-based MSP principles from the EU Directive 2014/89/EU. Each regional edition of the MSP Challenge includes a tailored ecosystem model of the basin. The ecosystem model simulates the effects of pressures from human activities by applying functional responses to each trophic group. This article explains how the modelling of pressures and functional responses was extended from the original system, using the western Baltic Sea as an example. It focuses on pressures characteristic of offshore wind farms, an infrastructure increasingly important for achieving European carbon neutrality and reducing reliance on fossil fuels amid energy crises. First, the general noise pressure that included all kinds of noise and vibrations was split into impulsive noise, continuous noise and bottom vibrations, with air disturbance added as a separate component. Second, a new semi-quantitative metric inspired by the Leopold matrix used in Environmental Impact Assessment was applied to link each pressure to the trophic group’s response, making the process more objective. These improvements standardize the functional response inputs and provide detailed insights into the impacts of different human activities on specific trophic groups. The novelties presented here improve the MSP Challenge Platform’s ability to deliver realistic predictions on ecosystem functioning in response to the construction, operation and decommissioning of offshore wind farms, and may foster more robust decision-making for sustainable maritime spatial planning.
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1 Introduction


The Directive 2014/89/EU of the European Parliament and of the Council of 23 July 2014 (European Union, 2014) establishes a framework for Marine Spatial Planning (MSP), mandating EU Member States to implement a “maritime planning process”, resulting in a “maritime spatial plan, or plans” (Art 9.) by 2021. MSP is defined as “a process by which the relevant Member States” authorities analyze and organize human activities in marine areas to achieve ecological, economic, and social objectives. Nations and their different sectors of activity must consider sustainability and the health status of marine ecosystems in their ambitions. Globally, marine and coastal ecosystems are under severe pressure (Tamis et al., 2016), but the cumulative effects of human uses on these ecosystems are not yet fully known. Different international treaties and agreements, such as the Convention on Biological Diversity (CBD), including the Aichi targets (United Nations, 2020), and the United Nations’ Sustainable Development Goals (SDG), specifically SDG 14: Life Below Water, call upon nations and stakeholders to “conserve and sustainably use the oceans, seas and marine resources for sustainable development” (United Nations, 2015). More recently, in 2022, the Kunming-Montreal Global Biodiversity Framework (also called The Biodiversity Plan) set the “effective protection and management of 30% of the world’s terrestrial, inland water, and coastal and marine areas by the year 2030”, colloquially known as “30x30”, as one of the 23 targets (CBD, 2024).


On the other hand, the European Green Deal (European Commission, 2019) places the energetic transition at the center of the EU’s goal of achieving carbon neutrality by 2050, focusing on renewable energy sources, including offshore wind farms. Many other EU and national initiatives moved in the same direction, particularly after the intensification of the Russia-Ukraine conflict in 2022. The increasing demand to use the marine environment for energy production prompts the importance of thoroughly assessing the potential impacts of offshore wind farms on marine organisms and ecosystems, especially when considered alongside other activities, such as fishing, during the marine spatial planning process. Furthermore, the long-term impacts of wind farm construction and operation are still not fully understood. One way to explore the potential combined effects of wind farms and other existing activities is through modelling and simulation of different scenarios. MSP is, therefore, in urgent need of innovative approaches and effective Planning Support Systems (PSS) that enable sectoral planners and stakeholders to assess the current ecological status of marine areas, while also jointly exploring the future consequences of planning decisions on the marine environment (Jean et al., 2018). Over the last few years, several PSS for ecosystem-based MSP have been developed, each one having specific strengths and limitations (HELCOM, 2018; Hammar et al., 2020; Menegon et al., 2018; Pınarbaşı et al., 2017). However, few of these tools can truly be considered as “integrated” in the sense that they link with simulation models for a wider range of maritime sectors, such as energy (offshore wind farming, energy grid) or shipping. Furthermore, these tools often require scientific knowledge, which can hinder cross-sectoral stakeholder engagement and transboundary co-design sessions (Steenbeek et al., 2020).



Duke (1974) is taken as the pioneer in considering simulation or serious games (SG) as an effective communication and learning tool for planning and decision-making. Through play, planners and stakeholders learn about the dynamic interrelations among various subsystems, the interdependencies among the actors, and the consequences of future actions by experimenting. SGs thus become connected to a communicative and learning style of planning and planning support (Muro and Jeffrey, 2008; Mayer, 2016). The MSP Challenge brand of board and digital games was developed to explore these ideas further in the context of ecosystem-based maritime spatial planning (Maritime Spatial Planning Challenge
1
). The MSP Challenge Simulation Platform (from now on referred to as MSP Challenge) integrates real geographic and marine data provided by many proprietary institutions (e.g., HELCOM
2
, EMODnet
3
, IMO
4
) with science-based simulation models for shipping, energy, and ecology (Abspoel et al., 2021; Mayer et al., 2013). In the platform, several users take the role of a Marine Spatial Planner for a different country in a given region. Players can make several plans for energy, shipping, fishing and conservation; then, the simulations run providing feedback to users in terms of key performance indicators and heatmaps. The results are interpreted with the support of a moderator who evaluates national and regional performance.


