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Preface 

This report is commissioned and funded by the Danish Environmental Protection Agency (EPA). 

The data, methods and results included in the report are intended to be an integrated part of the 

material behind the Danish River Basin Management Plans (RBMP) 2021-2027. 

The work reported was managed and performed by SDU, DHI and DTU Aqua. A steering committee 

followed the development during the project and was involved through dialogue and follow-up on 

progress, etc. The steering committee consisted of members from the Danish Ministry of Environ-

ment and Food (MFVM), the Danish EPA (MST), DHI and AU. 

In addition, a follow-up group consisting of members from The Danish Agriculture & Food Council, 

SEGES, Sustainable Agriculture (BL), the Danish Society for Nature Conservation, the Danish 

Sports Fishing Association, Danish Fishermen PO (DFPO), the Danish Ports, SDU and 

KL/municipalities was affiliated with the project. The follow-up group has been continuously informed 

about the project's progress at meetings convened by the MFVM.  

Choice of methods, data processing, description and presentation of results have been solely 

SDU’s, DHI’s and DTU’s decision and responsibility. 

https://www.google.dk/url?sa=i&url=https%3A%2F%2Fwww.linkedin.com%2Fcompany%2Fdtu-aqua&psig=AOvVaw3jjLwLsh6H3ji8_WRXvvxB&ust=1604150225808000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCKjRu7uz3OwCFQAAAAAdAAAAABAD


  
 

 i 

CONTENTS 

Preface  

1 Introduction ................................................................................................................. 1 

2 Method ......................................................................................................................... 3 
2.1 Mechanistic models ........................................................................................................................ 3 
2.2 Nutrient reductions ......................................................................................................................... 3 
2.3 GIS model tool................................................................................................................................ 4 
2.4 Data processing ............................................................................................................................. 7 

3 Results ........................................................................................................................ 9 
3.1 Estuary eutrophication and nutrient responses.............................................................................. 9 

 Depth characteristics .................................................................................................................... 12 
 Pelagic versus benthic primary production .................................................................................. 17 
 Nutrient limitation ......................................................................................................................... 31 

3.2 Eelgrass recovery potential .......................................................................................................... 35 

4 Discussion and conclusion ...................................................................................... 64 

5 References ................................................................................................................ 67 

Appendix A – Horsens Fjord ...................................................................................................... 69 

Appendix B – Vejle Fjord ............................................................................................................ 73 

Appendix C – Odense Fjord ....................................................................................................... 77 

Appendix D – Roskilde Fjord ..................................................................................................... 81 
 

FIGURES 
 

Figure 3-1 Horsens Fjord, Denmark. The eutrophication gradient is shown as polygons numbered from 1 

to 6, with decreasing eutrophication from polygons 1 to 6 and with the distance from the inner-

most part of the fjord measured at the black diamonds. Scalebar is 4 kilometres. ....................... 9 
Figure 3-2 Vejle Fjord, Denmark. The eutrophication gradient is shown as polygons numbered from 1 to 

5 and as distance from the inner-most part of the fjord measured at the black diamonds. 

Scalebar is 4 kilometres. .............................................................................................................. 10 
Figure 3-3 Odense Fjord, Denmark. The eutrophication gradient is shown as polygons numbered from 1 

to 4 and as distance from the inner-most part of the fjord measured at the black diamonds. 

Scalebar is 4 kilometres. .............................................................................................................. 11 
Figure 3-4 Roskilde Fjord, Denmark. The eutrophication gradient is shown as polygons numbered from 1 

to 4 and as distance from the inner-most part of the fjord measured at the black diamonds. 

Scalebar is 8 kilometres. .............................................................................................................. 12 
Figure 3-5 Horsens Fjord, Denmark. Hypsograph of the six gradient polygons presented in Figure 3-1. .... 14 
Figure 3-6 Vejle Fjord, Denmark. Hypsograph of the five gradient polygons presented in Figure 3-2. ........ 15 
Figure 3-7 Odense Fjord, Denmark. Hypsograph of the four gradient polygons presented in Figure 3-3. ... 16 
Figure 3-8 Roskilde Fjord, Denmark. Hypsograph of the four gradient polygons presented in Figure 3-4. .. 17 
Figure 3-9 Horsens Fjord, Denmark. Area-specific growth season (GS) production of eelgrass, 

opportunistic macroalgae and phytoplankton as a function of avg. DIN along a eutrophication 

https://www.google.dk/url?sa=i&url=https%3A%2F%2Fwww.linkedin.com%2Fcompany%2Fdtu-aqua&psig=AOvVaw3jjLwLsh6H3ji8_WRXvvxB&ust=1604150225808000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCKjRu7uz3OwCFQAAAAAdAAAAABAD


  

 

ii  
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1 Introduction 

When preparing the Danish River Basin Management Plans 2015-2021 (RMBP 2015-2021), 

DHI and Aarhus University (AU) developed a number of mechanistic (DHI) and statistical (AU) 

models that were used for calculating chlorophyll-a target values defining the threshold (GM) 

between ‘Good Ecological Status’ (GES) and ‘Moderate Ecological Status’. The models were 

also used for calculating Maximum Allowable Inputs (MAIs) of total nitrogen (N) from Danish 

catchments based on chlorophyll-a threshold values and a proxy for eelgrass depth limit. 

Hence, the development aimed at both the model development and the development of a 

method for calculating the MAIs.   

As part of the political regulatory package ‘The Food and Agriculture Package from 2015’, an 

international evaluation of the procedures used in the RBMP 2015-2021 was conducted. The 

assessment was finalised in autumn 2017 with a report (Herman et al. 2017) including a number 

of recommendations for improving the scientific background behind the RBMP 2021-2027. 

To follow up on the international evaluation, the Danish EPA facilitated a range of R&D projects 

with the overall aim to develop methods to calculate robust, transparent and differentiated 

chlorophyll-a reference values (and corresponding target values) and MAIs in as many water 

bodies as possible for incorporation into the RBMP 2021-2027. 

Two central R&D projects relate to the continued model development in assessing reference 

chlorophyll-a values (and corresponding target values) and final MAI calculations. Other projects 

also support different aspects of the final MAI calculations, but here we focus on those two 

central R&D projects: 

• ‘Recommendations for the continued development of models and methods for use in the 

River Basin Management Plan 2021-2027. Follow-up on the international evaluation of 

marine models behind the River Basin Management Plan 2015-2021’ (Erichsen & 

Timmermann 2018)  

• ‘Application of the Danish EPA’s Marine Model Complex and Development of a Method 

Applicable for the River Basin Management Plans 2021-2027’. 

 

The outcome of the above research projects is a set of MAIs based on a range of different 

assumptions regarding future developments in nutrient loading from neighbouring countries and 

the atmosphere, as described in Erichsen et al. 2020.  

The estimated MAIs address summer chlorophyll-a and eelgrass depth limited described by a 

minimum availability of light at the bottom. These two indicators are the foundation for the 

evaluation of the ecological status. Whereas light availability is a prerequisite for eelgrass to 

grow, light does not alone ensure eelgrass re-establishment. A number of other factors, some of 

which are also linked to nutrient loadings, need to improve to allow for the recovery of eelgrass 

in the shallower areas. Therefore, in the present report, we investigated the impacts of nutrient 

reductions in shallow waters in four different estuaries, described ecosystem effects and 

evaluated the potential growth and recovery potential for eelgrass resulting from nutrient load 

reductions. The present report considers a number of parameters governing eelgrass growth 

and natural eelgrass reestablishment, besides the overall indicators, assessing nutrient 

reductions in a more holistic view. 

In the present study, we used the outputs of mechanistic modelling (DHI 2020a – DHI 2020f) to 

evaluate the effects of Danish nutrient loading reductions. In the present project, we apply 

model results from 30% nutrient reduction scenarios (30% reduction of Danish N respectively P 

land-based loadings). In the final calculations of the Danish N-MAIs (Erichsen et al., in prep. b), 

we also include the effects in the individual estuaries from reductions in neighbouring countries, 

atmospheric depositions and from individual reductions in Danish land-based P-loads. This 

results in a number of individual N-MAIs to the different water bodies. However, in the present 
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study, we only evaluate the effects of Danish nutrient reductions and does not evaluate 

additional impacts from nutrient reductions from neighbouring countries nor the atmospheric 

depositions. Nutrient reductions from neighboring countries and atmospheric depositions will 

enhance the effects from Danish nutrient reductions, especially in the more open estuaries why 

the improvements reported in the present report from the 30% reductions in Danish land-based 

nutrient loadings will be larger in areas which are impacted by nutrients from neighbouring 

countries or atmospheric depositions.  
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2 Method 

The overall aim of the present study is to evaluate the effects of nutrient reductions on the 

potential for eelgrass recovery in shallow, primarily non-light limited, marine areas. The study 

will focus on analysing processes and parameters prohibiting eelgrass recovery and relate 

these results to the estimated maximum allowable nutrient inputs described in Erichsen et al. (in 

prep. a).   

The analysis presented in this report addresses two complementary methodologies to evaluate 

the overall influence of nutrient reductions. The first part of the analysis focuses on assessing 

the environmental parameters along a gradient of eutrophication. Here we divide each water 

body into consecutive sections with decreasing eutrophication pressure (higher eutrophication in 

the innermost part of the estuary and decreasing eutrophication towards the open boundary). 

