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Abstract

The Water Framework Directive (WFD) has set a deadline for 2027 to reach at least good
ecological status (GES) in coastal waters in the EU. As nutrient pollution (eutrophication) is one
of the main pressures in most EU coastal waters, and Danish waters in particular, significant
nutrient reductions are required. In this paper, we take an integrated environmental-economic
modelling approach to assess alternative strategies to mitigate non-point source nutrient pollution.
A spatially explicit optimization model, TargetEconN, is implemented at the Danish national scale
and extended to include mussel production as a marine water quality improvement measure.
Different eutrophication mitigation strategies investigated in the model are characterized by
whether nitrogen emissions are reduced at the source, between the source and the recipient e.g., by
establishing wetlands, or in the recipient itself. We run scenarios exploring the uncertainty in
baseline load assumptions and the effects of mussel farming. The results show that the potential
for marine measures depends on the baseline load assumptions and that marine measures have a
limited impact on the overall costs of achieving GES. The results also show that including marine
measures has a significant indirect impact through the influence on the spatial distribution of land-
based measures. We conclude that including mussel farming in policy initiatives to meet WFD
targets has potential, but that the distributional effects across sectors and spillover effects to other
policy targets should be a central part of the ex-ante policy discussions. We argue therefore that
spatially explicit integrated modelling, as the model developed for this paper, can offer useful
insights to manage the unescapable trade-offs in effective policy design to meet the WFD.

KEY WORDS: Environmental-economic modelling; Water quality; Spatially targeted regulation;
Mussel farming



1. Introduction

Improving coastal and marine water quality has been on the political agenda in Europe, as well as
in other parts of the world, for decades, and nitrogen (N) loads from agricultural non-point sources
(NPS) to marine waters have been a persistent environmental problem (OECD, 2017, 2012). At
the EU level, the Water Framework Directive (WFD) (EC, 2000) sets ambitious targets for N load
reductions to water bodies to fulfill good ecological status® (GES) by 2027. The targets for the
final implementation, during the period 2021 to 2027, will be challenging for many member states
as only 40 percent of their surface water bodies, including coastal waters, had achieved GES in
2018 (EEA, 2018; Hasler et al., 2022).

At the same time the urgent need for transition of the agricultural production system is highlighted
by several high-level policy documents (e.g. Farm to fork strategy (EC, 2020; FACCE-JPI, 2020)).
Finding ways to increase the overall resource efficiencies of the agricultural sector is of critical
importance to reduce the environmental impacts from agriculture. Analysis of measures across the
N-emission pathway (from source to recipient), and the effectiveness of interventions at different

stages, is therefore useful input into policy development processes.

A large number of studies has concluded that the programs and mitigation measures planned for
the WFD implementation in European member states are not sufficient to meet the ambitious
targets (EEA, 2018; Ollikainen et al., 2019; Blicher-Mathiesen et al., 2020; Hasler et al., 2022).
Ollikainen et al. (2019) emphasize that the implementation has been lax. They argue that cost-
effectiveness should be a guiding principle in the design and implementation of water policies, and
that this does not seem to be the case in the northern European countries around the Baltic Sea.
The European Commission explains the lax implementation of the WFD measures in European
countries by a combination of delays between implementation and identifiable effects in the water
bodies, and lack of political will among some member states (Kristensen et al., 2018). For
Denmark, 95 percent of coastal areas have yet not achieved GES (Ministry of Environment, 2021).
There is a need for additional nitrogen load reductions in 78 of the in all 108 coastal catchments,
corresponding to 79 percent of the Danish agricultural area. In an evaluation for the Danish WFD

implementation for the period 2015-21, Blicher-Mathiesen et al. (2020) conclude that planned

! More information on (European Commission (EC), 2000) Annex V.
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measures were not implemented to the degree anticipated before the WFD implementation started,

and that the measures did not have the anticipated effects.

In anticipation of the next implementation period (2021-2027) and due to the limited progress
mentioned above, the Danish Government has commissioned studies to assess marine instruments'
efficacy to reduce nitrogen concentrations in fjords and coastal areas, as an addition to land-based
measures. Marine instruments can be described as end-of-pipe solutions reducing the excess
nitrogen loads from land after entering the fjords and coastal areas. The marine instruments
investigated include mussel cultivation, seaweed farming, and seagrass planting, with mussel
cultivation being the most cost-effective of the three (Bruhn et al. 2020, Petersen et al. 2021). The
nutrient removal potential of mussel cultivation is specifically addressed in Maar et al. (2020),
Petersen et al. (2020), Timmermann et al. (2019), and Holbach et al. (2020). In the present paper,
we focus on the cost-effectiveness of mussel cultivation for N mitigation purposes, when
implemented together with land-based, agricultural measures, to fulfill WFD objectives and
targets. There is a growing literature evaluating blue mussel cultivation for nutrient extraction in
the Nordic region (eg. Hart, 2003, Lindahl et al. 2005 and Gren et al. 2018). The potential role of
Oysters in improving water quality in Chesapeake Bay through nutrient assimilation in shells and
meat, and acceleration of denitrification in sediments has also been documented (Mykoniatis and
Ready, 2020). The present study complements and extends the findings of earlier studies by using an
integrated environmental-economic model to examine the role of mussels in a mix of land-based and
marine measures. None of the existing studies of marine measures explicitly address the trade-offs
in the effectiveness of interventions along the N-pathway from source to recipient (i.e. from
interventions in agricultural practices to interventions in the marine environment). This is the focus
of the present paper. This paper builds on Filippelli et al. (2020), expanding the scope of analysis

and the capabilities of the model used (see section 3 for further details).

The scope for mussel cultivation as a mitigation tool is influenced by how challenging the 2027
load reduction targets to achieve GES are. The targets are stipulated for all the 1082 Danish coastal
catchments and are based on assessments and modelling of the current freshwater normalized

annual N loading and the baseline projection of the N-loads in 2027 (Ministry of the Environment,

2 |n total, there are 109 catchments. One of them is removed from the analysis as it is very small and does not
contain any agricultural field.
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2021). Amongst other factors, the mussel cultivation potential is dependent on these baseline
assumptions, and as they are uncertain, it is important to take this into account in the evaluation of
mussel mitigation measures. The baseline assumptions include, for example, the expected
development in land use independent from the specific measures set out to meet the WFD targets

as well as other countries’ mitigation activities (see section 2.1 for details).

The relative merits of land-based and marine measures are specific for each of the 108 coastal
catchments as they are characterized by i) the specific nitrogen load targets to achieve the WFD
objective, ii) specific potentials for mussel cultivation in the fjords, and iii) specific agricultural
production characteristics and potentials for land-based mitigation measures. Furthermore, the
merits also depend on the extent to which other environmental impacts, such as climate change
mitigation, are considered in the evaluation. Such information on additional trade-offs is useful to
guide economic decisions on targeting and prioritizing which measures to apply in a coastal
catchment, by addressing benefits and costs resulting from alternative scenarios, climate change

mitigation potentials and opportunities to use land and sea resources for competing uses.

Integrated environmental — economic modelling, combining diverse data sets on e.g., agronomy,
hydrology, costal potential for mussel production and costs of alternative measures, is
advantageous. It allows exploration of the attractiveness of mussel cultivation as a nitrogen
mitigation measure at different spatial scales including the effects on land use and the wider
economic consequences. Integrated models also allow for ex-ante explorations of assumptions and
their importance for the solutions. Due to the multiple interacting processes, integrated modelling
approaches have been proposed as decision-making support tools to enable analysis of the
implications of different mitigation strategies for water quality improvement (Brouwer and
Hofkes, 2008; Claassen et al., 2008; Gomez Gimenez et al., 2016; Harou et al., 2009; Shortle et
al., 2012). Integrated modelling generally refers to the process of linking different models for a
given purpose, without necessarily reusing the contained models (Granell et al., 2013), and a wide
range of model types and purposes exist e.g. Optimization models (Cools et al., 2011; Rabotyagov
et al., 2010), Bayesian networks (Barton et al., 2020), econometric approaches (Fezzi and
Bateman, 2011; Schou et al., 2000). We use a modelling approach that integrates economic,

hydrological, and agronomic data within a cost optimization framework (section 3.2),



TargetEconN, to identify cost-effective allocations of land based and marine measures to reach
nitrogen load reduction targets at national scale and explore the impact of introducing mussel

cultivation into the mix of measures.

We explore the implication of different baseline load assumptions and mussel farming options by
running different scenarios (section 2.1). We use the scenario results to improve our understanding
of the cost implications of meeting WFD targets partially through employment of mussel
cultivation. We also analyze the implications that including mussel cultivation may have on the
selection and spatial distribution of land-based measures and discuss potential spillover effects on
other policy targets.

The paper proceeds as follows: First, the scenarios and their underlying assumptions about
economic and ecological parameters are outlined. This is followed by a materials and methods
section that describes first the study area and data used, and then the individual models and the
integration of models and data. The result section then follows, presenting the implications on cost
and on the optimal spatial distribution of measures under the different scenarios. The penultimate
section includes a discussion to draw out the policy implications of the findings and the
perspectives for the use of integrated modelling tools for ex-ante environmental-economic policy

formulation. Finally, a brief conclusion section synthesizes the paper.

2 Scenarios
2.1. Overview of scenarios

We address two main interrelated scenarios in order to assess the cost-effective target achievement
and distribution between measures in the cost-effective solution. One dimension of the scenarios
is related to the level of the targets of nitrogen load reductions, and the other is related to the

inclusion of mussels as a mitigation measure. The four scenarios are outlined in Table 1:



Table 1 - Overview of scenarios. The scenarios vary the required reduction in loads to meet GES
(the rows) and the available measures to meet the targets (the columns).

Scenarios Mitigation measures included in the scenarios®
Land based Land & Mussel based

Reduction target accounting for Al Bl

baseline projections: 13,075 tons

N/year?

Reduction target not accounting A2 B2

for baseline projections: 18,055

tons N/year?

1) GES with baseline: a total, annual target of nitrogen load reduction of 13075 tons; achieving nutrient reduction targets for good ecological
status in 2027 assuming that the baseline nitrogen reductions are fulfilled as expected.

2)  GES without baseline: a total, annual target of nitrogen load reduction of 18050 tons; a scenario where the baseline is not fulfilled, and the
nitrogen reduction target is therefore higher.

3)  Set aside of agricultural land, adoption of agricultural practices aiming at input reductions and better utilization of the nutrient inputs, using
land and intermediate recipients as sinks, end of pipe solutions, which are typically used for point sources (e.g., wastewater treatment), and
mussel cultivation also classified as an end of pipe solution.

The current nitrogen loads from the Danish land area to the coastal areas are between 55,000 and
58,000 tons annually after normalizing for variation in precipitation.

Marine models are used to estimate the Danish nutrient load reduction targets necessary to reach
good ecological status (Erichsen et al. 2017, Ministry of the Environment, 2021). The Danish
marine models were evaluated in 2017 (Implement, 2017), and revised marine model systems are
now used to estimate the load reduction targets. The targets are also based on the assumption that
internationally adopted treaties on nutrient regulation are being implemented. This includes full
implementation of the Baltic Sea Action Plan, the River Basin Management plans 2015-2021 for
all countries except Denmark, and the NEC directive regulating atmospheric N deposition
(Erichsen et al., 2021). The Danish government has adopted a reduction target assuming that these
effects are achieved, as well as the baseline effect. The baseline effect includes trends in land use
change, including land taken up for other purposes than agricultural production as well as other
policy developments that indirectly affect nitrogen use and loads. Including these assumptions in

the baseline reduces the nitrogen load requirement from 18,055 to 13,075 tons (Table 1).



The baseline assumptions are highly uncertain. As the cost-effectiveness of individual measures is
dependent on the level of the ambition (i.e., target levels), the model assessments need to reflect

the uncertainty about the target required.

The distribution and share of the measures implemented may be influenced by the assumptions
made in each of the four scenarios. To obtain a better understanding of what the impacts of
choosing different types of measures along the N-emission pathway (from source to recipient), we

illustrate the scenario results by grouping measures into four categories:

) set aside of agricultural land,

i) adoption of agricultural practices aiming at input reductions and better utilization of the
nutrient inputs,

iii) using land and intermediate recipients as sinks (wetlands), and

iv) mussel cultivation for mitigation purposes (end of pipe).

The different types of mitigation actions (i — iv) have distinct characteristics which impact the
wider societal costs and benefits from the implementation of water policies, the distribution of
costs and benefits between farmers, as well as the legal frameworks under which they can be
implemented. For example, intervention at the source, commonly implemented through changes
in land management practices, have a different impact on other ecosystem services provided from
the agricultural landscapes than changes to hydrological flows through wetland restoration or
recycling of nitrogen at the recipient. Mussel farming is categorized as an end-of pipe solution that
implements recycling of nutrients and potentially producing feed for livestock (Afrose et al., 2016;
van der Heide et al., 2021). The choice of mitigation measures thus changes the distribution
between private goods, public goods, and externalities from farming. Recognising the trade-offs

between these different types of benefits and costs is essential for effective land use policies.



3. Materials and Methods

3.1 - The Study Area

Figure 1 - Map of Denmark with 108 catchments.

The study area includes the entirety of Denmark. In 2018, the baseline year for the modelling in
this study, the cultivated area was 2,602,000 hectares (Blicher- Mathiesen et al 2020), which is
approximately 61% of the total Danish area. In the cultivated area, 91% of the land is in rotation,
and 60% of that area is used for the production of cereals (winter and spring cereals). Of the
agricultural goods sold in total in 2020, crop products constitute 36 percent, cattle 4 percent, milk
20 percent, and pigs 34 percent. The animal manure constitutes half of the applied fertilizer to



agricultural land. The utilization of the nitrogen content in animal manure is relatively high; on
average 68% (estimated based on Blicher- Mathiesen et al. (2020)).

Important shifts in regulations of fertilizer application have influenced the current policy challenge
(Dalgaard et al, 2014). In 2015, the fertilizer application norms to agricultural fields were restricted
to 15-18% below the economic optimum, to fulfill requirements by the EU Nitrate Directive.
However, from 2016, the restrictions were relaxed, and economic optimal allocation was allowed,
resulting in an observed increase in fertilizer application by approximately 5% from 2015 to 2018
(Blicher-Mathiesen et al, 2020). To compensate for this regulatory change and increased leaching
from agricultural land, the regulation of catch crops was intensified by targeted catch crop
requirements, including mandatory catch crops for livestock farms as well as voluntary catch crop

implementation (Blicher-Mathiesen et al. 2020).

3.2 — Modelling Approach

We integrate economic, hydrological, and agronomic data within an optimization framework.
TargetEconN, a spatial mixed-integer linear optimization model, plays the central role, integrating
and processing the relevant data (Figure 2). The approach can be classified as mainly
compartmental (Brouwer and Hofkes, 2008; Heinz et al., 2007), where independent models
exchange input/output data. Outputs from one module are thus treated as parameters in the

receiving module.

Previous versions of TargetEconN have been developed and applied to identify cost-effective
spatial distribution of N mitigation in several Danish catchments (Konrad et al., 2014, 2017; Hasler
et al., 2019b, Konrad et al, 2022). Mussel cultivation as a marine recipient measure has also
recently been integrated into the model and applied to a single Danish catchment (Filippelli et al.,
2020). In this study, we build on the previous versions of the model by expanding it to national
scale, including new N reduction measures, and including field level information about crop
rotation. Furthermore, the mussel cultivation component has been further developed, by
integrating model outputs from a spatially explicit mussel productivity model at national scale
(Holbach et al. 2020). The model was also updated in terms of the mitigation potentials and effects

of the measures at field parcel level, catchment designations and coastal nitrogen reduction targets.