Ecosystem modelling is one of the methodologies used to understand ecological dynamics, including species interactions, the impacts of environmental change, such as rising temperatures, and anthropogenic stressors like habitat destruction and variations in fishing intensity (Christensen et al., 2014). One of the tools to model ecosystems is the Ecopath with Ecosim (EwE) framework. In this context, the authors proposed an improved pressure system for the MSP Challenge. This paper describes improvements to the pressure system driving the EwE model and explores its application to the western Baltic Sea, an area with operational offshore wind farms and additional facilities that have been commissioned or are under construction.






2 Materials and methods





2.1 The MSP challenge – EwE (Ecospace) linkage


Ecopath with Ecosim (EwE) is a free ecosystem modelling toolset used to represent marine ecosystems by mapping biomass and predation relationships among functional groups (Polovina, 1984; Christensen and Pauly, 1992; Walters et al., 1997). These functional groups (FG) can depict individual species, groups of species, or specific life stages (e.g., juveniles and adults), which are lumped together according to shared functional and ecological traits (Christensen et al., 2014). EwE enables simulation of ecosystem dynamics over time, allowing researchers to assess the impacts of fishing and environmental disturbances (Christensen and Walters, 2004). Moreover, it facilitates the visualization of these dynamics across space and time through map grids, helping explore spatial management strategies such as assessing the efficacy of marine protected areas (Christensen and Walters, 2004, 2024; Steenbeek et al., 2013).


Ecospace, the spatial component of the EwE framework, assigns environmental values to each grid cell based on the spatial maps. The habitat foraging capacity for each FG is calculated based on the foraging arena theory (Ahrens et al., 2012), from the FGs affinities for given habitats and functional responses to environmental conditions, based on the habitat layers in the base map (Christensen et al., 2014). The Ecospace model is driven by the foraging capacities of the FGs, resulting from the cumulative effects of multiple physical, oceanographic, environmental, and topographic conditions that operate spatially in conjunction with the food web and fisheries dynamics (Coll et al., 2019; de Mutsert et al., 2023). In the MSP Challenge integration, pressures such as bottom and surface disturbance are set as environmental drivers, and the impact of those pressures as functional responses connected to the pressure layers (Gonçalves et al., 2021; Steenbeek et al., 2020). To integrate the ecosystem-based principle of marine spatial planning (MSP) into the MSP Challenge simulation platform, it became clear that a robust ecosystem-modelling tool like EwE was essential. This led to the development of the MSP Challenge with EwE Link (MEL)— hand in hand with a modular architecture introduced in 2016 to expand on earlier linkages between the MSP Challenge and EwE (Santos and Gonçalves, 2016). MEL is designed to be fully adaptable, enabling data exchange between any sea basin edition of the MSP Challenge and its corresponding EwE ecosystem model tailored to that region.


At the start of a simulation and during each monthly time step, MEL calculates pressure layers stemming from human activities in the sea basin, including newly implemented planning decisions. These pressure inputs are then processed through EwE, whose results—expressed through heatmaps and key performance indicators—are fed back into the MSP Challenge environment (Santos and Gonçalves, 2016).






2.2 The western Baltic Sea Ecospace model


The western Baltic Sea (WBS) Ecospace model was developed from the EwE model of Scotti et al. (2022). The Ecopath model is composed of 18 functional groups (FGs), 17 living groups, one multi-stanza (
Supplementary Table S1
), and was adapted to represent the ICES subdivisions 22, 23, and 24 (44,746 km2; 
Figure 1
). The model depicts the ecosystem in 1994, the first year for which a complete dataset for different trophic levels was available. The Ecospace model spans a grid of 44 cells in the longitudinal direction and 76 cells in the latitudinal direction, totaling 1,244 active square cells of approximately 6 km in size. Each active cell can contain one or more stationary habitat types and temporally dynamic environmental drivers, such as water temperature, which can affect the computed foraging capacity of the FGs. Substrate type (Al-Hamdani and Reker, 2007) and seagrass (Zostera marina) meadows (HELCOM, 2018) were used as habitat types. FGs’ dispersal rates were defined based on Hernvann et al. (2020); Nascimento et al. (2023), and Püts et al. (2020). The environmental responses of the FGs to each environmental layer were included when important for their spatial distribution. Parameters relevant to each FG were defined, and corresponding limits were obtained from the literature.


[image: Map of ICES subdivision 22-24, depicting water depths in meters with a gradient from light blue (shallow) to dark blue (deeper). Subdivisions 22, 23, and 24 are marked. Surrounding countries include Denmark, Sweden, Germany, and Poland.]
Figure 1 | 
The western Baltic Sea; the modelled area consists of ICES subdivisions 22, 23, and 24.