The aim of this part of the analysis is to evaluate how the system reacts locally to the modelled 

scenarios based on the direct impact on the primary producers (phytoplankton, macroalgae and 

eelgrass). Hence, we estimate how the different key biological parameters react to the nutrient 

changes spatially, following the mentioned eutrophication gradient along with each system. 

The second part of the analysis builds on research presented in, Flindt et al. (2016) and Canal-

Vergés et al. (2016). These studies build on a GIS tool aimed to predict areas with potential for 

eelgrass natural vegetative growth and sexual reproduction (2.3).  

In the present study, we evaluate the shallow water distribution (only to targeted water depths 

according to WFD) of four specific estuaries along a baseline and two nutrient reduction 

scenarios (30% reduction of Danish N (N-30%) respectively P (P-30%) land-based loadings): 

Horsens Fjord, Vejle Fjord, Odense Fjord and Roskilde Fjord. Notice, that in the present 

report baseline refer to the modelled environmental conditions in the respective 

estuaries in a present-day loading scenario. 

present day situation  

These four study cases cover two estuaries in the Northern Belt Sea (east coast of Jutland), one 

estuary at Funen and one estuary in Zealand. They include relatively closed, semi-closed and 

open estuaries with various area-specific nutrient loadings, bathymetry and water retention time. 

Altogether, the four estuaries included in this analysis cover 8 water bodies in the National 

RBMP 2021-2027.  

2.1 Mechanistic models 

Three mechanistic models cover the four estuaries: Northern Belt Sea model (Vejle Fjord and 

Horsens Fjord), Odense Fjord model and Roskilde Fjord model. These models describe both 

hydrodynamic features as current, water temperature, waves etc. and pelagic biogeochemical 

features as chlorophyll-a, inorganic nutrient (DIN and DIP), dissolved oxygen, light attenuation 

etc. as well as a wide range of benthic features as organic carbon in the sediments, biomasses 

of eelgrass, opportunistic and perennial macroalgae etc. 

The overall model descriptions and model parameters in the biogeochemical models 

implemented in the current project are described in Erichsen & Birkeland (2019). The three 

specific models for the Northern Belt Sea, Odense Fjord and Roskilde Fjord are described in 

more detail in DHI 2020a – DHI 2020f. 

2.2 Nutrient reductions 

As part of the development of models and methods, a number of nutrient reduction scenarios 

have been executed (Erichsen et al., 2020). Those scenarios cover a 30% reduction in Danish 
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land-based N-loadings, a 30% reduction in Danish land-based P-loadings, as well as 30% 

reductions in N-loads and P-loads from neighbouring countries and 30% reductions in 

atmospheric N-depositions.  

The work presented in this report builds on differences between a scenario corresponding to 

present-day land-based N- and P-loadings and the two reduction scenarios: i) 30% reduction in 

Danish land-based N-loadings and ii) 30% reduction in Danish land-based P-loadings. 

The overall aim of the reduction scenarios described in Erichsen et al. 2020 is to calculate the 

water body specific reductions that will support Good Ecological Status (GES) in all water 

bodies based on summer chlorophyll-a and eelgrass depth limit (described as the availability of 

light at the seabed). As described in Erichsen et al. 2020, the water body specific need for 

reduction is based on assumptions about potential nutrient reductions from neighbouring 

countries and from the atmosphere. If the reductions from neighbouring countries and from the 

atmosphere are not fulfilled, the need for reductions in Danish land-based N-loadings increases, 

which is also reported in Erichsen et al. (in prep. a). The necessary reduction, estimated for the 

four estuaries included in the present report, is shown in Table 2-1. The reduction needs for the 

four specific estuaries are listed based on management scenario 1. Management scenario 1 

assumes regional treaties and RBMPs from Germany fulfilled as well as full implementation of 

the NEC directive; see Erichsen et al. (in prep. a) for details. 

The overall reduction needed to Horsens Fjord is larger than the 30% reduction in land-based 

N-load as applied in the present report (Table 2-1). In Odense Fjord, the overall reduction needs 

are within the same level (32% in the outer and 40% in the inner parts). The reduction needs for 

the outer part of Vejle Fjord and Roskilde Fjord also correspond to the scenario reported in the 

present report, whereas the reductions needed in the inner part are less for both estuaries (11% 

and 2%, respectively). The data in Table 2-1 assumes achievement of GES after 

implementation of regional treaties and RBMPs from Germany fulfilled as well as full 

implementation of the NEC-directive, whereas the data in the present report does not take 

reductions from neighbouring countries and the atmospheric depositions into account.    

In Table 2-1, the N-reductions are listed according to management scenario 1, assuming 0% P-

reductions. As described in Erichsen et al. 2020, all management scenarios are tested for 

potential effects from reductions in land-based P-loadings. From Erichsen et al. (in prep. a), we 

do, however, see that the reduction needs estimated for Horsens Fjord, Vejle Fjord and 

Roskilde Fjord are only slightly affected by P-reductions (<0.1% change in indicator values /% 

change in P loading) and in Odense Fjord the effect on N-reductions is changed slightly based 

on P-reductions (~0.2% indicator change /%change in P loading).  

Table 2-1 Individual need for reduction in Danish land-based N-loads based on management scenario 
1 (Erichsen et al. (in prep. a)) assuming regional treaties and RBMPs from Germany fulfilled 
as well as full implementation of the NEC-directive. 

Fjord-system 
Need for N reductions, 

inner part 

Need for N reductions, 

outer part 

Horsens Fjord 46% 41% 

Vejle Fjord 11% 23% 

Odense Fjord 40% 32% 

Roskilde Fjord 2% 28% 

2.3 GIS model tool 

There are a number of stressors affecting the natural recovery and transplantation success for 

eelgrass in most Danish estuaries (see Flindt et al. 2016 and Petersen et al. 2021 for a more 

detailed description). Each of the stressors is assessed in GIS and classified according to 
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quantitative threshold between ‘very poor’, ‘poor’, ‘restricted’, ‘good’ and ‘very good’. The 

specific stressor thresholds are listed in Table 2-2 below whereas the different stressors and 

their importance are: 

• Shear stress (wc): Share stress is a measure for the physical stress induced at the 

seabed due to current and waves. Physical stress will prevent seedlings from growing and 

potentially damage existing eelgrass meadows by fragmentation or gap-formation.  

• Sediment LOI: The content of loss of ignition (LOI) is a measure of the organic content in 

the sediment. High values of sediment LOI will impact the sediment anchoring capacity for 

eelgrass (Flindt et al., 2007, 2016) and potentially impact sulphide concentrations in the 

sediment. Some protected or deeper areas of estuaries are natural sedimentation areas 

and have no or limited potential for housing eelgrass. Other areas have, due to decades of 

eutrophication, gradually increased the sediment LOI. These areas will only recover to 

earlier LOI content over very long-time perspectives (many decades) by natural 

degradation of the organic matter, as the anaerobic mineralization processes are very slow 

(Valdemarsen et al. 2014).  

• Re-suspension: The frequency of re-suspension combines share stress and sediment 

structure. Frequent re-suspensions impact benthic light conditions negatively and provide 

information about the physical conditions in locations (Canal-Verges et al., 2016). 

• Benthic light intensity: The benthic light intensity is crucial to support eelgrass growth and 

recovery. In estuaries where the benthic light intensity is impacted by eutrophication (light 

reduction from phytoplankton), nutrient reduction scenarios will verify how much extra 

benthic area will become available after reduction.   

• O2 limitation: The conditions do not support eelgrass growth and recovery in areas often 

affected by anoxia and hypoxia. 

• DIN: Dissolved inorganic nitrogen (DIN) is a measure for marine eutrophication, and 

according to Petersen et al. (in prep.), full-scale experiments along eutrophication gradients 

have resulted in a significant correlation between DIN-concentrations in the bottom waters 

and the vegetative growth/loss of eelgrass shoots due to e.g. growth of epiphytes.  

• Biomass of opportunistic and perennial macroalgae: Increasing biomass does hinder the 

growth and recovery of eelgrass, as the macro algae either covers the eelgrass or provide 

physical stress resulting in e.g. up-rooting or ballistic damage/loss of shoots (Valdemarsen 

et al. 2010). Besides, excess area-specific biomasses of opportunistic macroalgae results 

in high oxygen demands when the blooming macroalgae biomass are decomposed, 

creating hysteresis and an unstable environment for the non-mobile fauna (Flindt et al. 

1999).  

• Eelgrass density: Eelgrass beds can develop further via sexual reproduction and 

vegetative growth. Eelgrass development via vegetative growth demands the existence of 

eelgrass beds or patches. The development of eelgrass areas via sexual reproduction will 

be facilitated by the proximity of donor eelgrass beds (providing a relevant seed bank). 

Even though drifting flowers from further away may result in new settlements of seedlings 

in bare sediment areas, neighbouring eelgrass beds will increase the seed bank and help 

mitigate the high dead rates of seedlings, and thus increase the overall chances of survival. 

Furthermore, well-functioning eelgrass beds have been documented to control the 

environment and slow down the hydrodynamic forcing, minimising the risk of 

eelgrass/seedlings uprooting. This tool uses the eelgrass density (accumulated biomass of 

eelgrass carbon) from the model results to define functional beds in a gradient from fully 

established beds, patchy beds, scarce patches and non-functional beds. Our ranking 

(Table 2-2) is based on field data (Flindt et al., 2016). If no eelgrass is found in a fjord, the 

chances of natural recovery are neglectable even under the right environmental conditions.  