In order to identify cost-effective solutions, the TargetEconN model is set up for all the catchments
in Denmark, processing information and delivering outputs at field parcel level. The model is
described in section 2.2.4 and in greater detail in appendix C. The division of inputs and integration
in TargetEconN is illustrated in Figure 2 below. The model receives inputs from external models,

land-use register data, and selected publications (Figure 2; section 3.2.1-3.2.4).

External Models Qutputs

- .
o Y
\

/ ; B ™\
' Agronark: \ TargetEconN
* Crop productivity
* N application P =N . a
* N leaching from root zone ( GIS data Parameterization
* Crop Management activities Processing «( Potential for land and
* Qutput and input prices «  Land use register %
* N reduction potential Y phiaagEreioas marine based measures
< / k. Toxmeures * N reduction potential of
D = v = land and marine measures
Mussel productivity Data Integration | * Costs of land and marine

* Mussel productivity based measures

* Mussel N reduction

4 Output

/ . - i
Hydrologic Least-cost solution to target

compliance
N retention in freshwater k /
N retention in groundwater

* N retention in wetlands

\ /
N\ ’
N @S

. L

Figure 2 - Integrated modeling approach. Outputs from external models, parameters sourced from
scientific publications and reports, are integrated, compiled, and treated as inputs to TargetEconN;
the inputs are parameterized and merged within a GIS of land-use register data as well as marine
coastal area potentials; TargetEconN then integrates the inputs to calculate the least-cost solution
to target compliance. The agronomic inputs consist of data on crop productivity, N application, N
leaching from the root zone, crop management activities, output and input prices, and N reduction
potential. The hydrological inputs provide data on N retention in freshwater systems,
groundwater, and wetlands. The Mussel productivity model provides data on the mussel
productivity and N reduction when harvested and utilized.

3.2.1 Agronomic model components

The Agronomic model component in TargetEconN includes costs and N reduction potential of
measures. The agricultural measures included in the modelling are presented in Table 2, and data

sources are presented in Table 3.
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Table 2 - Overview of land-based measures (agronomic).

Category of measure

Measure

Cost of measure

Potential

i) Set aside
measures

Set aside (not
permanent)

Lost economic return
(gross margin)

Field parcels within
rotation. Basemap03.
(Levin, 2019)

Afforestation

Lost economic return +
Economic return from
forest production

Nature Agency, 2020,
personal
communication.

Land retirement on wet,
organic soils

Lost economic return on
different soil types
(gross margin)

Fields with carbon
content above 6%.
Danish EPA, 2014

Land retirement on
mineral soils

Lost economic return on
different soil type (gross
margin)

All other soils than
organic. See above

i) Agricultural
practices

Catch crops

Yield loss, seeding,
labor costs

Field parcels with
spring-grown cereals.
Fields with a winter
cereal and rape rotation.
Basemap03. (Levin,
2019)

Energy crops

Lost economic return
from crops, economic
return from energy crop

Field parcels within
rotation. Basemap03.
(Levin, 2019)

Cover crops

Seeding, change of
harvest time, labor costs

Field parcels within
rotation. Basemap03.
(Levin, 2019)

Early sowing

Change in yield

Field parcels within
rotation. Basemap03.
(Levin, 2019)

Buffer zones

Lost gross margin (gross
margin), establishment
cost

Zones along water
courses and rivers. 20
m.

Norm reduction 10% of
winter and spring
cereals and maize

Reduced yield, saves
costs for fertilizer and
energy

Field parcels with
winter and spring
cereals and maize.
Basemap03. (Levin,

2019)

Norm reduction 20% of
winter and spring
cereals and maize

Reduced yield, saves
costs for fertilizer and
energy

Field parcels with
winter and spring
cereals and maize.
Basemap03. (Levin,

2019)

iii) Wetlands as
sinks

Restored wetlands

Lost gross margin (gross
margin), restoration cost
(remove drains etc.)

Low altitude soils with
high organic carbon
content, Teksturl4 map
Danish EPA, 2014.

Constructed wetlands

Lost gross margin (gross
margin), establishment
cost

Potential areas are taken
from maps in Bgrgesen
etal. (2019).
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As seen from Table 2, the costs of the measures in the category set aside (i), either by land
retirement, set aside or afforestation, comprise the lost economic return comparing the economic
return from the land prior to the implementation of the measure and potential economic return after
the conversion (relevant for afforestation). The costs of measures changing agricultural practices
(if) are measured as the costs of implementing the particular practice, e.g., of cultivating catch
crops, which requires seeds and labor, and the potential change in gross margin from the particular
field parcel (relevant for energy crops). The costs of measures relating to the wetland as sinks
category (iii) include costs of restoration and construction of wetlands on agricultural land. The
costs of restoring and constructing wetlands include lost economic return from the field parcels as
well as costs of closing drainage and related construction, depending on the type of wetland. The
costs of construction and restoration of wetlands as well as establishment of buffer zones are
annualized using a 4% discount rate and a time horizon of 20 years. The costs of afforestation are
annualized using a 3% discount rate because of a long-time horizon of 100 years. Full details can
be found in Eriksen et al. (2020). All costs and benefits are therefore expressed as yearly economic

impacts.

The crop specific gross margins, being used to calculate economic return or changes in the return,
are estimated using data from 2014-2018 from SEGES, the Danish agricultural knowledge and
innovation center. Crop composition and fertilizer use, per field parcel, is sourced from the Danish
Agricultural Register (described in Levin, 2019). The approach used for estimating the changes in

gross margins per crop and aggregation is explained in Eriksen et al (2020).

Data from fertilizer accounts are retrieved for the year 2018. It is used to model the fertilizer
application to crops, and 2018 is chosen due to changes in the fertilizer regulation in 2016 allowing
farmers to apply economic optimal fertilizer levels. As a result, the fertilizer reductions assumed
for the norm reduction measures (see Table 2) are calculated from the economic optimum. The
fertilization data allows us to model the mean fertilization level to a given crop and soil type, e.g.,

fertilizer level to winter wheat on clay soils.

To capture the effect of crop rotation, for each field parcel, we calculate average input values
considering the crops which were cultivated at the field parcel in the period 2014-2018, assuming
that this period reflects a crop rotation. Original crop codes were aggregated into 14 major crop

types, including winter and spring cereals, rapeseed, fodder crops, grass outside and in rotation,

12



and maize. For each year, the dominant crop type of the field parcel area was calculated, i.e., the
crop type with the largest share was assigned to the field parcel. Based on crop specific gross
margin budgets and the dominant soil type, for each field parcel we calculated the average gross
margin for the period from 2014 to 2018. A crop rotation is therefore the sequence of the 14 major

crops, potentially 14° different rotations.

Basemap03 (Levin, 2019), a land use and land cover map for Denmark, is used to link agricultural
field parcels to all relevant model data either by indexed parameters or by using GIS tools. All data
sources are described in Table 3.

Table 3 - Data sources and descriptions.

De slc::)ra:t;:)ati on Spatial unit Year Source(s)
Crop Basemap 03 (Levin, 2019) _and fiel_d parcel
composition Field parcel 2014-2018 maps from 2014-2018 (Danish Agricultural
Agency 2014-2018)
Dominant soil Soil map and map of soil organic carbon
Field parcel 2018 (Adhikari et al. 2015, Gyldenkerne and
type Greve 2015)
Average gross
margin based on SEGES: gross margin budgets.
crop composition Field parcel 2014-2018 Farmtalonline.dlbr.dk
and dominant
soil
Fertilizer Danish General Agricultural Register. Data
L from the Husbandry register collected
T Ily by Danish authorities for cross-
field level. Field parcel 2018 annuatly by Lanish autho
Livestock compllarp_e control of Danlsh farme_rs. Data
. from fertilizer accounts (Danish Agricultural
production. Agency, 2018).
Nitrogen Catchme_nts with a _
retention mean size of 15 2021 Hajberg et al., (2021)
km2 (ID15)

Leaching Per crop, use of Data delivered by Hans Estrup Andersen,
coefficients. Kg manure, soil type 2018 Department of Bioscience, AU (pers. com).
N from the root and whether the Leaching estimated according to (Bgrgesen

zone. farm is organic. et al., 2009)
Spatial definition Catchments and Basic analysis for river basin management
of catchments & . 2020 plans (The Danish Environmental Protection
water bodies water bodies Agency, 2020)

Potentials of the measures

13




The potential applicable area for every combination of measure and field parcel is included in
TargetEconN to restrict the uptake of measures by the maximum potential. The potential of each
measure is restricted by i) biophysical and hydrological conditions (for example, determining
where constructed wetland and restored wetlands can be implemented), ii) whether other measures
have been implemented (e.g., new wetlands cannot be implemented where forest have been planted
or wetlands have already been established). Maps of potentials are retrieved from the Ministry of

Environment for each of the measures (Table 1).

3.2.2 — Hydrological Model inputs including N leaching
N-leaching from the root zone

The N leaching from the root zone is estimated as the initial leaching from each field parcel,
estimated as a five year’s average of crops grown at the field parcel, minus the leaching reduction
effect from implementing each measure. The nitrogen leaching effects of the measures are taken
from the catalogue of nitrogen abatement measures produced for the implementation of the Water
Framework Directive (Eriksen et al. 2020). The estimated initial leaching from the field parcels
have been provided by Hans E. Andersen, Dept. of Eco science, Aarhus University, and is based
on calculations made for the WFD baseline assessment, using the NLES4 model (Blicher-
Mathiesen et al., 2020). The calculation of this initial leaching for is following the method
described in Bgrgesen et al. (2009). The fertilizer application to the crops at each field parcel is
calculated based on the fertilizer accounts.

N Retention

N leaving the root zone is retained on its way to the coast by natural processes. The intensity of
this retention is dependent on physical characteristics such as soil composition and distance to the
coast (Andersen et al., 2001). Nitrogen leached from the root zone of the field parcels is transported
via the groundwater to streams, lakes, and wetlands, and then to coasts and fjords. The N retention
represents turnover and removal in the root zone, the subsoil or in the surface water, and these
processes depend on biogeochemical conditions (Hgjberg et al., 2021). Therefore, the actual

environmental damage caused by the loss of N from the root zone will be affected by how much
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N is retained until reaching the water body. Likewise, the effectiveness of a reduction measures is
affected by N retention intensity at different locations.

We use N retention data from the Danish National Nitrogen model (Hgjberg et al., 2021). In this
model, the country is divided into geographical retention zones (3,325 in total) and all the field
parcels located in a retention zone have the same values for groundwater and surface water N
retention. Not all measures are affected in the same way. For most measures, groundwater and
surface water retention are combined and applied as total retention. Restored wetlands, constructed
wetlands and buffer zones are subject to surface retention only.

3.2.3 — Mussels Productivity and Feed Processing Model
Mitigation potential of mussel cultivation

Holbach et al. (2020) have developed a spatial model for nutrient mitigation potential of blue
mussel farms in the western parts of the Baltic Sea. The model has been used to estimate mitigation
potentials across major parts of the Danish coastal water bodies using three modules: (1) spatial
and temporal habitat factors (temperature, salinity, and chlorophyll-a), (2) mussel growth (biomass
dry-weight of individual blue mussels), and (3) biomass harvest and nutrient reduction potentials
estimation. The model is based on a 1x1-km? raster, and only one farm (average size 18.8 ha) is
allowed per raster pixel. We used the output from the spatial model to identify all available sites
for potential mussel farms within the Danish near-coastal water bodies. The model delivers both
expected long-term mean values for the mussel harvest from the cultivation and the resulting
nitrogen uptake and reduction, as well as a modelled range that includes both effects of natural

variability in mussel growth and model uncertainty. Here, we only use the long-term means.

From different available mussel farm setups in the model, we chose a commonly applied and
validated long-line farm set up with high yield (Taylor et al., 2019). It consists of three sections
with 30 longlines of 200 m length across a total area of 18.8 ha. Spat-collector material is
continuously deployed in loops with 2 m depth every 0.7 m along the long lines. Each loop starts
at 1 m depth and farms are only allowed where local bathymetry is at least 4 m to maintain 1 m
space from the bottom to inhibit predation from starfish. Based on a set of spatial constraints,
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available in a respective site-selection tool (Holbach et al., 2020), we limited the area available for
mussel farms to a realistic extent (see Appendix B).

Feed Processing

Mussels harvested from mitigation farms can be processed to create animal feed — mussel meal
(Afrose et al., 2016; Petersen et al., 2015). The processes to convert harvested mussels to mussel
meal are still under development. The results have been mixed, so far, the cheaper processes are
delivering lower protein content. As protein content to a large extent determines the value of
animal feed, this is an important consideration for utilization of the mussels. Nevertheless, new
and optimized processes have been proposed. @gelund (2020) conducts an analysis of these

proposed methods, estimating productivity and costs.

From @gelund, (2020), we extract plausible assumptions for mussel feed processing and
production, including separating the mussel meat from the mussel shells. The mussels are pressure
cooked, and then the meat is grinded and dried in a spin flash dryer. The output is mussel meal
with 72% protein content. For 1 kg of mussel feed, 14 kg of harvested mussels are needed. The

estimated cost per kg of end product is estimated to be 4.21 DKK. See appendix B for more details.

3.2.4 — Mixed-Integer linear programming model - TargetEconN

Below, we outline the main components of the model including the objective function and how
the agricultural, hydrological and mussel cultivation functions and data are included in this
application of the TargetEconN model. A more detailed model description is available in appendix
C.

Obijective function for all catchments, k, —eq. (1)
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For each catchment, k, C is the total costs of implementing mitigation measures, x;; represents the

binary variable used to determine whether measure j is applied at field parcel i.

Where, r denotes retention regions, [ stands for potential locations of constructed wetlands, p
represents wastewater treatment plants, f denotes potential mussel farming locations, j stands for
mitigation measures applied at field parcel level (i), w represents mitigation measures applied in
wastewater treatment plants, and g denotes the set of constructed wetland’s possible sizes (20, 50

or 100 hectares of catchment area). Finally, y,; , denote the binary variable used to specify

whether a constructed wetland of the size g is implemented at location [ (located in retention region

T), Zpy denotes the binary variable that determines if measure w is implemented at wastewater
treatment plant p, and u, represents the binary variable that determines if a mussel farm is present

at a potential location f.

As for the parameters in the objective function, FDcost;; represents the cost of implementing
measure j at field parcel i, CW cost, stands for the cost of implementing a constructed wetland of
size q, WWTcost,,, denotes the cost of applying wastewater measure w at plant p, MUcost
represents the cost of a standard mussel farm (appendix C), and MU feed stands for the income

from selling mussel feed made from mussels harvested at farm f.

N reduction constraint - eq. (2)
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The N reduction of measures applied at field parcel level are attenuated by the N retention of the
corresponding retention region. As explained in section 3.2.1, reductions are affected by N retention,
which vary spatially and with respect to the type of measures applied. Depending on the measure,
it is affected only by surface water retention (SURFret;) or by total retention (TOTret;), which is the
sum of surface water retention and ground water retention. Measures that are only affected by
surface water retention are included in subset J; € J, while measures affected by both retentions are
included insubset J, € J. Each combination of field parcel and measure has an effectiveness (EFF;;)
and a potential (POT;;). The effectiveness refers to the N reduction achieved by measure j on field
parcel i, and the potential denotes the area available for measure j on field parcel i.

Constructed wetlands (CW) N reduction is aggregated by retention regions and are not affected by
N retention. CWeff, represents the N reduction of a CW of size q and the reduction level only
varies with size, independent of location. N reductions by wastewater treatment plants are
aggregated by coastal catchments and are affected only by surface retention. WWTef f,,, denotes
N reduction by a plant p where measure w is implemented. Wastewater treatment measures can
only be implemented sequentially — more effective measures supplementing existing ones.