The model was validated by comparing the simulated decadal average distributions of FGs for the 2010s with observed distributions of key species (e.g., herring, cod, flatfish, and harbor porpoise) from the same period. For validation, environmental data from the RCO-SCOBI models (Meier et al., 2019; Saraiva et al., 2019) were used, including bottom and surface temperatures, oxygen concentrations, salinity, and primary productivity. These data were incorporated using the framework to run the monthly external data of EwE 6.7, Pro version. The model was run in monthly time steps, from 1994 to 2098, with a prior spinning-up period of 10 years. The center of gravity (CG) and inertia (Woillez et al., 2007, 2009) of FG distributions were calculated for both observed and modelled data within the study area. Then, the Euclidean distance (km) between the modelled and observed CGs was calculated. To assess the significance of these distances, a bootstrap analysis was performed. The Euclidean distances were normalized using the observed inertia and isotropy values, and 10,000 simulated samples of the modelled centroids were generated. The normalized Euclidean distances were calculated for each of these bootstrap samples. This method showed that the differences between observed and modelled distributions were within the natural ranges of the evaluated species, confirming its suitability for making future projections of food web composition, interactions, and FG distributions under multi-stressor scenarios.


In the WBS Ecospace model developed for the MSP Challenge, the four fishing fleets (pelagic, demersal, recreational, and illegal, unreported and unregulated – IUU) from the original WBS EwE model (Scotti et al., 2022) were split into national fleets. This division was based on the proportion of species caught by each fleet and the landings reported by countries within each ICES subdivision (Rossing et al., 2010; ICES, 2023a, b). For the MSP Challenge version of the WBS Ecospace model, in addition to environmental layers (e.g., temperature, salinity, and oxygen concentration at the sea surface and sea bottom) and the FGs’ responses to these variables, empty maps were added to represent pressures from human activities to be supplied by the MSP Challenge. These additions allowed the effects of those human activities on the species to be defined within the model.






2.3 Human activities and pressure system within the MSP challenge





2.3.1 Background


Multiple activities take place simultaneously in the western Baltic Sea. Activities such as energy generation with wind farms, fishing, shipping, energy delivery and communication through cables, natural gas transport with pipelines, and military operations. These activities can influence species differently in distinct phases. For example, the type of noise generated by wind farms varies during the survey, installation, operation, and decommissioning phases, potentially impacting habitats and species differently in each phase (Mooney et al., 2020). Considering the unique characteristics of these activities, the MSP Challenge pressure system (Santos and Gonçalves, 2016; Steenbeek et al., 2020) was upgraded to represent more realistically their impacts on the WBS biological community.


The main human activities in the WBS were defined based on the documents and maps available on the HELCOM, ICES, EMODnet, and Copernicus portals. 
Table 1
 summarizes the main human activities considered in the western Baltic Sea MSP Challenge Edition and their contribution to the pressure layers, and 
Figure 2
 presents the spatial distribution of the primary non-fisheries human activities contributing to ecosystem pressures in the western Baltic Sea.



Table 1 | 
Human activities in the western Baltic Sea and their contribution to each pressure from 0 (no contribution) to 1 (maximum contribution).





	Human Activities

	Cont. noise

	Imp. noise

	Surf. dist.

	Bot. dist.

	Bot. vibr.

	Artf. habitat

	Air dist.

	Protection (fleets)




	Dem.

	Pel.

	Rec.

	IUU






	Military areas - air force exercise
	 
	 
	 
	 
	 
	 
	0.2
	 
	 
	 
	 



	Military areas - underwater exercise
	 
	0.2
	 
	 
	 
	 
	 
	 
	 
	 
	 



	Military areas - firing area
	 
	0.2
	 
	 
	 
	 
	 
	 
	 
	 
	 



	Military areas - mine hunting exercises
	 
	0.3
	 
	 
	 
	 
	 
	 
	 
	 
	 



	Marine protected areas
	 
	 
	 
	 
	 
	 
	 
	1
	1
	1
	1



	Baltic Sea fisheries closure
	 
	 
	 
	 
	 
	 
	 
	1
	1
	1
	1



	Cod fisheries closure
	 
	 
	 
	 
	 
	 
	 
	1
	 
	1
	1



	Finfish mariculture
	 
	 
	0.2
	 
	 
	0.2
	 
	 
	 
	 
	 



	Shellfish mariculture
	 
	 
	0.2
	 
	 
	0.2
	 
	 
	 
	 
	 



	Oil and gas platforms - installation
	 
	0.6
	 
	 
	 
	0.4
	 
	1
	1
	1
	1



	Oil and gas platforms - operation
	 
	 
	 
	 
	 
	0.4
	 
	1
	1
	1
	1



	Wind farms - operation
	0.2
	 
	0.2
	 
	0.2
	0.4
	0.5
	1
	1
	1
	1



	Wind farms - installation
	 
	0.6
	0.3
	0.5
	 
	0.2
	 
	1
	1
	1
	1



	Pipelines - installation
	 
	0.6
	 
	0.5
	 
	0.1
	 
	1
	1
	 
	 



	Pipelines - operation
	 
	 
	 
	0.1
	 
	0.1
	 
	1
	 
	 
	 