 

The second part of the present analysis applies a GIS-tool developed and described in more 

detail in Flindt et al. (2016) to assess the importance of the different stressors. This GIS-tool 

combines results from mechanistic models and monitoring data to predict the areas with 

potential for natural eelgrass recovery. For the present study, we have used only modelled 

results covering the year 2016 as input for the GIS-tool. The details of different model results 
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(data layers) and data processing are described in the following section. The GIS-tool is run for 

the baseline and the two load reduction scenarios, 30% reduction in land-based N-load and 

30% reduction in land-based P-load.  

The different data layers (see the following section for data details) are imported into GIS, 

assuming that the specific data layer represents the parameter for each model grid1. Overall, 

the different data layers include general ecological data as well as processes that are critical for 

eelgrass recovery. The GIS model gathers the information from the various data layers, and 

hence, accumulates multiple stressors into areas with potential for natural eelgrass recovery. 

The input layers are reclassified into 5 categories according to their impact on the eelgrass 

recovery process: 1) Optimal recovery, 2) Good recovery, 3) Threshold for recovery, 4) Poor 

recovery, and 5) Very poor recovery.  

These 5 categories are explicitly defined for each parameter included in the GIS-tool and are 

based on scientific knowledge (see Flindt et al. 2016 for more details). The thresholds for 

individual stressors and how they are defined are summarized in Table 2-2. The data included 

in the GIS analysis is described in the following section.  The present GIS tool includes two 

minor changes concerning that described by Flindt et al. 2016. Lugworm (Arenicola marina) was 

not included in these analyses (due to lack of data), and the DIN categories have been adjusted 

due to improved knowledge supported by Canal-Vergés et al. (in prep.). The changes in DIN 

categories are, however, minor. 

This GIS tool predicts areas with potential for vegetative growth and areas with potential for 

sexual reproduction. Vegetative growth is calculated after the weighted overlay of the specific 

stressors and corresponding threshold listed in Table 2-2. The weighted overlay assumes the 

two stressors light availability and eelgrass conditions being weighted 20%, and all other factors 

weighted 10% each, according to Flindt et al. 2016. The necessary conditions for sexual 

reproduction are more restrictive than those for vegetative growth. Therefore, the tool assumes 

that there cannot be successful sexual reproduction (survival of seedlings) in areas with very 

poor critical shear stress, very poor sediment conditions (LOI), very poor resuspension, very 

poor abundances of opportunistic or non-opportunistic macroalgae as well as in areas with very 

poor or poor oxygen and light availability conditions.  

Table 2-2 The individual stressors and their thresholds for obtaining optimal, good, restricted, poor and 
very poor recovery for eelgrass. The DIN* threshold for restricted and good recovery is 
adjusted using the new results obtained by gradient analysis of eelgrass test transplantation 
in a suite of estuaries (Odense Fjord, Roskilde Fjord, Horsens Fjord, Lunkebugten and Vejle 
Fjord). 

   

 

1 Hence, the analysis is restricted to the mechanistic model resolution (see DHI 2020a – DHI 2020c). 

Parameter (layer) Unit Very poor Poor Restricted Good Optimal

Τwc N m-2 >1 0,7-1 0,5-0,7 0,2-0,5 0-0,2

Sediment LOI % > 10 5-10 2-5 1-2 0-1

DIN* µg N l-1 > 150 75-150 40-75 25-40 0-25

Resuspension Frequency > Daily Daily Monthly Biannual < Biannual

Benthic light µE m-2 s-1 0-100 100-200 200-300 300-400 > 400

O2 limitation Period 3 Week-1 2 Week-1 Weekly Monthly < Montly

Opp. Macroalgae gC m-2 > 26 13 10 6 < 2

Non-opp. Macroalgae gC m-2 > 26 13 10 6 < 2

Lugworm g WW m-2 >50 40 25 10 <9

Eelgrass gC m-2 < 3 < 7 < 14 < 28 > 28

Recovery
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2.4 Data processing 

As mentioned above, the data used for the present analysis are mechanistic model results 

alone and cover three basic scenarios: i) Baseline, ii) 30% reduction in Danish land-based N-

loads, and iii) 30% reduction in Danish land-based P-loads. Baseline does in this respect refer 

to the 2016 loadings, whereas the 30% reductions refer to a 30% reduction of the 2016 

loadings.  

The different data have varying time resolution (from hours to one day) but are treated 

statistically for the present study. In Table 2-3, the different physical and biogeochemical data 

are presented.  

Table 2-3 Mechanistic model data applied in the GIS-tool. The growth season covers the period  from1 
May to 1-October, and for the present study, we use model data for the most recent year 
modelled, being the year 2016. 

Data layer Unit Depth Data period Statical measures 

Bathymetry m Water depth - Avg. 

Chlorophyll-a mg/l Surface / Bottom Growth season Avg. / Max. 

Fytoplankton Carbon (C) mg C/l Surface / Bottom Growth season Avg. / Max. 

Fytoplankton Nitrogen (N) mg N/l Surface / Bottom Growth season Avg. / Max. 

Fytoplankton Phosphorous (P) mg P/l Surface / Bottom Growth season Avg. / Max. 

Opportunistic Macroalgae C  g C/m2 Bottom Growth season Avg. / Max. 

Opportunistic Macroalgae N  g N/m2 Bottom Growth season Avg. / Max. 

Opportunistic Macroalgae P  g P/m2 Bottom Growth season Avg. / Max. 

Perennial Macroalgae C  g C/m2 Bottom Growth season Avg. / Max. 

Perennial Macroalgae N g N/m2 Bottom Growth season Avg. / Max. 

Perennial Macroalgae P  g P/m2 Bottom Growth season Avg. / Max. 

Eelgrass C  g C/m2 Bottom Growth season Avg. / Max. 

Eelgrass N g N/m2 Bottom Growth season Avg. / Max. 

Eelgrass P g P/m2 Bottom Growth season Avg. / Max. 

Micro benthic algae C  g C/m2 Bottom Growth season Avg. / Max. 

Micro benthic N  g N/m2 Bottom Growth season Avg. / Max. 

Micro benthic P  g P/m2 Bottom Growth season Avg. / Max. 

Light at the bottom E/m2/d Bottom Growth season Avg. / Max 

Secchi desk depth m Depth integrated Growth Season Avg. / Max. 

Dissolved inorganic N mg N/l 
Surface / bottom / 

depth integrated 
Growth Season Avg. / Max. 

Dissolved inorganic P mg P/l 
Surface / bottom / 

depth integrated 
Growth Season Avg. / Max. 

Anoxia Days Bottom Growth Season 
Days with oxygen 

conc. < 4 mg/l 

Hypoxia Days Bottom Growth Season 
Days with oxygen 

conc. < 1 mg/l 

https://www.google.dk/url?sa=i&url=https%3A%2F%2Fwww.linkedin.com%2Fcompany%2Fdtu-aqua&psig=AOvVaw3jjLwLsh6H3ji8_WRXvvxB&ust=1604150225808000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCKjRu7uz3OwCFQAAAAAdAAAAABAD
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Data layer Unit Depth Data period Statical measures 

Wave induced shear stress N/m2 Bottom 
Growth season / 

yearly 
Avg. / Max. 

Water temperature °C Surface / bottom Growth season Avg. 

Sediment wet bulk density 
g 

WW/m2 
Bottom Growth season Avg./Max. 

Loss of Ignition, sediment layer 1  % Bottom Growth season Avg. / Max. 

Loss of Ignition, sediment layer 2  % Bottom Growth season Avg. / Max. 

Re-suspension events - Bottom Growth season 
Number off re-

suspension events 

Primary production, phytoplankton g C/m2 Depth Avg. Growth season Accumulated 

Primary production, opportunistic 

macroalgae 
g C/m2 Bottom Growth season Accumulated 

Primary production, perennial 

macroalgae 
g C/m2 Bottom Growth season Accumulated 

Primary production, eelgrass g C/m2 Bottom Growth season Accumulated 

Primary production, micro benthic 

algae 
g C/m2 Bottom Growth season Accumulated 

 

 

 

 

 

  

https://www.google.dk/url?sa=i&url=https%3A%2F%2Fwww.linkedin.com%2Fcompany%2Fdtu-aqua&psig=AOvVaw3jjLwLsh6H3ji8_WRXvvxB&ust=1604150225808000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCKjRu7uz3OwCFQAAAAAdAAAAABAD
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3 Results 

In the following, the results of the eutrophication analysis are presented and the direct 

responses on the key biological parameters due to the two reduction scenarios illustrated. 

Following the eutrophication analysis, the results of the eelgrass recovery potential are 

presented. 

3.1 Estuary eutrophication and nutrient responses 

As a starting point for the analysis, all data from Table 2-3 have been lumped and assessed in 

sub-polygons, aiming to perform environmental gradient analysis. Figure 3-1 shows the sub-

polygons for Horsens Fjord, and as can be seen from the figure, Horsens Fjord includes six sub-

polygons. Instead of a standard areal GIS data analysis, the assessment sub-polygons allow for 

illustrations of the eutrophication gradient both vertically and horizontally from the innermost part 

of the estuary towards the open boundary.  

Similar sub-polygons are defined for Vejle Fjord (Figure 3-2), Odense Fjord (Figure 3-3) and 

Roskilde Fjord (Figure 3-4), but while Horsens Fjord has six sub-polygons (due to the 

complexity of its hydrodynamics), Vejle Fjord includes five sub-polygons, and Odense Fjord and 

Roskilde Fjord include four sub-polygons. 