N reduction by mussel farming is determined by the spatial model for nutrient mitigation potential
described in section 3.2.3. Each potential mussel farm location (f) is assigned a N reduction value
and MUeff; represents the N reduction of a standard farm at potential location f.

The N reduction constraint requires that the total reduction in N emissions in a catchment reach or

surpass its reduction target (Ty).

Other Constraints

Given the spatial nature of the model, it is essential to impose restrictions on which measures can

be applied to each field parcel, respecting their specific potentials for each measure and to
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guarantee that the same area is not used twice. It is important to restrict the application of
incompatible measures to the same field parcel. For example, a field parcel that has been retired
cannot have catch crops the following year. Even though the land management measures are
mutually exclusive in the model, in practice, some could be applied to the same field parcel.
However, the combined effects of these measures are not known and combined options are

therefore not included in the model (Eriksen et al., 2020).

4, Results

In this section, we present the model results. First, we present the total costs of reaching the N
reduction targets, the savings from including mussel cultivation as one of the mitigation measures,
the share of N reduction done by mussel cultivation, and the total area allocated. We then show
results for the distribution of the types of measures and discuss the effects of mussel cultivation on
the distribution. Detailed results of the distribution across all catchments, for all scenarios, are

presented in appendix A.

Of the 108 Danish coastal catchments, only 72 catchments have a potential for mussel cultivation,
of which 48 also have N reduction targets for 2027. However, mussel cultivation is only part of
the cost-effective solution in 7 catchments for scenario B1 and 12 for scenario B2.

It is therefore important to note that the results on cost-effectiveness of mussel cultivation are
impacted by the fact that most of Denmark’s potential for mussel cultivation is in areas with
relatively low or no N reduction requirements. The disconnection can be seen in Figures 3a and

3b and analyzed in more detail in Appendix A.

4.1 Total costs and share of reduction effort
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The estimated cost to reach the reduction targets of all relevant coastal catchments is 542.4 million
DKK for scenario Al (low target/no mussels) and 836.3 million DKK for scenario A2 (high target,
no mussels). The inclusion of mussel farming as a N reduction measure results in savings of 1.6%
in scenario B1 (low target, mussels) and 4.5% in scenario B2 (high target, mussels). The total area
of mussel farming allocated in the solutions is 369 ha for scenario B1 and 997 ha for scenario B2.
As a result of shifting part of the reduction effort to mussel farms in the water, land area used for
measures reduce by 21,468 ha in scenario B1 and 64,872 ha in scenario B2. Mussel farming is
responsible for 2.6% to 5.1% of the total N reduction, depending on the scenario. Results on total
costs, savings, share of reduction effort by mussel farming and total area allocated to mussel
farming are shown in Table 4.

4.2 Distribution of types of measures

Also in Table 4, we show the area taken by each type of measure (set aside, agricultural practices,
intermediate sinks, and mussel cultivation) in each of the scenarios. The table also shows the
absolute change in hectares and the percentage change from the scenarios without mussel farming

to the ones with mussels introduced as an end-of-pipe measure.

Table 4 — Results table. Total cost of meeting N reduction targets, distribution of types of measures,
share of N reduction (target) by mussel farming, and total area allocated to mussel farming. Total

costs reductions, and changes in hectares and in percentage points from scenarios A to B.

Agricultural land End of pipe/ coastal areas
. Sinks Mussels
Scenarios 1(-3?; CD(E';[)S Set Aside (ha) P?ag;(i:gleiu(r;;) (Restored N reduction Totglllla:::;l?ha)
Wetlands-ha) | (% of target)

13,075 N tons
A1l (no mussels) 542,426 287,747 224,904 74,432 - -
B1 (mussels) 533,476 274,816 222,984 67,815 2.6% 369
Change (ha) -12,931 -1,920 -6,617
Change (%) 1.6% -4.5% -0.9% -8.9%

18,055 N tons
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A2 (no mussels) 836,279 403,332 303,365 126,255 - -
B2 (mussels) 798,739 368,133 300,747 99,190 5.1% 997
Change (ha) -35,189 -2,618 -27,065

Change (%) 4.5% -8.7% -0.9% -21.4%

Overall, the inclusion of mussel farming for N reduction significantly decreases the allocation of
land area for wetlands (sink) and set aside measures. Wetland areas decrease by 8.9% (6,617 ha)
comparing scenarios Al and B1 and by 21.4% (27,065 ha) comparing scenarios A2 and B2. The
area allocated for agricultural measures also decrease, but to a much smaller degree than the
permanent land retirement measures, by 0.9% (1,920 ha) comparing scenarios Al and B1 and also
0.9% (2,618 ha) comparing scenarios A2 and B2. Overall, the area needed to implement land-
based measures to achieve the N reduction targets decreases by 4% in scenario B1 and by 8% in

scenario B2 as a result of introducing marine-based measures.

When considering only catchments where mussel cultivation is implemented, wetland areas
decrease by 84% and 55% when introducing mussels for B1 and B2 respectively (ranging from
0% and 100% for individual catchments), permanent set-aside areas decrease by 26% and 31%
(ranging from 2% to 97%). The area used by agricultural measures only decreases by 6% and 9%
and some catchments see an increase (ranging from -58% to 44%). The total area allocated to land-
based measures in these catchments decrease by 12% between scenarios Al and Bl and 27%
between A2 and B2. Figures 3c and 3d provide a detailed visualization of the distribution of the
types of measures across the country. These results show that introducing mussel cultivation into
the mix of measures substitutes intermediate sinks, such as wetlands, and set aside measures.
Introduction of mussels changes the relative cost-effectiveness of agricultural management
measures in some catchments, which leads to an increase in the extent to which they are used in

some catchments and decrease the use in others.

For the catchments in which mussel cultivation are cost effective, for each hectare of mussel
cultivation, the area allocated for wetlands decreases on average by 21 (B1) and 27 (B2) hectares;
set aside area decrease 35 hectares on average (Bl and B2); and agricultural practices area

decreases on average 5 (B1) and 3 (B2) hectares.

For these catchments, mussel farming accounts for 25% of N reduction for scenario B1 (7

catchments) and 21% for scenario B2 (12 catchments). Across all coastal catchments, mussel
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cultivation is responsible for only 2.6% of N reduction in scenario B1, occupying 369 ha, and only
5.1% in scenario B2, occupying 997 ha. However, in the 48 catchments with N reduction targets
and a potential for mussel cultivation, the potential varies considerably in terms of available area

and, most importantly, mussel productivity.

The results indicate that mussel cultivation is a viable option in catchments with N reduction
requirements ranging from 4.7 KgN/ha to 17.7 KgN/ha. N reduction requirements range from 0
KgN/ha to 21.7 KgN/ha for all catchments. It also shows that mussel cultivation is a cost-effective
option predominantly in areas where mussel N reduction potential is relatively high. However,
mussels are cost-effective in the island of Bornholm, where its N reduction potential is 0.5 TN/ha,
among the lowest in the country (it ranges from 0.5 to 1 TN/ha throughout Denmark). N reduction

requirement in Bornholm is 11.6 KgN/ha, not particularly high in comparison to other catchments.

Results suggest, therefore, that assessments regarding the suitability of mussel farming for
mitigation purposes should not be based on a single indicator, but rather on wider analysis
including the potential for alternative mitigation methods in each proposed area. Figures 3a and
3b show the spatial distribution of the parameters mentioned above and the area used by mussel
farming, by catchment, for scenarios B1 and B2. Appendix A contains the detailed results by
catchment articulated in the paragraphs above.

All scenarios show that land set-aside is a cost-effective measure seen from the perspective of the
social planner. However, land set aside is generally the least preferred measure by farmers and
therefore often considered politically undesirable (Hasler et al, 2019a; Jacobsen, 2022). Mussel
farming is potentially an effective measure in a policy context where large areas of set aside is
infeasible. Constraining the land set aside to 5% of the potential in each coastal catchment, we
predict that by allowing mussel farming the additional costs of restricting set aside to 5% is reduced
from 16% to 10% when the load reduction target is 13.075 tons N. For the load reduction target of
18.055 tons N, the additional costs of restricting set aside to 5% is reduced from 62% to 20%. This
further illustrates how cost-effectiveness of individual measures needs to be evaluated taking into
account a long range of economic, environmental and political factors determining the trade-offs

between alternative options.
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Figure 3 — Figures 3a and 3b show the national distribution of N reduction requirements, of mussel
cultivation potential for N reduction and of mussel cultivation implementation. Figure 3a refers to
scenario B1 and Figure 3b to scenario B2. The numbers in the figures refer to the number of mussel
farms. Figures 3c and 3d show the detailed distribution of the types of land-based measures in
Denmark. Figure 3c refers to scenario A2 and Figure 3d to scenario B2.

5. Discussion

The resulting costs of implementing the WFD target from 2020 on 13,075 tons N are estimated to
542.4 million DKK without mussel cultivation as measure, and 533.5 million DKK with mussels
included. In comparison, The Danish Government has allocated in all 5.66 billion DKK in the
period 2022-2027 to fulfill the Water Framework Directive (WFD). The budget is 872.8 million
DKK for 2022, increasing to an annual budget on 1,161.7 million DKK in 2027. This budget is
covered by support from the CAP (the common agricultural policy) and EHFAF (the support
programme for Marine, Fisheries and Aquaculture sectors), as well as from the Danish
Government and the Ministry of Environment. Our estimated nitrogen mitigation costs vary across
catchment dependent on the load reduction requirement from 5 to 4,931 DKK/kg N for the 108
Danish catchments. Other assessments by Jacobsen (2022) indicate a similar range of the
mitigation costs, varying from 23-4,987 DKK/kg N across the 108 catchments. Because of a lower
degree of spatial targeting of measures in Jacobsen’s study the mitigation costs are in the higher
end in many catchments, compared to our study. Jacobsen (2022) estimates annual total costs of
achieving the WFD target (13,075 tons N) between 763 and 952 million DKK, depending on the
anticipated degree of permanent set-aside in the solutions. Assuming that it is feasible to meet the
target through permanent set-aside of agricultural land significantly reduces the costs in Jacobsen’s

modelling results.

The study has therefore illustrated that spatial targeting results in a more cost-effective allocation
of measures. The study also demonstrates a considerable spatial variation in the potential for
mussel farming to contribute to meeting WFD targets in a cost-effective way. Mussel farming is
part of a cost-effective solution in only 7 to 12 of the 78 catchments with reduction targets. This is
partly because most of Denmark’s potential for mussel farming is in areas with relatively low N
reduction needs (Figures 3a and 3b). The results also show that including mussel farming in the

range of measures for the national WFD implementation has considerable influence on the
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distribution of different types of mitigation measures. While this is not surprising, it is important
to consider the wider environmental and economic effect that this might have. In terms of
environmental spillover effects on other policy targets, it is clear that the different types of
measures do not have an identical environmental profile. While permanent set aside offers many
synergistic effects on policy targets such as climate change mitigation (Termansen et al., 2017;
Zandersen et al., 2016), mussel farming has the potential to improve nutrient recycling efficiency
by recovering nitrogen from the recipient and reintroduce the resource as protein in the agricultural
production systems (Filippelli et al., 2020; Petersen et al., 2019). Additional arguments in favor
of mussel farming are that it removes N directly at the water body and is not subject to the lag
between the implementation of measures and reduced N concentration (Hart, 2003); and that
mussels removes nutrients released from sediments, either coming from other marine areas or
through atmospheric nitrogen deposition (Timmermann et al., 2019). Environmental concerns
have also been raised about the use of mussel farming for nitrogen mitigation. Critics argue that
the mussel farms may lead to increased sedimentation of organic matter (Hedberg et al., 2018;
Stadmark and Conley, 2011). The argument is that this can increase the flux of nitrogen and
phosphorus from the sediment. Also, that the build-up of organic matter and its subsequent
decomposition can lead to oxygen depletion, which has adverse effects on the benthic community.
However, such criticism has been met with counterarguments. It is argued that based on the mass
balance principle, growing and removing mussel biomass without nutrient input has to result in
net removal of nutrients in the system (eg. Petersen et al., 2012). Rose et al., (2012) also point out
that oxygen depletion in the bottom area of water bodies is relatively common, and that benthic-
pelagic nutrient fluxes take place even without mussels. Furthermore, that the current shellfish
presence in estuarine ecosystems worldwide is significantly lower than the historical abundance,
overall leading to an assessment of a positive environmental effect of mussel cultivation for

nitrogen mitigation.

Such findings provide valuable policy input as they indicate ways that cost-effectiveness of WFD
implementation could be improved. It implies that potential policy initiatives to support mussel
farming could define eligibility conditions for production permits based on the type of assessment
presented in this paper. And that permit allocation should not be based purely on ecological
suitability, mussel productivity and environmental conditions in the water body A potential

mechanism could be to make eligibility of mussel farming for public support conditional on the
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gap between current ecological status and WFD targets and the alternative cost-effective land-
based mitigation options. This would likely cause additional challenges to program developers, as
coherence across different environmental policy agencies would be required. Nevertheless, the use
of integrated models connecting land and marine based policy evaluation could provide a useful

tool for improving coherence across agencies.

The present analysis takes a social planner perspective. Overall, introducing mussel farming is
estimated to generate between 1.6% and 4.5% reductions in the costs, depending on the scenario,
varying between 9 and 38 M DKK in savings. This optimal allocation of measures provides a
useful overview of the implications of the interaction between biophysical, hydrological, and
economic factors. The results (with mussels) suggest that meeting the WFD will require set-aside
of 10-14% of the Danish arable land and changes to agricultural management practices on 9-12%
of the land. The spatial distribution of these interventions is striking as some areas will have no
need to reduce the area of arable land or make changes to their practices. In other areas, notably in
the Southwestern part of the country and in parts of the Northern part (Limfjorden), significant
changes to the agricultural emissions are needed. This confirms earlier research that a spatial
targeting is needed and that relying only on uniform command and control-based regulation to
meet the WFD will over-comply with the directive in many areas of the country, as some
catchments already meet GES. Currently, the main policy tool is targeted catch crops (Ministry of
Environment, 2021). The results in this paper however suggest that, in Western Denmark in
particular, this does not appear to be a sufficient option, and that the use of set aside measures is
required. In the rest of the country however, targeted catch crops appear to be a very suitable
measure on cost-effectiveness grounds. The result of this paper suggests that a mix of measures
are needed and therefore a flexible policy approach is warranted. Flexibility is not just favored on
direct cost-effectiveness grounds. Flexibility has also been shown to be a critical factor in
determining adoption of voluntary agri-environmental schemes (Jaeck and Lifran, 2014; Bazzan
et al, 2022).

This paper has used an integrated modelling approach, where outputs and data from agronomic,
hydrology and mussel cultivation models and assessments are used as inputs for the
parameterization of an optimization model. The availability of high-resolution geographic,

hydrological, and economic data, paired with advances in computational capabilities, has increased
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the potential of using integrated environmental-economic models in strategic policy assessment.
Integrated models, however, are expected to have a relatively high degree of uncertainty since the
integration purpose necessitates simplicity in model components (Matott et al., 2009; Refsgaard et
al., 2007; Uusitalo et al., 2015). Therefore, the reliability of such models as inputs into the design
of regulation is likely to be contested. Yet, we argue that they are effective tools for developing
new policy initiatives and to redesign existing policies to improve the cost-effectiveness as well as
determining the distribution of costs and benefits of using alternative instruments. A policy
initiative’s effectiveness is inherently difficult to predict because of the complex interactions
between a variety of hydrological, ecological, and agronomic factors at the catchment scale. The
use of integrated models can be used to test alternative policy scenarios and enable robust
evaluations of assumptions on the spatial distribution of environmental benefits and costs of
measures (as also argued in Bartowski et al. 2021 and Simpson et al. 2023). In this regard,
employing integrated models is a relatively inexpensive way to evaluate new policy initiatives as
new evidence becomes available. Furthermore, the empirical basis of an integrated model, such as
the one presented in this paper, provides a transparent methodology for adapting regulatory
measures to changes in environmental and economic conditions. It remains a challenge to develop
robust models for environmental policies to regulate agricultural emissions, due to the non-point
source characteristics (Ribaudo and Shortle (2019). While this paper does not solve the non-point
source pollution challenge it does illustrate how integrated environmental-economic modelling can
help with this endeavor. As an example, such models can be used to analyse potential markets
mechanisms to incentivize water quality improvements through mussel farming (Filippelli et al,
2022) to support implementation as the Oyster based trading scheme in Chesapeake Bay illustrates
(Mykoniatis and Ready, 2020).

