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The draft report presents the work carried out in the ACTION project related to spatial fisheries 
management and the potential for such approaches to support the achievement of Good 
Environmental Status for benthic habitats. The report covers several potential management 
scenarios (e.g. displacement of fisheries activity), includes a comparative assessment, evaluates the 
potential for application of the approach (the DISPLACE model) related to by-catch, and discussed 
possible implications of the findings (e.g. discussion related to potential measures). 
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Identification of effective measures to reduce fisheries impacts on the 
seafloor: a bio-economic evaluation in the Baltic Sea 
 

Francois Bastardie, Jules Danto, J. Rasmus Nielsen, Ole R. Eigaard, Grete E. Dinesen, Daniel van Denderen 
(Technical University of Denmark, National Institute of Aquatic Resources (DTU Aqua), Kemitorvet, 2800 
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Abstract 

Ecosystem-based management of Baltic fisheries should help to achieve good environmental status (GES) 
within the EU MSFD (Marine Strategy Framework Directive), and in this line, the HELCOM regional 
commission (Baltic Marine Environment Protection Commission) is tasked to evaluate measures that could 
reduce the spatial footprint on the seafloor. We applied the DISPLACE modelling platform (Bastardie et al. 
2014) to evaluate the effect of spatial fishery management measures. The evaluation includes restricting 
areas for fishing, with the dual goal of reducing the impact on benthic habitats and minimising impacts on 
the catch, revenue, and profit for fisheries. In order to redistribute the fishing effort realistically, DISPLACE 
simulates individual vessels and behavioural rules. These rules drive how vessels will redistribute their fishing 
effort in the model given different constraints. A seafloor module informed from the best available science 
evidence (i.e. ICES 2019a) for modelling benthic community dynamics, quantifies the depletion from fishing 
considering specific recovery rates of different benthic habitats and large scale seafloor types. The simulation 
outcomes help to identify the most appropriate measures to achieve a good environmental state of the 
seafloor by 2021, as stipulated by the HELCOM and MSFD. Different temporal and spatial mitigation scenarios 
compare the effects of a gradient of fishing restrictions in different areas, habitat types, and jurisdictions, 
quantifying the impact from and on several fisheries and types of gears. Our simulations showed that closing 
areas to fishing in the Baltic Sea and displacing the fishing effort to concentrate on core areas led to a modest 
overall improvement of the relative benthos state. On the other hand, the fisheries were adversely affected 
by the reduced fishing opportunities. The modest benefit of the simulated closures was a result of effort 
being displaced to other areas, where increased impact negated the gain in benthic habitat status predicted 
in the closed areas. The Kattegat (ICES IIIa) showed a more substantial gain than the central Baltic, which was 
obtained from combining measures that protect the long-lived benthic communities and mitigate the high-
impact fisheries. Such outcomes are first steps in evaluating scenarios under a Baltic-wide open-source 
ecological-economics modelling platform for combined seafloor-fisheries impact scenario testing. With the 
demonstrated modelling tool the EU marine policy is in a better position to improve the management of 
fisheries impacts on the seafloor in the Baltic Sea, and a reduction of the broader human footprint created 
by fishing activities, through an integrated evaluation of the biological and economic impacts. 

 

1. Introduction 

Ecosystem-based management of Baltic fisheries to achieve Good Environmental Status (GES) within the EU 
MSFD and the HELCOM requires management tools for integrated evaluation of measures to reduce the 
spatial footprint of bottom-contacting fishing gears on the seafloor. Reducing the footprint of these gears is 
a three-fold issue:  i) identify seafloor impact and the management options to mitigate seafloor impact ii) 
identify how the fisheries exploitation of target species is affected by such mitigation measures and how the 
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target species can be managed sustainably, and iii) identify how fisheries economics are affected by the 
management and the natural dynamics of the system. 

The tools should address the role of management measures in mitigating the fishing effects on the ecosystem 
structure and functioning in an integrated manner. Integration should unify the three aspects related to the 
EU Common Fisheries Policy (CFP), and the MSFD within the same platform. We reuse here an existing 
fisheries modelling platform, i.e. DISPLACE (Bastardie et al. 2014), that can link the dynamic individual vessel 
spatial planning to pressure and impact on benthos dynamics. The tool provides realistic measures of the 
actual economic value of any fished area for providing managers with options on how to most cost-effectively 
reduce the environmental impact of bottom fishing on seafloor habitats and their integrity. Within the 
HELCOM Action project (https://helcom.fi/post_type_project/action/), we extended and conditioned 
DISPLACE to encompass benthos dynamics and applied the DISPLACE modelling platform at the wide-scale 
Baltic Sea. We then evaluated the effect of different spatial fishery management measures such as area 
closures, both in terms of impact on benthic habitats and impacts on the catch, revenue, and profit for 
international fisheries. DISPLACE simulates individual fishing vessels (>12 m length using mobile bottom-
contacting gears, and > 10m vessels using entangling nets) and how they redistribute their fishing effort given 
spatial or temporal closures. The new benthos module, informed from best available science (e.g., ICES,  
Hiddink et al. 2018, Pitcher et al. 2017) for projecting benthos dynamics in response to fishing pressure, 
provides quantification of depletion from fishing considering the specific recovery of different benthic 
habitats and seafloor types.  

This study evaluates different scenarios and investigates the trade-offs to identify practical measures to 
achieve GES by 2021, as stipulated by the Baltic Sea Action Plan. A suite of temporal and spatial mitigation 
scenarios are defined to compare the effects of a gradient of fishing restrictions and closures in different 
areas, habitat types, jurisdictions, quantifying the impact from different types of gears, and on several 
fisheries economics. With such a systemic and standardised conceptual investigation, we wanted to infer 
pressure-state relationships to explore the effect of a gradient of reduction of fishing pressure according to 
the scenarios in improving the state of the seafloor in the Baltic Sea. Our study examines whether the impact 
exerted on the seafloor can be reduced by limiting the spatial extent of the pressure according to different 
scenarios of where the fishing takes place. Secondly, our study examines whether the most likely 
minimisation of the effect of restricting the fisheries on fisheries economics will happen from starting the 
effort reduction from the peripheral of the historical fishing grounds. 

We conducted bio-economic analyses (sensu Nielsen et al. 2018) of selected scenarios of fishery allocation 
and fish resource availability and changes using the framework integrating spatial populations and DISPLACE. 
We have chosen the scenarios from stakeholders concerns about minimising the effects on fisheries (e.g., 
ICES 2019b). This benchmarking will support the identification of areas more suitable for implementing 
spatial fishery regulations. Analysis of where fishing effort distribute shows that the effort typically 
concentrates within the same areas (fishing grounds). The low but potentially highly impacting effort could 
apply to their margins. In order to reduce the impact on the Baltic Sea, we investigated spatial management 
scenarios, for example, limiting the extent of current fishing grounds starting from their low-value peripheral 
effort allocation. Instead of just removing effort, such measures might create some concentration of fishing 
effort by effort re-allocation on the remaining narrowed opened areas that might offset the benefit obtained 
from released pressure on conservation areas. If the net effect is negative, it will move the system away from 
the GES. Hence, we intend to study the fish and benthos states, along with reducing the fishing pressure by 
testing whether a reduction in impact on the stocks and the seafloor will actually follow effort cuts.  
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The benefit of the approach is to help to predict the most likely fishing impact displacement of the fishing 
pressure in reaction to measures (spatial scenarios) and changes in stock distributions. Fishing will displace 
within the space of possibilities that increase or maintain economic efficiency for the fisheries, and therefore 
anticipate the effects on CFP and MSFD related estimates and indicators. Informing the modelling platform 
with existing data collected by existing monitoring systems (Table 1) is used to benchmark the effectiveness 
of alternative management measures and spatial plans affecting fisheries, in regards to reducing pressure on 
various ecosystem components. We designed the framework so that other human activities than fishing and 
creating pressure on the seafloor, such as shipping lanes, can also accumulate to the impact. 

 

Table 1. Type of data collection & monitoring programs data used to condition the DISPLACE Baltic Sea 
application 
 

Monitoring 
systems 

Type of data Model agents Source Legislation 

Emodnet marine 
habitat mapping 

marine habitats 
(EUNIS level 3) 

Background 
maps  

www.emodnet.eu EU MSFD 

EU Fleet register Individual 
vessels physical 
features 

Fishing vessels 
(vessels features) 

ec.europa.eu/fisheries/cfp/ EU CFP 

Benthos sampling Biomasses on 
station 

Benthic 
functional groups 

Gogina et al. 2016 
van Denderen et al. 2020 
ICES WGFBIT 

EU MSFD 

EU STECF annual 
economic report 
AER & Fisheries 
dependent 
information (FDI) 

Catch rates per 
species, 
Fisheries 
economics per 
fleet-segment 

Fishing vessels 
(vessel features) 

stecf.jrc.ec.europa.eu/ EU CFP 

ICES analytical 
stock assessments 

Biological 
information on 
harvested 
species (e.g., 
number-at-age) 

harvested species See in Annexe 1 EU CFP 

ICES Spatial 
fisheries data 

VMS-logbooks 
coupled data and 
fisheries data 

Fishing vessels 
(fishing effort 
distribution) 

ICES WGSFD EU CFP 

HELCOM Shipping 
data 

AIS data Commercial 
shipping vessels 
density map 

www.maps.helcom.fi EU MSFD 

 

A previous evaluation tested the performance of alternative CFP scenarios to ensure economically viable and 
sustainable Baltic Sea fisheries (Bastardie et al. 2014). In the present study, on top of the CFP scenarios, we 
develop MSFD-related scenarios for management measures that should help close the gap towards GES for 
benthic communities and habitats affected by fisheries. Performance tests are designed to track changes in 
the different CFP targets (MSY), and MSFD descriptors (especially Descriptors 3 and 6), affected explicitly by 
the fishing pressure. Measuring performance also refers to detailing the costs/benefits and tradeoffs for 
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fisheries economics. There is an ongoing ICES advice request process 
(https://www.ices.dk/sites/pub/Publication%20Reports/Advice/2019/Special_Requests/eu.2019.25.pdf) to 
address the MSFD Descriptor 6 (D6, seafloor integrity). Under the D6 criterion of Commission Decision (EU) 
2017/848, the spatial extent and distribution of physical loss (D6C1) and disturbance (D6C2) pressures for 
each MSFD broad habitat type, within each ecoregion and subdivision, must be assessed. Our work 
contributes to advise on how to assess the MSFD management measures, besides CFP management 
measures, to ensure that seafloor integrity is at a level that ensures that the structure and functioning of the 
benthic ecosystems and habitats are not adversely affected (Directive 2008/56/EU).  
 
The present evaluation builds on the assessment methodology of FBIT (Fishing Benthic Impact Tool) that has 
been developed in recent years (ICES WGFBIT i.e. Working Group on Fisheries Benthic Impact and Trade-offs 
in ICES 2019a). FBIT is now being used in ICES advice requests to assess bottom fishing that causes physical 
abrasion to the seafloor (ICES 2019a). The methodology has further been used to produce a demonstration 
output showing the spatial extent of physical loss and cumulative disturbance pressures in several EU 
ecoregions. Fundamental aspects of this broader application of the FBIT framework are the determination of 
pressure-activity specific depletion and recovery values of benthic habitats and communities. Both aspects 
enable to run the benthic model for impact estimation within the ICES FBIT framework, and recent effort has 
been made to collate and compile this information (ICES  2019a). Most management scenarios and their 
respective trade-offs often rely on knowledge-based static approaches. However, we know that both the 
behaviour of individual fishers and the ecosystem dynamics (especially fish stocks and benthic communities) 
may adapt to any changes imposed on them dynamically (ICES, 2019b). The present DISPLACE HELCOM 
Action evaluation is, therefore, using the FBIT as an initial state to forecast the fisheries and ecosystem 
dynamics forward. Going beyond a static assessment to dynamic full-feed-back evaluation is one step ahead 
of FBIT capabilities. 
 

2. Scenario testing 
 
The DISPLACE modelling platform is a comprehensive management strategy evaluation tool to assess how 
the fish stocks, the fisheries, and the benthic habitats are affected by different spatial fisheries management 
options (e.g. Bastardie et al. 2014). This integrated tool takes into account the impacts on the stock 
population dynamics, the benthic physical habitats and benthic invertebrate communities, and the economic 
and behavioural effects on the fleets and fisheries.  
  
The tested scenarios (Table 2) implement no-take areas for bottom-contact gears for example based on a 
displacement of the actual fishing effort from the least visited areas toward the most often visited areas. 
Because fishing effort is patchy and typically concentrates in core areas (Eigaard et al. 2017), the effort in the 
scenarios assumes a reduction on the peripheral areas of the fishing grounds to concentrate the fishing effort 
in already more fished areas (Fig. 1). In this way, one expects the catching sector to attain the same catch 
and balance the catch quotas with minimising the impact on the seafloor. The approach encompasses that 
the highest impact on the benthic habitats and communities is observed the first time the seafloor is exerted 
to fishing pressure, compared to repeated pressure at a given locality. The best per cent coverage for no-
take areas to achieve the management goals is, thus, an output of the model. Best areas indicate the benefits 
of GES and the concurrent impact on fisheries economics. Best areas should also measure benefits (or costs) 
in displacing effort to already more heavily impacted areas in an attempt to reach the same level of catch. 
Re-allocation is estimated from the likelihood of re-allocation areas based on previous known fishing patterns 
on individual vessel basis. We also tested opposite scenarios, i.e., reducing the fishing effort starting the cut 
on core grounds where the highest baseline effort is spent. 
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Table 2. Description of types of scenarios tested in the current Baltic Sea wide DISPLACE application 
 

Type of scenarios Description Impacted fleet-segments 
Peripheral effort cut Effort cut starting from low effort peripheral 

areas and displacement incentive towards 
remaining opened areas. The area cut is no 
longer accessible for fishing to some fleet 
segments. 