 

Figure 3-1 Horsens Fjord, Denmark. The eutrophication gradient is shown as polygons numbered from 
1 to 6, with decreasing eutrophication from polygons 1 to 6 and with the distance from the 

inner-most part of the fjord measured at the black diamonds. Scalebar is 4 kilometres. 

https://www.google.dk/url?sa=i&url=https%3A%2F%2Fwww.linkedin.com%2Fcompany%2Fdtu-aqua&psig=AOvVaw3jjLwLsh6H3ji8_WRXvvxB&ust=1604150225808000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCKjRu7uz3OwCFQAAAAAdAAAAABAD
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Figure 3-2 Vejle Fjord, Denmark. The eutrophication gradient is shown as polygons numbered from 1 to 
5 and as distance from the inner-most part of the fjord measured at the black diamonds. 
Scalebar is 4 kilometres. 

 

https://www.google.dk/url?sa=i&url=https%3A%2F%2Fwww.linkedin.com%2Fcompany%2Fdtu-aqua&psig=AOvVaw3jjLwLsh6H3ji8_WRXvvxB&ust=1604150225808000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCKjRu7uz3OwCFQAAAAAdAAAAABAD
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Figure 3-3 Odense Fjord, Denmark. The eutrophication gradient is shown as polygons numbered from 
1 to 4 and as distance from the inner-most part of the fjord measured at the black diamonds. 
Scalebar is 4 kilometres. 

 

https://www.google.dk/url?sa=i&url=https%3A%2F%2Fwww.linkedin.com%2Fcompany%2Fdtu-aqua&psig=AOvVaw3jjLwLsh6H3ji8_WRXvvxB&ust=1604150225808000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCKjRu7uz3OwCFQAAAAAdAAAAABAD
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Figure 3-4 Roskilde Fjord, Denmark. The eutrophication gradient is shown as polygons numbered from 
1 to 4 and as distance from the inner-most part of the fjord measured at the black diamonds. 
Scalebar is 8 kilometres. 

 Depth characteristics 

The present study aims to assess the effects of nutrient reductions in shallow waters, focusing 

on the spatial impact concerning eelgrass recovery. To assess the spatial impact, we need to 

consider the depth characteristics of the four estuaries included in the study.  

Hence, hypsographs were extracted for the four estuaries. A hypsograph describes the depth 

distribution within a defined gradient polygon. Figure 3-5 shows the hypsographs of the six sub-

polygons in Horsens Fjord. The figure shows that 100% of the area is shallower than 5 m’s 

depth in sub-polygon no. 1 (the innermost sub-polygon), while 90% of the area in sub-polygon 

no. 6 (the outermost sub-polygon) is shallower than 5 m. Note that the data are extracted from 

the model bathymetry, utilising the grid resolution applied in the different models (see DHI 

2020a-c for details). Model simplification might imply a certain loss of resolution; hence, narrow 

navigation channels and local depressions are not necessarily included.  

The depth characteristics are essential and can illustrate the potential for eelgrass coverage 

(spatial distribution), and hence, supplement the intercalibrated indicator 'main eelgrass depth 

limit', which is one of the indicators used to assess the ecological status in Danish marine water 

bodies.  

The inner part of Horsens Fjord (water body no. 128) corresponds to sub-polygons no. 1-5, 

whereas the outer part (water body no. 127) corresponds to sub-polygon no. 6. Timmermann et 

https://www.google.dk/url?sa=i&url=https%3A%2F%2Fwww.linkedin.com%2Fcompany%2Fdtu-aqua&psig=AOvVaw3jjLwLsh6H3ji8_WRXvvxB&ust=1604150225808000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCKjRu7uz3OwCFQAAAAAdAAAAABAD
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al. (2020) set the eelgrass depth limit target in Horsens Fjord at 5.9 m in the inner part and 8.5 

m in the outer part. Hence, a depth limit of 5.9 m would support eelgrass coverage close to 

100% of sub-polygon no. 1-3, 81% coverage of sub-polygon no. 4, and 98% coverage of sub-

polygon no. 5. Similarly, the historic depth limit of 8.5 m in sub-polygon no. 6 supports a 

potential coverage of 90%.  

Even in a historic regime with a reference depth limit of 8.0 m in the inner parts, we would not 

expect eelgrass meadows to present 100% coverage. Other factors influence eelgrass 

coverage, such as physical stress, coastal processes (at depth <1m), freshwater impacts, etc. 

Here we merely use the hyposgraph to analyze the potential area supported by a specific depth 

limit. 

Similar data can be extracted from the hypsograph in Figure 3-5 for the target depth limit 

(reported in Timmermann et al. 2020) and the status depth limit (reported on MiljoeGIS 

(https://miljoegis.mim.dk/spatialmap?profile=vandrammedirektiv3baseline2019)) and the data 

are presented in Table 3-1.  

As referred to above, the reference depth limit supports 100% eelgrass coverage in sub-polygon 

no. 1-3, 88% in polygon no. 4, 98% in polygon no. 5, and 91% in polygon no. 6. At the threshold 

between good and moderate status (GES), 100% of the area is still supported in sub-polygons 

no. 1-3 and with a slightly reduced supported area in sub-polygons nos. 4-6 (81%, 98% and 

90%, respectively). Based on observations of eelgrass depth limits and assuming all other 

parameters (e.g., sediment composition, physical exposure, etc.) are optimal, today’s eelgrass 

development potential would support 36%, 18%, 15%, 20%, 60% and 40% in sub-polygon 1 to 

6, respectively.  

The data in Table 3-1 (and similar tables for Vejle Fjord, Odense Fjord, and Roskilde Fjord) 

refer to status assessments for eelgrass depth limits calculated for the 3. generation RBMP 

(2021-2027). Here, we apply the observed depth limits and depth supported by the present light 

regime as we evaluate the presence of eelgrass and the potential for increased spatial 

coverage.   

  

https://www.google.dk/url?sa=i&url=https%3A%2F%2Fwww.linkedin.com%2Fcompany%2Fdtu-aqua&psig=AOvVaw3jjLwLsh6H3ji8_WRXvvxB&ust=1604150225808000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCKjRu7uz3OwCFQAAAAAdAAAAABAD
https://miljoegis.mim.dk/spatialmap?profile=vandrammedirektiv3basis2019
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Table 3-1 Summary of the area in Horsens Fjord supported by eelgrass depth limits in a reference 
situation, at the threshold between good and moderate ecological status (GES) and at the 
observed depth limit. The data is split into the inner part (sub-polygons nos. 1-5 and the 
outer part (sub-polygon no. 6) (data from Timmermann et al. 2020). 

 Inner part  Outer part 

Sub-polygon No. 1 

[%] 

No. 2 

[%] 

No. 3 

[%] 

No. 4 

[%] 

No. 5 

[%] 

Sub-polygon 
No. 6 [%] 

Depth limit Depth limit 

< 2.0 m (status) 36 18 15 20 60 < 2.6 m (status) 40 

< 5.9 m (target) 100 100 100 81 98 < 8.5 m (target) 90 

< 8.0 m 

(reference) 
100 100 100 88 98 < 11.5 m (reference) 91 

Area of sub-

polygon (km2) 
4.2 5.3 5.3 12.7 18.2 Area (km2) 32.3 

 

Figure 3-5 Horsens Fjord, Denmark. Hypsograph of the six gradient polygons presented in Figure 3-1. 

In Vejle Fjord, the first three sub-polygons correspond to the inner part (water body no. 123) of 

the estuary, and the two last sub-polygons correspond to the outer part (water body no. 122). 

The data from reference, target and status depth limits are included in Table 3-2. 

In summary, both reference and target depth limit support substantial areas in sub-polygons 

nos.1-2, whereas the target depth limit support much smaller areas than reference values in 

sub-polygons nos.3-5. Finally, evaluating the status depth limit, the supported spatial coverage 

is significantly smaller (78%, 11%, 3%, 5% and 2%).   

https://www.google.dk/url?sa=i&url=https%3A%2F%2Fwww.linkedin.com%2Fcompany%2Fdtu-aqua&psig=AOvVaw3jjLwLsh6H3ji8_WRXvvxB&ust=1604150225808000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCKjRu7uz3OwCFQAAAAAdAAAAABAD
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Table 3-2 Summery of the area in Vejle Fjord supported by eelgrass depth limits in a reference 
situation, at the threshold between good and moderate ecological status (GES) and at the 
observed depth limit. The data is split into the inner part (sub-polygons nos. 1-3 and the 
outer part (sub-polygons nos. 4-5) (data from Timmermann et al. 2020).  

 Inner part  Outer part 

Sub-

polygon No. 1 [%] No. 2 [%] No. 3 [%] Sub-polygon No. 4 [%] No. 5 [%] 

Depth limit Depth limit 

< 1.9 m 

(status) 78 11 3 < 2.6 m (status) 
5 2 

< 5.7 m 

(target) 100 91 30 < 7.3 m (target) 
28 20 

< 7.6 m 

(reference) 100 100 62 

< 9.9 m 

(reference) 
61 34 

Area (km2) 1.4 5.5 9.2 Area (km2) 11.5 42.5 

 

 

Figure 3-6 Vejle Fjord, Denmark. Hypsograph of the five gradient polygons presented in Figure 3-2. 