The modelling framework that we have applied in this paper does however have limitations for
modelling potential market mechanisms and the adoption of measures amongst agricultural and
mussel farmers. Specifically, the production decisions of individual agricultural- and mussel
farmers are not modelled explicitly, and we assume fixed prices of the agricultural and mussel
commodities. It could be argued that it would be more realistic to model market dynamics and
include endogenous prices, but this would require another type of model. In the present paper we
focus on the trade-offs between different policy options for mitigating nitrogen taking the spatial

heterogeneity of environmental and economic factors into account. This assumes that both
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agricultural- and mussel farmers are price takers which implies that implementation of mussel
farming in Danish fjords would not change the price of protein for feed, as this is determined by
the fish meal- and soy markets. We find that this is a justified assumption in the given policy

context.

Finally, it is worth bearing in mind, that the implementation of different types of measures impacts
different actors and the legal frameworks that govern interventions by programme developers
varies across the types of measures analyzed in this paper. As an example, the targeted catch crop
scheme is an annual scheme initially funded by national funds but now funded over EU Rural
Developments funds. These schemes cover opportunity costs to farmers and only provide an
incentive for farmers on low productivity soils, which may not be as intensively managed in the
baseline and therefore also potentially provide less environmental gains from implementation of
catch crops. Further research into the development of policy schemes to optimize the
environmental impact of public spending is therefore needed to achieve the benefits identified in

the current paper from coordination of mitigation efforts across land and marine sectors.

6. Conclusions

The objective of this paper is to explore the economic and environmental implications of including
mussel farms in the list of measures to reach the WFD. The results indicate that it is economically
optimal to include mussel farming in 9-15% of the catchments where additional effort is needed.
Mussel cultivation would result in a gain in terms of reduced costs of 9-38 M DKK dependent on
the mussel scenario used, but for the rest of the catchments it is not a cost-effective option.
However, where mussel productivity is favorable and alternative land-based measures are

expensive, mussel farming could be considered as a supplement to traditional land-based measures.

The implementation of mussel cultivation results in reduced areas of land use change measures
(set aside, afforestation and land retirement) of 13-35 thousand hectares and reduced area of
mitigating agricultural practices (catch crops, cover crops, etc.) of 2-3 thousand hectares. These

measures would arguably have spillover effects on other environmental policy objectives. Further
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developing the integrated environmental-economic modelling approaches to account for such
policy interdependence appears to be a promising avenue for further research.
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Appendix A

Scenario B2
Reduction Requirement Mussel N Reduction Area used by Agricultural Measures (ha)
(KgN/ha) Potential (TN/ha) No Mussels Mussels&Feed Change (%) Change (ha) Mussels Area (ha) Substitution (water/land)
Roskilde Fjord, ydre 3.7 0.9 1,449 1,487 3% 38 0.0 -
Roskilde Fjord, indre 47 0.7 5,673 5,673 0% 0 0.0 -
Nordlige @resund 1.7 0.6 285 285 0% 0 0.0 -
Korsgr Nor 11 0.0 300 301 0% 1 0.0 -
Basnaes Nor 3.2 0.0 745 968 30% 223 0.0 -
Holsteinborg Nor 1.1 0.0 127 124 -2% -3 0.0 -
Isefjord, ydre 5.3 0.9 766 707 -8% -59 0.0 -
Skeelskgr Fjord og Nor 1.0 0.0 236 246 4% 9 0.0 -
Sejerg Bugt 1.1 0.8 904 995 10% 90 0.0 -
Kalundborg Fjord 2.9 0.8 812 862 6% 50 0.0 -
Smalandsfarvandet, syd 14 0.7 6,330 6,329 0% -2 0.0 -
Karrebzek Fjord 47 0.0 20,673 20,674 0% 1 0.0 -
Dybsg Fjord 2.0 0.0 263 279 6% 16 0.0 -
Avng Fjord 2.9 0.6 2,024 2,028 0% 4 0.0 -
Guldborgsund 1.0 0.6 1,167 1,425 22% 258 0.0 -
Hjelm Bugt 1.0 0.6 1,837 1,866 2% 29 0.0 -
Grgnsund 5.5 0.6 7,318 7,319 0% 1 0.0 -
Fakse Bugt 0.9 0.5 1,543 1,542 0% -1 0.0 -
Praestg Fjord 6.5 0.6 4,532 4,548 0% 17 0.0 -
Stege Bugt 0.8 0.5 1,858 1,856 0% -2 0.0 -
Stege Nor 6.6 0.0 867 864 0% -3 0.0 -
@sterspen, Bornholm 11.6 0.5 11,090 11,244 1% 154 28.3 5.4
Nazera Strand 9.9 0.0 841 842 0% 1 0.0 -
Lillestrand 3.2 0.0 278 278 0% 0 0.0 -
Lindelse Nor 4.5 0.0 736 738 0% 2 0.0 -
Klgven 5.2 0.9 605 604 0% -1 0.0 -
Bredningen 12.6 0.0 1,129 1,129 0% 0 0.0 -
Gamborg Fjord 14.7 0.9 610 876 44% 266 54.3 4.9
Aborg Minde Nor 15.5 0.0 724 724 0% 0 0.0 -
Holckenhavn Fjord 11.9 0.0 3,291 3,291 0% -1 0.0 -
Kerteminde Fjord 7.1 0.0 711 678 -5% -33 0.0 -
Kertinge Nor 6.9 0.0 279 309 11% 30 0.0 -
Nyborg Fjord 3.6 0.8 15 15 0% 0 0.0 -
Helnaes Bugt 6.0 0.9 1,212 996 -18% -216 19.5 -11.1
Lunkebugten 1.0 0.8 145 148 2% 3 0.0 -
Langelandssund 3.1 0.8 3,829 3,831 0% 2 0.0 -
Odense Fjord, ydre 4.0 0.9 580 583 1% 3 0.0 -
Odense Fjord, Seden Strand 9.9 0.0 11,106 11,114 0% 8 0.0 -
Storebeelt, SV 21 0.8 2,486 2,520 1% 34 0.0 -
Storebeelt, NV 6.3 0.8 2,610 2,604 0% -6 0.0 -
Genner Bugt 6.4 0.9 125 127 2% 2 0.0 -
Abenra Fjord 9.5 0.9 681 679 0% = 0.0 -
Als Fjord 4.6 0.9 1,043 1,062 2% 19 0.0 -
Als Sund 4.9 0.9 654 658 1% 4 0.0 -
Augustenborg Fjord 4.7 0.9 1,113 1,104 -1% -9 0.0 -
Haderslev Fjord 9.5 0.0 1,935 1,933 0% -3 0.0 -
Juvre Dyb 6.2 0.0 1,340 1,336 0% -4 0.0 -
Avng Vig 11.5 0.0 440 451 2% 11 0.0 -
Hejlsminde Nor 8.2 0.0 1,537 1,537 0% 0 0.0 -
Nybgl Nor 2.9 0.9 555 573 3% 18 0.0 -
Lister Dyb 1.1 0.0 1,894 1,894 0% 0 0.0 -
Flensborg Fjord, indre 8.3 0.0 114 118 3% 4 0.0 -
Flensborg Fjord, ydre 3.9 0.9 1,259 1,264 0% 5 0.0 -
Vesterhavet, syd 0.5 0.0 84 82 -3% -2 0.0 -
Knudedyb 17.0 0.0 8,904 8,879 0% -26 0.0 -
Gradyb 6.9 0.0 8,364 8,351 0% -12 0.0 -
Vejle Fjord, ydre 7.9 0.9 5,273 5,060 -4% -214 95.7 -2.2
Vejle Fjord, indre 7.3 0.9 3,427 3,427 0% 0 0.0 -
Kolding Fjord, indre 15.5 0.0 3,173 3,168 0% -5 0.0 -
Kolding Fjord, ydre 9.0 1.0 297 293 -2% -4 0.0 -
Horsens Fjord, ydre 5.4 0.8 211 245 16% 34 0.0 -
Horsens Fjord, indre 9.5 0.9 6,826 6,817 0% -10 0.0 -
Nissum Fjord, ydre 114 0.0 1,715 1,715 0% 0 0.0 -
Nissum Fjord, mellem 8.1 0.0 428 424 -1% -4 0.0 -
Nissum Fjord, Felsted Kog 10.1 0.0 5,437 5,437 0% 0 0.0 -
Ringkgbing Fjord 8.6 0.0 15,736 15,737 0% 1 0.0 -
Vesterhavet, nord 3.0 0.0 79 82 4% 3 0.0 -
Randers Fjord, indre 3.7 0.0 4,159 4,169 0% 11 0.0 -
Randers Fjord, ydre 5.0 0.0 290 290 0% 0 0.0 -
Hevring Bugt 15 0.8 114 112 -1% -2 0.0 -
Anholt 1.5 0.7 0 0 - 0 0.0 -
Djursland @st 6.1 0.8 1,290 1,292 0% 1 0.0 -
Ebeltoft Vig 1.4 0.8 2 13 540% 11 0.0 -
Stavns Fjord 2.9 0.8 26 26 0% 0 0.0 -
Knebel Vig 3.6 0.8 29 29 0% 0 0.0 -
Kalg Vig 1.9 0.8 851 836 -2% -15 0.0 -
Norsminde Fjord 6.1 0.0 1,263 1,260 0% -3 0.0 -
Arhus Bugt og Begtrup Vig 0.5 0.8 149 169 13% 20 0.0 -
Kattegat, Laesg 1.5 0.7 158 158 0% 0 0.0 -
Bjornholms B”goté T!iiirgfezﬁggmg’ Skive Fjord 10.2 1.0 5,159 5,270 2% 111 378.1 03
Hjarbeaek Fjord 13.1 0.7 4,110 4,089 -1% -21 18.8 -1.1
Mariager Fjord, indre 17.6 0.9 2,482 1,047 -58% -1,435 115.9 -12.4
Mariager Fjord, ydre 33 0.8 474 476 0% 2 0.0 -
Isefjord, indre 8.6 0.9 13,944 13,619 -2% -325 19.6 -16.6
Kattegat, Nordsjzelland 4.8 0.7 1,071 1,071 0% 0 0.0 -
Kgge Bugt 4.6 0.6 15,378 15,379 0% 1 0.0 -
Jammerland Bugt og Musholm Bugt 4.9 0.8 17,726 17,702 0% -24 0.0 -
Smalandsfarvandet, abne del 0.1 0.7 36 36 -1% -1 0.0 -
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Nakskov Fjord 6.3 0.7 7,976 7,976 0% 0 0.0 -
Femerbeelt 0.7 0.7 3,788 3,842 1% 54 0.0 -
R@dsand og Bredningen 8.9 0.6 10,348 10,350 0% 2 0.0 -
Faaborg Fjord 6.9 0.9 251 266 6% 15 0.0 -
Det sydfynske @hav 6.9 0.9 5,906 4,741 -20% -1,165 78.2 -14.9
Lillebaelt, syd 2.5 0.9 2,996 3,018 1% 22 0.0 -
Lillebzelt, Bredningen 7.5 0.9 2,789 2,426 -13% -363 63.1 -5.7
Arhus Bugt syd, Samsg og Nordlige Baelthav 34 0.8 4,528 4,562 1% 34 0.0 -
Skagerrak 1.8 0.8 731 727 0% -4 0.0 -
Kattegat, Aalborg Bugt 14 0.8 789 789 0% 0 0.0 -
Nordlige Lillebaelt 8.9 0.9 3,729 3,729 0% 0 0.0 -
Nordlige Kattegat, Albaek Bugt 2.0 0.7 460 464 1% 4 0.0 -
Lillebaelt, Snaevringen 14.2 0.9 486 450 -7% -36 34.2 -1.1
Nissum Bredning 8.2 0.9 2,844 2,848 0% 3 0.0 -
Kas Bredning og Veng Bugt 3.0 1.0 727 725 0% -1 0.0 -
Lagstgr Bredning 3.1 0.9 1,161 1,161 0% 0 0.0 -
Nibe Bredning og Langerak 3.0 0.8 3,147 3,155 0% 9 0.0 -
Thisted Bredning 17.7 0.9 5,412 5,167 -5% -246 91.5 -2.7
Halkzer Bredning 21.7 0.0 1,956 1,956 0% 0 0.0 -
Total 303,365 300,747 -0.9% -2,618 997.2 -4.19
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Scenario B2

Reduction Requirement

Mussel N Reduction

Area used by Set Aside Measures (ha)