	Electricity cables - installation
	 
	 
	 
	0.3
	 
	 
	 
	1
	1
	 
	 



	Electricity cables - operation
	 
	 
	 
	 
	 
	 
	 
	1
	1
	 
	 



	Dredging sites areas
	0.8
	 
	 
	0.7
	 
	 
	 
	 
	 
	 
	 



	Depositing sites areas
	 
	 
	 
	0.7
	 
	 
	 
	 
	 
	 
	 



	Sand and gravel extraction
	0.8
	 
	 
	0.7
	 
	 
	 
	 
	 
	 
	 



	Ports
	0.3
	 
	0.1
	 
	 
	 
	 
	 
	 
	 
	 



	Shipping intensity
	1
	 
	1
	 
	 
	 
	 
	1
	1
	1
	1



	Pelagic fleet intensity
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 



	Demersal fleet intensity
	 
	 
	 
	1
	 
	 
	 
	 
	 
	 
	 



	IUU fleet intensity
	 
	 
	 
	1
	 
	 
	 
	 
	 
	 
	 







Cont. noise, continuous noise; Imp. noise, impulsive noise; Surf. dist., surface disturbance; Bot. dist., bottom disturbance; Bot. vibr., bottom vibration; Artf. habitat, artificial habitat; Air dist., air disturbance; Dem., Demersal; Pel., pelagic; Rec., recreational; IUU, illegal, unreported and unregulated.




[image: Map interface of a Maritime Spatial Planning application showing marine areas around Scandinavia and the North Sea. The map displays various overlays such as bathymetry, military areas, shipping intensity, and wind farms, with a legend on the left detailing these elements. The time slider at the top indicates January 2018.]
Figure 2 | 
Location of military areas, simulated shipping intensity, wind farms in operation, and aquaculture sites in the western Baltic Sea Edition of the MSP Challenge.








2.3.2 The original MSP challenge pressure system


The original MSP Challenge pressure system, as described by Santos and Gonçalves (2016) and Steenbeek et al. (2020), includes artificial substrate, noise, bottom disturbance, protected sites, and fishing intensity (
Table 2
). The construction of structures in the marine environment can negatively affect the seafloor (i.e., contributing to the bottom disturbance pressure) but can also create new habitats, potentially benefitting benthic species that require hard surfaces to settle. Noise generally alters species distribution as it encompasses diverse types of disturbance, including vibrations, continuous and impulsive sound. Bottom disturbance refers to stressors that act on or near the seafloor, such as the release of chemical pollutants and the generation of sediment plumes from resource extraction or the installation of structures. Protected sites are areas where fishing is excluded; in the original pressure system, this category includes both marine protected areas and offshore wind farms. Fishing intensity allows scaling the EwE fishing effort to reflect the fleet activity across the times series.



Table 2 | 
Description of the original and updated MSP challenge pressures based on human activities.





	Original pressures

	Upgraded pressures




	Name

	Description

	Name

	Description






	Artificial substrate
	Human-induced alterations of the seafloor and infrastructure, which provide shelter and habitat to specific functional groups. It takes into account seabed destruction and replacement by a hard substrate. In case of vertical structures, some species like mussels can benefit from them and grow on the artificial substrate
	(Same)
	(Maintained)



	Bottom disturbance
	Water disturbance near the seafloor, including pollution from emissions and sediment disturbance that can lead to solids in suspension in the water column
	(Same)
	(Maintained)



	Surface disturbance
	Water disturbance near the surface, which considers pollution, detritus, or other multiple sources of disruption like marine litter
	(Same)
	(Maintained)



	Noise
	Alteration of the environmental noise that may influence functional groups either positively or negatively. It considers both noise and the vibrations that can be created by operating heavy machinery. Most species tend to relocate away from noisy activities
	Continuous noise
	Alteration of the environmental noise with a continuous presence over time (even if temporary, such as from dredging)



	Impulsive noise
	Alteration of the environmental noise, which is of an impulsive nature; it includes seismic surveying, explosive detonation, pilling, or shooting activities



	(NA)
	(NA)
	Bottom vibration
	Any vibrations incurred at the sea bottom; for instance, the vibration induced by wind turbines



	(NA)
	(NA)
	Air disturbance
	Any pressure generated above the sea surface, such as the one caused by wind turbines



	Protected sites
	Areas offering some protection from fishing. They consist of areas without fishing, whether due to a protected area (Natura 2000 or marine protected areas) or an infrastructure such as offshore wind parks
	(Same)
	(Maintained)



	Fishing intensity
	A scalar used in the EwE model to modify the fishing effort, which can reduce or intensify the fishing pressure exerted by a given fleet
	(Same)
	(Maintained)