In Odense Fjord, the inner part (water body no. 93) corresponds to sub-polygon no. 1, whereas 

the outer part (water body no. 92) includes the remaining sub-polygons (nos. 2-4). The inner 

part of Odense Fjord is relatively shallow why both reference, target and status depth limits 

support a relatively large area in this polygon. In the outer part of the estuary, reference and 

target depth limits also support relatively large areas (>80%), whereas especially sub-polygons 

nos. 3-4 suffer from supported coverage at the status depth limit.  

https://www.google.dk/url?sa=i&url=https%3A%2F%2Fwww.linkedin.com%2Fcompany%2Fdtu-aqua&psig=AOvVaw3jjLwLsh6H3ji8_WRXvvxB&ust=1604150225808000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCKjRu7uz3OwCFQAAAAAdAAAAABAD
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Table 3-3 Summery of the area in Odense Fjord supported by eelgrass depth limits in a reference 
situation, at the threshold between good and moderate ecological status (GES) and at the 
observed depth limit. The data is split into the inner part (sub-polygon no. 1 and the outer 
part (sub-polygons nos. 2-4) (data from Timmermann et al. 2020). 

 Inner part  Outer part 

Sub-polygon No. 1 [%] Sub-polygon 
No. 2 [%] No. 3 [%] No. 4 [%] 

Depth limit Depth limit 

< 2.0 m (status) 83 < 2.5 m (status) 70 57 42 

< 4.0 m (target) 87 < 4.1 m (target) 84 87 87 

< 5.4 m 

(reference) 89 

< 5.6 m 

(reference) 
86 87 88 

Area (km2) 14.8 Area (km2) 8.3 17.1 21.2 

 

 

Figure 3-7 Odense Fjord, Denmark. Hypsograph of the four gradient polygons presented in Figure 3-3. 

In Roskilde Fjord, the inner part (water body no. 2) corresponds to sub-polygon no. 1, whereas 

the outer part (water body no. 1) includes the remaining sub-polygons (nos. 2-4). In the inner 

part of Roskilde Fjord (sub-polygon no. 1), the reference depth limit supports 94%, whereas the 

target supports 54%, and the status supports 41%. Hence, the status is not that far from the 

target depth limit, allowing for a relatively smaller spatial coverage than the reference value.  

In the outer part (sub-polygons nos. 2-4), both reference and target values support substantial 

coverage (>80%), but the status depth limit supports much smaller areas. 

 

Table 3-4 Summery of the area in Roskilde Fjord supported by eelgrass depth limits in a reference 
situation, at the threshold between good and moderate ecological status (GES) and at the 

https://www.google.dk/url?sa=i&url=https%3A%2F%2Fwww.linkedin.com%2Fcompany%2Fdtu-aqua&psig=AOvVaw3jjLwLsh6H3ji8_WRXvvxB&ust=1604150225808000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCKjRu7uz3OwCFQAAAAAdAAAAABAD
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observed depth limit. The data is split into the inner part (sub-polygon no. 1 and the outer 
part (sub-polygons nos. 2-4) (data from Timmermann et al. 2020). 

 Inner part  Outer part 

Sub-polygon 
No. 1 [%] 

Sub-polygon 
No. 2 [%] No. 3 [%] No. 4 [%] 

Depth limit Depth limit 

< 3.0 m (status) 43 < 3.7 m (status) 74 64 49 

< 3.6 m (target) 54 < 5.7 m (target) 96 91 81 

< 4.9 m (reference) 94 < 7.5 m (reference) 99 98 96 

Area (km2) 51.8 Area (km2) 20.6 18 32.7 

 

 

Figure 3-8 Roskilde Fjord, Denmark. Hypsograph of the four gradient polygons presented in Figure 3-4. 

 Pelagic versus benthic primary production 

Horsens Fjord 
In the following, the response to nutrient reductions is presented in more detail. In Erichsen et 

al. (2020a), the method applied in the estimations of maximum allowable N input (MAI) is 

described, and the results are reported in, e.g., Erichsen et al. (in prep. a). In Erichsen et al. 

(2020), summer chlorophyll-a and changes in light at the bottom were used to estimate 

individual N-MAIs for all Danish water bodies.  

However, in the present report, we evaluate the effects of nutrient load reductions by an 

ecosystem-based approach. Here we analyse the changes in pelagic primary production to 

benthic primary production based on the modelled biomasses of, e.g., eelgrass and 

macroalgae. The changes are based on the simulated environmental conditions performed in 

the N-30% and P-30% scenario, as shown below in Figure 3-9 to Figure 3-16. 

In the current state (baseline), almost no areas in the inner part of Horsens Fjord has bottom 

layer DIN concentrations in the waters below 75 µg DIN/l in the growing season. The N-30% 

scenario results show extended areas in Horsens Fjord getting released from high DIN 

https://www.google.dk/url?sa=i&url=https%3A%2F%2Fwww.linkedin.com%2Fcompany%2Fdtu-aqua&psig=AOvVaw3jjLwLsh6H3ji8_WRXvvxB&ust=1604150225808000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCKjRu7uz3OwCFQAAAAAdAAAAABAD
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concentrations so that large areas will support improved environmental conditions with fewer 

phytoplankton concentrations and potential less opportunistic macroalgae, and an enhanced 

light climate (Figure 3-17). 

Ecosystems subject to eutrophication are characterised by increased primary production, 

resulting in increased pelagic biomass, increased sedimentation and deteriorated light 

conditions at the seabed and consequently reduced biomass and productivity of benthic 

vegetation and benthic diatoms. These processes are well known (Flindt et al. 1997, Flindt et al. 

1999, Neto et al. 2008, Andersen & Conley 2010, Chislock et al. 2013).  

When the rooted benthic vegetation is lost, the re-establishment is complicated and associated 

with a substantial time lag. This goes for all ecosystems, including shallow-water ecosystems. In 

Figure 3-9 and Figure 3-10, we evaluate the ecosystem response to nutrient reductions in the 

different sub-basins in Horsens Fjord described by the response in benthic to pelagic primary 

production.  

In Figure 3-9 (top panel), the average areal primary eelgrass production over the growing 

season (entire polygon) is presented as a function of the dissolved inorganic nitrogen (DIN) for 

each of the sub-basins, and at a depth equal or lower than the depth limit target as defined in 

Table 3-1.  Results from all three scenarios (baseline, N-30% and P-30%) are included in the 

figure.  

The primary eelgrass productions increase from zero g C/m2/GS2 in sub-polygon no. 1 to just 

below 60 g C/m2/GS in sub-polygon no. 6 and are related to the decreasing DIN concentration 

from sub-polygon no. 1 towards sub-polygon no. 6.  

There is almost no difference in eelgrass primary production between the baseline and the P-

30% scenario. In the N-30% reduction scenario, DIN concentration decreases in the inner part 

of the estuary and the eelgrass primary production increases slightly in all sub-polygons.  

Concerning the opportunistic macroalgae in Figure 3-9 (middle panel), the primary production is 

around 20 g C/m2/GS on average from sub-polygons nos. 1-5 and with a drop to approximately 

13 g C/m2/GS in the outermost part of the estuary (sub-polygon no. 6), where the production 

becomes growth limited by the low DIN-concentration. Again, we see almost no response to P-

reductions. In contrast, the N-30% increases the opportunistic macroalgae production in the 

inner part (sub-polygons nos. 1-4) but with a slight drop in primary production in sub-polygons 

nos. 5-6. 

Figure 3-9 (bottom panel) shows the primary phytoplankton production. Again, we see almost 

no changes in primary phytoplankton production between baseline and P-30%. The primary 

productions start at almost 200 g C/m2/GS in sub-polygon no. 1 (averaged over the entire 

polygon) at the highest DIN concentrations and drop to around 25 g C/m2/GS in sub-polygons 

nos. 5-6 at the lowest DIN concentrations. In the N-30% scenario, the primary production is 

reduced in the inner part (from almost 200 to approximately 125 g C/m2/GS in sub-polygon no. 

1) and with a slightly reduced phytoplankton primary production in the outermost part of the 

estuary. 

The results in Figure 3-9 are strongly influenced by the initial biomasses of primary producers in 

the different scenarios. The modelled biomass of the different benthic vegetation components 

(eelgrass, opportunistic macroalgae and perennial macroalgae) is shown in Figure 3-19. In all 

scenarios, eelgrass biomass is limited to relatively narrow areas along the coastline and more 

extensive areas covered by opportunistic macroalgae. Hence, in N-30%, we improve the 

conditions for benthic vegetation (less phytoplankton primary production and improved light 

conditions), but as the opportunistic algae are already present in larger biomasses, they initially 

benefit the most. Over time we will expect this to change when eelgrass slowly takes over. But 

the overall primary productions move from pelagic production towards benthic production, which 

 

2 Growth season 

https://www.google.dk/url?sa=i&url=https%3A%2F%2Fwww.linkedin.com%2Fcompany%2Fdtu-aqua&psig=AOvVaw3jjLwLsh6H3ji8_WRXvvxB&ust=1604150225808000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCKjRu7uz3OwCFQAAAAAdAAAAABAD
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is desirable from an ecosystem point of view. This is illustrated in Figure 3-10. This figure shows 

the overall growth season primary production divided into pelagic or benthic production, 

respectively. The figure shows that the pelagic production is accountable for 70-80% of the total 

production in the innermost part of the estuary, whereas in the outermost part of the estuary, the 

benthic production accounts for approximately 25% of the total production. Almost no effect is 

observed in the P-30% scenario, but the primary productions are forced towards the benthic 

production in the N-30% scenario: In the inner part of the estuary, the pelagic primary 

production accounts for approximately 60% of the total production, and in the outermost part the 

benthic productions are also slightly increased.  