(KgN/ha) Potential (TN/ha) No Mussels Mussels&Feed Change (%) Change (ha) | Mussels Area (ha)| Substitution (water/land)
Roskilde Fjord, ydre 3.7 0.9 1,833 1,837 0% 3 0.0 -
Roskilde Fjord, indre 4.7 0.7 1,303 1,303 0% 0 0.0 -
Nordlige @resund 1.7 0.6 678 673 -1% -5 0.0 -
Korsgr Nor 1.1 0.0 8 8 0% 0 0.0 -
Basnaes Nor 3.2 0.0 10 42 319% 32 0.0 -
Holsteinborg Nor 11 0.0 0 0 - 0 0.0 -
Isefjord, ydre 5.3 0.9 1,277 1,278 0% 2 0.0 -
Skaelskgr Fjord og Nor 1.0 0.0 0 0 - 0 0.0 -
Sejerg Bugt 11 0.8 403 432 7% 29 0.0 -
Kalundborg Fjord 2.9 0.8 7 9 31% 2 0.0 =
Smalandsfarvandet, syd 1.4 0.7 61 61 0% 0 0.0 -
Karrebzek Fjord 4.7 0.0 4,388 4,388 0% 0 0.0 -
Dybsg Fjord 2.0 0.0 119 118 -1% -1 0.0 -
Avng Fjord 2.9 0.6 416 416 0% 0 0.0 -
Guldborgsund 1.0 0.6 124 134 8% 10 0.0 -
Hjelm Bugt 1.0 0.6 1 1 0% 0 0.0 -
Grgnsund 5.5 0.6 184 184 0% 0 0.0 -
Fakse Bugt 0.9 0.5 33 33 0% 0 0.0 -
Preestg Fjord 6.5 0.6 318 317 0% -1 0.0 -
Stege Bugt 0.8 0.5 47 47 0% 0 0.0 -
Stege Nor 6.6 0.0 9 14 49% 5 0.0 -
@sterspen, Bornholm 11.6 0.5 8,377 7,541 -10% -836 28.3 -29.5
Neera Strand 9.9 0.0 2,625 2,625 0% 0 0.0 -
Lillestrand 3.2 0.0 170 170 0% 0 0.0 -
Lindelse Nor 4.5 0.0 196 197 1% 1 0.0 -
Klgven 5.2 0.9 243 244 0% 1 0.0 -
Bredningen 12.6 0.0 2,442 2,442 0% 0 0.0 -
Gamborg Fjord 14.7 0.9 2,056 114 -94% -1,942 54.3 -35.8
Aborg Minde Nor 15.5 0.0 4,117 4,117 0% 0 0.0 -
Holckenhavn Fjord 11.9 0.0 5,549 5,548 0% 0 0.0 -
Kerteminde Fjord 7.1 0.0 3 9 195% 6 0.0 -
Kertinge Nor 6.9 0.0 361 345 -5% -16 0.0 -
Nyborg Fjord 3.6 0.8 92 92 0% 0 0.0 -
Helnaes Bugt 6.0 0.9 2,982 2,575 -14% -407 19.5 -20.9
Lunkebugten 1.0 0.8 16 16 0% 0 0.0 =
Langelandssund 3.1 0.8 1,197 1,202 0% 5 0.0 -
Odense Fjord, ydre 4.0 0.9 819 817 0% -2 0.0 -
Odense Fjord, Seden Strand 9.9 0.0 17,168 17,166 0% -2 0.0 -
Storebaelt, SV 2.1 0.8 154 189 23% 36 0.0 -
Storebaelt, NV 6.3 0.8 828 830 0% 3 0.0 -
Genner Bugt 6.4 0.9 297 300 1% 3 0.0 -
Abenra Fjord 9.5 0.9 889 891 0% 2 0.0 -
Als Fjord 4.6 0.9 1,082 1,085 0% 3 0.0 -
Als Sund 49 0.9 233 232 0% -1 0.0 -
Augustenborg Fjord 4.7 0.9 670 670 0% 0 0.0 -
Haderslev Fjord 9.5 0.0 2,631 2,632 0% 1 0.0 -
Juvre Dyb 6.2 0.0 1,089 1,093 0% 4 0.0 -
Avng Vig 115 0.0 905 901 0% -4 0.0 -
Hejlsminde Nor 8.2 0.0 1,557 1,557 0% 0 0.0 -
Nybgl Nor 2.9 0.9 177 177 0% 0 0.0 -
Lister Dyb 1.1 0.0 98 98 0% 0 0.0 -
Flensborg Fjord, indre 8.3 0.0 415 415 0% 0 0.0 -
Flensborg Fjord, ydre 3.9 0.9 445 444 0% 0 0.0 -
Vesterhavet, syd 0.5 0.0 138 138 0% 0 0.0 -
Knudedyb 17.0 0.0 34,745 34,742 0% -3 0.0 -
Gradyb 6.9 0.0 18,611 18,612 0% 0 0.0 -
Vejle Fjord, ydre 7.9 0.9 3,013 1,391 -54% -1,622 95.7 -16.9
Vejle Fjord, indre 7.3 0.9 4,754 4,754 0% 0 0.0 -
Kolding Fjord, indre 15.5 0.0 7,209 7,210 0% 2 0.0 =
Kolding Fjord, ydre 9.0 1.0 458 458 0% 0 0.0 -
Horsens Fjord, ydre 5.4 0.8 115 115 0% 0 0.0 -
Horsens Fjord, indre 9.5 0.9 7,862 7,863 0% 1 0.0 -
Nissum Fjord, ydre 11.4 0.0 5,242 5,242 0% 0 0.0 -
Nissum Fjord, mellem 8.1 0.0 1,036 1,041 1% 5 0.0 -
Nissum Fjord, Felsted Kog 10.1 0.0 13,415 13,416 0% 0 0.0 -
Ringkgbing Fjord 8.6 0.0 34,289 34,285 0% -4 0.0 -
Vesterhavet, nord 3.0 0.0 83 82 -2% -1 0.0 -
Randers Fjord, indre 3.7 0.0 15,605 15,594 0% -11 0.0 -
Randers Fjord, ydre 5.0 0.0 778 778 0% 0 0.0 -
Hevring Bugt 15 0.8 470 476 1% 6 0.0 -
Anholt 15 0.7 0 0 - 0 0.0 -
Djursland @st 6.1 0.8 4,518 4,517 0% -2 0.0 -
Ebeltoft Vig 1.4 0.8 30 24 -19% -6 0.0 -
Stavns Fjord 2.9 0.8 1 1 0% 0 0.0 -
Knebel Vig 3.6 0.8 25 30 20% 5 0.0 -
Kalg Vig 1.9 0.8 377 377 0% 0 0.0 -
Norsminde Fjord 6.1 0.0 840 840 0% 0 0.0 -
Arhus Bugt og Begtrup Vig 0.5 0.8 387 383 -1% -4 0.0 -
Kattegat, Leesp 1.5 0.7 4 4 0% 0 0.0 -
Bjgrnholms Bugt, Riisgarde Bre.dning, Skive Fjord 10.2 1.0 36,287 17192 53% 119,095 378.1 50,5
og Lovns Bredning
Hjarbaek Fjord 13.1 0.7 44,124 43,077 -2% -1,047 18.8 -55.7
Mariager Fjord, indre 17.6 0.9 10,531 5,599 -47% -4,932 115.9 -42.6
Mariager Fjord, ydre 3.3 0.8 1,239 1,234 0% -4 0.0 -
Isefjord, indre 8.6 0.9 6,402 5,984 -7% -419 19.6 -21.4
Kattegat, Nordsjeelland 4.8 0.7 1,538 1,538 0% 0 0.0 -
Kgge Bugt 4.6 0.6 1,153 1,153 0% 0 0.0 -
Jammerland Bugt og Musholm Bugt 49 0.8 3,738 3,708 -1% -30 0.0 -
Smalandsfarvandet, abne del 0.1 0.7 21 21 0% 0 0.0 -
Nakskov Fjord 6.3 0.7 115 115 0% 0 0.0 -
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Femerbeaelt 0.7 0.7 88 88 0% 0 0.0 -
R@dsand og Bredningen 8.9 0.6 2,530 2,530 0% 0 0.0 -
Faaborg Fjord 6.9 0.9 541 545 1% 4 0.0 -
Det sydfynske @hav 6.9 0.9 3,529 2,486 -30% -1,043 78.2 -13.3
Lillebzelt, syd 2.5 0.9 1,548 1,556 0% 7 0.0 -
Lillebzelt, Bredningen 7.5 0.9 2,580 1,495 -42% -1,084 63.1 -17.2
Arhus Bugt syd, Samsg og Nordlige Bzelthav 34 0.8 1,033 1,031 0% -2 0.0 -
Skagerrak 1.8 0.8 1,909 1,911 0% 1 0.0 -
Kattegat, Aalborg Bugt 1.4 0.8 475 475 0% 0 0.0 -
Nordlige Lillebzelt 8.9 0.9 6,080 6,080 0% 0 0.0 -
Nordlige Kattegat, Albaek Bugt 2.0 0.7 865 859 -1% -5 0.0 -
Lillebzaelt, Snaevringen 14.2 0.9 158 23 -85% -135 34.2 -4.0
Nissum Bredning 8.2 0.9 9,039 9,029 0% -9 0.0 -
Kas Bredning og Veng Bugt 3.0 1.0 4,358 4,358 0% -1 0.0 -
Lagstar Bredning 3.1 0.9 2,739 2,739 0% 0 0.0 -
Nibe Bredning og Langerak 3.0 0.8 8,022 8,032 0% 11 0.0 -
Thisted Bredning 17.7 0.9 15,615 12,913 -17% -2,701 91.5 -29.5
Halkzer Bredning 21.7 0.0 11,958 11,958 0% 0 0.0 -
Total 403,322 368,133 -8.7% -35,189 997.2 -28.1




41

Scenario B2

Reduction Requirement

Mussel N Reduction

Area used by Sink Measures (ha)

(KgN/ha) Potential (TN/ha) No Mussels Mussels&Feed Change (%) Change (ha) Mussels Area (ha) | Substitution (water/land)
Roskilde Fjord, ydre 3.7 0.9 567 567 0% 0 0.0 -
Roskilde Fjord, indre 4.7 0.7 7,479 7,479 0% 0 0.0 -
Nordlige @resund 1.7 0.6 5 8 63% 3 0.0 -
Korsgr Nor 1.1 0.0 0 0 0% 0 0.0 -
Basnas Nor 3.2 0.0 29 23 -20% -6 0.0 -
Holsteinborg Nor 11 0.0 0 0 - 0 0.0 -
Isefjord, ydre 53 0.9 110 110 0% 0 0.0 -
Skaelskgr Fjord og Nor 1.0 0.0 4 4 -2% 0 0.0 -
Sejerg Bugt 11 0.8 9 2 -75% -7 0.0 -
Kalundborg Fjord 2.9 0.8 19 19 0% 0 0.0 =
Smalandsfarvandet, syd 1.4 0.7 125 125 0% 0 0.0 -
Karrebzek Fjord 4.7 0.0 80 80 0% 0 0.0 -
Dybsg Fjord 2.0 0.0 0 0 - 0 0.0 -
Avng Fjord 2.9 0.6 27 27 -1% 0 0.0 -
Guldborgsund 1.0 0.6 36 29 -17% -6 0.0 -
Hjelm Bugt 1.0 0.6 18 18 -1% 0 0.0 -
Grgnsund 5.5 0.6 4,637 4,637 0% 0 0.0 -
Fakse Bugt 0.9 0.5 0 0 - 0 0.0 -
Preestg Fjord 6.5 0.6 15 15 0% 0 0.0 -
Stege Bugt 0.8 0.5 12 12 0% 0 0.0 -
Stege Nor 6.6 0.0 550 550 0% 0 0.0 -
@sterspen, Bornholm 11.6 0.5 16,017 16,017 0% 0 28.3 0.0
Neera Strand 9.9 0.0 1,090 1,090 0% 0 0.0 -
Lillestrand 3.2 0.0 0 0 0% 0 0.0 -
Lindelse Nor 4.5 0.0 712 712 0% 0 0.0 -
Klgven 5.2 0.9 500 500 0% 0 0.0 -
Bredningen 12.6 0.0 2,050 2,050 0% 0 0.0 -
Gamborg Fjord 14.7 0.9 1,550 0 -100% -1,550 54.3 -28.6
Aborg Minde Nor 15.5 0.0 1,560 1,560 0% 0 0.0 -
Holckenhavn Fjord 11.9 0.0 4,816 4,816 0% 0 0.0 -
Kerteminde Fjord 7.1 0.0 300 300 0% 0 0.0 -
Kertinge Nor 6.9 0.0 0 0 = 0 0.0 =
Nyborg Fjord 3.6 0.8 100 100 0% 0 0.0 -
Helnaes Bugt 6.0 0.9 1,900 0 -100% -1,900 19.5 -97.7
Lunkebugten 1.0 0.8 0 0 - 0 0.0 -
Langelandssund 3.1 0.8 27 27 0% 0 0.0 =
Odense Fjord, ydre 4.0 0.9 36 36 0% 0 0.0 -
Odense Fjord, Seden Strand 9.9 0.0 14,652 14,652 0% 0 0.0 -
Storebzelt, SV 2.1 0.8 20 320 1480% 300 0.0 -
Storebaelt, NV 6.3 0.8 15 15 0% 0 0.0 -
Genner Bugt 6.4 0.9 16 16 1% 0 0.0 -
Abenra Fjord 9.5 0.9 106 106 0% 0 0.0 -
Als Fjord 4.6 0.9 18 18 0% 0 0.0 -
Als Sund 49 0.9 703 703 0% 0 0.0 -
Augustenborg Fjord 4.7 0.9 618 618 0% 0 0.0 -
Haderslev Fjord 9.5 0.0 3,441 3,441 0% 0 0.0 -
Juvre Dyb 6.2 0.0 85 84 -1% -1 0.0 -
Avng Vig 11.5 0.0 907 907 0% 0 0.0 -
Hejlsminde Nor 8.2 0.0 6 6 0% 0 0.0 -
Nybgl Nor 2.9 0.9 0 0 0% 0 0.0 -
Lister Dyb 11 0.0 0 0 - 0 0.0 =
Flensborg Fjord, indre 8.3 0.0 28 28 0% 0 0.0 -
Flensborg Fjord, ydre 3.9 0.9 73 73 0% 0 0.0 -
Vesterhavet, syd 0.5 0.0 0 0 - 0 0.0 =
Knudedyb 17.0 0.0 4,585 4,585 0% 0 0.0 -
Gradyb 6.9 0.0 807 807 0% 0 0.0 -
Vejle Fjord, ydre 7.9 0.9 6,810 10 -100% -6,800 95.7 -71.0
Vejle Fjord, indre 7.3 0.9 2 2 0% 0 0.0 -
Kolding Fjord, indre 15.5 0.0 4,953 4,953 0% 0 0.0 -
Kolding Fjord, ydre 9.0 1.0 7 7 0% 0 0.0 -
Horsens Fjord, ydre 5.4 0.8 30 29 -3% -1 0.0 -
Horsens Fjord, indre 9.5 0.9 127 127 0% 0 0.0 -
Nissum Fjord, ydre 11.4 0.0 348 348 0% 0 0.0 -
Nissum Fjord, mellem 8.1 0.0 85 84 -1% -1 0.0 -
Nissum Fjord, Felsted Kog 10.1 0.0 1,667 1,667 0% 0 0.0 -
Ringkgbing Fjord 8.6 0.0 5,752 5,753 0% 0 0.0 -
Vesterhavet, nord 3.0 0.0 3 3 0% 0 0.0 -
Randers Fjord, indre 3.7 0.0 1,413 1,413 0% 0 0.0 -
Randers Fjord, ydre 5.0 0.0 174 174 0% 0 0.0 -
Hevring Bugt 1.5 0.8 0 0 - 0 0.0 -
Anholt 15 0.7 0 0 - 0 0.0 -
Djursland @st 6.1 0.8 998 998 0% 0 0.0 -
Ebeltoft Vig 1.4 0.8 19 19 0% 0 0.0 -
Stavns Fjord 2.9 0.8 14 14 0% 0 0.0 -
Knebel Vig 3.6 0.8 28 28 -2% -1 0.0 -
Kalg Vig 1.9 0.8 4 5 14% 1 0.0 -
Norsminde Fjord 6.1 0.0 102 102 0% 0 0.0 -
Arhus Bugt og Begtrup Vig 0.5 0.8 0 0 - 0 0.0 =
Kattegat, Leesg 1.5 0.7 0 0 - 0 0.0 -
Bjgrnholms Bugt, Riisgarde Bre.dning, Skive Fjord 10.2 1.0 6,167 1110 8% 5,057 378.1 134
og Lovns Bredning
Hjarbaek Fjord 13.1 0.7 4,182 4,182 0% 1 18.8 0.0
Mariager Fjord, indre 17.6 0.9 652 16 -98% -636 115.9 -5.5
Mariager Fjord, ydre 3.3 0.8 0 0 - 0 0.0 -
Isefjord, indre 8.6 0.9 474 469 -1% -4 19.6 -0.2
Kattegat, Nordsjeelland 4.8 0.7 223 223 0% 0 0.0 -
Kgge Bugt 4.6 0.6 338 338 0% 0 0.0 -
Jammerland Bugt og Musholm Bugt 4.9 0.8 654 654 0% 0 0.0 -
Smalandsfarvandet, abne del 0.1 0.7 0 0 - 0 0.0 -
Nakskov Fjord 6.3 0.7 1,598 1,598 0% 0 0.0 -
Femerbeaelt 0.7 0.7 20 20 -2% 0 0.0 -
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R@dsand og Bredningen 8.9 0.6 5,506 5,506 0% 0 0.0 -
Faaborg Fjord 6.9 0.9 350 350 0% 0 0.0 -
Det sydfynske @hav 6.9 0.9 6,947 50 -99% -6,898 78.2 -88.2
Lillebzelt, syd 2.5 0.9 71 71 0% 0 0.0 -
Lillebzelt, Bredningen 7.5 0.9 3,742 43 -99% -3,699 63.1 -58.6
Arhus Bugt syd, Samsg og Nordlige Bzelthav 34 0.8 162 162 0% 0 0.0 -
Skagerrak 1.8 0.8 0 0 - 0 0.0 -
Kattegat, Aalborg Bugt 14 0.8 0 0 - 0 0.0 -
Nordlige Lillebzelt 8.9 0.9 60 60 0% 0 0.0 -
Nordlige Kattegat, Albaek Bugt 2.0 0.7 0 0 - 0 0.0 -
Lillebzelt, Snaevringen 14.2 0.9 800 0 -100% -800 34.2 -23.4
Nissum Bredning 8.2 0.9 186 187 1% 1 0.0 -
Kas Bredning og Veng Bugt 3.0 1.0 0 0 - 0 0.0 -
Lagstar Bredning 3.1 0.9 0 0 - 0 0.0 -
Nibe Bredning og Langerak 3.0 0.8 3 0 -95% -2 0.0 -
Thisted Bredning 17.7 0.9 628 617 -2% -11 91.5 -0.1
Halkzer Bredning 21.7 0.0 495 505 2% 10 0.0 -
Total 126,255 99,190 -21.4% -27,065 997.2 -26.3
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Scenario B1