All vessels with mobile-
bottom contact gears 

Core effort cut Effort cut starting from the core areas and 
assuming displacement will occur towards 
remaining opened areas. The area cut is no 
longer accessible for fishing to some fleet 
segments. 

All vessels with mobile-
bottom contact gears 

EEZ or HAB The effort cut is applied per country-specific 
Economic Exclusive Zone (EEZ), or broad EUNIS 
habitat type (HAB). 

All vessels with mobile-
bottom contact gears 

Fewer trips Less effort deployed by affecting the total 
number of trips deployed by each vessel.  

All vessels with mobile-
bottom contact gears 

Restriction on nets The area designated for mitigation is no longer 
accessible for fishing to some fleet segments. 
Here we used the EU Habitat Directive Natura 
2000 sites designed in the Baltic Sea. 

All vessels using passive gears 

 
In the evaluated spatial scenarios, the fishing effort reduction can be applied either per national exclusive 
economic zone (EEZ) separated or per type of benthic habitat (HAB). The rationale for applying the reduction 
per EEZ is assuming the case scenario where the policy is to be implemented in a non-coordinated manner 
and on a strictly national basis in agreement with the MSFD setting. The habitat typology we use here follows 
the EUNIS level 3 classification, which is used as a proxy of the benthos communities living on them. 
 

  
 
Figure 1. Left: Corresponding surface area closed for bottom-contact gears when historical fishing effort is 
being cut starting from the peripheral cells toward the core cells of fishing grounds. The relationship is curved 
because the fishing tends to be patchy by concentrating on some specific grounds, also showing that low 
effort occurred on a very large marine surface area (1% of the effort explored ca. 20000 km2 of marine space). 
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Right: Go (in green) and no-go areas (in red) for bottom-contact gears corresponding to a cut of 30% in fishing 
effort starting from the peripheral fishing ground cells. In this illustration, the cut has been per EEZ separately. 
 
The scenarios are simulated for a 5 years time horizon at an hourly time interval, with a total of 10 stochastic 
replicates for each, and the outcome treatment combines different output indicators into graphics. Graphics 
concern indicators of i) the fish population dynamics (spawning stock biomass SSB, the fishing mortality F); 
ii) the economic profitability of the vessels or fisheries (income from landings, operating costs, and marginal 
contributions); or iii) the benthos dynamics (the relative benthos status RBS per longevity group). For the 
latter, RBS is an index between 0 and 1 that measures the actual community biomass, B, relative to carrying 
capacity, K (B/K, with K, scaled to 1) (See Annex for details). 
 
There is currently no established GES reference level for the Baltic Sea seafloor integrity currently defined. 
Hence, we compare the relative performance and the robustness against the outcomes of the baseline 
situation, or the positive or negative trend compared to the initial state. 
 

3. Simulation outcomes 
 

3.1. The overall anticipated effect of the spatial management measures on the 
fisheries economics and benthos states 

The Baltic fishing with bottom-contacting gears is mainly occurring in the central Baltic Sea (ICES SD 22-24 
and SD 25-26, www.ices.dk). Simulations showed that the gain in the relative benthic state (RBS) is modest 
across this area, even if the footprint of fishing is significantly reduced (Table 3). Conversely, a significant gain 
is expected in the ICES Subarea IIIa (Kattegat, www.ices.dk) from concentrating the fishing effort in a smaller 
area. This difference arises from the type of benthic community that is affected by the fishing pressure as 
well as the initial RBS status (see Annex- Methodology – Initial states). In the IIIa subarea, baseline states of 
the benthic community are far from the maximal carrying capacity that the habitats can theoretically support. 
The potential for animals to live longer (reflecting also longer recovery times) than what the current 
frequency of fishing impacts allows is considerable in most of the habitat types in IIIa, which is in contrast to 
the shorter-lived species and faster recovery times of the benthic communities associated with the habitat 
types of the central Baltic Sea (ICES 2019a). 

Table 3. Results of trade-off simulations for management options imposing effort restrictions by closing areas 
corresponding to various level of historical estimated effort, by the management unit they are applied to (ICES 
areas, www.ices.dk). The colour scale indicates effect size relative to the baseline case, with red indicating a lower 
value and green a higher value. 

 

Scenario 

Spatial 
footprint 
(volume kg 
per km2) 
 % 

Overall  
spatial 
extent 
km2  
% 

Relative 
Benthos 
Status (SD 
22, 24)  
% 

Relative 
Benthos 
Status (SD 
25, 26) 
% 

Relative 
Benthos 
Status 
(IIIa)  
% 

Overall 
Margin 
contribution 
(millions euros) 
% 

VPUF (euros 
per litre) 
(Trawlers) 
% 

Baseline 0 0 0 0 0 0 0 

Restrictions on Nets -13.2 6 -2.54 -0.94 0.56 -4.7 -1.4 

1% cut (EEZ) 2.5 -5.2 0 0.01 2.35 4.1 2.8 

5% cut (EEZ) 2.4 -9.5 0.13 0.09 4.36 4.5 3.4 

10% cut (EEZ) 0.1 -10.1 0.14 0.07 5.86 4.1 3.4 

http://www.ices.dk/
http://www.ices.dk/
http://www.ices.dk/
http://www.ices.dk/
http://www.ices.dk/
http://www.ices.dk/
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15% cut (EEZ) 1.2 -12.5 0.17 0.11 7.27 4.5 3.7 

20% cut (EEZ) -2.6 -14.6 0.28 0.09 8.96 2.4 2.7 

25% cut (EEZ) -1.8 -16.5 0.24 0.09 9.33 4.8 3.8 

30% cut (EEZ) -0.9 -18.2 0.26 0.11 10.92 6 4.7 

50% cut (EEZ) -0.2 -21.9 0.32 0.09 14.44 10.6 6.6 

30% cut (EEZ) core -2.1 -0.5 0 -0.04 3.24 -5.5 -2.3 

50% cut (EEZ) core -2.7 0.4 0.02 -0.03 5.78 -4.2 -1.5 
10% cut (EEZ) + 10% 
less trip 1.4 -10.6 0.2 0.04 6.27 1.4 2.4 

30% cut (HAB) -1 -18.1 0.27 0.01 9.7 5 4.2 
30% cut (EEZ) + 
restr.nets 0.5 -23.4 0.57 0.09 10.7 7.4 5.2 

 

Overall, the measures increased the contribution margins (i.e., income from landings minus variable 
operation costs for fishing) along with the effort reduction gradient (Table 3). Spatial plans were, however, 
harmful if the reduction is touching to the core ground. Restricting the netters, lead to a net loss on 
contribution margins, however.   

 

3.2. The effect per fishery and areas 

As expected, mobile bottom-contacting gear activities were responsible for most of the landing volume in 
the Baltic but were less efficient than the gill netters showing higher value per unit effort (Table 4). Gain or 
loss from spatial restrictions both affected netters and trawlers even if the restrictions do not directly apply 
to them, suggesting stock effects to happen behind the scene. Hence, harvested stocks in a better shape with 
higher biomasses benefit to both types of fishing activity. On the contrary, some technical interactions, such 
as higher discard rates from displaced netters, are likely to penalise all the fishing agents. 

Table 4. Estimated indicators in absolute values from simulations for management options imposing effort 
restrictions by closing areas corresponding to various level of historical estimated effort, by the type of fishing 
activity impacted (‘Trawlers’ groups all the bottom-contact gears, ‘Netters’ all the passive gears). The color scale 
indicates effect size relative to the baseline case, with red indicating a lower value and green a higher value. 

Scenario 

Landings 
volume 
(thousand 
tons) 
(Netters) 

Income 
from 
landings 
(millions 
euros) 
(Netters) 

Margin 
contribution 
(millions 
euros) 
(Netters) 

VPUF 
(Euros 
per litre) 
(Netters) 

Landings 
volume 
(thousand 
tons) 
(Trawlers) 

Income 
from 
landings 
(millions 
euros) 
(Trawlers) 

Margin 
contribution 
(millions 
euros) 
(Trawlers) 

VPUF 
(Euros per 
litre) 
(Trawlers) 

Baseline 21.2 ± 0.1 26.5 ± 0.1 25.1 ± 0.1 
7.451 ± 
0.041 238.2 ± 1.9 134.5 ± 1.1 46.9 ± 1.1 

0.614 ± 
0.005 

Restrictions on Nets 20.9 ± 0.1 25.8 ± 0.2 24.5 ± 0.2 
7.718 ± 
0.062 211.4 ± 1.4 129.7 ± 0.8 44 ± 0.8 

0.606 ± 
0.004 

1% cut (EEZ) 21.1 ± 0.2 26.4 ± 0.2 25 ± 0.2 
7.415 ± 
0.067 242.5 ± 2.1 136.2 ± 0.7 50 ± 0.8 

0.632 ± 
0.004 

5% cut (EEZ) 21 ± 0.1 26.3 ± 0.2 24.9 ± 0.2 
7.404 ± 
0.045 241.3 ± 1.9 135.9 ± 1.1 50.3 ± 1.1 

0.635 ± 
0.005 

10% cut (EEZ) 21 ± 0.1 26.3 ± 0.2 24.8 ± 0.2 
7.381 ± 
0.048 238 ± 1.7 135.2 ± 0.7 50.1 ± 0.7 

0.635 ± 
0.004 

15% cut (EEZ) 21.1 ± 0.1 26.4 ± 0.2 25 ± 0.2 
7.44 ± 
0.052 237.5 ± 1.3 135 ± 0.9 50.2 ± 0.9 

0.637 ± 
0.004 
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20% cut (EEZ) 21.2 ± 0.1 26.4 ± 0.1 25 ± 0.1 
7.443 ± 
0.037 231 ± 1.1 133 ± 0.8 48.7 ± 0.8 

0.631 ± 
0.004 

25% cut (EEZ) 21.3 ± 0.1 26.7 ± 0.2 25.3 ± 0.2 
7.521 ± 
0.05 232.3 ± 1 134.6 ± 0.9 50.2 ± 0.9 

0.638 ± 
0.004 

30% cut (EEZ) 21.2 ± 0.1 26.5 ± 0.2 25.1 ± 0.2 
7.488 ± 
0.065 233.2 ± 1.5 135.5 ± 1.2 51.2 ± 1.2 

0.643 ± 
0.006 

50% cut (EEZ) 21.8 ± 0.3 27.4 ± 0.4 26 ± 0.4 
7.759 ± 
0.115 231.3 ± 1.4 137.6 ± 1.3 53.6 ± 1.3 

0.655 ± 
0.007 

30% cut (EEZ) core 21.1 ± 0.1 26.4 ± 0.2 24.9 ± 0.2 
7.402 ± 
0.05 230.1 ± 1.4 129.1 ± 0.7 43.1 ± 0.7 

0.6 ± 
0.003 

50% cut (EEZ) core 21.1 ± 0.1 26.4 ± 0.1 24.9 ± 0.1 
7.404 ± 
0.036 227.7 ± 1.6 130 ± 0.8 44 ± 0.8 

0.605 ± 
0.004 

10% cut (EEZ) + 10% 
less trip 21.1 ± 0.1 26.3 ± 0.2 24.9 ± 0.2 

7.415 ± 
0.039 233.9 ± 1.6 132 ± 0.7 48 ± 0.8 

0.629 ± 
0.004 

30% cut (HAB) 21.1 ± 0.1 26.4 ± 0.1 25 ± 0.1 
7.439 ± 
0.035 233.2 ± 2 134.9 ± 1.2 50.6 ± 1.2 

0.64 ± 
0.006 

30% cut (EEZ) + 
restr.nets 21.3 ± 0.2 26.8 ± 0.3 25.4 ± 0.3 

8.099 ± 
0.102 233.3 ± 0.9 136 ± 0.9 51.8 ± 0.9 

0.646 ± 
0.004 

 

If the management measures appear to be beneficial to the fisheries in overall, the measures were not 
beneficial when zooming in on the ICES areas 22 and 24. In 22-24, the landings volume decreased compared 
to the baseline, as well as the income from landings and finally, the margin contribution (Table 5). The loss is 
substantial when the simulations implement the restrictions to netters. 

The management measures are also not found beneficial in the subdivisions 25 to 26 ICES areas as well (Table 
6) for most of the scenarios, even if, however, the 1 to 5% effort cut scenarios showed a gain in marginal 
contribution. Where the simulation anticipated a loss, the value per unit fuel (VPUF) was, however, much 
improved, potentially as a sign for future benefits from beyond the short-term loss simulated within the 5y 
simulation horizon. Besides this, restricting the nets in NATURA 2000 sites led to a net benefit in this area. 

Table 5. Results of trade-off simulations as previously described in Table 4 but for ICES SD 22,24 only. 