In this report, the total primary production was subdivided into benthic and pelagic production. 

The benthic production consists of the summed production of eelgrass, perennial macroalgae 

species, opportunistic macroalgae species and benthic diatoms. The pelagic production was 

given solely by phytoplankton. Overall, the GIS analysis shows that in Horsens Fjord, the 

primary production moves from the pelagic production towards benthic production in scenario N-

30%, while no major changes in the system can be observed in scenario P-30%. In general 

terms, these changes from pelagic to benthic habitats are stronger/more visible towards the 

innermost parts of the estuaries, where the eutrophication gradient increases.  

  

https://www.google.dk/url?sa=i&url=https%3A%2F%2Fwww.linkedin.com%2Fcompany%2Fdtu-aqua&psig=AOvVaw3jjLwLsh6H3ji8_WRXvvxB&ust=1604150225808000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCKjRu7uz3OwCFQAAAAAdAAAAABAD
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Figure 3-9 Horsens Fjord, Denmark. Area-specific growth season (GS) production of eelgrass, 
opportunistic macroalgae and phytoplankton as a function of avg. DIN along a 
eutrophication gradient simulated by three model scenarios: Baseline (solid squares), 30% 
nitrogen reduction (open squares) and 30% phosphorous reduction (solid triangles). Each 
point on the graph represents a gradient polygon (1 to 6) moving from right to left. Figure 3-1 
for distances. 

https://www.google.dk/url?sa=i&url=https%3A%2F%2Fwww.linkedin.com%2Fcompany%2Fdtu-aqua&psig=AOvVaw3jjLwLsh6H3ji8_WRXvvxB&ust=1604150225808000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCKjRu7uz3OwCFQAAAAAdAAAAABAD
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Figure 3-10 Horsens Fjord, Denmark. Growth season benthic (solid lines) and water column (stippled 
lines) production along a eutrophication gradient simulated by three model scenarios: 
Baseline (solid squares), 30% nitrogen reduction (open squares) and 30% phosphorous 
reduction (solid triangles). Production is shown as a relative (%) to the total production 

(benthic and water column production) in each of the eutrophication gradient polygons.  

Vejle Fjord 
In Vejle Fjord, the analysis provides more or less similar results as in Horsens Fjord (see Figure 

3-11 and Figure 3-12 for details). We see no – or almost no – effects in the P-30% scenario 

compared to baseline, but in N-30%, both primary eelgrass production and opportunistic 

macroalgae primary production increase slightly while the primary plankton production 

decreases by 20-25% in sub-polygons nos. 1-2 and with a decreasing trend towards the 

outermost part of the estuary (sub-polygons nos. 4-5).  

https://www.google.dk/url?sa=i&url=https%3A%2F%2Fwww.linkedin.com%2Fcompany%2Fdtu-aqua&psig=AOvVaw3jjLwLsh6H3ji8_WRXvvxB&ust=1604150225808000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCKjRu7uz3OwCFQAAAAAdAAAAABAD
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Figure 3-11 Vejle Fjord, Denmark. Area-specific growth season production of eelgrass, opportunistic 
macroalgae and phytoplankton as a function of Avg. DIN along a eutrophication gradient 
simulated by three model scenarios: Baseline (solid squares), 30% nitrogen reduction (open 
squares) and 30% phosphorous reduction (solid triangles). Each point on the graph 
represents a gradient polygon (1 to 5) moving from right to left. See Figure 3-2 for distances. 

https://www.google.dk/url?sa=i&url=https%3A%2F%2Fwww.linkedin.com%2Fcompany%2Fdtu-aqua&psig=AOvVaw3jjLwLsh6H3ji8_WRXvvxB&ust=1604150225808000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCKjRu7uz3OwCFQAAAAAdAAAAABAD
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Figure 3-12 Vejle Fjord, Denmark. Growth season benthic (solid lines) and water column (stippled lines) 
production along a eutrophication gradient simulated by three model scenarios: Baseline 
(solid squares), 30% nitrogen reduction (open squares) and 30% phosphorous reduction 
(solid triangles). Production is shown as a relative (%) to the total production (benthic and 
water column production) in each of the eutrophication gradient polygons.  

  

https://www.google.dk/url?sa=i&url=https%3A%2F%2Fwww.linkedin.com%2Fcompany%2Fdtu-aqua&psig=AOvVaw3jjLwLsh6H3ji8_WRXvvxB&ust=1604150225808000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCKjRu7uz3OwCFQAAAAAdAAAAABAD




  
 

 25 

The effect on the benthic versus the pelagic primary production shows similar results as in 

Horsens Fjord. In Vejle Fjord, benthic production increases by approximately 10%, but in Vejle 

Fjord, benthic production accounts for 15-30% in the baseline and increases by approximately 

10% higher in N-30% in sub-polygon no. 1 and a decreasing effect as we approach sub-polygon 

no. 5. 

The initial biomasses of eelgrass in Vejle Fjord are relatively low (Figure 3-26) with a few narrow 

stretches (model grid cells) in sub-polygons nos. 3-5 and no to very low initial biomass in sub-

polygons no. 1-2. The initial biomass of opportunistic algae covers a larger part of Vejle Fjord 

along the coast, and the perennial macroalgae have initial biomass along the coast but in a 

much narrower stretch than the opportunistic algae. 

Vejle Fjord has relatively fewer shallow areas and a deeper central part than Horsens Fjord (see 

the hypsograph in Figure 3-6), resulting in a relatively much smaller area suited for benthic 

vegetation. This reduces the impact of N-30% and explains why the relative change from 

pelagic to benthic primary production is not more significant. Moreover, Vejle Fjord also benefits 

from reductions in neighbouring countries and this is not included in the present report. 

Odense Fjord 
The eelgrass primary production increases slightly in both reduction scenarios (N-30% and P-

30%) in Odense Fjord, whereas the opportunistic macroalgae production in the inner part 

increases slightly in the N-30%) and decreases slightly in the P-30% (Figure 3-13). P-30% has 

no visible effects in the outer fjord, whereas N-30% reduces the primary production slightly.  

Concerning plankton production P-30% reduces the production compared to baseline, and N-

30% reduces even more, suggesting that Odense Fjord is sensitive to P-reductions but having 

N as the governing limiting dissolved inorganic nutrient, which is also supported in Erichsen et 

al. (in prep. a).   

In Odense Fjord, the benthic primary production already exceeds the pelagic primary 

production, and the reductions applied have only a minor positive effect on the primary 

production from the pelagic to the benthic community (see Figure 3-14). 
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Figure 3-13 Odense Fjord, Denmark. Area-specific growth season production of eelgrass, opportunistic 
macroalgae and phytoplankton as a function of Avg. DIN along a eutrophication gradient 
simulated by three model scenarios: Baseline (solid squares), 30% nitrogen reduction (open 
squares) and 30% phosphorous reduction (solid triangles). Each point on the graph 
represents a gradient polygon (1 to 4) moving from right to left. Figure 3-3 for distances. 
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Figure 3-14 Odense Fjord, Denmark. Growth season benthic (solid lines) and water column (stippled 
lines) production along a eutrophication gradient simulated by three model scenarios: 
Baseline (solid squares), 30% nitrogen reduction (open squares) and 30% phosphorous 
reduction (solid triangles). Production is shown as a relative (%) to the total production 

(benthic and water column production) in each of the eutrophication gradient polygons.  
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An evaluation of the initial biomasses in Odense Fjord (see Figure 3-34) indicates small areas 

with eelgrass, relatively large areas covered with opportunistic macroalgae and some coverage 

of perennial macroalgae. Especially the low coverage of eelgrass only allows for minor 

improvements in primary eelgrass production. 

Roskilde Fjord 
The primary eelgrass production in Roskilde Fjord also reacts positively to both N and P 

reductions, although the N-response is larger. As the initial biomass of both eelgrass and 

perennial macroalgae (see Figure 3-42) is relatively large in Roskilde Fjord, the effect of N and 

P reductions on opportunistic macroalgae is less pronounced. A slight increase in the 

opportunistic primary production is observed in sub-polygon no. 1, whereas the primary 

productions are almost unchanged in sub-polygons nos. 2-4. 

Also, we observe slight increases in benthic production in the P-30% scenario and even larger 

benthic production in N-30% (Figure 3-16). Hence, the relative benthic primary production 

increases from approximately 60% to 70% (N-30%). 
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Figure 3-15 Roskilde Fjord, Denmark. Area-specific growth season production of eelgrass, opportunistic 
macroalgae and phytoplankton as a function of Avg. DIN along a eutrophication gradient 
simulated by three model scenarios: Baseline (solid squares), 30% nitrogen reduction (open 
squares) and 30% phosphorous reduction (solid triangles). Each point on the graph 
represents a gradient polygon (1 to 4) moving from right to left. Figure 3-4 for distances. 
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Figure 3-16 Roskilde Fjord, Denmark. Growth season benthic (solid lines) and water column (stippled 
lines) production along a eutrophication gradient simulated by three model scenarios: 
Baseline (solid squares), 30% nitrogen reduction (open squares) and 30% phosphorous 
reduction (solid triangles). Production is shown as a relative (%) to the total production 
(benthic and water column production) in each of the eutrophication gradient polygons.  

An evaluation of the initial biomasses in Roskilde Fjord (see Figure 3-34) indicates that a 

relatively large area of the shallow zones is covered with eelgrass both in the inner and outer 

fjord. Relatively large areas are covered with opportunistic macroalgae and some coverage of 

perennial macroalgae. 