Reduction Requirement

Mussel N Reduction

Area used by Agricultural Measures (ha)

(KgN/ha) Potential (TN/ha) No Mussels Mussels&Feed Change (%) Change (ha) Mussels Area (ha) | Substitution (water/land)

Roskilde Fjord, ydre 3.4 0.9 1,093 1,081 -1% -12 0.0 -
Roskilde Fjord, indre 3.8 0.7 4,397 4,423 1% 26 0.0 -
Nordlige @resund 0.0 0.6 0 0 - 0 0.0 -
Korsgr Nor 0.0 0.0 0 0 - 0 0.0 =
Basnas Nor 1.7 0.0 664 632 -5% -33 0.0 -
Holsteinborg Nor 0.0 0.0 0 0 - 0 0.0 -
Isefjord, ydre 3.5 0.9 365 374 3% 9 0.0 -
Skaelskar Fjord og Nor 0.3 0.0 62 63 1% 1 0.0 -
Sejerg Bugt 0.0 0.8 0 0 - 0 0.0 -
Kalundborg Fjord 2.0 0.8 650 650 0% 0 0.0 -
Smalandsfarvandet, syd 0.0 0.7 0 0 - 0 0.0 -
Karrebzek Fjord 2.6 0.0 11,704 11,704 0% 0 0.0 -
Dybsg Fjord 0.0 0.0 0 0 - 0 0.0 -
Avng Fjord 0.0 0.6 0 0 - 0 0.0 -
Guldborgsund 0.0 0.6 0 0 - 0 0.0 -
Hjelm Bugt 0.9 0.6 1,604 1,595 -1% -8 0.0 -
Grgnsund 4.4 0.6 7,162 7,179 0% 17 0.0 -
Fakse Bugt 0.0 0.5 0 0 - 0 0.0 -
Praestg Fjord 5.0 0.6 4,271 4,271 0% 0 0.0 -
Stege Bugt 0.4 0.5 761 757 0% -4 0.0 -
Stege Nor 6.6 0.0 865 865 0% 0 0.0 =
@stersgen, Bornholm 11.0 0.5 11,277 11,277 0% 0 0.0 -
Neera Strand 8.5 0.0 659 656 0% -3 0.0 -
Lillestrand 2.7 0.0 268 268 0% 0 0.0 -
Lindelse Nor 3.7 0.0 630 650 3% 20 0.0 -
Klgven 2.7 0.9 480 481 0% 1 0.0 -
Bredningen 9.2 0.0 1,261 1,268 1% 7 0.0 -
Gamborg Fjord 12.5 0.9 693 876 26% 183 44.9 4.1
Aborg Minde Nor 11.6 0.0 1,200 1,196 0% -4 0.0 -
Holckenhavn Fjord 8.5 0.0 3,430 3,430 0% 0 0.0 -
Kerteminde Fjord 5.3 0.0 681 709 4% 28 0.0 -
Kertinge Nor 5.1 0.0 241 241 0% 0 0.0 -
Nyborg Fjord 0.0 0.8 0 0 - 0 0.0 -
Helnaes Bugt 3.2 0.9 574 568 -1% -6 0.0 -
Lunkebugten 0.0 0.8 0 0 - 0 0.0 -
Langelandssund 0.0 0.8 0 0 - 0 0.0 -
Odense Fjord, ydre 23 0.9 219 219 0% 0 0.0 -
Odense Fjord, Seden Strand 7.7 0.0 10,947 10,945 0% -1 0.0 -
Storebzelt, SV 0.4 0.8 589 588 0% -1 0.0 -
Storebaelt, NV 4.7 0.8 1,990 1,992 0% 2 0.0 -
Genner Bugt 4.1 0.9 117 116 -1% -1 0.0 =
Abenra Fjord 6.4 0.9 652 639 -2% -12 0.0 -
Als Fjord 2.2 0.9 636 636 0% 0 0.0 -
Als Sund 3.5 0.9 656 671 2% 16 0.0 -
Augustenborg Fjord 23 0.9 347 351 1% 3 0.0 -
Haderslev Fjord 7.3 0.0 1,927 1,932 0% 5 0.0 -
Juvre Dyb 5.2 0.0 1,174 1,170 0% -4 0.0 -
Avng Vig 9.0 0.0 393 393 0% 0 0.0 -
Hejlsminde Nor 5.6 0.0 1,606 1,602 0% -4 0.0 -
Nybgl Nor 0.0 0.9 0 0 - 0 0.0 -
Lister Dyb 0.2 0.0 317 317 0% 0 0.0 -
Flensborg Fjord, indre 5.9 0.0 85 85 0% 0 0.0 -
Flensborg Fjord, ydre 0.0 0.9 0 0 - 0 0.0 -
Vesterhavet, syd 0.0 0.0 0 0 - 0 0.0 -
Knudedyb 15.9 0.0 9,132 9,127 0% -5 0.0 -
Gradyb 5.8 0.0 7,960 7,964 0% 4 0.0 -

Vejle Fjord, ydre 5.2 0.9 5,374 5,007 -7% -366 27.0 -13.5
Vejle Fjord, indre 4.6 0.9 2,546 2,526 -1% -20 0.0 -
Kolding Fjord, indre 13.0 0.0 3,150 3,150 0% 0 0.0 -
Kolding Fjord, ydre 7.2 1.0 260 260 0% 0 0.0 -
Horsens Fjord, ydre 2.1 0.8 121 121 0% 0 0.0 -
Horsens Fjord, indre 6.6 0.9 5,396 5,396 0% 0 0.0 -
Nissum Fjord, ydre 9.7 0.0 1,901 1,901 0% 0 0.0 -
Nissum Fjord, mellem 6.4 0.0 439 436 -1% -3 0.0 -
Nissum Fjord, Felsted Kog 8.2 0.0 5,193 5,185 0% -8 0.0 -
Ringkgbing Fjord 7.4 0.0 14,114 14,112 0% -2 0.0 -
Vesterhavet, nord 0.0 0.0 0 0 - 0 0.0 -
Randers Fjord, indre 1.7 0.0 2,553 2,553 0% 0 0.0 -
Randers Fjord, ydre 2.6 0.0 217 226 4% 9 0.0 -
Hevring Bugt 0.0 0.8 0 0 - 0 0.0 -
Anholt 0.0 0.7 0 0 - 0 0.0 -
Djursland @st 4.5 0.8 936 938 0% 2 0.0 -
Ebeltoft Vig 1.0 0.8 2 1 -52% -1 0.0 -
Stavns Fjord 1.7 0.8 3 3 0% 0 0.0 -
Knebel Vig 2.7 0.8 28 28 0% 0 0.0 -
Kalg Vig 0.0 0.8 0 0 - 0 0.0 -
Norsminde Fjord 2.6 0.0 551 551 0% 0 0.0 -
Arhus Bugt og Begtrup Vig 0.0 0.8 0 0 - 0 0.0 =
Kattegat, Leesg 0.0 0.7 0 0 - 0 0.0 -

Bjgrnholms B“fé T!?,iirg(:eiﬁ:gmg' Skive Fjord 7.8 1.0 5,633 5,270 6% -363 144.6 25
Hjarbaek Fjord 10.7 0.7 3,146 3,181 1% 35 0.0 -

Mariager Fjord, indre 14.1 0.9 1,442 1,047 -27% -395 52.8 -7.5
Mariager Fjord, ydre 0.0 0.8 0 0 - 0 0.0 -
Isefjord, indre 7.1 0.9 11,918 11,924 0% 5 0.0 -
Kattegat, Nordsjzelland 4.2 0.7 912 904 -1% -8 0.0 -
Kgge Bugt 33 0.6 10,975 10,975 0% 0 0.0 -
Jammerland Bugt og Musholm Bugt 3.4 0.8 13,404 13,403 0% -1 0.0 -
Smalandsfarvandet, abne del 0.0 0.7 0 0 - 0 0.0 -
Nakskov Fjord 5.1 0.7 7,817 7,749 -1% -69 0.0 -
Femerbeelt 0.0 0.7 0 0 - 0 0.0 -
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R@dsand og Bredningen 8.3 0.6 10,283 10,283 0% 0 0.0 -
Faaborg Fjord 5.0 0.9 200 190 -5% -9 0.0 -
Det sydfynske @hav 4.7 0.9 5,317 4,741 -11% -576 22.9 -25.2
Lillebaelt, syd 0.0 0.9 0 0 - 0 0.0 -
Lillebzelt, Bredningen 6.6 0.9 2,801 2,426 -13% -375 49.6 -7.5
Arhus Bugt syd, Samsg og Nordlige Bzelthav 2.1 0.8 2,834 2,834 0% 0 0.0 -
Skagerrak 0.0 0.8 0 0 - 0 0.0 -
Kattegat, Aalborg Bugt 0.0 0.8 0 0 - 0 0.0 -
Nordlige Lillebzelt 6.2 0.9 2,090 2,098 0% 8 0.0 -
Nordlige Kattegat, Albaek Bugt 0.0 0.7 0 0 - 0 0.0 -
Lillebzelt, Snaevringen 11.7 0.9 461 450 -2% -11 27.6 -04
Nissum Bredning 5.2 0.9 1,731 1,725 0% -6 0.0 -
Kas Bredning og Veng Bugt 0.4 1.0 163 173 6% 10 0.0 -
Lagstar Bredning 0.4 0.9 239 239 0% 0 0.0 -
Nibe Bredning og Langerak 0.0 0.8 0 0 - 0 0.0 -
Thisted Bredning 14.7 0.9 5,058 5,058 0% 0 0.0 -
Halkzer Bredning 19.7 0.0 1,956 1,956 0% 0 0.0 -
Total 224,904 222,984 -1% -1,920 369.4 -7.5
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Scenario B1

Reduction Requirement

Mussel N Reduction

Area used by Set Aside Measures (ha)

(KgN/ha) Potential (TN/ha) No Mussels Mussels&Feed Change (%) Change (ha) Mussels Area (ha) | Substitution (water/land)

Roskilde Fjord, ydre 3.4 0.9 1,471 1,476 0% 4 0.0 -
Roskilde Fjord, indre 3.8 0.7 1,159 1,164 0% 5 0.0 -
Nordlige @resund 0.0 0.6 0 0 - 0 0.0 -
Korsgr Nor 0.0 0.0 0 0 - 0 0.0 -
Basnas Nor 1.7 0.0 0 3 - 3 0.0 -
Holsteinborg Nor 0.0 0.0 0 0 - 0 0.0 -
Isefjord, ydre 3.5 0.9 580 579 0% -2 0.0 -
Skaelskgr Fjord og Nor 0.3 0.0 0 0 - 0 0.0 =
Sejerp Bugt 0.0 0.8 0 0 - 0 0.0 -
Kalundborg Fjord 2.0 0.8 7 7 0% 0 0.0 -
Smalandsfarvandet, syd 0.0 0.7 0 0 - 0 0.0 -
Karrebak Fjord 2.6 0.0 2,578 2,578 0% 0 0.0 -
Dybsg Fjord 0.0 0.0 0 0 - 0 0.0 -
Avng Fjord 0.0 0.6 0 0 - 0 0.0 -
Guldborgsund 0.0 0.6 0 0 - 0 0.0 -
Hjelm Bugt 0.9 0.6 1 1 0% 0 0.0 -
Grgnsund 4.4 0.6 169 168 -1% -1 0.0 -
Fakse Bugt 0.0 0.5 0 0 - 0 0.0 -
Preestg Fjord 5.0 0.6 184 184 0% 0 0.0 -
Stege Bugt 0.4 0.5 28 28 0% 0 0.0 -
Stege Nor 6.6 0.0 10 10 0% 0 0.0 -
@sterspen, Bornholm 11.0 0.5 7,202 7,202 0% 0 0.0 -
Neera Strand 8.5 0.0 2,221 2,225 0% 4 0.0 -
Lillestrand 2.7 0.0 124 124 0% 0 0.0 -
Lindelse Nor 3.7 0.0 193 205 6% 12 0.0 -
Klgven 2.7 0.9 200 200 0% 0 0.0 -
Bredningen 9.2 0.0 1,428 1,424 0% -4 0.0 -

Gamborg Fjord 12.5 0.9 1,595 114 -93% -1,481 44.9 -33.0
Aborg Minde Nor 11.6 0.0 2,552 2,552 0% 1 0.0 -
Holckenhavn Fjord 8.5 0.0 3,176 3,176 0% 0 0.0 -
Kerteminde Fjord 5.3 0.0 0 0 - 0 0.0 -
Kertinge Nor 5.1 0.0 289 289 0% 0 0.0 =
Nyborg Fjord 0.0 0.8 0 0 - 0 0.0 -
Helnaes Bugt 3.2 0.9 1,660 1,660 0% 0 0.0 -
Lunkebugten 0.0 0.8 0 0 - 0 0.0 -
Langelandssund 0.0 0.8 0 0 - 0 0.0 -
Odense Fjord, ydre 2.3 0.9 285 285 0% 0 0.0 -
Odense Fjord, Seden Strand 7.7 0.0 13,168 13,174 0% 5 0.0 -
Storebeelt, SV 0.4 0.8 13 13 0% 0 0.0 -
Storebaelt, NV 4.7 0.8 551 551 0% 0 0.0 -
Genner Bugt 4.1 0.9 202 203 0% 1 0.0 -
Abenra Fjord 6.4 0.9 515 519 1% 4 0.0 -
Als Fjord 2.2 0.9 402 402 0% 0 0.0 -
Als Sund 3.5 0.9 185 186 0% 0 0.0 -
Augustenborg Fjord 2.3 0.9 391 390 0% -1 0.0 -
Haderslev Fjord 7.3 0.0 2,217 2,217 0% 0 0.0 -
Juvre Dyb 5.2 0.0 928 933 1% 5 0.0 -
Avng Vig 9.0 0.0 761 761 0% 0 0.0 -
Hejlsminde Nor 5.6 0.0 900 899 0% 0 0.0 -
Nybgl Nor 0.0 0.9 0 0 - 0 0.0 -
Lister Dyb 0.2 0.0 0 0 - 0 0.0 =
Flensborg Fjord, indre 5.9 0.0 248 248 0% 0 0.0 -
Flensborg Fjord, ydre 0.0 0.9 0 0 - 0 0.0 =
Vesterhavet, syd 0.0 0.0 0 0 - 0 0.0 =
Knudedyb 15.9 0.0 30,567 30,561 0% -6 0.0 -
Gradyb 5.8 0.0 16,054 16,057 0% 3 0.0 -