Scenario 

Landings 
volume 
(thousand 
tons) (SD 22,24) 
% 

Income from 
landings  
(millions euros)  
(SD 22,24) 
% 

Margin 
contribution 
(millions 
euros) (SD 
22,24) 
% 

VPUF 
(Euros per litre) 
(2224) 
% 

Spatial Footprint 
(volume kg  
per km2) (SD 22,24) 
% 

Baseline 0 0 0 0 0 

Restrictions on Nets -37.8 -20.9 -37.8 -2.55 -24.9 

1% cut (EEZ) 0.2 0.4 1 0.03 3.3 

5% cut (EEZ) -1.2 -0.6 -1.1 -0.73 -0.4 

10% cut (EEZ) -2.3 -1.6 -2.8 -0.94 0.1 

15% cut (EEZ) -4.9 -4.5 -7.7 -1.49 -5.5 

20% cut (EEZ) -4 -3.7 -6.5 -1.26 -5.3 

25% cut (EEZ) -3.6 -1.9 -3.9 -0.47 -10.9 

30% cut (EEZ) -3 -2.1 -4.8 -0.45 -12.7 

50% cut (EEZ) -3.7 -0.9 -2.7 1.44 -11.6 

30% cut (EEZ) core 1 0.5 0.8 -0.2 3.3 

50% cut (EEZ) core 2.8 2.5 5.1 0.39 3.2 
10% cut (EEZ) + 10% less 
trip -3.6 -2.9 -4.3 -0.78 -3.5 
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30% cut (HAB) -4.8 -4.2 -7.6 -0.24 -9.8 

30% cut (EEZ) + restr.nets -3.2 -2.3 -3.4 4.85 -9.9 

 

Table 6. Results of trade-off simulations as previously described in Table 4 but for ICES SD 25-26 only. 

Scenario 

Landings 
volume 
(thousand 
tons) (SD 
25,26) 
% 

Income from 
landings  
(millions euros) 
(SD 25,26) 
% 

Margin  
contribution 
(millions 
 euros) (SD 
25,26) 
% 

VPUF  
(Euros per litre) 
(SD 25, 26) 
% 

Spatial footprint 
(volume kg per km2) 
(SD 25,26) 
% 

Baseline 0 0 0 0 0 

Restrictions on Nets -9.4 2.9 12.2 2.82 85.3 

1% cut (EEZ) 2.1 0.5 6.6 6.45 1.8 

5% cut (EEZ) 0.7 -2.3 2.9 9.65 3.8 

10% cut (EEZ) -2.8 -4.4 -0.1 11.43 -5.9 

15% cut (EEZ) -0.8 -2.9 4.3 13.24 0.3 

20% cut (EEZ) -7 -7 -3 15.24 -5.4 

25% cut (EEZ) -6.7 -6.4 -1.6 15.27 -8.1 

30% cut (EEZ) -6.8 -6.8 -2.3 16.56 -5.5 

50% cut (EEZ) -8.3 -7.1 -2.7 15.95 -8.5 

30% cut (EEZ) core -5.5 -5.1 -5.9 7.01 -5 

50% cut (EEZ) core -7.9 -6.2 -7.5 7.46 -8.2 
10% cut (EEZ) + 10% 
less trip -4.7 -6.6 -3.4 11.41 -7.5 

30% cut (HAB) -5.5 -5.7 -0.2 14.2 -9.1 
30% cut (EEZ) + 
restr.nets -6.7 -6.5 -1.9 17.48 -7.1 

 

Table 7. Results of trade-off simulations as previously described in Table 4 but for ICES areas IIIa only. 

Scenario 

Landings volume 
(thousand tons) 
(IIIa) 
% 

Income from 
landings (millions 
euros) 
(IIIa) 
% 

Margin 
contribution 
(millions euros) 
(IIIa) 
 % 

VPUF (Euros per 
litre) 
(IIIa) 
% 

Spatial footprint 
(volume kg per 
km2) 
(IIIa) 
 % 

Baseline 0 0 0 0 0 

Restrictions on Nets -5.9 -2.9 -3.7 -0.77 -11.7 

1% cut (EEZ) 1.4 1.5 2.1 -0.42 2.6 

5% cut (EEZ) 3.3 3.4 4.7 0.6 5.1 

10% cut (EEZ) 2.1 3.4 4.8 0.1 2.8 

15% cut (EEZ) 2.6 4.1 5.8 0.68 4.7 

20% cut (EEZ) 1.8 3.6 5.3 0.84 2.5 

25% cut (EEZ) 4.7 5.4 7.7 2.4 6.1 

30% cut (EEZ) 4.8 6.8 9.7 2.7 6.9 

50% cut (EEZ) 8.7 11.9 16.9 8.07 12.6 

30% cut (EEZ) core -2.2 -2.8 -3.7 -0.99 -0.8 

50% cut (EEZ) core -1.2 -1 -1.3 -1.25 0.8 
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10% cut (EEZ) + 10% 
less trip 1.6 1.5 3 0.42 5.2 

30% cut (HAB) 3 5.4 7.9 1.62 4.8 
30% cut (EEZ) + 
restr.nets 5.2 7.6 11 4.73 8.9 

 

The more substantial gain in the marginal contribution is anticipated for the subarea IIIa from a 
larger landing volume and higher value per unit of fuel (Table 7).  

 

 

 
 
 
 
 
 
Figure 2. Stress level of fishing harbour 
communities at the 5 year horizon time for 
selected scenarios expressed as the 
proportion of simulated vessels with a 
change in income from landings classified 
in 4 categories (<-25%, 25-0%, 0-25%, 
>25%) compared to the simulated baseline 
situation. The size of the circles gives the 
total landing income per harbour 
accumulated over the 5 years. 
 

Implementing the restriction on netters brought about a marked reduction in income from landings in 
harbours bordering the western Baltic Sea (Fig. 2). The restrictions on mobile bottom-contacting gears 
affected more the eastern harbours in the simulations while the most western harbours bordering IIIa area 
gained in revenue from the management measures. A synergic effect appears to occur when restrictions on 
both netters and bottom contact gear apply simultaneously, attenuating the loss in income of the harbours 
communities affected by the restrictions on nets.     
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Figure 3. Comparison of aggregated scenario outcomes (10 stochastic replicates per scenario) on the vessel 
performance indicators (percent relative to the baseline) for vessels with passive gears (left panel) and towed 
gears (right panel) involved in the Baltic fisheries. The percentages are relative to the baseline condition for 
fishing effort (F. effort), steaming effort (S. effort), number of trips (Nb. of trips), trip duration, catch per unit 
effort (CPUE at fishing), total landings for each considered stock (Tot land. Species), net present value (NPV) 
with a 4% annual discount rate on GVA, value per unit fuel (VPUF), and income inequality computed based 
on the Hoover Index. The baseline is given by the “focus on high-profit grounds” scenario, including the 
GoFishing and stopFishing decision trees designed to imitate the Italian daily trip pattern. 

The trip pattern for netters (Fig. 3, left) change for shorter and longer trips compared to the baseline, these 
trips being less efficient at catching fish as indicated by the lower effective CPUE, with overall landings being 
lower than in the baseline. The income from landings is, however, only slightly reduced over the 5 year period 
given the vessels are more efficient in using fuel. The effort displacement of towed gears from peripheral to 
core grounds is also beneficial for the netters gaining from higher catch rates and better energy use. 
Simulations showed that there is an antagonistic effect of restricting vessel netters on vessels with towed 
gears (Fig. 3, right) with a 7% loss in income on towed gears, from lower catch rates and reduced overall 
landings in volume. Conversely, the effort displacement towards core grounds increased the income from 
better energy use and less steaming time and searching, even if the catch rates are also lower than in the 
baseline situation.      



12 
 

 

 
 
 
 
 
 
 
 
Figure 4. Spatial distribution 
of the simulated catches 
discretised on a grid of cells of 
0.05 by 0.05 degrees and 
integrated over the 5y 
simulation period, all landed 
species summed. Estimates 
are in absolute for the 
baseline situation or given in 
per cent relative to the 
baseline for other scenarios.  
 

When a spatial restriction on netters applies, the fishing vessels spread effort over the remaining open areas 
leading to a net increase in fishing pressure integrated over the 5 year simulation period. On the contrary, 
the effort reduction from peripheral fishing grounds areas displaced toward the core grounds is, as expected, 
concentrating the effort on fewer areas that make the total spatial footprint much less extended. The spatial 
origin of the catches changed accordingly (Fig. 4). Surprisingly, restricting on nets increased the overall spatial 
extent of the effort deployed due to adverse technical or stock interactions on encountering the more 
substantial amount of unwanted fish that makes more fishing effort required to catch the quotas. 
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3.3. Pressure-state response curves for estimating the impact on relative 
benthos status of fishing effort concentrating on core fishing grounds  

 

0-1y 1-3y 

  
 
3-10y 

 
>10y 

  
 

Figure 6. Evolution of the simulated relative benthos state (standardized between 0 and 1; see the text) of the 
longevity classes over simulation time in hour from the initial state (t=0) estimated by ICES (ICES 2019a) to 
the start of the fifth simulated year (t=35065) in DISPLACE, coloured per scenario and average over ICES areas 
(22, 24, 25, 26, IIIa). Each solid line gives an average of 10 replicates per scenario, and the 95% CI is provided. 
The suite of tested scenarios contrasts a baseline situation, where no restriction applies, against a gradient 
of options given as a marine surface area percentage applied per national EEZ for restricting access to bottom-
contact fishing gears. The area restricted applies to start from the marginal cells ordered from the lowest to 
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highest fishing effort observed in order to minimize the effect on the fisheries by displacing the least amount 
of effort. 

The simulated fishing pressure is affecting the relative benthos states differently (Fig. 6). Where some 
benthos communities (ICES SD 24 and 25) recover towards the benthos carrying capacity (i.e., RBS at 1), 
others (ICES SD 22 and area IIIa) converge towards a stable equilibrium.  The recovery is as expected quicker 
for short-lived fauna (Fig. 6, left) than for long-lived fauna (Fig. 6, right). In this context, the effect of changing 
the fishing effort allocation by restricting access to some areas appears limited, except for areas IIIa and SD 
22, and to a lesser extent SD 24 for which RBS reached an equilibrium more quickly. There is also limited 
recovery in some areas as the fishing intensity is not very high (the baseline conditions for long-lived fauna 
are close to an RBS of 1).  

 

 

Figure 7. Ratio of the simulated relative benthos state (RBS) of selected area restriction scenarios over the 
simulated baseline RBS, at the 5-year simulation horizon and for the longevity class 0-1y, per ICES area (ICES 
SDs 22, 24, 25 and 26, and area IIIa) and the main EUNIS habitat types (A5.2, A5.3, and A5.4) in the Baltic 
Sea. Colors divide the RBS according to if the DISPLACE model grid cells are still opened to bottom contact 
gear pressure, or closed to it, or all grid cells confounded. Each estimate gives the average of 10 replicates 
per scenario and the 95% CI is provided. The suite of tested scenarios contrasts a baseline situation, where no 
restriction applies, against a gradient of options given as a marine surface area percentage applied either per 
national EEZ or per EUNIS habitat (HAB) regarding restricting access to bottom-contact fishing gears. Most of 
the scenarios apply the restricted areas starting from the marginal cells ordered from the lowest to highest 
fishing effort unless the restricted areas apply from the fishing ground core areas where the highest effort has 
been observed (i.e. for scenarios “ban 30% EEZ core” and “ban 50% EEZ core”). 
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For the short-lived benthic animals’ longevity group 0-1y, simulations showed that the overall gain in RBS 
was very limited regardless of the habitat type except for the IIIa (Fig. 7). We found that the gradient of fishing 
pressure displacement towards the core grounds did not imply an overall gain in RBS (but a slight gain in the 
remaining opened areas only), given the overall gain cancelled out with the accompanying degradation of 
the RBS in the still open areas where the pressure increase.  

 The gain was the highest in the simulations for scenario closing the core fishing grounds instead of the 
peripheral areas but applied locally, therefore, without leading to an overall gain as well. 

 

 

Figure 8. The ratio of the simulated relative benthos state (RBS) of selected area restriction scenarios over the 
simulated baseline RBS for the longevity class >10y.  

For the longest living benthic fauna, in longevity class >10y, simulations showed that the overall gain in RBS 
is the highest on the A5.2 EUNIS habitat in the Baltic subdivisions and regardless of the habitat type in area 
IIIa (Fig. 8). The gradient of intensification in displacing the effort towards the core of the grounds appears to 
be efficient between 5 and 10% with a minimal gain in RBS when the amount of effort displaced exceeded 
10%. Simulations found no notable difference in whether the reduction applies per EEZ or EUNIS habitat. 
Some situations in the simulations like for the SD24, SD 25, SD26 show signs of modest RBS improvement 
while deteriorating the RBS in the remained open areas where the pressure is redirected. 
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Figure 9. Last year estimates at 
the 5 year horizon time of the 
simulated vessel contribution 
margins averaged per activity 
(Bottom-contact trawl-type 
gears, netters) and RBS for 
selected scenarios and averaged 
per ICES area. 
 

 

From the overall Baltic-wide perception (Fig. 9), the simulated contribution margin first kept stable along 
increased reduction of the total areas permitted for fishing for both netters and trawlers (Fig. 9, scenarios 
Ban of 1% to 50% EEZ), and increase beyond 20% to 50% of effort cut (the cut starting from peripheral cells 
and applied per EEZ). Restricting netters in EU Natura 2000 sites (“Restriction on Nets” scenario) is the worst 
scenario for contribution margins made by both netters and trawlers, and deteriorating the benthic status to 
the lowest in ICES SDs 22 and 24. Conversely, the 50% cut of peripheral cells (“Ban of 50% EEZ”) was the best 
scenario outcomes providing the highest contribution margins regardless of the type of activity and the most 
significant RBS improvement. The area IIIa, which is showing the lowest RBS in absolute terms, is further 
diminished when the restricted area applies to the core area where the observed fishing effort has been the 
highest (“Ban of 30% EEZ core” scenario). Restricting the IIIa core fishing grounds is also associated with the 
most detrimental effect on the economic contribution margins. 
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However, downscaling the overall Baltic-wide perception to a perception split by subarea, the slight overall 
gain in RBS was mainly in the Kattegat, and to a less extent in the southern Baltic coastal areas where both 
short-lived and long-lived benthos status increased (Fig. 10). Conversely, more offshore areas showed a 
slightly degraded RBS compared to the baseline, because the pressure intensified where the RBS was already 
the lowest, i.e., on the core fishing grounds. The gain in RBS is less pronounced for long-lived species, also 
given the 5-year simulation horizon, which is much less than the expected recovery time for the fauna of the 
longevity class >10y, and given this class is  naturally less dense in the Baltic Sea compared to the more short-
lived longevity classes. 