2.3.3 The updated MSP challenge pressure system


The authors introduced four new pressures to assess human activities: continuous noise, impulsive noise, air disturbance, and bottom vibration. These additions clarify the ecosystem impacts of the wind farms, distinguishing them from general noise and surface disturbance. Previously, noise encompassed both noise and vibrations, and the potential for bird collisions with wind turbines was considered under surface disturbance alongside other activities such as shipping. The revised framework splits noise into continuous noise, impulsive noise (HELCOM, 2023), and bottom vibration, while adding air disturbance. The authors hypothesize that using more specific pressure types will allow for a more refined activities/pressure matrix, better reflecting the effects of different pressures on the various FGs in the Baltic Sea. This would also lead to a better understanding of the effects of the different phases of wind farm development on the ecosystem. 
Table 2
 compares the original pressures in the MSP Challenge with the newly proposed ones. 
Figure 3
 illustrates differences in pressure calculations between the two systems. The upper-left map shows noise pressure as calculated under the original system while the other three maps visualize impulsive noise, continuous noise, and bottom vibration, which represent distinctive pressure types that can be differentiated using the new system introduced in this paper.


[image: Four maps showing noise pressure types over a geographical area. Top left: Previous noise pressure. Top right: Impulsive noise pressure. Bottom left: Continuous noise pressure. Bottom right: Bottom vibration pressure. Color-coded legend indicates levels from very low (blue) to very high (red).]
Figure 3 | 
Comparison between the original noise pressure (top left) and the new pressures defined in this paper: Impulsive noise on top right, continuous noise on bottom left, and bottom vibration on bottom right.









2.4 Impact of human activities on the functional groups


A semi-quantitative approach based on a risk assessment matrix is developed to define the impacts of human activities on the functional groups in the Ecospace model. This approach is inspired by the Leopold matrix (Leopold et al., 1971), a classic Environmental Impact Assessment (EIA) tool developed to identify and evaluate environmental impacts resulting from human activities. The proposed framework integrates multiple impact dimensions, including the magnitude of the effect, damage intensity, and probability of occurrence, to evaluate systematically the pressures on each FG. The impact (I) is calculated using the following equation:



I
=
(


E
f
×
D


15


×
10
)
×
P
r
o
b





Where:


· I = impact of a specific pressure on a given FG.


· Ef = potential effect of the pressure, scaled from 1 to 5.


· D = potential damage associated with the pressure on the FG, scaled from 1 to 3.


· Prob = likelihood of the pressure affecting the FG, scaled from 1 to 10.


To ensure that the combined impact of Ef and D does not exceed their expected limits, the values were normalized by their maximum possible product (15). This normalization ensures that each component of the index contributes proportionally to the result. For consistency and comparability, standardized scales for each parameter are defined as below:


Effect (Ef) - adapted from what was proposed by Gușatu et al. (2021) for the impacts of offshore wind farms:


· 1 – Only behavioral responses are expected.


· 2 – Changes in the species’ perception of the environment.


· 3 – Physiological alterations in affected species.


· 4 – Physical injuries likely due to the activity.


· 5 – Activity-induced mortality.


Damage (D):


· 1 – Low (recoverable).


· 2 – Intermediate (recoverable with potential side effects).


· 3 – High (permanent).


Probability (Prob) – This scale is intentionally defined with discrete values representing thresholds of probability, avoiding unnecessary granularity for a semi-quantitative assessment:


· 0 – No potential impact (no expectation of the FG being affected by the pressures at all).


· 1 – Almost impossible to impact (very low expectation of FG being affected by the pressure in space and time).


· 2 – Low probability of impact on the FG.


· 5 – Equal probability of causing impact or not.


· 8 – Impact likely, but intensity uncertain.


· 10 – Impact is certain to happen.


The impacts of pressures on FGs can be positive or negative and are classified into four intensity levels: low, intermediate, high, and extreme. 
Figure 4
 illustrates the shape of the curves of the impacts calculated from this matrix and imputed in Ecospace; negative effects are shown on the top and positive effects on the bottom. This approach provides a practical and adaptable tool for systematically defining the effects of human pressures on FGs in the interface Ecospace-MSP Challenge platform.


[image: Eight line graphs show functional response and pressure intensity at different levels: low, intermediate, high, and extreme. Each pair contrasts a downward sloping line (top row) with an upward sloping line (bottom row).]
Figure 4 | 
Shape of the functional responses representing the effect of pressures on the functional groups or species. The x-axis represents pressure values ranging from 0 (no pressure) to 1 (maximum pressure), while the y-axis shows the relative influence on the biomass affected by the pressure. Negative effects are shown on the top and positive effects on the bottom.




The types of impacts each pressure causes on the FGs were derived from the literature and are listed in 
Table 3
. The impacts are based on the best available data. However, current knowledge regarding the effects of certain disturbances, such as underwater noise, on specific life stages or taxa remains limited and may be refined by future research.



Table 3 | 
Impact of human pressures on each functional group. The type of functional response assigned is indicated in brackets (see 
Figure 4
 for reference).