 Nutrient limitation 

The following section compares the growth limitation (DIN or benthic light, respectively) for 

eelgrass, opportunistic macroalgae and phytoplankton in baseline and in the N-30% scenario. 

As described in the previous section, we do not evaluate P-30% as the effects are relatively 

limited compared to N-30% in the four estuaries. 

The nutrient limitation is calculated assuming nutrient-dependent dynamic growth described by 

Monod kinetics for DIN concentration (
S

Ks+S
), where S is the DIN concentration in the water 

column and Ks is the DIN concentration satisfying ½ of the maximal growth rate the organisms 

are able to realize during unlimited growth. DIN limitation is not included for eelgrass as 

eelgrass has roots and can take up DIN from the sediment pore water (the DIN concentration in 

sediment for the studies fjords is 10-100 x higher than the water column concentrations and 

eliminates DIN limitation for eelgrass). 

When evaluating growth limitation, it is essential to remember that we strive to reach an 

ecosystem where phytoplankton and opportunistic macroalgae are limited, whereas eelgrass 

should not be limited. As we have seen in the previous section, N-30% also favours 

opportunistic macroalgae (being included in the benthic vegetation) primarily due to the initial 

https://www.google.dk/url?sa=i&url=https%3A%2F%2Fwww.linkedin.com%2Fcompany%2Fdtu-aqua&psig=AOvVaw3jjLwLsh6H3ji8_WRXvvxB&ust=1604150225808000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCKjRu7uz3OwCFQAAAAAdAAAAABAD
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biomass; however, if the opportunistic macroalgae are also DIN-limited, this would over time 

allow the eelgrass to take over or allow for some restoration to accelerate eelgrass growth. 

The tables below only include the spatial data from the surface to the threshold depth limit for 

eelgrass defining GES in the respective water bodies, to allow for an evaluation of the area 

where eelgrass is targeted to be present in e GES situation. 

Horsens Fjord 
In Table 3-5, the result of the limitation analysis is shown for each of the sub-polygons as an 

average over the area supported by the target depth limit (see Table 3-1 to Table 3-4) within the 

different sub-polygons in the different estuaries (DIN is depth-averaged values for phytoplankton 

and bottom layer DIN for macroalgae3). As shown in Table 3-5, eelgrass in the baseline 

scenario is most light-limited in sub-polygons nos. 1-3 and with better benthic light conditions in 

sub-polygons nos. 5-6. In N-30%, benthic light improves. This is the same for opportunistic 

macroalgae and phytoplankton: Benthic light is most limiting in sub-polygons nos. 1-3 with some 

improvements in N-30%, whereas the benthic light is less limiting in sub-polygons nos. 5-6.  

For opportunistic macroalgae and phytoplankton DIN-limitation is evaluated. No major DIN 

limitation was found in sub-polygons nos. 1-4 in baseline, whereas N-30% results in larger DIN-

limitation for all sub-polygons.  

Table 3-5 Horsens Fjord, Denmark. Growth limitation of important benthic primary producers by 
nutrient (DIN) or benthic light. Growth limitations are shown for a baseline- and a 30% 
nitrogen reduction scenario along a eutrophication gradient from the inner-most part of 
Horsens Fjord towards the outer fjord (only evaluating the areas shallower than the target 
depth limit for eelgrass). The eutrophication gradient is shown as gradient no. with a 
corresponding distance from the inner-most part of the fjord. The growth limitations are 

calculated using Monod growth kinetics (
S

Ks+S
).  

  Eelgrass Opp. Macroalgae Phytoplankton 

Polygon 
no. 

Distance 
(km) 

Benthic light DIN Benthic light DIN Benthic light 

  Baseline N-30% Baseline N-30% Baseline N-30% Baseline N-30% Baseline N-30% 

            

1 0-2 0.34 0.38 0.62 0.47 0.48 0.52 0.83 0.75 0.71 0.74 

2 2-4 0.34 0.37 0.57 0.42 0.47 0.51 0.76 0.65 0.71 0.74 

3 4-6 0.34 0.37 0.55 0.40 0.48 0.51 0.74 0.62 0.71 0.73 

4 6-10 0.41 0.43 0.51 0.38 0.56 0.58 0.70 0.58 0.77 0.78 

5 10-16 0.53 0.54 0.48 0.32 0.66 0.67 0.66 0.51 0.84 0.85 

6 10-17 0.51 0.51 0.38 0.31 0.65 0.65 0.55 0.48 0.83 0.83 

 
           

 

For details of the data behind Table 3-2, we refer to Figure A- 1 to Figure A- 3  in Appendix A. 

These figures show vertical profiles of the growth inhibition expression, calculated as (
S

Ks+S
), of 

eelgrass, opportunistic macroalgae and phytoplankton along the eutrophication gradient in 

kilometers from the inner to the outer fjord. 

  

 

3 Model results are depth-averaged (if not bottom values) time-step-by-time-step, then average over the specific season, 

and then transferred to an averaged valued for the polygon. 

https://www.google.dk/url?sa=i&url=https%3A%2F%2Fwww.linkedin.com%2Fcompany%2Fdtu-aqua&psig=AOvVaw3jjLwLsh6H3ji8_WRXvvxB&ust=1604150225808000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCKjRu7uz3OwCFQAAAAAdAAAAABAD
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Vejle Fjord 
Benthic light in Vejle Fjord shows a similar pattern as in Horsens Fjord – eelgrass, opportunistic 

macroalgae and phytoplankton are most limited in the innermost part of the estuary in the 

baseline scenario (sub-polygons nos. 1-3) and less limited as we approach the outer part (sub-

polygons nos. 4-5) (see Table 3-6).  

Table 3-6  Vejle Fjord, Denmark. Growth limitation of important benthic primary producers by nutrient 
(DIN) or benthic light. Growth limitations are shown for a baseline- and a 30 % nitrogen 
reduction scenario along a eutrophication gradient from the inner-most part of Vejle Fjord 
towards the outer fjord (only evaluating the areas shallower than the target depth limit for 
eelgrass). The eutrophication gradient is shown as gradient no. with corresponding distance 
from the inner-most part of the fjord. The growth limitations are calculated using Monod 

growth kinetics (
S

Ks+S
).  

  Eelgrass Opp. macroalgae Phytoplankton 

Gradient 
no. 

Distance 
(km) 

Benthic light DIN Benthic light DIN Benthic light 

  Baseline N-30% Baseline N-30% Baseline N-30% Baseline N-30% Baseline N-30% 

            

1 0-1 0.33 0.37 0.68 0.57 0.47 0.51 0.89 0.84 0.70 0.73 

2 1-5 0.25 0.28 0.57 0.48 0.37 0.41 0.78 0.72 0.61 0.65 

3 5-9 0.32 0.34 0.51 0.45 0.45 0.48 0.71 0.65 0.69 0.71 

4 9-13 0.38 0.39 0.48 0.42 0.52 0.54 0.71 0.65 0.74 0.75 

5 13-21 0.37 0.38 0.44 0.39 0.51 0.52 0.66 0.61 0.74 0.75 

 
           

 

In N-30%, the benthic light limitation is less pronounced for all three primary producers, 

although some limitation still exists. Hence, N-30% improves the light conditions. Specific details 

on the vertical profiles of the growth inhibition are included in Figure B- 1 to Figure B- 3. 

The DIN limitations for both opportunistic macroalgae and phytoplankton (see Table 3-6) show 

less limitation in sub-polygons nos. 1-2 and restricted limitation for sub-polygons nos. 3-5 in 

baseline and increased DIN-limitation in all sub-polygons for the N-30% scenario. This is 

important to bear in mind – as long as DIN is not limiting opportunistic macroalgae production, 

eelgrass will only recover slowly. 

Detailed limitation data behind Table 3-6 are included in Figure C- 1 to Figure C- 3  in Appendix 

B. 

Odense Fjord 
The limitation data presented in Table 3-7 for Odense Fjord are different from those presented 

in Horsens Fjord and Vejle Fjord. Due to the relatively large shallow area of the inner part of the 

estuary, benthic light is not limiting in sub-polygons nos. 1-2 for all primary producers analysed 

but is limiting the production in the outer part of the estuary (sub-polygons nos. 3-4). In N-30%, 

the light limitation decreases but only slightly.  
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Table 3-7 Odense Fjord, Denmark. Growth limitation of important benthic primary producers by 
nutrient (DIN) or benthic light. Growth limitations are shown for a baseline- and a 30 % 
nitrogen reduction scenario along a eutrophication gradient from the inner-most part of 
Odense Fjord towards the outer fjord (only evaluating the areas shallower than the target 
depth limit for eelgrass). The eutrophication gradient is shown as gradient no. with 
corresponding distance from the inner-most part of the fjord. The growth limitations are 

calculated using Monod growth kinetics (
S

Ks+S
).  

  Eelgrass Opp. macroalgae Phytoplankton 

Gradient 
no. 

Distance 
(km) 

Benthic light DIN Benthic light DIN Benthic light 

  Baseline N-30% Baseline N-30% Baseline N-30% Baseline N-30% Baseline N-30% 

            

1 0-6 0.51 0.52 0.87 0.81 0.65 0.66 0.94 0.91 0.83 0.84 

2 6-8 0.53 0.53 0.66 0.50 0.66 0.67 0.81 0.68 0.84 0.84 

3 8-11 0.48 0.49 0.54 0.36 0.62 0.63 0.71 0.55 0.81 0.82 

4 11-14 0.49 0.50 0.50 0.32 0.63 0.64 0.67 0.49 0.82 0.82 

 
           

 

The opportunistic algae and phytoplankton are not DIN-limited in sub-polygons nos. 1-2 but a 

30% N-reduction results in DIN limitation in all sub-polygons and to levels where DIN is limiting 

in the outermost polygons (nos.3-4) and with restricted limitations in sub-polygon no. 2 and 

basically no DIN-limitation in sub-polygon no. 1. 