The Kattegat area showed ca. 1/3 of heavily trawled cells with close to 0 relative benthic status, 1/3 with 
unaffected close to 1 cell, and 1/3 with intermediate levels (Fig. 11). The scenario concentrating the fishing 
effort on the core ground in this area significantly improved the RBS on the southern part with a simulated 
benthos recovery by the end of the 5-year time horizon but putting some extra impact on the cells of 
intermediate RBS up to lowering the RBS to 0 on them. 

In comparison, the central Baltic Sea did not show many cells with degraded RBS (Fig. 12). Most of the cells 
are having an RBS close to 0, therefore, pulling the RBS average toward 1. Hence the effect of spatial plans is 
modest (Fig. 12) and not appearing on the maps of fishing impact, in overall  (Fig. 12), or per type of cells (i.e. 
closed vs still opened, Fig. 13).  
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Figure 10. Last year estimates at 
the 5 year horizon time of the 
simulated vessel contribution 
margins averaged per main 
fishing area, and RBS for selected 
scenarios and averaged per ICES 
areas. 
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Figure 11. a- The relative benthic status (RBS) for longevity classes >10y simulated in area IIIa in the final 
simulated year for the baseline and one selected scenario. On the graphic, the grid cells are sorted from high 
to low RBS for the baseline (black points) and the cumulated total surface area is computed on the x-axis. The 
RBS obtained after applying the effort cut and displace scenario is given (red points) and are displayed with 
the same order as the one given by the baseline.  b- mapping the RBS in grid cells of 0.05 degrees. 

 

Figure 12. Impact score (equivalent to 1- RBS) and ordered RBS (left- increasing SAR and increasing proportion 
of total surface,  or right- decreasing RBS and increasing proportion of total surface) for longevity class >10y 



20 
 

and per area for the baseline and one selected scenario (here the scenario applying a 50% effort cut and 
displace starting from the peripheral low effort areas).  

 

 

Figure 13. a and d: The impact score (equivalent to 1- RBS) for all longevity classes averaged and simulated in 
ICES SD 25 in the final simulated year for the baseline and one selected scenario. The maps distinguish and 
show the RBS in grid cells for grid cells that were still opened in the spatial cut scenario to fishing with bottom-
contact gears (e and f), and for cells that were closed (b and c). 
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3.4. Impact on bycatch of restricting access to netters in Natura 2000 sites  

  
Figure 14. The distribution density of Harbor porpoise population (left panel), and spatial origin of Harbor 
porpoise bycatch made by simulated netters (right panel), summed on a grid of 0.05 by 0.05 degrees in the 
baseline, and in relative per cent change for selected scenarios compared to the baseline. Restricted areas to 
netters are given in hashed polygons. Restricted areas to trawlers when it applies are not shown for 
readability purposes. 

Restricting netters spatially led to less bycatch of birds. Most of the area where birds distribute is being closed 
to fishing in this scenario, apart from the 10 km strip around the closed sites. The effort displacement toward 
outside the closed area did not lead to capturing the same amount of animals; therefore, the restriction is 
efficient in this respect, as long as a 10 km strip justifies. In the model, the bird population is not explicitly 
simulated, and vessel bycatch then occurs with a fixed catch rate. However, the capture occurs only within 
the spatial extent of the population distribution area, which is the Natura 2000 sites with a 10 km strip around 
the sites. Equally, simulation outcomes showed a change in harbour porpoise (Fig. 14). The displaced effort 
from Natura 2000 has in few occurrences increased the bycatch rate of harbour porpoise outside the closed 
areas. However, there was an apparent net gain in overall population biomass when the trawlers are also 
spatially restricted to core areas. 

 

4. Discussion, policy implications, and conclusion 

We applied the DISPLACE model to produce simulations of spatial fisheries management. In the absence of 
any predefined target for GES of the seafloor in the Baltic Sea, the simulations can help to identify appropriate 
fishing intensity thresholds, ensuring that state or recovery of the benthos is not affected significantly over a 
5-year horizon. The current work has also considered different levels of displacement of fisheries. It simulates 
the potential for positive impacts towards GES, i.e., by displacing peripheral fishing activities into already 
heavily fished/disturbed areas. The rationale to displace peripheral activities only is that we expect placing 
restrictions on fisheries may lead to displacement within areas that make the most significant contribution 
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to total activity. Displacement from the core grounds would extend the total area of the fishing ground and 
increases interaction with other fisheries and sectors. Displacement from the core fishing grounds might also 
push the fishing vessels to operate on previously untrawled areas with substantial damaging environmental 
consequences. The model looked at different benthos longevity classes as a component of the overall 
assessment, and this identifies the potential impact of the current and future pressure on the “good state” 
of benthic habitats. Besides, the model accounted for the economic impact of the displacement of fishing 
effort. We should measure to which extent expected adverse effects might balance within the short term 
with more long-term positive effects. For example, how extended steaming time incurred to achieve the 
same catch level/quota balances with preserving the marine environment in a healthy state. The work carried 
out so far has been presented at several HELCOM meetings, and the final report is shared with HELCOM 
Expert and Working Groups. Besides this, the work is closely linked to the detailed methodological 
description that is being developed via ICES WGFBIT (ICES 2019a). 

Pressure-state response curves 

We applied different spatial plans and measures to reduce the overall fishing impact exerted by the 
international Baltic fishing fleets on the seafloor. Our preliminary outcomes showed that spatial closures, 
starting from the peripheral areas of existing fishing grounds, did not lead to improvement of the relative 
benthos status across the central Baltic. This outcome is a result of the central Baltic Sea having large areas 
that are unfished and of the central Baltic Sea being dominated by short-lived fauna that, when impacted by 
fishing, recover relatively fast (following the estimates of Hiddink et al. 2018). On top of this inefficiency 
concerning improving RBS, effort reduction and displacement decreased the margin contributions that the 
fishers could expect in this area. Hence, the pressure-state response curve inferred from the simulations 
appears to be flat in the central Baltic Sea (SD 22 to 26).  A flat curve arises from the deterioration outside 
the areas that negates the surplus gained inside the restricted areas, the overall deployed fishing effort by 
the Baltic fleet keeping the same level and being just displaced from an area to another. Hence, we showed 
a low gain on peripheral cells from displacing pressure towards the central core because the benthos status 
was already close to the carrying capacity K in these cells. On the other hand, on the already frequently fished 
area where the pressure is redirected, the benthos status cannot degrade so much further, because the first 
fishing pressure has the highest impact (i.e., the larger the biomass before the depletion event, the larger 
the depletion effect). According to the response curves, the most substantial RBS improvement would be 
obtained from cutting and displacing from areas with intermediate RBS levels.  

On the contrary, the estimated pressure-state relationships reveal that the same management actions 
increase RBS in the Kattegat. The Kattegat is subject to highest fishing intensity (Eigaard et al. 2017), and it is 
dominated by long-lived fauna that takes longer to recover, thereby lowering the average RBS of area IIIa. 
The simulations showed that peripheral spatial restrictions were beneficial in the area IIIa, improving both 
the relative benthic state and the marginal economic contributions of the fishery. This improvement is due 
to effort being redirected to surrounding areas where fishing already has taken place. Furthermore, the 
model assumes a logistic non-linear effect pressure-impact-relationship with the more effect of the first trawl 
path. In this context, assuming the displacement not occurring on new areas outside the historical traditional 
ones, as assumed in the current model conditioning, the outcome is likely to underestimate the possible 
displacement effect in degrading the future benthos state, in case the fishing would be not be constrained 
anymore by unsuitable bottom types or by specific spatial allowance regulations.  

Nevertheless and more importantly, the beneficial effect identified in the area IIIa arose from the fact that 
the gain potential is much higher than in the Central Baltic (SDs 22 to 26). The improvement is possible 
because the status of the benthic community in area IIIa is already more degraded on average (i.e. far from 
the limiting carrying capacity) due to the current high demersal fishing effort here. The benthic communities 
in IIIa also have generally higher longevity than the benthic communities in the central Baltic Sea. Indeed, the 
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central Baltic benthic communities were shaped by decades of bottom fishing coinciding with natural 
disturbance and strong environmental gradients in certain areas (Nielsen et al. in prep). Due to the high level 
of environmental disturbance and a strong salinity gradient toward low salinity, the benthic community might 
be naturally continuously filtered out to the benefit of short-lived species with a high level of recovery. 
Indeed, communities in low-salinity regions, characteristic of the Baltic Sea area, mostly consist of short-lived 
species, which are, in this model and in the real world, more resilient than those of the more saline northern 
sea areas. We may expect the conjugate effects of bottom fishing effort and natural disturbance, including 
frequent hypoxia events on central Baltic benthos communities to become smaller in an area with short-lived 
species. Hence, biodiversity in the central Baltic might be already low on these beds and all the long-lived 
vulnerable species filtered out by environmental fluctuations and changes, so that the actual fishing 
disturbance is eventually modest. One should not at first expect that the disturbance is high on flexible short-
lived species. A further test should focus on evaluating the impact of trawling on short-lived communities in 
the Baltic Sea. The fishing is no longer more impacting than the natural disturbance in certain areas (Sköld et 
al. 2018; Nielsen et al. in prep). Our study shows the fishing pressure might be a minor effect in already highly 
disturbed areas (e.g., by inflows of saline waters from the North Sea, hypoxia events, contaminants, among 
others) such as the central Baltic Sea. However, it is not on that basis obvious to conclude that such outcomes 
would apply to other areas, habitats, or fisheries. In other areas, we should not expect the reasoning to hold 
that seafloor would recover back to normal soon after the pressure is exerted. 

Reducing the overall fishing impact exerted by the international Baltic fishing fleets on the seafloor could be 
implemented in several ways, e.g., per % of effort reduction as done here, or per % of landing volume or 
actual landing value. These alternatives can still be initiating the reduction from the peripheral areas of the 
existing fishing grounds to limit the detrimental effort displacement effect. Among these possibilities, the EU 
MSFD could require one particular metric to follow where one would design the protection on a fixed 
proportion of the surface area of each EEZ or each marine habitat, which also may not be dependent on 
actual effort, and potentially be more convenient to implement and enforce. Protecting a fix proportion of 
EEZ or habitat type with the same range of per cent investigated here (1, 5, 10, etc. up to 50%) would lead to 
smaller corresponding areas than the cut and displace applied and tested in the present scenarios. We, 
therefore, expect the model outcomes based on such a new set of spatial restrictions to complement the 
study to lead to even fewer effects in the Central Baltic than the ones highlighted here.  

 

Spatial plans affecting the fisheries 

In this work, we model how the fishing fleets respond to specific spatial management actions, and we couple 
this with models of the ecosystem effects of the fishing disturbance in the evaluation framework. Our 
simulation outcomes anticipate some adverse effects on fisheries economics. The main explanation for these 
adverse effects is that fishing vessels free access to less frequently fished areas by spatial management. 
Accordingly, these vessels will have to operate in other defined fishing grounds according to their traditional 
fishing patterns, where they will face increased crowding and competition for resources. The competition 
creates lower catch rates because of increased resource depletion by increased fishing intensity, at least in 
the 5 year time horizon. On the other hand, limiting the access to the traditional core grounds will reduce 
catch rates for target species, therefore making the fishing less efficient, which will translate in the spatial 
footprint to increase so that fishers can maintain their level of catches. In this latter case, simulations showed 
that restricting the core grounds led to a degraded overall benthic status while fishing vessels were not even 
able to maintain their profit. Spatial plans are also more constraining for the smaller vessels operating passive 
gears because of their smaller carrying capacity. Small capacity implies more frequent trips to port to unload 
and, therefore, more steaming time and less time for fishing. Also smaller vessels have a smaller range in 
their activities and accordingly will be more sensitive to spatial management, i.e. not with as many 
opportunities and not as flexible with respect to re-allocating their effort. Other factors that could further 
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limit the choice of a new fishing grounds by fishers include technical limitations (e.g. that legislative safety 
regulations restrict the range of some vessels), characteristics of the seafloor (hard bottom is required to 
operate the gillnet), fuel costs, or competition from fishers in other areas.  

 

Is it worth restricting the fishing with such spatial plans? 

The modelling platform is informed by data collected with existing monitoring systems (e.g., ICES biological 
and fisheries data, national benthos sampling data, habitat classification from EU Emodnet platform, EU 
STECF fisheries economics data) and benchmarks the cost-effectiveness of alternative management 
measures and spatial plans affecting fisheries. Hence, the policymakers may decide whether it is worth 
implementing such management measures or not. For many of the alternatives, it may not appear 
worthwhile based on the expected modest improvement of the relative benthic status, while at the same 
time impair the long-term profitability of the fishing sector. This profitability concern is perhaps even more 
relevant when considering that the Baltic Sea fisheries are already affected by recent ecosystem changes 
(e.g., Eero et al. 2016). When suggesting new measures, the fishers would expect that any adverse closures 
will affect their economy and, accordingly, that to be accompanied by compensatory payments. From a 
management perspective, spatial management and resulting effort displacement may also be problematic 
because it may increase unintended mortality on other species and life history stages outside the closed 
areas (Dinmore et al. 2003). We did not consider how realistic the spatial arrangement is and how efficient 
the implementation will be for extensive fishing area restrictions. However, we expect patchy areas to pose 
additional challenges in implementation, control, and enforcement. A more comfortable alternative to 
enforce will be to delineate polygons where the fishing is allowed to take place instead of where the fishing 
is restricted. 