	Functional group (FG)

	Pressures

	Source






	Seals
	Continuous noise (intermediate), impulsive noise (intermediate), bottom disturbance (low), and surface disturbance (low)
	
Chen et al. (2017); Nachtsheim et al. (2023)




	Seabirds
	Continuous noise (low), impulsive noise (intermediate), bottom disturbance (low), surface disturbance (intermediate), and air disturbance (extreme)
	
Buxton et al. (2017); Morkunas et al. (2022); Garthe et al. (2023); Iasiello and Colombelli-Négrel (2023)




	Harbor porpoises
	Continuous noise (intermediate), bottom vibration (intermediate), impulsive noise (high), bottom disturbance (low), and surface disturbance (low)
	
Brandt et al. (2011); Dyndo et al. (2015); Frankish et al. (2023); van Geel et al. (2023)




	Adult western Baltic cod
	Bottom vibration (intermediate), impulsive noise (low), and bottom disturbance (intermediate)
	
Stanley et al. (2017); Soudijn et al. (2020); Hawkins et al. (2021)




	Juvenile western Baltic cod
	Bottom vibration (intermediate), impulsive noise (low), bottom disturbance (intermediate), and surface disturbance (low)
	
Popper et al. (2023)




	Flatfish
	Bottom vibration (intermediate), impulsive noise (intermediate), and bottom disturbance (intermediate)
	
Hawkins et al. (2021); Buyse et al. (2023)




	Other demersal fish
	Bottom vibration (intermediate), impulsive noise (intermediate), and bottom disturbance (intermediate)
	
Hawkins et al. (2021); Popper et al. (2023)




	Western Baltic spring-spawning herring
	Continuous noise (intermediate), impulsive noise (intermediate), and surface disturbance (intermediate)
	
Gușatu et al. (2021)




	Sprat
	Continuous noise (intermediate), impulsive noise (intermediate), and surface disturbance (intermediate)
	
Gușatu et al. (2021)




	Other pelagic fish
	Continuous noise (intermediate), impulsive noise (intermediate), and surface disturbance (intermediate)
	
Gușatu et al. (2021)




	Benthic macrofauna
	Bottom vibration (intermediate), impulsive noise (intermediate), and bottom disturbance (Intermediate)
	
Solan et al. (2016); Gabel et al. (2017); Hawkins et al. (2021); Wilson et al. (2023)




	Benthic meiofauna
	Continuous noise (low), bottom vibration (intermediate), impulsive noise (intermediate), and bottom disturbance (intermediate)
	
Gabel et al. (2017); Hawkins et al. (2021)




	Zooplankton
	Continuous noise (low), and impulsive noise (low)
	
Gabel et al. (2017)




	Phytoplankton
	Surface disturbance (intermediate)
	
Gabel et al. (2017)















2.5 Testing the updated system


EwE developed an application to return the models’ reaction to the pressures created by the MSP Challenge, i.e., the MSP tools. To verify if the new pressure system would improve the assessment proposed by the MSP Challenge using the original system, the MSP tools were used to run the WBS Ecospace model with the original set of pressures and the new one proposed in this paper. The total biomass estimated using the two systems was analyzed at the end of the 100 years of simulation. The resulting FGs’ distributions were then compared in the R statistical environment (R Core Team, 2024) by subtracting the raster files using the Terra package (Hijmans, 2024). The difference is displayed using a contrasting color scale to highlight where the simulated biomass of the FGs remains similar, decreases, or increases. The goal of these analyses is to quantify whether the new pressure system modifies the total biomass estimates and the relative biomass distribution of the FGs compared to the original MSP Challenge pressure system. It is important to note that the pressures calculated in both cases (i.e., using the original and the new pressure systems) reflect only the current state of human activities in the Baltic Sea. If this work succeeds, it will enable scientists and policy advisors to more effectively evaluate their plans for future development of offshore wind farms in the Baltic Sea and other regional seas.







3 Results and discussion





3.1 Human activities and the new pressure system


The new pressure system was expected to generate more localized impacts of wind farms on seabirds and harbor porpoises. These FGs are characterized by stronger direct responses to pressures (i.e., air disturbance and impulsive noise, respectively). The hypothesis was that the biomass of these FGs would decrease, especially around wind farms (for seabirds) and military areas (for harbor porpoises). The differences between total biomasses simulated with the updated and original system at the end of the century (i.e., 2100) never exceed 2%, with the highest absolute deviations observed for the two ontogenetic stages of the western Baltic cod, seabirds, other pelagic fish, sprat (all these groups increased), and harbor porpoise (which decreased; 
Figure 5
). Although these cumulative differences might seem negligible, a finer assessment of the relative spatial changes found with the updated model reveals the importance of modelling with increased detail the different pressure types. Spatial distributions in the updated system show that biomass concentrations of the most sensitive FGs decline in areas with activities related to the new pressure types, notably offshore wind farms and military zones (
Figure 6
). Although no major reductions in the total biomasses occurred after the 100-year simulation, the effect of the new pressures introduced by our updated system became evident at the local scale. In response to the disturbance caused by wind farm energy generation and military activities, the biomass of the most sensitive FGs, i.e., harbor porpoises and seabirds, is re-distributed to areas unaffected by the proposed activities (maps A and B in 
Figure 6
). The magnitude of the largest relative changes observed for seabirds is more than twice that simulated for harbor porpoises. These outcomes were obtained without introducing any new human activities in the simulations; only the pressure calculation method was changed. Therefore, no major changes in the biomass quantities were found, and the effects of the pressures were mostly reflected by local variations in the relative biomass distribution.