Vejle Fjord, ydre 5.2 0.9 1,954 1,391 -29% -563 27.0 -20.8
Vejle Fjord, indre 4.6 0.9 3,145 3,149 0% 4 0.0 -
Kolding Fjord, indre 13.0 0.0 6,273 6,273 0% 0 0.0 =
Kolding Fjord, ydre 7.2 1.0 371 371 0% 0 0.0 =
Horsens Fjord, ydre 2.1 0.8 100 100 0% 0 0.0 -
Horsens Fjord, indre 6.6 0.9 5,372 5,372 0% 0 0.0 -
Nissum Fjord, ydre 9.7 0.0 4,039 4,039 0% 0 0.0 -
Nissum Fjord, mellem 6.4 0.0 860 861 0% 2 0.0 -
Nissum Fjord, Felsted Kog 8.2 0.0 11,360 11,362 0% 1 0.0 -
Ringkgbing Fjord 7.4 0.0 28,862 28,863 0% 0 0.0 -
Vesterhavet, nord 0.0 0.0 0 0 - 0 0.0 -
Randers Fjord, indre 1.7 0.0 10,457 10,457 0% 0 0.0 -
Randers Fjord, ydre 2.6 0.0 521 528 1% 7 0.0 -
Hevring Bugt 0.0 0.8 0 0 - 0 0.0 -
Anholt 0.0 0.7 0 0 - 0 0.0 -
Djursland @st 4.5 0.8 2,425 2,427 0% 1 0.0 -
Ebeltoft Vig 1.0 0.8 31 31 0% 0 0.0 -
Stavns Fjord 1.7 0.8 6 6 0% 0 0.0 =
Knebel Vig 2.7 0.8 22 27 24% 5 0.0 -
Kalg Vig 0.0 0.8 0 0 - 0 0.0 -
Norsminde Fjord 2.6 0.0 409 409 0% 0 0.0 -
Arhus Bugt og Begtrup Vig 0.0 0.8 0 0 - 0 0.0 =
Kattegat, Leesp 0.0 0.7 0 0 - 0 0.0 -

Bjgrnholms Bugt, Riisgarde Bre.dning, Skive Fjord 78 1.0 24,060 17192 20% 6,869 144.6 475

og Lovns Bredning

Hjarbaek Fjord 10.7 0.7 31,571 31,597 0% 26 0.0 -

Mariager Fjord, indre 14.1 0.9 7,751 5,599 -28% -2,152 52.8 -40.7
Mariager Fjord, ydre 0.0 0.8 0 0 - 0 0.0 -
Isefjord, indre 7.1 0.9 5,220 5,220 0% 0 0.0 -
Kattegat, Nordsjzelland 4.2 0.7 1,242 1,242 0% 0 0.0 -
Kgge Bugt 33 0.6 969 969 0% 0 0.0 -
Jammerland Bugt og Musholm Bugt 3.4 0.8 2,585 2,585 0% 0 0.0 -
Smalandsfarvandet, abne del 0.0 0.7 0 0 - 0 0.0 -
Nakskov Fjord 5.1 0.7 79 79 0% 0 0.0 -
Femerbeaelt 0.0 0.7 0 0 - 0 0.0 -
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R@dsand og Bredningen 8.3 0.6 2,479 2,478 0% -1 0.0 -
Faaborg Fjord 5.0 0.9 406 389 -4% -17 0.0 -
Det sydfynske @hav 4.7 0.9 3,064 2,486 -19% -578 22.9 -25.3
Lillebaelt, syd 0.0 0.9 0 0 - 0 0.0 -
Lillebzelt, Bredningen 6.6 0.9 2,087 1,495 -28% -592 49.6 -11.9
Arhus Bugt syd, Samsg og Nordlige Bzelthav 2.1 0.8 587 587 0% 0 0.0 -
Skagerrak 0.0 0.8 0 0 - 0 0.0 -
Kattegat, Aalborg Bugt 0.0 0.8 0 0 - 0 0.0 -
Nordlige Lillebzelt 6.2 0.9 4,246 4,246 0% 0 0.0 -
Nordlige Kattegat, Albaek Bugt 0.0 0.7 0 0 - 0 0.0 E
Lillebzelt, Snaevringen 11.7 0.9 769 23 -97% -746 27.6 -27.0
Nissum Bredning 5.2 0.9 5,564 5,549 0% -16 0.0 -
Kas Bredning og Veng Bugt 0.4 1.0 390 392 1% 2 0.0 -
Lagstar Bredning 0.4 0.9 5 5 0% 0 0.0 -
Nibe Bredning og Langerak 0.0 0.8 0 0 - 0 0.0 -
Thisted Bredning 14.7 0.9 12,289 12,289 0% 0 0.0 -
Halkaer Bredning 19.7 0.0 11,958 11,958 0% 0 0.0 -
Total 287,747 274,816 -4% -12,931 369.4 -29.5




Scenario B1

Reduction Requirement

Mussel N Reduction

Area used by Sink Measures (ha)

(KgN/ha) Potential (TN/ha) No Mussels Mussels&Feed Change (%) Change (ha) Mussels Area (ha) Substitution (water/land)

Roskilde Fjord, ydre 34 0.9 552 552 0% 0 0.0 -
Roskilde Fjord, indre 3.8 0.7 4,179 4,179 0% 0 0.0 -
Nordlige @resund 0.0 0.6 0 0 - 0 0.0 -
Kors@r Nor 0.0 0.0 0 0 - 0 0.0 -
Basnaes Nor 1.7 0.0 9 9 0% 0 0.0 -
Holsteinborg Nor 0.0 0.0 0 0 - 0 0.0 -
Isefjord, ydre 3.5 0.9 94 94 0% 0 0.0 -
Skezelskgr Fjord og Nor 0.3 0.0 0 0 - 0 0.0 -
Sejerg Bugt 0.0 0.8 0 0 - 0 0.0 -
Kalundborg Fjord 2.0 0.8 11 11 0% 0 0.0 -
Smalandsfarvandet, syd 0.0 0.7 0 0 - 0 0.0 -
Karrebzk Fjord 2.6 0.0 65 65 0% 0 0.0 -
Dybsg Fjord 0.0 0.0 0 0 - 0 0.0 -
Avng Fjord 0.0 0.6 0 0 - 0 0.0 -
Guldborgsund 0.0 0.6 0 0 - 0 0.0 -
Hjelm Bugt 0.9 0.6 18 18 0% 0 0.0 -
Grgnsund 4.4 0.6 3,137 3,137 0% 0 0.0 -
Fakse Bugt 0.0 0.5 0 0 - 0 0.0 -
Preestg Fjord 5.0 0.6 15 15 0% 0 0.0 -
Stege Bugt 0.4 0.5 0 0 - 0 0.0 -
Stege Nor 6.6 0.0 550 550 0% 0 0.0 -
@stersgen, Bornholm 11.0 0.5 16,017 16,017 0% 0 0.0 -
Naera Strand 8.5 0.0 1,042 1,042 0% 0 0.0 -
Lillestrand 2.7 0.0 0 0 0% 0 0.0 -
Lindelse Nor 3.7 0.0 512 412 -20% -100 0.0 -
Klgven 2.7 0.9 0 0 - 0 0.0 -
Bredningen 9.2 0.0 1,900 1,900 0% 0 0.0 -

Gamborg Fjord 12.5 0.9 1,550 0 -100% -1,550 449 -34.5
Aborg Minde Nor 11.6 0.0 1,500 1,500 0% 0 0.0 -
Holckenhavn Fjord 8.5 0.0 4,616 4,616 0% 0 0.0 -
Kerteminde Fjord 5.3 0.0 0 0 0% 0 0.0 -
Kertinge Nor 5.1 0.0 0 0 - 0 0.0 =
Nyborg Fjord 0.0 0.8 0 0 - 0 0.0 -
Helnaes Bugt 3.2 0.9 0 0 - 0 0.0 -
Lunkebugten 0.0 0.8 0 0 - 0 0.0 -
Langelandssund 0.0 0.8 0 0 - 0 0.0 -
Odense Fjord, ydre 23 0.9 28 28 0% 0 0.0 -
Odense Fjord, Seden Strand 7.7 0.0 8,352 8,352 0% 0 0.0 -
Storebeelt, SV 0.4 0.8 0 0 0% 0 0.0 -
47 Storebeelt, NV 4.7 0.8 15 15 0% 0 0.0 -
Genner Bugt 4.1 0.9 11 11 0% 0 0.0 -
Abenra Fjord 6.4 0.9 7 7 0% 0 0.0 -
Als Fjord 2.2 0.9 19 19 0% 0 0.0 -
Als Sund 3.5 0.9 3 3 4% 0 0.0 -
Augustenborg Fjord 2.3 0.9 16 16 0% 0 0.0 -
Haderslev Fjord 7.3 0.0 41 41 0% 0 0.0 -
Juvre Dyb 5.2 0.0 11 10 -5% -1 0.0 -
Avng Vig 9.0 0.0 7 7 0% 0 0.0 -
Hejlsminde Nor 5.6 0.0 6 6 0% 0 0.0 -
Nybgl Nor 0.0 0.9 0 0 - 0 0.0 -
Lister Dyb 0.2 0.0 0 0 - 0 0.0 -
Flensborg Fjord, indre 5.9 0.0 28 28 0% 0 0.0 -
Flensborg Fjord, ydre 0.0 0.9 0 0 - 0 0.0 -
Vesterhavet, syd 0.0 0.0 0 0 - 0 0.0 -
Knudedyb 15.9 0.0 4,508 4,511 0% 3 0.0 -
Gradyb 5.8 0.0 377 377 0% 0 0.0 -

Vejle Fjord, ydre 5.2 0.9 10 10 0% 0 27.0 0.0
Vejle Fjord, indre 4.6 0.9 2 2 0% 0 0.0 -
Kolding Fjord, indre 13.0 0.0 53 53 0% 0 0.0 -
Kolding Fjord, ydre 7.2 1.0 5 5 0% 0 0.0 -
Horsens Fjord, ydre 2.1 0.8 0 0 - 0 0.0 -
Horsens Fjord, indre 6.6 0.9 108 108 0% 0 0.0 -
Nissum Fjord, ydre 9.7 0.0 283 283 0% 0 0.0 -
Nissum Fjord, mellem 6.4 0.0 31 31 -1% 0 0.0 -
Nissum Fjord, Felsted Kog 8.2 0.0 971 971 0% 0 0.0 -
Ringkgbing Fjord 7.4 0.0 4,390 4,390 0% 0 0.0 -
Vesterhavet, nord 0.0 0.0 0 0 - 0 0.0 -
Randers Fjord, indre 1.7 0.0 71 71 0% 0 0.0 -
Randers Fjord, ydre 2.6 0.0 47 47 0% 0 0.0 -
Hevring Bugt 0.0 0.8 0 0 - 0 0.0 -
Anholt 0.0 0.7 0 0 - 0 0.0 -
Djursland @st 4.5 0.8 793 793 0% 0 0.0 -
Ebeltoft Vig 1.0 0.8 8 8 1% 0 0.0 -
Stavns Fjord 1.7 0.8 10 10 0% 0 0.0 -
Knebel Vig 2.7 0.8 21 21 0% 0 0.0 =
Kalg Vig 0.0 0.8 0 0 - 0 0.0 -
Norsminde Fjord 2.6 0.0 20 20 0% 0 0.0 -
Arhus Bugt og Begtrup Vig 0.0 0.8 0 0 - 0 0.0 -
Kattegat, Laeso 0.0 0.7 0 0 - 0 0.0 -

Bjgrnholms B“goté Figf/gnasrgreeiﬁ:gmg’ Skive Fjord 7.8 1.0 1,136 1,110 2% 225 144.6 0.2
Hjarbaek Fjord 10.7 0.7 3,139 3,139 0% 0 0.0 -

Mariager Fjord, indre 14.1 0.9 415 16 -96% -399 52.8 -7.6
Mariager Fjord, ydre 0.0 0.8 0 0 - 0 0.0 -
Isefjord, indre 7.1 0.9 468 468 0% 0 0.0 -
Kattegat, Nordsjaelland 4.2 0.7 205 205 0% 0 0.0 -
Kgge Bugt 3.3 0.6 336 336 0% 0 0.0 -
Jammerland Bugt og Musholm Bugt 34 0.8 557 557 0% 0 0.0 -
Smalandsfarvandet, abne del 0.0 0.7 0 0 - 0 0.0 -




Nakskov Fjord 51 0.7 399 399 0% 0 0.0 -
Femerbaelt 0.0 0.7 0 0 - 0 0.0 -
R@dsand og Bredningen 8.3 0.6 5,508 5,508 0% 0 0.0 -
Faaborg Fjord 5.0 0.9 300 350 17% 50 0.0 -
Det sydfynske @hav 4.7 0.9 47 50 5% 2 22.9 0.1

Lillebaelt, syd 0.0 0.9 0 0 - 0 0.0 -

Lillebzelt, Bredningen 6.6 0.9 3,742 43 -99% -3,699 49.6 -74.5
Arhus Bugt syd, Samsg og Nordlige Balthav 21 0.8 79 79 0% 0 0.0 -
Skagerrak 0.0 0.8 0 0 - 0 0.0 -
Kattegat, Aalborg Bugt 0.0 0.8 0 0 - 0 0.0 -
Nordlige Lillebzelt 6.2 0.9 55 55 0% 0 0.0 -
Nordlige Kattegat, Albaek Bugt 0.0 0.7 0 0 - 0 0.0 -

Lillebzelt, Snaevringen 11.7 0.9 900 0 -100% -900 27.6 -32.6
Nissum Bredning 5.2 0.9 6 8 37% 2 0.0 -
K3as Bredning og Veng Bugt 0.4 1.0 0 0 - 0 0.0 -
Logstgr Bredning 0.4 0.9 0 0 - 0 0.0 -
Nibe Bredning og Langerak 0.0 0.8 0 0 - 0 0.0 -
Thisted Bredning 14.7 0.9 616 616 0% 0 0.0 -
Halkzer Bredning 19.7 0.0 505 505 0% 0 0.0 -

Total 74,432 67,815 -9% -6,617 369.4 -21.3




Appendix B

Mussel farming for mitigation purposes — data and assumptions.

In the model, all mussel farms are identical in terms of their configuration and size. The “model
farm” comes from studies conducted in the context of the Mumipro project

(www.mumipro.dk). As documented in Holbach et al. (2020) and Taylor et al. (2019), it is the

mussel farm configuration that showed the best results during test trials in Danish waters. It is
composed of 3 sets of 30 longlines, each measuring 200m in length, and occupies 18.8 ha. Spat
collectors are tied to the mainline with 40 cm separation between loops and 30 cm of loop
width. Figure 4 illustrates the model farm. For a full explanation on the testing and

configuration of the mussel farms, we refer the readers to the studies mentioned above.

Overview from the top Detailed view from the side
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Figure 4 - lllustration of model mussel mitigation farm. Source: Holbach et al. (2020).

Annualized costs of a model mussel farm

Data on the annualized cost of a mussel farm for mitigation purpose was collected during the
Mumipro project and was based on the model farm size and configuration described above.
The analysis is based on average mussel productivity for all papers. Variability in costs due to
changes in production volume is not taken into account. Below are the cost sheets used to
estimate the annual costs of a model mussel farm (tables 5, 6, 7, 8, and 9). All values are in

Danish Kroners and the return rate is assumed to be 4%.


http://www.mumipro.dk/

Table 5 - Establishment costs of a model mussel farm.