 

Model and data uncertainties 

Minimising the unintended consequences of management actions requires a thorough understanding of how 
ecosystems function in the present context. Gaining this type of understanding will result from more effort 
put on collecting benthos data across different habitat types on especially life-history traits, survival and 
recoverability as well as environmental and physical habitat conditions. New data will enable fitting various 
models better that account for these effects (Nielsen et al. in prep).   

Looking at the longevity traits (maximum animal lifespan) to measure the effect of fishing of the benthos is 
a convenient and operational approach to facilitate the assessment. The actual animal lifespan we observe 
should relate with the frequency of trawling events with a degree of disturbance expected to be inversely 
proportional to this frequency (Rijnsdorp et al. 2016). Following this, Pitcher et al. (2017) and Hiddink et al. 
(2018) developed the assessment one step further by crossing biomass-longevity distributions to a dynamic 
population model at the equilibrium. This crossing provides the estimated relative benthic status (RBS).  
Again, this is the method now implemented in ICES WGFBIT to draft advice on fishing benthic impacts per 
ecoregion (ICES 2019a). The degree of fishing disturbance compares to the maximal capacity scaled to 1 that 
the community could support on locations. This scaling to 1 is the first step, however, because, in a second 
step, we would expect to prioritise areas with a higher capacity to be a higher value for protection. We also 
expect to prioritise high biodiversity areas and essential areas to protect the structure and functioning of the 
benthic ecosystems. In this regard, RBS might still be a good indicator given that the information is based on 
total benthic biomass and the relative abundance of different longevity, yet the relationship between 
average faunal longevity and biodiversity have not been tested. We expect high community biomass to 
coincide with communities where the body size distribution, age structure, and numbers of the benthic fauna 
are close to natural levels. Biomass is linked to the overall functioning of the ecosystem and correlates to the 

http://www.ices.dk/
http://www.ices.dk/
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energy flow traversing food webs. Biomass also correlates to other ecosystem processes that are linked 
closely to biomass such as nutrient cycling, bioturbation, and food provisioning for fish and sea birds.  
 
The ICES WGFBIT assessment method requires fitting the biomass-longevity curves, also considering 
environmental conditions and makes use of whatever data is currently available. Different fishing gears can 
sample the benthic communities, including commercial trawls. Each of these gears will capture a different 
component of the benthic community. Grabs and corers are more suited for sampling small fauna living in 
the sediment (infauna), and these benthic data were used to estimate the longevity composition for this 
study. On the seafloor, dredges obtain a more substantial fraction of the large infauna, and trawls catch a 
relatively higher proportion of mobile epifauna.  Work is ongoing for correcting for different efficiencies of 
gears according to different fauna groups. Efficiency differs in catching various components of the 
communities, including in catching various animal size groups. For example, gears that sample bigger animals 
will catch a more significant fraction of long-lived fauna. The integration of all this information will strengthen 
the assessment soon.  

For now, we addressed these uncertainties by running stochastic simulations in a management evaluation 
framework considering different management options. In our study, we accounted for i) effects exerted by 
structured application of fishing pressure that makes sense to fishing agents; ii) uncertainties in recovery rate 
values of benthic fauna and communities (mean and coefficient of variation obtained from Hiddink et al. 
2018). Point (i) is relevant when considering spatial management measures such as area closures. Agent-
based models, i.e. an individual fishing vessel-based models in our case, have an advantage over statistical 
models avoiding making the fishing effort to be proportionally redistributed over remaining open areas. Point 
(ii) will require a future refinement to incorporate uncertainties on longevity classification. Uncertainties also 
arise from the effect of other pressures on the state of the benthos (e.g., ICES WKBEDPRESS). For example, 
the shipping effect would need to be included by empirical relationships of impacts. On this aspect, we will 
soon be able to incorporate ongoing research and development such as the results from the ICES WGSHIP on 
marine shipping effects set up recently. We foresee that an essential improvement for informing the 
DISPLACE benthos module will be to integrate an overall mapping of the silt sediment fraction. The silt 
fraction is essential to deduce the extent of the sediment resuspension equation. Another improvement 
would be to account for the connectivity between patches favouring recolonisation of benthos from the 
surrounding areas and habitats, i.e. the level of connectivity between areas. Concerning the benthos 
modelling, those parameters would respectively increase information and more precise detail on the impacts 
on the depletion and the recovery, with different aspects depending on the habitats and the benthic 
communities (ICES, 2019a). 

Other pressure than fishing can affect the benthos dynamics in the Baltic Sea. We expect all kind of 
accumulation of heavy metals from antifouling paint, river runoffs of industrial plant exhausts etc. to be 
detrimental for living animals and create for example direct mortality from poisoning, genetic drifts, or 
jeopardising the future reproductive capability. However, one of the most documented and critical pressures 
on benthic habitats and communities is oxygen-depleted areas, i.e. hypoxia. Hypoxia is a recurring event in 
the Baltic Sea area arising from natural causes or eutrophication induced by human activities. Hypoxia 
influences significantly the central Baltic benthic communities as well as the opportunities of fish stocks to 
develop there. For demersal fish species, hypoxia-induced habitat compression can lead to crowding and 
increase competition for prey, especially for juvenile fish, potentially resulting in decreased body condition 
(Casini et al. 2016). For benthos animals, a recent study (van Denderen et al. 2020) has shown how to 
incorporate the effect of the hypoxia into the assessment. 

Nevertheless, we did not include this new advancement in the current assessment yet. This is because we 
expect strong inertia of the marine ecosystem from nutrients accumulation into the sediments. Attempt to 
correct for human-induced imbalance effect on the foodwebs would need several generations of fish that 
are going beyond the time horizon we model here.  
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The current assessment is not accounting for food-web interactions between the benthos and the fish 
ecosystem components. However, several authors found or suggested increasing benthic invertebrate 
abundance and biodiversity with increasing bottom trawl fishing intensity (van Denderen et al. 2013, Lambert 
et al. 2017, Sköld et al. 2018). This effect is most likely due to fishery induced reduction in flatfish predators 
on the invertebrates (Hiddink et al. 2016). At a broader scale, human-induced warmer temperature creating 
a change in Baltic Sea hydrological conditions is considered one of the primary pressure for recruitment 
failure of individual Baltic fish stocks. Such effects are long term effects and undoubtedly hard to slow down 
on a short term, and we, therefore, did not include them explicitly. On the other hand, we addressed 
possibilities for limiting physical loss and disturbance of habitats that are policy instruments quicker for 
implementing to protect the marine habitats. 

 
The current assessment assumed a constant depletion rate for trawl and seine deduced from Hiddink et al. 
(2017). However, in their reviews on the effects of bottom fishing on marine benthic communities, Collie et 
al. (2000) and Kaiser et al. (2006) have shown that mortality may vary. The depletion is likely to depend on 
habitat types and benthic species group, and that mortality varies according to the type of fishing gear. A 
recommendation that arises from our study would also be to test fishing impact in Baltic Sea areas with short-
living communities as our model predictions suggest that recovery is relatively fast.  

 
Other uncertainties arise from the quality of the fisheries data used as input. The fisheries data are dependent 
on the accuracy of the fleet register, reporting the number of vessels per home harbour together with the 
vessel specifications (length and kW). However, the suspicion is rising from the possible widespread 
underreporting of the actual engine power in the EU fleet register (EU, 2019). Such biased reporting would 
lead not only to underestimating the vessels fuel consumption but also the size of the gear that can be towed 
by the vessels. Informing proper catch rates and harvest functions is also crucial in predicting catch volume, 
future catch opportunities, and the sustainable stock trajectories. The conditioned catch rates are not yet 
changing dynamically in the model along with a change in stock abundance and density for all stocks, because 
most stocks have been implicit. We, therefore, assumed a situation of so-called hyperstability in catch rates 
in lack of an alternative for most of the harvested stocks, which hold up to an unknown point. Hyperstability 
is the general phenomenon for which the catch rate does not decline even if the underlying stock abundance 
decreases. Hyperstability, most of the time, happens because the fishing is getting more efficient along with 
a reduction of effort but also for other reasons. Hence, the next priority would be to improve the stock data 
along with ICES stock assessment and new developments herein and including more stocks here. Updated 
stock data would be useful to simulate stock dynamics for all the stocks, thereby possibly providing more 
robust evidence of long-term stock health gains given management scenarios. Healthier stocks would result 
from the indirect so-called reserve effect that could arise from the fishing restrictions. 
 
For estimating the bycatch risk, and precisely because bycaught species are not targeted, we had difficulties 
in retrieving covering and consistent data for the full population dynamics and catches. Accordingly, the 
outcomes concerning the unwanted bycatch of harbour porpoise will need further improvement. In 
particular, the outcomes of the WP1 of the HELCOM ACTION project should bring more accurate data 
concerning the marine mammal species distribution, the catch rates, and the high-risk areas of being caught. 
Concerning marine birds, the scientific approach is different than for the other marine resources (fish, 
mammals), because the way of studying and monitoring the species and the data collected is different from 
fish stocks.  
 
However, if a lack of data and uncertainties may be of critical concern, such an integrated modelling tool is 
precisely helpful. Such a tool can explore alternative conditioning from currently available data, evaluate risks 
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and robustness according to uncertainty and potential bias in input, and on this basis produce outcome 
considering that and evaluating the sensitivity of the output according to this. We then create feedback to 
the fish and benthos population model by using the results of the management decision in the fishing model. 
We can make each of our computer virtual (simulation) worlds slightly different, representing different 
scenarios to represent our uncertainty about the real-world system dynamics. The DISPLACE model, with its 
implementation in the current study, can offer an interface that can be direct support to decision-making 
advice in this respect. The further development of this framework will allow to make science more useful, 
realistic and comprehensive for policy-makers and stakeholders and to strengthen the relationship between 
science and policy-making at an institutional level for a better and more sustainable governance and scientific 
advice related hereto by informing better the management decisions.  
 
The investigation further reports on the costs and effects of mitigating or displacing the fishing pressure in 
the Baltic Sea, also including distributional economic effects on fishing agents, with information from a cost-
benefit analysis. Consistent with the EU MSFD (Art. 13.3) the modelling platform is a support to conduct 
impact assessment for concerns on social and economic impacts for setting/testing environmental targets, 
anticipate the socio-economic effects of choosing targets, and providing alternative pathways to achieve 
MSFD GES for stocks and benthic habitats under consideration of adverse effects of obtaining GES on several 
economic components. We anticipate that these aspects and possibilities the framework offered in this 
context will help to inform the policymakers about the impacts on stakeholders covering socioeconomic 
considerations. This should inform and prepare the facilitation for acceptance/compliance with the identified 
spatial measures most likely to be implemented to close the gap towards obtaining GES efficiently. The aim 
is to contribute to integrating the transboundary context for consistent and coordinated measures across the 
Baltic Sea sub-regions. By testing and analysing the effectiveness of measures and by identifying potential 
new measures, we expect the project to contribute directly to the update of the EU CFP and the 
implementation of the EU MSFD Programs of Measures. There is a need for “greater coherence with related 
EU legislation, in particular, the Habitats and Birds Directives (92/43/EEC and 2009/147/EC) and the Water 
Framework Directive (2000/60/EC). We need more coherent and coordinated approaches within and 
between marine regions and subregions” and Article 11(1) in particular creates a direct link from the CFP to 
the MSFD. 

 

Conclusion 

Based on a solid scientific basis, the integrative DISPLACE platform and the current Baltic Sea application 
represents a significant first step to enhance the knowledge on fish stock dynamics, including change in 
spatial distribution patterns and subsequent fishing opportunities.  At the meantime, we study the effects on 
the environment given different management scenarios – here with a focus on spatial management. For the 
same level of the overall effort, and specific to the central Baltic Sea, displacement of fishing effort will likely 
negate any attempt to improve the overall relative benthic status with area closures. On the other hand, this 
is likely to affect the fisheries’ economy adversely.  

This somewhat unexpected outcome highlights the need for empirical studies to better document the link 
between spatial pressures exerted on marine ecosystems and the resulting status and dynamics of these 
ecosystems. If we understand pressure-state relationships better, it should be possible to implement 
management measures that minimise the impacts of fishing, including non-area based mitigation measures. 
An essential outcome of the presented Baltic Sea implementation of an integrated model is to provide a 
platform for detailed estimation of changes in spatial fishing pressure in a way that is consistent with fisher 
behaviour. Fishers are subject to some newer area-based management options, besides other more fish-
stock oriented management measures of the CFP. In the present application, the DISPLACE platform gives an 
evaluation of fish stocks, relative benthic status and dynamic impacts on a 5-year horizon, with support for 
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hosting alternative modules of benthos dynamics. In the context of an ecosystem-based approach to fisheries 
management, the approach can, therefore, inform levels of harvesting that correspond to sustainable 
exploitation. Such options should keep us within the limits of economically viable, profitable, and 
environmentally-friendly fisheries as of interest for the fishing sector.  