[image: Bar chart titled “Change in final biomass (Updated/Original)” showing percentage changes in biomass for various marine categories. Cod adults and juveniles show the highest positive changes, while benthic meiofauna, detritus/DOM, and herring show negative changes. Other categories vary slightly with minimal changes.]
Figure 5 | 
Biomass change (%) in 2100, calculated by comparing Ecospace simulations using the updated and original pressure systems.




[image: Six maps showing spatial distribution changes for various marine species in the Baltic Sea. Each panel depicts a different species: A) Harbor porpoise, B) Seabirds, C) Western Baltic cod (adult), D) Western Baltic spring-spawning herring, E) Other pelagic fishes, F) Benthic macrofauna. Color scales range from red (increase) to blue (decrease), indicating percentage changes in abundance. Maps are labeled by species with icons of each.]
Figure 6 | 
Difference in the biomass (%) distribution of (A) harbor porpoises, (B) seabirds, (C) adult western Baltic cod, (D) western Baltic spring-spawning herring, (E) other pelagic fishes, and (F) benthic macrofauna in the western Baltic Sea at the end of the century (i.e., 2100). The difference was obtained by comparing the results based on the original and updated systems of pressures. Blue areas indicate biomass reduction while areas in red stand for biomass increase.




Harbor porpoises are known to be highly sensitive to underwater noise, with sound having a relevant impact on their navigation, foraging, and communication system. High frequency and impulsive noise are especially dangerous for them (Dyndo et al., 2015; Frankish et al., 2023; van Geel et al., 2023). The new pressure system, including the bottom vibration and impulsive noise, takes into account the strong impacts of activities such as wind farms operation and installation, and underwater military exercises. During the simulations, harbor porpoises’ biomass was mainly regulated by their tendency to avoid impulsive noise, which is largely caused by military activities (
Figure 6A
). Seabirds were instead affected by aerial activities of offshore wind farms where the main impact is the air disturbance (
Figure 6B
). Seabirds were affected only by the surface disturbance in the original pressure system. However, recent studies showed they avoid offshore wind farms and surrounding areas (Garthe et al., 2023), and impulsive noise can interfere with their reproductive behavior (Buxton et al., 2017; Iasiello and Colombelli-Négrel, 2023). For these reasons, in the new version of the model we updated the list of pressures and their effects on seabirds (
Table 3
).


The updated pressure system revealed a nuanced interaction between anthropogenic pressures and the responses of some species and trophic groups. For organisms sensitive to underwater vibration, such as marine mammals and bottom-related species (e.g., benthic macrofauna, western Baltic cod, and flatfishes), negative effects of the bottom vibrations caused by wind farms can be seen on local populations. In the simulation, this negative effect is also observed for the harbor porpoise (
Figure 6A
), supporting previous findings in the literature (van Geel et al., 2023). However, the fishing exclusion zones surrounding these installations may represent a protective buffer, since fishing is not allowed in offshore wind farm areas, offsetting some adverse impacts. Studies have shown that harbor porpoises may increase in abundance after the construction of wind farms, possibly due to increased food availability and reduced fishing pressure (Galparsoro et al., 2022). Similarly, some fishes benefit from the artificial reef effect of wind turbine foundations, with species associated to the rocky environment showing higher abundance near offshore wind farms (Galparsoro et al., 2022).


The distinction between construction and operational phases is crucial for evaluating species responses. While the installation phase primarily causes temporary disturbances to marine habitats, the operational phase induces long-lasting changes by altering water mixing, nutrients’ balance, and light penetration (Benkort et al., 2024). Thus, the proposed distinction between impulsive noise (installation phase) and continuous noise (operation phase) allows a clearer evaluation of species with different responses to these pressures, such as adult cod and harbor porpoises in our study case. While cod is sensitive to impulsive noise created during the installation phase, the harbor porpoise is sensitive to both impulsive and continuous noise.


In simulations based on both pressure systems (i.e., original and updated ones), species like western Baltic spring-spawning herring, sprat, and other pelagic fishes benefited from the reduced fishing pressures within wind farm zones (maps D and E in 
Figure 6
). While the protection from fishing enhanced their spatial presence in the proximity of the offshore wind farm area, their absolute biomass remained largely unchanged (
Figure 5
). This outcome highlights that offshore wind farms may contribute to the local spatial redistribution of species rather than improving the overall ecosystem productivity. Galparsoro et al. (2022) discuss that the presence of offshore wind farms can lead to a redistribution of biomass due to local effects, such as the structural complexity provided by turbines and foundations that act as artificial reefs and fish aggregation devices, as well as the exclusion of bottom trawling for safety reasons. These factors can enhance biodiversity in areas with homogeneous seabed and attract more marine life than natural reefs. Additionally, spillover effects can be generated by creating zones of increased biomass and biodiversity that may extend into surrounding areas. These authors, however, highlight that there is limited evidence regarding a global increase in productivity due to offshore wind farms, a hypothesis that seems to be corroborated by our findings.