ESTABLISHMENT OF THE FARM
I Capital .
Materials Quantity | Price Total Lifetim Recovery Anrgal;zed
€ Factor” 0s
Corner buoys 8 5,000 40,000 20 0.0736 2,943
Screw anchors 130 300 39,000 20 0.0736 2,870
Blocks 4050 25 101,250 20 0.0736 7,450
Longlines 90 600 54,000 10 0.1233 6,658
Extra ropes 30 600 18,000 - - -
Buoys 34000 45 1,530,000 20 0.0736 112,580
Buoys’ ropes 34000 2.50 85,000 - - -
Blocks ropes 110 250 27,500 5 0.2246 6,177
Spat collectors 138600 5.50 762,300 12 0.1066 81,225
t collectors’
Spa ‘;gpeesc ors 51480 | 095 48,906 2 0.5302 25,930
Miscellaneous
acquisitions 75,000 20 0.0736 5,519
Purchase of truck 100,000 20 0.0736 7,358
Protection of
block line - tubing 4050 2 8,100 20 0.0736 596
Services Quantity | Price Total
Drilling of corners 8 3,000 24,000 20 0.0736 1,766
Drilli fanch
AT ANEOr | 130 1300 | 169,000 20 0.0736 12,435
Labor and
Sailing
Labor 1100 250 275,000 20 0.0736 20,235
Ship hours 500 625 312,500 20 0.0736 22,994
Total
Establishment 3,661,456
Costs
Total annualized
establishment 316,736
Ccosts

i(1+)"
1+)"-1

“Capital recovery factor formula: where i is the alternative rate of return and n is the lifetime of

the investment.



Table 6 - Start-up costs of a model mussel farm, per year.

START-UP OF OPERATIONS (Yearly)

Work Boat Hourl Hourly .
Type hours hours y rate | rate boat Materials Sum
Preparations 60 30 250 625 33,750
Preparing buoys 400 0 250 100,000
Preparing spat
collectors (external 0 80,000
service)
Hanging of spat 200 100 250 625 112,500
collectors
Transport sailing
(boat hours) 250 625 0
Materials:
Replacement lines 1,000
Replacement buoys 30,000
Replacement spat 20,000
collectors
Use of truck 5,000
Replacement screw
anchors 1,000
Replacement blocks 2,500
Buoy ropes 85,000
Miscellaneous tools 6,000
Total 476,750

Table 7 - Ongoing maintenance costs of a model mussel farm per year.

Ongoing Maintenance

Man hours 82,500 kr.
Boat hours 71,875 kr.
Maintenance truck 5,000 kr.
Renovation 10,000 kr.
Administration 40,000 kr.
Revision 20,000 kr.
Rent/port fee 110,000 kr.
TOTAL 339,375 kr.




Table 8 - Harvesting costs of a model mussel farm.

Harvest
Other
Type Hours Hourly rate costs Totals
Harvest (labor) 440 250 110,000
Harvest boat (boat hours) 220 900 198,000
Removal of buoys 630 250 157,500
Cleanup
Sailing (boat hours) 315 625 196,875
Other costs:
Pallets
Big bags (packaging) 20,000
Renovation 1,000
Monitoring 40,000 61,000
Total 723,375
Table 9 - Summary of costs of a model mussel farm.
SUMMARY
Total Establishment Costs 3,661,456
Total Annualized Establishment Costs 316,736
Total Annual Operational Costs 1,539,500
Total Annual Costs 1,856,236

Mussel farm productivity

The mitigation of nutrient pollution and the accumulation of mussel biomass are closely related, as the
nutrients are taken up by the mussels and transformed into mussel tissue and byssus. Consequently,
mussel productivity in this study is assessed in terms of biomass production. This assessment of
productivity is based on a spatial model for nutrient mitigation potential of blue mussel farms in the

western Baltic Sea, developed by Holbach et al. (2020).

In the research paper, the mitigation potential for large parts of the Danish coastal waters was estimated,

allowing for differentiation in mussel productivity at the farm level. The model provided long-term



mean values, as well as a range of values that considered both natural variability in mussel growth and

model uncertainty. Only long-term mean values were used in this study.

The cost of 1 Kg of mussel produced and N removed was thus variable throughout the country, varying
between 1.45 DKK and 3.08 DKK. The variation, however, was only due to changes in productivity.
The production costs of mussels, and the farm unit size, was kept fixed due to lack of data required to

make estimations of changes in costs due to changes in productivity.

Data processing — spatial model for nutrient mitigation potential of blue mussel farms

All spatial data handling was performed in R (v. 4.0.3) by applying functions of the libraries ‘sp’ (v.
1.4-4), ‘raster’ (v. 3.3-13), ‘rgdal’ (1.5-17), ‘igraph’ (v. 1.2.6), ‘R.utils’ (v. 2.10.1), and ‘reshape’ (v.
0.8.8). Details of the code can be obtained from the authors upon request. Respective maps were created

using the ‘tmap’ (v. 3.1) library.
Exclusion of areas with conflicting interests

We have excluded a set of areas, which we consider unavailable for potential mussel farms:

. Main shipping routes

. Military shooting areas

. Restrictions to sail, anchor and fish

. Wind farms (existing, under construction, and approved)
. Cables & pipelines

. Entrances to harbors are excluded up to 1 km

. Max. distance to harbors 15 km

. Max. water depth 20 m

. Min. distance to bathing sites 1 km

The respective spatial layers for site exclusion have been derived from the ‘MYTIGATE—Mytilus
edulis (Blue Mussel) Mitigation Farm Site Selection Tool for the Western Baltic Sea (Holbach, Maar,

Timmermann and Goke, 2020).

Each raster cell of the spatial model for mitigation potential of mussel farms was assigned to the

respective near-coastal water body of the Danish water body classification, where its cell-center falls



into. We extracted all available raster cells with their respective harvest and mitigation potentials for

each one of the 109 catchments.

As aresult, 11665 raster cells were allocated to 72 of the 109 catchments. The expected long-term mean
mitigation potential per farm and year ranged in between 8,8-18.5 t-nitrogen at an average of 14.5 t-
nitrogen. The remaining 37 catchments did not receive allocated mitigation potentials because of three
possible reasons: (1) the connected water bodies were not part of the spatial model, (2) the connected
water bodies did not have raster cells with bathymetry > 4 m, or (3) all the available raster cells in the

spatial model were excluded due to the selected conflicting interest criteria.

Mussel feed production

Mussel feed production costs were based on work by @gelund (2020). As described in the study,
processes to convert harvested mussels into mussel meal are still under development. So far, cheaper
processes are resulting in lower protein concentration, which decreases its selling price. New and
optimized processes have been proposed, however, and the mentioned study was able to define plausible
scenarios for production costs. For our analysis, two of the scenarios proposed in the study were used,
the most likely scenario and the optimistic scenario, both with the same parameters as in the study. In
the former, the estimated processing costs per kg of mussel feed is 4.21 DKK and, in the latter, it is 2.58
DKK. To produce 1 kg of mussel feed, 14 kg of harvested mussels was used for the most likely scenario

and 12 kg for the optimistic scenario.

The selling price of mussels was also based on @gelund (2020). The method used (full description in
the study mentioned) was to compare the protein content of fish meal with the protein content of mussel
meal achieved for each production process analyzed. Since mussel meal and fish meal have similar
digestibility and amino acid profiles, mussel meal can serve as a substitute if the differences in protein
content are taken into account (Ngrgaard et al., 2015; Afrose et al., 2016). The price of fish meal was
assumed to be 10.50 DKK for the most likely scenario and 13 DKK for the optimistic scenario. Taking
2019 as a reference, the price of fish meal on a market for organic feed for egg-laying hens is 10.50
DKK (Nielsen, pers.com). The higher value of 13 DKK comes from a hypothetical scenario where feed

is produced domestically and without the use of soya (Nielsen, pers.com).

Fish meal protein content was assumed to be 72%. For both scenarios, mussel meal protein content was
set to 65%. For the most likely scenario, the selling price of mussel feed was then set to 9.48 DKK/kg

and for the optimistic scenario it was set to 11.74 DKK/kg.

In table 10, a summary of the assumptions and final parameters are presented.



Table 10 - Summary of assumptions and parameters.

. Scenario Scenario
Assumptions & Parameters Most Likely Optimistic
Processing Costs
per Kg of mussel feed 4.21 2.58
(DKK)
Kg of Mussel
per Kg of Feed 14 12
Mussel production cost
oer kg (DKK) 1.45 - 3.08 1.45-3.08
Total Cost
per kg of Feed (DK) 24.51 - 47.33 19.98 — 39.54
Fish Meal Price
(DKK) 10.5 10.5
% Protein 0 0
Fish Meal 2% 2%
0 .
% Protein 65% 65%
Mussel meal
Mussel Meal
Price (DKK) 9.48 11.74
Remaining cost 1.07 - 2.70 0.69 - 2.32

per kg mussel (DKK)
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Appendix C

Model documentation

This appendix formally specifies the optimization model used in the manuscript “Integrated
ecological economic modelling for cross sectoral water policy evaluation”. It includes
specification of the objective function, which defines the cost of reducing nitrogen emissions to
coastal waters; and the biophysical constraints; defined by the biophysical potential of different
options and their effectiveness. First, the sets, variables, and parameters used are defined. Second,
the objective function and the constraints and, third, additional descriptions for constructed
wetlands, wastewater treatment, overflow, and mussel farming are presented.

Model sets:

k € {1,2,...,K} | setof coastal catchments.

i €{ig, ..., I} | setof fields in coastal catchment k.

r € {ry, .., Ry} | setof retention regions in coastal catchment k.

set of potential locations of constructed wetland in retention regions r

leil. .., L .
{ Tk Tk in coastal catchment k.

p € {pk, .-, Px} | set of wastewater treatment plants in coastal catchment k.

f € {fx, -, Fx} | setof potential mussel farm locations in coastal catchment k.

j€ {1,2,...,]} | setof mitigation measures applied a field level.

Jjs €] measures applied at field level and subject to surface N retention

Jje €] measures applied at field level and subject to total N retention.

w € {1,2,..,W}| setof mitigation measures applied in wastewater treatment plants.

q € {1,2,3} set of constructed wetlands sizes.

Model variables:

Output variable

C | Total costs of implementing measures in coastal catchment k.

Control variables

Xij | Binary variable for measures j applied at field i.




yrlq

Binary variable for constructed wetlands of size q applied at location lin

retention regionr.

Zpw | Binary variable for wastewater treatment measure w applied at plant p.

Ur | Binary variable for having a mussel farm at potential location f.

Model parameters:

FDcost;j | Cost of implementing measure j at field i.
CWcost, Cost of implementing constructed wetlands of size q.
WWTcost,,, | Cost of implementing wastewater measure w at plant p.
MUcost Cost of a mussel farm.Fixed value for all mussel farms.
SURFret; | Surface N retention applicable at field i.
SURFret, | Surface N retention applicable at plant p.
TOTret; Total N retention applicable at field i.
EFF;j N reduction, per unit of area,of measure j at field i.
CWeffq N reduction of a constructed wetland of size q.Value is fixed for all locationy
WWTeffy, | N reduction, per plant, of measure w.Value is fixed for all plants p.
MUef fr N reduction of a mussel farm at potential location f.
MUfeeds | Income from selling mussel feed made from mussels harvested at farm f.
POT;; Potential area for measure j at field i.
Ty N reduction target for coastal catchment k.




Equations

Obijective function — Minimize total costs, C.
eq. (1)

min CxiijrlqupWruf
Ri Ly @ Pr w

Iy ]

= ZZ FDcost;; * x;; + ZZZ CWcosty * Yri,q + zz WWTcostpy, * Zpw
i r oLoq pw
Fi

+ Z(MUcost - MUfeedf) *ur  Vk
f

Constraint — Reduction target for coastal catchment.

eq. (2)
Iy Js Iy e
22(1 - SURFretl-) * EFFl]s * POTl]s * xijs + 22(1 - TOTreti) * EFFl]t * POTl]t * xijt
i js i jt
Ry Irp @ Pr w
+ z Z Z CWeff, * yriq + Z 2(1 — SURFret,)  WWTeff,, * Zy,
r o Loq p w
Fi
f
Constraint — Mutual exclusion of measures in the same field.
eq. (3)

J

ZXUS1 Vi

J

Constraint — Mutual exclusion of constructed wetland measures in the same potential location .

eq. (4)
Q
Zqu <1 Vi
q

Constraint — Mutual exclusion of wastewater treatment measures in the same plant p.

eq. (5)
w

EZPW <1 Vp

w



Descriptions

Constructed Wetlands

Constructed wetlands (CW) are usually larger than a field and are therefore not modelled through
the field level binary variable x;;. The approach used is to assign several potential CW sites ([) to

each retention region (r) and allow the model to choose which ones to use. A retention region is
15km2 on average (Hgjberg et al. 2015). There are 3 possible sizes for the CWs — 20ha, 50ha and

100ha. Set g contains the possible sizes. The binary variable y,, 4 thus chooses whether a CW, of

size g, will be implemented in location | in retention region r.
Total costs for implementing CWs is therefore denoted by the equation below:
eq. (6)

Rg Lri @

Z z 2 CWcosty * yr1q Vk
r L q

where CW cost,, represents the cost of implementing CWs of different sizes.

The number of CWs allowed in each retention region is restricted by the potential area for CWs in
them, represented by PotCW,. in eq. 7. Factors determining suitability for CWs are land altitude
and soil composition. The constraint on how many CWs is implemented in each retention region

is described by the equation below:

eq. (7)

Ly Q

Z Z Yrig * CWarea, < PotCW,
Il q

where CWarea, is the size of the CW (g) chosen for location [.



The effectiveness of the CWs in reducing N loss is dependent on their sizes. The equation

representing their total N reduction is therefore the one defined below:

eq. (8)

R Lrp @

ZZZ Cweffq *Vriq vk
r L q

where CWef f, represents the effectiveness of the measure and y,, , is the binary variable used
to choose which CW size is implemented in each location [, if one is implemented.

Wastewater Treatment

N reduction measures related to wastewater treatment (WWT) plants are chosen at catchment
level. Each WWT plant is assigned to its respective catchment and the binary variable z,,, is used
to choose which WWT measure (w) is implemented in which plant (p). The cost of implementing
a measure in a plant is represented by the parameter WWTcost,,,. The total cost of measures

implemented in WWT plants is thus given by equation 9 below:

eq. (9)

Py w

Z Z WWTcostyy, * zpw Yk

Y4 w

N reduction done by WWT measures is subject to surface retention. The surface retention value
for each plant is denoted by SURFret,. The total N reduction after N retention is therefore given

by equation 10 below:

eq. (10)
Pr W
Z Z(l — SURFrety,) x WWTef f,, * z,, Vk
P w



where WWTeff,, denotes the effectiveness of measure w. N reduction does not vary per plant,
only per measure. Additionally, WWT measures are implemented sequentially, with a more

effective measure replacing the previous one. A mutual exclusion constraint is then necessary:

eq. (11)

w

Zzpwﬁl Vp

w

Mussel Farming

Mussel farming is chosen at catchment level. Several potential locations for mussel farms (f) are
assigned to each catchment according to the procedure described in appendix B. The binary

variable u is used to choose whether a mussel farm will be implemented at a potential location.

The cost of running a mussel farm, MUcost, is fixed for all mussel farms. Income from selling

mussel feed produced from mussels harvested from mussel farm 1 is denoted by MUfeed;. The
total cost of mussel farms is therefore described by equation 14 below:
eq. (14)

Fg

Z(MUcost — MUfeedf) *ur  Vk
f

The N reduction of a mussel farm is given by MUef f;. The total N reduction by mussel farms is
thus given by equation 15 below:
eq. (15)

Fy

ZMUefffk *ur  Vk
f

A detailed description of the data sources used and the assumptions made to include mussel

farming as a mitigation measure in the model can be found in Appendix B.
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