Along with refining pressure-state relationships over time, the present Baltic Sea application and future 
updates would enable management to identify and evaluate the sensitivity of explaining factors and the 
consequences of a change in fishing opportunities. These changes would emerge from management options 
trying to decrease fishing impacts to safeguard fish and other ecosystem components such as the benthic 
communities living in and on the seafloor. In this context, the presented integrative framework could 
contribute with a benchmark of the ecological-economic systems with fishery-based bio-economic 
management evaluation. This benchmark should hold as long as we can reliably simulate at spatial and 
temporal scales that are needed for robust management. 
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Annexe: Methodology 

 

A.1 The DISPLACE opensource software 

DISPLACE is a spatial multi-agent bioeconomic model combined with spatial population dynamics and other 
activities. The aim is to support achieving economically viable, profitable fisheries (Bastardie et al. 2014). 
DISPLACE is a spatial model for simulating the movement of individual fishing vessel agents combined with 
an underlying spatial population dynamics model. In DISPLACE, individual agents optimise their decision-
making on the fly depending on their experienced catch rates on zones and the expected cost to reach the 
zone and return to harbours. Each vessel depletes the fish stocks individually and depending on the gear type 
in use. The model is accounting for real-case individual footprints and using best available fisheries-related 
science delivered by ICES (such as VMS-logbooks coupled data, or specific depletion effect from different 
gear types). In the context of evaluating the effect of fishing impacting the seafloor integrity, the platform is 
to integrate ongoing development: dynamic coupling with fine-resolved predictions of fish abundance fields; 
dynamic coupling with benthos dynamics.  

The critical aspect of contributing to improving the ICES WKTRADE/WGFBIT analyses and its application to 
the Baltic Sea ecoregion is to go beyond the equilibrium assessment provided by the ICES WGFBIT (ICES, 
2019a). This is by allowing stochastic projections of alternative management scenarios and virtual simulation 
worlds (e.g., fleet displacement and adaptation, alternative quotas and fish stock trajectories) from this 
starting point. This work presented at ICES WKTRADE2 (ICES, 2019b) contributes to approaches that allow 
spatial upscaling of local findings to a regional scale. It anticipates management actions/plans that reduce 
the footprint of fishing activities or establish trade-offs between impact and economic revenue. We present 
an application focusing on the identification of effective measures to reduce fishing impacts on the seafloor. 
In this particular project, we draw pressure-state curves to test on the pressure level that would reduce the 
impact toward the state value we want to reach (the “good state” or GES in an MSFD context; EC, 2012). This 
holds as long as the current state is also known. This approach should further allow quantifying how likely 
good benthos state could be achieved (per subregion) along with quantifying the probable consequences on 
the fisheries economics (catch volume value and profits) and sustainability (FMSY in a CFP context) when 
implementing the spatial plans. 

In the model, the action of the gear also causing benthos depletion for bottom contact gears, and the 
intensity of this depletion depends on the area swept by the specific gear informed from BENTHIS 
relationships (Eigaard et al. 2016). The benthos recovery occurs in-between fishing events at rates specific to 
the benthos groups and possibly type of habitats. The model provides a platform also to include indirect 
benthos mortality from sediment resuspension created by the fishing gears, and the commercial shipping 
fleets. 
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Figure A.1. A random snapshot of the DISPLACE interface showing the Benthos data map layer with relative 
benthos status (RBS) initiated on the WGFBIT 2018 (ICES, 2019a) equilibrium assessment of benthos state 
split per longevity groups, along the simulations of catch and profit per fleet-segment (possibly aggregated 
per vessel, métier, harbour, and nation). 

 

The software is freely available for download on https://displace-project.org/blog/download/ and the 
dataset at https://github.com/frabas/DISPLACE_input_BalticSea for this particular application. 

 

A.1.2 Conditioning DISPLACE on the international Baltic Sea fisheries 

 

A1.2.1 Stock data 

In the Baltic Sea, fisheries are targeting a relatively small number of species, mostly finfish as cod, herring 
and sprat, and additionally Nephrops and flatfish in Kattegat. In this study, we focus on the most important 
species and stocks in terms of fisheries resources in the Baltic Sea. Cod, herring, and sprat constitute about 
95% of the total commercial catch in terms of catch weight (ICES, 2018). The ICES Baltic Fisheries Assessment 
Working Group (WGBFAS) focus on assessing 17 stocks that we have integrated into the DISPLACE model, 
including: 

• 3 cod stocks, one for the Kattegat, COD.kat, one for the Western Baltic Sea, COD.2224 and one for 
the Eastern Baltic Sea stock, COD.2532  

• 3 herring stocks, HER.2532 for the central Baltic Sea, HER.281 covering the stock of the Gulf of Riga, 
and HER.3031 distributed in the Gulf of Bothnia  

https://displace-project.org/blog/download/
https://displace-project.org/blog/download/
https://github.com/frabas/DISPLACE_input_BalticSea
https://github.com/frabas/DISPLACE_input_BalticSea
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• 2 plaice stocks are identified, one for the Kattegat, the Belt Sea and the Sound, named PLE.2123, and 
PLE.2432 for the rest of the Baltic Sea 

• 1 sprat SPR.2232 for the full Baltic Sea area 
• 1 SOL.2024 including the Skagerrak, the Kattegat and the western Baltic Sea  
• 4 flounder stocks FLE.2223, FLE.2425, FLE.2628 and FLE.2732 
• 3 other flatfish stocks for the wide Baltic Sea, a stock of brill, BLL.2232, one of dab, DAB.2232, and 

one of turbot, TUR.2232  
To complete the range of stocks exploited by the fleet, we added several stocks at the edge or outside of the 
Baltic Sea because of their importance, both in terms of catch volume and value: 

• HER.3a22 
• NEP.kask 
• lemon sole LEM.kask  
• 2 mussel stocks MUS.kask, MUS.2224, 
• Norway lobster NEP.kask  
• shrimp PRA.kask  
• sprat SPR.kask  
• 2 of whiting WHG.kask, WHG.2232  
• North Sea cod COD.nsea  
• North Sea shrimp CSH.nsea  
• North Sea herring HER.nsea 
• North Sea mackerel MAC.nsea  
• North Sea Norway pout NOP.nsea  
• North Sea plaice PLE.nsea  
• North Sea sole SOL.nsea  
• North Sea sprat SPR.nsea  

 
North Sea stocks remained implicit in the model, meaning these stocks are not simulated dynamically. 
Nevertheless, these stocks are necessary to include for coverage of the full catches of the fishing vessels 
operating in both the North Sea and the Baltic Sea. Satellite-based VMS location data (Bastardie et al., 2013), 
documented some North Sea vessels to operate in the Baltic Sea as well.  

  
We retrieved a row of biological traits for each stock from the best available science-based and 
internationally checked databases in order to model the dynamics of these stocks in both time and space. 
The data source includes www.ices.dk databases for stock number estimates, fishbase.com database for 
biological life-history traits, and ICES DATRAS for analysing stock spatial distributions from scientific trawl 
surveys.  
  
We also added two other “species/stocks”, in order to assess the bycatch of the harbour porpoise as marine 
mammals: 

•  Harbour porpoise ZPO.2024 
• Marine birds ZBI.2224 

Informed from relevant literature (Hammond et al. and Beest et al. 2017 for Harbour porpoise, Hario et al. 
and Sonntag et al. 2012 for Water Birds). 
 
We included fish life-history and ontogenetic growth for modelling the different populations with a body 
size-based model. Processes affecting population dynamics are often size-dependent (such as growth, 
mortality, maturity, condition, settling, and recruitment). Fishing is also a selective process that applies 
differently along with animal body size. Hence, the model handles 14 size groups (5 cm length groups) pooled 
in 3 size categories (small, medium, and large animals) for describing size-specific spatial distributions 

http://www.ices.dk/
http://www.ices.dk/
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(Bastardie et al., 2014). From Von Bertalanffy growth parameters (infinite length Linf, the growth rate K and 
t0 parameters), we generate stock-specific growth transition matrices (GTM) using the Von Bertalanffy 
growth curve model for simulating individual stochastic growths (see Bastardie et al., 2013). We run the same 
procedure to also obtain Age-Length Keys ALKs. 
  
In order to account for predator-prey trophic interactions between fish species, we informed the DISPLACE 
size-spectra model (based on Blanchard et al. 2014) with specific growth parameters, Winf as the asymptotic 
weight in grams and k as the standard metabolism factor in yr-1, and diet preferences (Jacobsen et al., 2014, 
2017).  
  
We informed the stock abundance-at-age from collecting fish stock analytical assessment data issued from 
different ICES assessment working group as the default input to the DISPLACE size-based modelling.  
 
The DISPLACE model is, by default applying a Ricker curve to model the stock-recruitment relationships which 
require alpha and beta parameters we retrieved from the literature (Table A1). The maturity parameter L50 
in the model corresponds to length at which 50% of individuals are mature, needed to calculate the spawning 
stock biomass of each stock included in the model. We used the parameters a and b for the allometric weight-
length relationship in the fish condition equation to deduce weights-at-age (Table A1).  

 
Stock references points 
 
We used Total Allowed Catches TACs (in tons) for 2016 based on the biological management advice 
generated from the assessments and associated forecasts, the minimum and the maximum age of fishing 
mortality, Fbar (age min) and Fbar (age max), and the fishing mortality value assessed for 2016, Fbar 
(assessment). We used FMSY values defined in the multiannual plan for the Baltic Sea (REF EU) for most 
stocks, and, when defined, together with biomass threshold value Btrigger. When defined, we retrieved the 
minimum landing size, MLS, for the different stocks from the EU regulation. 
  
By screening the final data availability, only 8 stocks have the complete dataset informed and could have 
their dynamics explicitly simulated in DISPLACE. Simulating dynamics means the abundance and spatial 
density change of these stocks are explicitly modelled. These 8 stocks were cod (COD.kat, COD.2224), herring 
(HER.3a22, HER.2532, HER.281), plaice (PLE.2123, PLE.2432) and sprat (SPR.2232). All other stocks were then 
implicitly accounted for in DISPLACE, whereby no depletion from fishing could occur on missing abundance, 
or because other parameters are lacking. These latter stocks still count in the catches when being caught 
with vessel-specific fixed catch rates on zones where these stocks distribute.  
 
Table A1. Collated biological traits per stock from different sources. 
 
Stock Winf k Linf K a b L50 alpha beta Species 
BLL.22321 8000 0 75 0.43 0.0112202 3 33 0 0 Scophthalmus rhombus 

COD.kat2 48000 0.216 105 0.13 0.0093 3.0069 55 1.03 0.0000133 Gadus morhua 

COD.22243 15000 0.16 86.2 0.11 0.0068 3.094 45 3.11 0.0000132 Gadus morhua 

COD.25324 15000 0.16 86 0.1 0.0099 2.965 37 0.2 0.0000002 Gadus morhua 

COD.nsea5 48000 0.216 131.8 0.16 0.0093 3.0069 60 3.53 0.0000029 Gadus morhua 

CSH.nsea6 - - 70.57 1.59 - - - - - Crangon crangon 

DAB.22327 35388 0 30.64 0.34 0.00545 3.23 15 0 0 Limanda limanda 

FLE.22238 40637 0 33.2 0.14 0.00667 3.18 23 0 0 Platichthys flesus 

FLE.24259 40637 0 38.5 0.25 0.01581 2.956 22 0 0 Platichthys flesus 
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FLE.262810 40637 0 38.5 0.25 0.01581 2.956 22 0 0 Platichthys flesus 

FLE.273211 40637 0 38.5 0.25 0.01581 2.956 22 0 0 Platichthys flesus 

HER.3a2212 525 0.32 30 0.3 0.0049 3.089 20 42 4.6E-10  Clupea harengus 

HER.253213 525 0.32 24 0.34 0.0062 3.019 20 30.36 5E-10  Clupea harengus 

1 FishBase (www.fishbase.org)  

2 Jacobsen et al., 2017; FishBase (www.fishbase.org); KASU research survey 2008-2010; Andrews et al., 2006; Goodwin et al., 2006 
3 Jacobsen et al., 2017; FishBase (www.fishbase.org); Andrews et al., 2006; Goodwin et al., 2006 
4 Jacobsen et al., 2017; FishBase (www.fishbase.org); Denney et al., 2002;  Andrews et al., 2006; Goodwin et al., 2006 
5 Jacobsen et al., 2017; FishBase (www.fishbase.org); Denney et al., 2002; KASU research survey 2008-2010; Oosthuizen and Daan, 1974;   Goodwin et al., 2006 
6 Hufnagl and Temming, 2011 
7 FishBase (www.fishbase.org); ICES WGBFAS Report 2018 
8 FishBase (www.fishbase.org); ICES WGBFAS Report 2018 
9 FishBase (www.fishbase.org); ICES WGBFAS Report 2018 
10 FishBase (www.fishbase.org); ICES WGBFAS Report 2018 
11 FishBase (www.fishbase.org); ICES WGBFAS Report 2018 
12 Jacobsen et al., 2017; FishBase (www.fishbase.org); Baxter 1959 ; Heinkinheimo, 2011 
13 Jacobsen et al., 2017; FishBase (www.fishbase.org); Denney et al., 2002; Grygiel and Wyszyński 2002; Goodwin et al., 2006 
 

Table A1. Continued. 
 