The introduction of hard substrates, changes in sediment dynamics, bottom vibration generated in all phases by the wind farms, and underwater military activities can lead to local impacts on benthic macrofauna (Hawkins et al., 2021; Wilson et al., 2023). However, reducing fishing activities, particularly trawling, may partially mitigate these pressures (Dannheim et al., 2020). Comparing both simulations, the introduction of bottom vibration and impulsive noise into the pressure matrix shows stronger local impacts caused by military areas with underwater activities and offshore wind farms. Nonetheless, fishing exclusion (mainly trawling), coupled with reduced sediment disturbance, partially mitigated these pressures, as indicated by an increase in the biomass inside wind farm areas compared to the original pressure system (
Figure 6F
).


Our study reinforces the dual-edged nature of human activity-induced pressures. For instance, while offshore wind farm development introduces new stressors, their associated exclusion zones for fishing activities and shipping offer compensatory ecological benefits, particularly for pelagic species previously overexploited by fisheries.






3.2 New metric for defining the impact of human activities on functional groups


The new approach introduced here advances the assessment of human activities’ impact on FGs and species, providing a tool that can be applied in MSP. Unlike traditional tools, which can be static and qualitative, our work integrates an approach derived from the Leopold matrix into the Ecospace model. It ensures greater precision and replicability in defining the impacts of human activities in the MSP Challenge, compared to traditional methods. In fact, it enables the transformation of impacts triggered by specific pressures into changes in biomass and spatial distribution over time and space. This integration enhances the inclusion of ecological mechanisms into the MSP, promoting a more robust and informed analysis of how human activities can affect the functioning of marine ecosystems (Ehler and Douvere, 2009). Applying standardized metrics and scales specific to effect, damage, and probability, the approach reduces the subjectivity often associated with the parameterization of environmental pressures in ecological models (Christensen et al., 2014). This characteristic makes the tool more objective and replicable, which is critical for comparative studies. In the context of policies such as the European Green Deal (European Commission, 2019) and the EU Strategy for Renewable Offshore Energy, which aims to expand the maritime infrastructure while preserving the ecological integrity of European and global seas (European Commission, 2019), this new approach can support modelers and users in generating more realistic results to address the challenge of producing clean energy with reduced ecosystem impacts.







3.3 Limitations


Under real-world conditions, the intensity of pressures such as fishing, shipping, and coastal development typically decreases with distance from areas where these activities are concentrated. This process, known as spatial decay, requires responses to be modelled as a function of distance from a given pressure intensity. In the pressure layers derived from human activities, we did not explicitly incorporate distance-based attenuation. Therefore, our analysis does not account for the capacity to model spatial decay. Another important aspect to highlight is that our Ecospace model was constructed on a grid of square cells, each approximately 6 km per side; this represents the minimum size of a spatial feature in the model, such as a wind farm. As a result, the impact of smaller structures may be overestimated while those slightly larger than a single cell size may be underestimated. It is important to highlight that the impacts are based on the best available data; however, current knowledge of disturbance effects remains limited and could be improved. We have expanded our analysis to include activities such as offshore wind farms, detailing construction and operation phases that generate distinct impacts. Additional phases with different characteristics, as described by Mooney et al. (2020), could also be incorporated. Despite significant progress, a major limitation in ecosystem modelling for marine spatial planning remains the scarcity of empirical data derived from EIAs, particularly those from long-term monitoring of existing projects. Consequently, many studies continue to rely heavily on subjective methods based on experts’ knowledge. Our approach seeks to address this gap by providing a more systematic and objective framework for impact evaluation, though it inevitably retains a degree of subjectivity due to its semi-quantitative nature. The advantage is that this methodology is highly scalable and transferable to other marine regions, as established best practices for ecosystem modelling can readily support adaptations tailored to specific contexts, such as the MSP Challenge.







4 Conclusions


The simulation results demonstrate that the new pressure system more effectively captures changes in the spatial distribution of FGs’ biomass, identifying areas of higher vulnerability to human activities. Species and FGs with high sensitivity to impulsive noise, aerial structures, and bottom vibration, such as harbor porpoises and seabirds, exhibit more pronounced spatial discrepancies under the new system compared to the original. Moreover, the spatial distribution simulated for harbor porpoises and seabirds matches more closely empirical evidence (Brandt et al., 2011; Garthe et al., 2023; Iasiello and Colombelli-Négrel, 2023; van Geel et al., 2023), indicating enhanced ecological realism. The proposed standardization of impacts, which distinguishes between behavioral, physiological, and mortality effects, facilitates communication among modelers, stakeholders, and policymakers by providing a shared framework for assessing trade-offs between conservation and sustainable development. The methodology developed and presented in this article significantly advances the assessment of human impacts in MSP, providing a more objective and ecologically grounded framework that aligns with contemporary conservation and sustainability challenges.
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