Stock Winf k Linf K a b L50 alpha beta Species 
HER.28114 525 0.32 24 0.34 0.0062 3.019 20 30.36 5.00E-10 Clupea harengus 

HER.303115 525 0.32 24 0.34 0.0062 3.019 20 30.36 Clupea harengus 

HER.nsea16 525 0.849 35.7 0.58 0.00603 30.904 22 113.98 0.0000008 Clupea harengus 

LEM.kask17 0 0 40 0.3 0.0065 3.014 27 0 0 Microstomus kitt 

MAC.nsea18 9988 0 40 0.4 0.003 3.29 26 5.11 Scomber scombrus 

MUS.kask19 0 0 5 0.1 0.01 30.147 0 0 Mytilus edulis 

MUS.222420 0 0 5 0.1 0.01 30.147 0 0 Mytilus edulis 

NEP.kask21 0 0 6.5 0.1 0.048 2.883 3 0 0 Nephrops norvegicus 

NOP.nsea22214 0.849 20.3 0.7 0.0068 3 13.1 1424.3 0.0000043 Trisopterus esmarkii 

PLE.212323 3500 0.12 54 0.11 0.01 3.0147 25 4.06 0.0000035 Pleuronectes platessa 

PLE.243224 3500 0.12 54 0.11 0.01 3.0147 25 4.06 0.0000035 Pleuronectes platessa 

PLE.nsea25 3500 0.12 54 0.11 0.01 3.0147 30 4.06 0.0000035 Pleuronectes platessa 

PRA.kask26 0 0 3.1 0.5 0.0026 3.613 2 5000000 0 Pandalus borealis 

SAN.nsea27 36 1 18 0.42 0.0012 3.32 13 1643.3 0.0000009 Ammodytes spp 
14 Jacobsen et al., 2017; FishBase (www.fishbase.org); Denney et al., 2002; Grygiel and Wyszy?ski 2002; Goodwin et al., 2006 
15 Jacobsen et al., 2017; FishBase (www.fishbase.org); Denney et al., 2002; Grygiel and Wyszy?ski 2002; Goodwin et al., 2006 
16 Jacobsen et al., 2017; FishBase (www.fishbase.org); Denney et al., 2002;  Froese et al., 2008; Goodwin et al., 2006 
17 FishBase (www.fishbase.org) 
18 FishBase (www.fishbase.org) ; Froese et al., 2008; Goodwin et al., 2006 
19 FishBase (www.fishbase.org) 
20 FishBase (www.fishbase.org) 
21 FishBase (www.fishbase.org) 
22 Jacobsen et al., 2017; FishBase (www.fishbase.org); Lambert et al., 2009; Goodwin et al., 2006 
23 Jacobsen et al., 2017; FishBase (www.fishbase.org); Denney et al., 2002;  KASU research survey 2008-2010; Goodwin et al., 2006 
24 Jacobsen et al., 2017; FishBase (www.fishbase.org); Denney et al., 2002;  KASU research survey 2008-2010; Goodwin et al., 2006 
25 Jacobsen et al., 2017; FishBase (www.fishbase.org); Denney et al., 2002;  KASU research survey 2008-2010; Van Walraven et al., 2010; Goodwin et al., 2006 
26 FishBase (www.fishbase.org)  
27 Jacobsen et al., 2017; FishBase (www.fishbase.org); Boulcott et al., 2007; Goodwin et al., 2006 

 
Table A1. Continued. 
 
Stock Winf k Linf K a b L50 alpha beta Species 
SOL.202428 1500 0.284 39 0.4 0.0057 31.998 25 5.11 0.0000168 Solea solea 

SOL.nsea29 1500 0.284 39 0.4 0.0057 31.998 25 5.11 0.0000168 Solea solea 

SPR.kask30 20 0.68 16.3 0.6 0.0021 3.475 10 148.41 5.00E-10 Sprattus sprattus 

SPR.nsea31 20 0.68 15.2 0.46 0.0021 3.475 9 148.41 5.00E-10 Sprattus sprattus 

SPR.223232 20 0.7 13.6 0.6 0.0041 3.22 10 148.41 5.00E-10 Sprattus sprattus 
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TUR.2232330 0 50 0.12 0.0179 3.02 25 0 0 Psetta maxima 

WHG.kask341192 0.323 62.4 0.162 0.0089 2.926 20 13.47 0.0000023 Merlangius merlangus 

WHG.2232351192 0.323 63.8 0.141 0.035 2.58 20 13.47 0.0000023 Merlangius merlangus 

ZPO.20243660000 0 153 0 0.000081 12.401 147 0 0 Phocoena phocoena 

ZBI.222437 2800 0 71 0 2.8 0 0 0 0 Somateria mollissima 

 
28 Jacobsen et al., 2017; FishBase (www.fishbase.org); IMPASEL research survey 2004; ICES WGBFAS; Goodwin et al., 2006 
29 Jacobsen et al., 2017; FishBase (www.fishbase.org); IMPASEL research survey 2004; ICES WGBFAS; Goodwin et al., 2006 
30 Jacobsen et al., 2017; FishBase (www.fishbase.org); Heinkinheimo, 2011 
31 Jacobsen et al., 2017; FishBase (www.fishbase.org); Heinkinheimo, 2011 
32 Jacobsen et al., 2017; FishBase (www.fishbase.org); Denney et al., 2002; BITS research survey 2008-2010; Grygiel and Wyszy?ski 2002; Heinkinheimo, 2011 
33 FishBase (www.fishbase.org) 
34 Jacobsen et al., 2017; FishBase (www.fishbase.org) 
35 Jacobsen et al., 2017; FishBase (www.fishbase.org) 
36 Lockyer 2013; Lockyer 1995; Lockyer et al., 2003 
37 Hario et al., 2009; IUCN Red List 

 
Table A2. Abundance-at-age for the 8 stocks with explicit dynamics simulated. 
 
Stock 0 1 2 3 4 5 6 7 8 9 10 
 

COD.kat1  106 537 396 1541 580 265     

COD.22242 171271 2939 6924 4961 3106 394 139 63    

COD.nsea3  109912 41176 26396 9948 3178 2661     

HER.3a224 1054035 740328 496479 491326 187232 136851 90031 30174 27009   

HER.25325  132096380 332630070 66437920 58377470 35357950 12037960 13581110 18127560   

HER.2816  3466410 1568900 456510 1870890 1090160 148470 167060 308690   

HER.30317  6570122 8048483 3297921 1991248 1330934 775240 852464 584607 423327 1274769 

HER.nsea8 32135412 6638457 13980151 7425504 2051364 1313758 1200543 691328 707969   

PLE.21239  30031 23909 19034 12678 9421 7147 7245    

PLE.243210  5191 19067 7881 3005 748 568 259 89 28 23 

SOL.202411  2484 2627 1953 922 751 462 448 391 1285  

SPR.223212  75831000 152029000 24830000 12169000 5745000 1913000 1289000 1409000   

ZPO.202413   42        

ZBI.222414    760      

 
1 ICES - codkat2016 (www.stockassessment.org) 
2 WGBFAS Report 2018 (page 157) 
3 WGNSSK Report 2018 (page101) 
4 ICES -  WBSS_HAWG_2019 (www.stockassessment.org) 
5 WGBFAS Report 2018 (page 259) 
6 WGBFAS Report 2018 (page 299) 
7 ICES -  GoB_Herring_2019_clonedversfinal (www.stockassessment.org 
8 HAWG Report 2018 (page 103) 
9 ICES - PLE2123_WGBFAS2017_Final_run (www.stockassessment.org) 
10 ICES - PLE-2432_WGBFAS2016 (www.stockassessment.org) 
11 ICES -sole20-24 (www.stockassessment.org) 
12 WGBFAS Report 2018 (page 457) 
13 Hammond et al., Abundance of harbour porpoise and other cetaceans in the North Sea and adjacent waters, 2002 
14 (Common eider), Sonntag et al., Seabirds, set-nets, and conservation management: assessment of 
 conflict potential and vulnerability of birds to bycatch in gillnets, 2012 
Appendix 2 – VIII: Stock assessment of explicit stocks 
 
 

Table A3. Fisheries management reference points per stock. 
 
Stock          TAC (tons)  Fbar (age min)  Fbar (age min) Btrigger FMSY Fbar  SSB  MLS 
COD.kat1  525  3    5 

COD.22242  12700  3 5  38400 0.26 0.58 28450 35 
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HER.3a223  48427  3 6  110000 0.32 0.256 154361 20 

HER.25324  206605  3 6  600000 0.22 0.183 1028 20 

HER.2815  31100  3 7  60000 0.32 0.32 92404 20 

PLE.21236  8639  3 5  5558 0.37 0.17 19064 27 

PLE.24327  4034  3 5   0.845   25 

SPR.22328  243000  3 5  570000 0.26 0.22 1391000  

 
1 Ices Advice 2017, Cod (Gadus morhua) in Subdivision 21 (Kattegat) 
2 Ices Advice 2016, Cod (Gadus morhua) in subdivisions 22–24, western Baltic stock (western Baltic Sea) 
3 Ices Advice 2016, Herring (Clupea harengus) in subdivisions 20–24, spring spawners (Skagerrak, Kattegat, and western Baltic) 
4 Ices Advice 2016, Herring (Clupea harengus) in subdivisions 25–29 and 32 (central Baltic Sea, excluding Gulf of Riga) 
5 Ices Advice 2016, Herring (Clupea harengus) in Subdivision 28.1 (Gulf of Riga) 
6 Ices Advice 2016, Plaice (Pleuronectes platessa) in subdivisions 21–23 (Kattegat, Belt Sea, Sound) 
7 Ices Advice 2016, Plaice (Pleuronectes platessa) in subdivisions 24–32 (Baltic Sea, excluding the Sound and Belt Seas) 
8 Ices Advice 2016, Sprat (Sprattus sprattus) in subdivisions 22–32 (Baltic Sea) 
 

 
 
A1.2.2 Fleet data 

DISPLACE simulates individual fishing vessels and how they redistribute their fishing effort given spatial 
closures or other management measures. Individual vessels and gear characteristics per fishing harbour are 
retrieved for all Baltic Sea countries (but Russia) from the publically available EU fishing Fleet Register 
(https://ec.europa.eu/fisheries/cfp/control/codes_en). Larger fishing vessels (>12m) are treated individually 
and can deploy two different gears, a primary and second gear, as informed in the register. Conversely, the 
number of active vessels per fishing harbour and gear category constitute the fleet-segmentation for the 
smaller and numerous vessels using passive gears (8-12m), and pooled in only one vessel per category 
(harbor-gear) to limit the final number of simulated entities. Hence, we simulated 261 super-individuals for 
small vessels added to 528 (>12m) vessels individually. The current application conditioned 12 different gears 
(also named métiers) deploying stock- and fishing gear- selectivity over fish body size. In the simulations, we 
assumed the main gear is used 75% of the time at sea, the secondary gear accounting for the remaining 25% 
effort. All vessels are assumed to move at 15 knots. We deduced the maximal range for operation expressed 
in the distance to departure ports from historical data per vessel length. Maximal fuel tank and maximal 
carrying capacity for fish were both deduced from non-linear regression modelling applied to estimated 
maximal fuel consumption and declared landings over vessel lengths in the historical data. Besides this, we 
know some pelagic fisheries seek for herring and sprat with otter bottom trawl in the western Baltic. 
Therefore, we distinguished pelagic otter trawlers operating small meshes, from the demersal otter trawlers 
operating large meshes, by using logbooks information when available (DK, DE, and SE). This distinction to 
make sure the corresponding cost structure is well identified (section Economic fleet data). 
 
Fishing effort spatial distribution 
 
We used the 0.05 c-square yearly aggregated fishing effort data collected from national VMS data collated 
and processed by ICES WGSFD (ICES, 2016) for describing fishing activities using towed bottom contact gears. 
These data were delivered to HELCOM and OSPAR in 2016 to describe the spatial distribution of fishing effort 
split per fleet-segment, i.e., trawl, seine, and dredge and further split per target assemblage. Fisheries using 
mobile bottom-contacting gears mostly take place in the south-western part of the Baltic Sea ecoregion (Fig. 
A.2). The effort distribution of pelagic trawlers (not considered touching the seafloor) was assumed to 
distribute along with the small pelagic fisheries also mapped in 2016 by ICES Technical Service when 
answering a HELCOM request. For describing activities using passive gear, we assumed a delineation of 30 
km from the coastline. This 30 km limit was to constraint the maximal distance where this type of fishing 

https://ec.europa.eu/fisheries/cfp/control/codes_en
https://ec.europa.eu/fisheries/cfp/control/codes_en
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occurs the most because passive gears are most likely operated by small-scale vessels (<12 m) with minimal 
mobility.   
 
 

  
 
Figure A2. (Extracted from WGFBIT 2019, ICES, 2019a) Map of surface (0-2cm sediment depth) and subsurface 
abrasion (>2 cm) based on VMS and logbook data for all mobile bottom-contacting gears in 2018. Coverage 
incomplete, only c-squares with records from ≥3 vessels were included due to data confidentially issues. 
 

Catch rates and harvest function 

DISPLACE simulate catches (retained catches and unwanted catches) from average LPUEs, gears selectivity 
per size and depending on the encountered stock abundance, and possibly further depending on the metier 
in use and specific to the individual vessel. When finely resolved fisheries data are available, i.e., for the larger 
vessels equipped with VMS tracking device, we can inform geolocalised and vessel specific LPUEs from 
historical data of landings declared in vessel logbooks coupled to VMS fishing effort data. For the smaller 
vessels (<12m) not obliged by law to equip with VMS on-board, we can retrieve the effort deployed from the 
logbooks at the ICES rectangle geographical resolution. Whenever finely resolved data are not shared for 
confidential reasons, as it was the case for the current application, the conditioning cannot be based on 
logbooks or VMS-logbooks coupled data. Therefore we conditioned DISPLACE with 2014-2016 STECF landings 
and effort publically international data to retrieve average catch rates per species per fleet-segment (STECF 
FDI Fisheries Dependent Information database, see www.stecf.jrc.ec.europa.eu). We retrieved the selectivity 
over animal body size-specific to gears and stocks from the literature. Finally, we assumed the underlying 
encountered fish abundance on zones to affect the average stock and vessel specific catch rates (see the 
complete conditioning dataset on GitHub).  
 
Economic fleet data 
 
We informed DISPLACE with the EU STECF Annual Economic Report (AER) reporting the economics per EU 
fishing fleet (www.stecf.jrc.ec.europa.eu/reports/economic ; STECF, 2018). To relate the STECF economic 
dataset (AER) with the STECF effort and landings dataset (FDI) the latter used to deduce catch rates per 
species and fleet-segments (section “catch rates”), a common fleet-segment key was coded to eventually 
inform DISPLACE with 14 economic variables on a fleet-segment level. Most of the required variables by 
DISPLACE are already available in the AER. We deduced some of them from the combination of AER 
indicators, which are landings costs per cent and other variable costs per unit of effort. We replicated the 

http://www.stecf.jrc.ec.europa.eu/reports/economic
http://www.stecf.jrc.ec.europa.eu/reports/economic
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AER data extraction per fleet-segment for each Baltic country, and we finally obtained 47 distinct fleet 
segments across countries. We finally used the Eurostat database of the European Union 
(www.ec.europa.eu/eurostat) to retrieve the annual insurance costs per crew, the standard labour hour 
opportunity costs, the annual depreciation rate, the opportunity interest rate, and the annual discount rate. 
We informed the hourly labour costs accordingly to each country. Besides this, available economic data in 
AER are disaggregated at best down to a country, therefore not split by region. Missing the region dimension 
might create uncertainties in cost structure when a fleet of a particular country is actually used to operate 
across different regions. For example, this is an issue for Danish fleet operating on both sides in the North 
Sea and the Baltic Sea areas.  

 

A1.2.3 Benthos model and data 

DISPLACE simulates the spatial benthos dynamics to provide information on the level of depletion of specific 
seafloor types and benthic communities. Benthic community dynamics are estimated using a population 
dynamic growth model (Mazor et al., 2017; Pitcher et al., 2017). The simulated vessels in DISPLACE with 
bottom-contact gears apply a depletion effect on the underlying benthos on locations where the vessels 
operate. The benthic community can recover in-between two fishing pressure events (schematic Fig.  A3).  
 
 

 
 
FigureA3. Schematic representation of trawl depletion and recovery (extracted from Pitcher et al., 2017) 
 
 
 
The model estimates the relative change over time of the biomass B of the benthos community in a given 
locality. Biomass change results from the depletion from fishing D or, to a lesser extent, from other types of 
pressures, counterbalanced by its recovery R. On the depletion side the model calculates the relative 
reduction against the overall carrying capacity K on a given locality, of each fishing event independently, and 
depends on the portion trawled S and not trawled C-S in a given spatial grid cell of surface C: 
 

𝐵𝐵(𝑡𝑡) = �
𝐶𝐶 − 𝑆𝑆
𝐶𝐶

�× 𝐵𝐵(𝑡𝑡−1) − 𝑆𝑆 × 𝐵𝐵(𝑡𝑡−1) × 𝐷𝐷 +  𝑅𝑅 × (𝑆𝑆 × 𝐵𝐵(𝑡𝑡−1))  × �
𝐾𝐾 −  𝐵𝐵(𝑡𝑡−1)

𝐾𝐾
� 

 
Parameterisation of the model:  

The assessment provides estimates of the relative benthos status (RBS) scaled between 0 and 1 for each 
spatial grid cell. Cells having fishing pressure or other types of pressure will have an RBS less than 1 until the 

http://www.ec.europa.eu/eurostat
http://www.ec.europa.eu/eurostat
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community is recovered, while cells without any pressure on the seafloor have RBS at 1, the (relative) carrying 
capacity. 
 
The depletion effect of bottom gears on the benthic community depends on the penetration depth of the 
gear (Hiddink et al. 2017).  
 
Recovery of the benthic community is assumed to depend on the longevity of benthic fauna, following the 
relationship between longevity and recovery as found in Hiddink et al. 2018 and shown in Fig A4. A prediction 
of faunal longevity of benthic communities across the Baltic Sea is taken from van Denderen et al. (2020) (Fig. 
A5). This prediction is based on sampling data of the Baltic seafloor fauna from Gogina et al. (2016). The 
prediction shows that communities in low-salinity regions mostly consist of short-lived species, which are, in 
our model, more resilient to trawls gears than those of the more saline areas. In the present application, the 
benthos recovery is solely related to the predicted longevity of the benthic community and not by potential 
spatial recolonisation from the surrounding areas.  
 

 
Figure A4. Figure extracted from Hiddink et al. 2018. Relationship between r and the reciprocal of Tmax 
estimated from gradient studies (r = 5.31/longevity, R2 = 0.96, F1,1 = 73.9, p = 0.013). The points and error 
bars are r estimates and their 95% confidence intervals, while the solid line is the fitted regression line. The 
shaded area indicates the regression fits through the upper and lower confidence intervals of the data (upper: 
r = 11.44/longevity, lower: r = 2.43/longevity) 
 
 
We explored uncertainty in conditioning the benthos by adding a log-normal error to the recovery rate mean 
value per longevity class from the relationship given by Hiddink et al. (2017) (Hiddink et al. 2018; Fig. A4). 
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Figure A5. Figure extracted from WGFBIT (ICES, 2019a) - The predicted median longevity of the Baltic Sea 
ecoregion. It should be noted that c-squares with low bottom oxygen levels (<3.2 mg L-1) were not excluded 
in the sensitivity assessment.  

 
As a preliminary attempt, we also incorporated two other types of pressures besides fishing abrasion from 
bottom trawl gears. Firstly, we included the impact of physical disturbance of the sediment from international 
shipping in the Baltic Sea. Shipping pressure originates from the current activity of tankers and cargo we 
retrieved from HELCOM Automatic Identification System (AIS) shipping density maps (www.maps.helcom.fi) 
informing the shipping lanes. Because data are too scarce on this aspect, we assumed a link between the 
shipping AIS intensity (gridding the number of ships positioning per second) to fraction removal of the 
underlying benthos under beneath the shipping lanes. We made this link depend on the bathymetry and not 
exceeding 5% a month at 10 m deep. We also included the effect of suspended sediments being remobilised 
in the water column by the fishing gears towed on the sea bottom, depending on the silt sediment fraction. 
We assumed this remobilisation to affect the benthos biomass indirectly in the simulation. This effect was, 
however, applied evenly and to an insignificant extent. To collect proper data (silt sediment fraction maps 
and gear-specific hydrodynamic drag as in O'Neill and Ivanovic, 2016) is still an ongoing work and there are 
no meta-analyses available for shipping and resuspension effects.  

. 
 
Localities in DISPLACE are informed with the EUNIS (European Nature Information 
System; www.eunis.eea.europa.eu) marine habitats classification. The habitats found in the Baltic basins are 
mostly sublittoral sediments, mud, and sand, corresponding to the A.5 habitat type. Our current DISPLACE 
application integrates the benthos relative state and longevity approach of WGFBIT 2018 and van Denderen 
et al., (2020). The longevity-biomass-relationship is deduced in van Denderen et al. (2020) from the previous 
biomass estimation dataset of the Baltic seafloor fauna (Gogina et al. 2016). This latter study collected 
information on macrofauna biomass over 2268 locations. Each location contains one or multiple sampling 
events, taken in different years or different periods in the year, that are aggregated to a 5 x 5 km cell. At all 
locations, benthic samples were collected with box-cores or grab-samplers. For each location, species were 
linked to a species-by-trait matrix of longevity. Benthic longevity information was derived from available 
literature (Törnroos and Bonsdorff, 2012; Bolam et al., 2014, 2017). The longevity–trait approach divides the 

http://www.eunis.eea.europa.eu/
http://www.eunis.eea.europa.eu/
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overall benthic fauna into 4 longevity classes: organisms with a life span of maximum one year, or between 
1 and 3 years, or between 3 and 10 years, or expected lifespan beyond 10 years. The initial assessment 
provides estimates of the relative benthos status (RBS) scaled between 0 and 1 for each spatial c-square grid 
cell. Cells having fishing pressure or other types of pressure will have an RBS less than 1, while not trawled, 
or no pressure cells have RBS at 1, the carrying capacity. Hence, sampling locations were selected that are 
mostly undisturbed by fishing (locations with <0.1 in swept area ratio) in order to derive an undisturbed 
reference state. A reference state is assumed to be the carrying capacity of the marine habitat under 
consideration.  
 
In ICES WGFBIT, the cumulative biomass-longevity relationship was estimated based on generalized linear 
mixed models (GLMMs) using a stepwise forward selection approach and including fixed variables of bottom 
water salinity, depth and seafloor shear stress and assuming stations as random variables. The statistical 
model analysis is based on a similar approach as in Rijnsdorp et al. (2018). Alternative model versions were 
compared using the Akaike information criterion (AIC), and the best model was: (longevity, ~ . + ll*Salinity + 
Depth*Salinity + ll*Depth) as described in ICES (2019). 
 
The parameter estimates of the best fitting model were used to predict the median longevity in each c-square 
in the Baltic Sea (Figure xx). We used these relative benthos state estimates to initiate the relative benthos 
status on DISPLACE spatial grid cells. 
 

 

2.3.4 Harbor Porpoise and Marine Birds data 
 
We incorporate Harbor porpoise and marine bird population dynamics that aims at identifying high-risk areas 
for bycatch of mammals and birds. We evaluated technical, spatial measures to reduce bycatch, estimating 
the effect and cost of these mitigation measures. ZPO.2024 and ZBI.2224 are two stocks we created to 
correspond to harbour porpoise (Phocoena phocoena) and water birds (mainly common eider Somateria 
mollissima) in the model. We chose the common eider to represent the water birds considering the relatively 
higher amount of information available on this species compared to other species (Sonntag et al., 2012). Only 
a few data were available for informing biological traits and sometimes not specific to the Baltic Sea. In such 
a case, we assumed that the species and population parameters in the Baltic basin are similar to those found 
in other areas. We further assume the bycatch of marine mammals and marine birds is not dependent on 
their individual size in contrast to fish. Bycatch is only depending on the fishing effort deployed by passive 
gears and the population density. A global abundance estimate of the total population number is used and 
dispatched over the spatial distribution of the populations proportional to the spatial density. We informed 
the overall abundance for the harbour porpoises and the common eiders at age 3, as the age at maturation 
is around 3 years for both species. Our bycatch risk study focused on the Danish, Swedish, and German 
western Baltic Sea waters only. 
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Figure A6. Density of harbour porpoises and Natura 2000 sites around western Baltic and Kattegat area 
(adapted from Van Beest et al. 2017) 
 
Simulations compute the bycatches of each fishing event using passive gears. Bycatch is deduced from 
applying the average catch rates on the visited fishing grounds, crossed to the underlying density of the 
harbour porpoise, this density in turn affecting the average catch rates. Each fishing event is assumed to 
correspond to the catch of an effective effort duration of 8 hours of the net staying in the water. The 
underlying density of harbour porpoise or water birds depletes accordingly.   
  
For the harbour porpoises, we calculated an average catch rate of 14.39 kg/hour for gillnetters based on 
Kindt-Larsen et al. (2016) catch rate estimates. The population is estimated at 42 000 individuals for the 
whole Baltic Sea when using a bycatch rate of 5% of the total Baltic population corresponding to the worst-
case scenario in Beest et al. (2017). This latter study is also informing the spatial distribution of harbour 
porpoise with density levels. 
  
Natura 2000 marine conservation areas in this region were mainly designed for protecting breeding zones of 
bird populations (Figure xx). Therefore these areas are also assumed in the simulations to be where the birds 
distribute. We chose this approach because we lack any other more refined information on birds' spatial 
distribution to do otherwise. We also assumed a 10 km strip around each Natura 2000 site where the birds 
are likely to spillover so that any effect from displacing the passive gear fisheries from the Natura 2000 sites 
to the remaining open areas could be captured. We calculated a catch rate for the marine birds by considering 
that 73 000 birds are estimated dying annually in gillnets in the Baltic Sea, according to Sonntag et al. (2012). 
With the same calculation as for the harbour porpoises, we obtained a catch rate of 23.33 kg/hour for 
gillnetters. However, we did not relate the average catch rate to the underlying density of marine birds. We 
could not find any existing relationship describing bycatches and the density of the species, also because we 
lack survey data on bird density. 
 
2.5 Baseline calibrations  
 
The baseline corresponds to the business-as-usual scenario describing the spatial fishing footprint and 
exploitation under several conditions currently applied through the management plan in the Baltic Sea in 
2016. The comparison of the baseline with scenarios for management options enable us to measure how 
effective alternative management options could be. The baseline scenario includes biological reference 
points and targets used in the current EU CFP-related FMSY and TACs fisheries management of the Baltic Sea. 
Management includes the 2016 monthly closure to fishing implemented to protect Baltic cod stocks. The 
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Baltic multi-annual management plan of the European Union (EU, 2016), and the revision of it for 2018 
enforce a seasonal closure for the western Baltic cod from February 1 to March 31, and from July 1 to August 
31 for the eastern Baltic cod. 
  
The calibration of the model to the baseline conditions is necessary to be able to rely on the results and make 
a realistic comparison to alternative management scenarios. We make the calibration on the baseline 
scenario by comparing its outputs with the historical data and adjust them to each other. The calibration year 
is 2016. We do the calibration by comparing simulated vs observed for the fishing effort, the overall landings, 
and the fishing mortalities F. The model conditioning tool provides routines to explore the parameters space 
with sequential simulations in order to best fit to the observed effort, landings and F values. Rules apply to 
generate multipliers on initial parameter values to adjust toward a better fit. For the effort deployed at sea, 
an adjustment is made via the GoFishing decision tree. Landings are adjusted imposing catch rate multipliers 
to initial stock-specific catch rates. Finally, fishing mortalities are adjusted by multiplying the weight-at-size 
values uniformly for each stock. 
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