Detailed limitation data behind Table 3-7 are included in Figure C- 1 to Figure C- 3  in Appendix 

C. 

Roskilde Fjord 
Table 3-8 includes the limitation data for Roskilde Fjord. The benthic light limitation follows a 

similar pattern between the three primary producers being limited in sub-polygons nos. 2 and 4. 

In N-30%, benthic light is less limiting, improving the primary production in all polygons. 

Table 3-8 Roskilde Fjord, Denmark. Growth limitation of important benthic primary producers by 
nutrient (DIN) or benthic light. Growth limitations are shown for a baseline- and a 30 % 
nitrogen reduction scenario along a eutrophication gradient from the inner-most part of 
Roskilde Fjord towards the outer fjord (only evaluating the areas shallower thaan the target 
depth limit for eelgrass). The eutrophication gradient is shown as gradient no. with 
corresponding distance from the inner-most part of the fjord. The growth limitations are 

calculated using Monod growth kinetics (
S

Ks+S
).  

  Eelgrass Opp. macroalgae Phytoplankton 

Gradient 

no. 

Distance 

(km) 
Benthic light DIN Benthic light DIN Benthic light 

  Baseline N-30% Baseline N-30% Baseline N-30% Baseline N-30% Baseline N-30% 

            

1 0-6 0.49 0.52 0.83 0.68 0.63 0.65 0.91 0.81 0.82 0.83 

2 6-14 0.47 0.50 0.72 0.43 0.61 0.64 0.84 0.60 0.81 0.82 

3 14-18 0.46 0.49 0.57 0.26 0.61 0.63 0.73 0.42 0.80 0.82 

4 18-21 0.43 0.45 0.35 0.12 0.58 0.59 0.52 0.21 0.78 0.80 
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DIN shows no or only slight limitation in sub-polygons nos. 1-3 and limitation in sub-polygon no. 

4 in baseline, but a much more significant limitation in sub-polygons nos. 2-4 in the N-30% 

scenario, only leaving the sub-polygon with no DIN-limitation for neither opportunistic 

macroalgae nor phytoplankton. 

Detailed limitation data behind Table 3-8 are included in Figure D- 1 to Figure D- 3 in Appendix 

D. 

3.2 Eelgrass recovery potential 

As mentioned earlier, there are many stressors affecting the natural and facilitated recovery for 

eelgrass in most Danish estuaries (see Flindt et al. 2016 and Petersen et al. 2021 for a more 

detailed description).  

Based on model results (see section 2.3), the different stressors are ranged in classes. The 

threshold limits behind the different classes are shown in Table 2-2, and in the following, a GIS- 

analysis is carried out for each of the four estuaries to identify areas where vegetative growth 

and sexual reproduction can be expected and where potential restoration can be expected to 

accelerate those processes (Flindt et al. 2016). The data in this section is shown as a 

percentage of the targeted depth limit area (Tables 3.1 to 3.4, WFD). As an example, the 

targeted depth limit for the inner part of Horsens Fjord is 5,9 m. Hence, the accumulated area 

from 0 to 5,9 m depth represents 100% for the inner fjord. If let’s say light availability is good or 

very good in 10% of the area, we are stating that only 10% of the targeted depth limit area (and 

not of the entire fjord) has enough light to support eelgrass growth. In the rest of this report, we 

will refer to the targeted depth limit area as the targeted area. 

Horsens Fjord 

In Figure 3-17, the abiotic parameters (wc, LOI, resuspension, bottom light, O2 and DIN) 

affecting eelgrass recovery are shown as 2D plots, and the data coverage is summarised in 

Figure 3-18. In Figure 3-18, the data is structured in the area with bad or very bad conditions 

(red frame), the area with threshold conditions (yellow frame) and the area with good and very 

good conditions (green frame). Hence, the sum of the three images in Figure 3-18 for each of 

the parameters equals 100% of the area (and this area corresponds to the accumulated area 

within the targeted depth limit for each fjord section). As can be seen from both Figure 3-17 and 

Figure 3-18, especially the abiotic parameter resuspension keeps Horsens Fjord in a bad or 

very bad condition (approximately 50% of the targeted area) in the scenarios, where most of the 

shallow productive areas are exposed to resuspension with a frequency from daily to weekly. 

The primary forcing creating resuspension is wave pressure combined with sediment conditions 

that easier resuspend (high LOI). There are only slight differences between the scenarios 

concerning this parameter as the meteorological conditions are the same in all scenarios. 

In addition to resuspension wc, bottom light and DIN keep approximately 30% of the Horsens 

Fjord area in bad or very bad condition. The areas supporting threshold values for eelgrass 

recovery (approximately 20%) are governed by the parameters LOI, bottom light and DIN 

(baseline and P-30%), whereas the parameters wc, LOI and O2 support good or very good 

conditions for more than 60% of the targeted area. 

As is evident from the two figures, the results of the baseline and P-30% are very similar, 

whereas some significant improvements are observed in N-30%: 

• Resuspension: In scenario DIN-30%, areas with bad or very bad conditions are reduced 

from ~ 55% to 51%, increasing the area with threshold conditions from approximately 10% 

to 12% and increasing the area with good or very good conditions from approximately 35% 

to 37%. 

• LOI: Approximately 5% of the area with bad or very bad conditions are moved to threshold 

conditions. 
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• DIN: The area with bad or very bad conditions is reduced from more than 30% to less than 

10%, the area with threshold conditions is reduced from ~ 32% to less than 20%, and the 

area with good or very good conditions is increased from ~ 40% to 71%. 

• Light conditions improve in about 5% of the targeted depth limit area. 

The remaining parameters do not change much between the three scenarios. 
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 37 

 
Figure 3-17 Abiotic reclassified parameters included in the GIS hotspot analysis for areas with vegetative 

and sexual reproduction potential for Horsens Fjord baseline, N-30% and p-30% scenarios. 
a) Shear stress induced by waves and current (Twc), d) Resuspension frequency, g) 
Sediment stability and uprooting of eelgrass seedlings (LOI), j) Benthic light intensity, m) 
Frequency of anoxia, p) Dissolved inorganic Nitrogen (DIN). * OT areas with depths out from 
targeted areas (WFD). 
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Figure 3-18 Parameter contributions to the GIS tool in Horsens Fjord under baseline, N-30% and P-30% 
reduction scenarios. Tau: wave and current stress. LOI: Sediment organic content, 
Resuspension: frequency of resuspensions, B_light: benthic light availability, DO: anoxia 
frequency, EC: Eelgrass carbon, OP_M: Opportunistic macroalgae, NOM: non-opportunistic 
macroalgae, DIN: Dissolved inorganic nitrogen. A) Proportion of the targeted area (%) with 
bad or very bad conditions for eelgrass growth depending on the modelled parameters Tau, 
LOI, Resuspension, B_light, DO, EC, Op_M, NOM, and DIN. B) WFD target (%) with 
threshold conditions for eelgrass growth depending on the modelled parameters Tau, LOI, 
Resuspension, B_light, DO, EC, Op_M, NOM, and DIN. C) WFD target (%) with good or 
optimal conditions for eelgrass growth depending on the modelled parameters Tau, LOI, 
Resuspension, B_light, DO, EC, Op_M, NOM, and DIN. 

In Figure 3-19, the biotic parameters (eelgrass biomass, opportunistic macroalgae and 

perennial (or non-opportunistic macroalgae) affecting eelgrass recovery are shown as 2D plots, 

and the data are summarised in Figure 3-18. For the biotic parameters, we see a clear response 

in the opportunistic macroalgae, as the area with threshold value is increased by more than 5%, 

reducing the area with good or very good conditions in N-30%, whereas the response in P-30% 

is very similar to the baseline results. Figure 3-19 shows that the opportunistic macroalgae 

change the conditions from good or very good to threshold conditions, especially around the 

central parts of the estuary (Horsens Fjord, inner). However, also some increases in the 
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perennial macroalgae biomass are observed (N-30%) in Figure 3-19 (mostly in sub-polygon 

no. 5). 

As mentioned earlier, this results from the initial biomasses where opportunistic macroalgae 

cover larger areas and hence, benefit from reduced phytoplankton biomasses. However, we 

expect eelgrass to benefit over time if the opportunistic macroalgae are also DIN-limited, which 

is evident from N-30% data included in Table 3-5. 

The accumulated impacts on eelgrass vegetative growth and sexual reproduction caused by the 

various stressors and their response to N- respectively P-reductions are shown in Figure 3-20 

and summarised in Figure 3-21 and Figure 3-22 as good and very good conditions. 

Vegetative growth is less sensitive to various stressors than sexual reproduction; however, 

vegetative growth is slow and relies solely on existing eelgrass meadows, whereas more 

neighbouring eelgrass meadows can support sexual reproduction, why good or very good 

conditions for sexual reproduction support a faster recovery of eelgrass meadows. 

Considering the bathymetry of Horsens Fjord alone, ~ 80% of the area was estimated to be 

suitable for eelgrass growth. However, Figure 3-21 shows that almost 50% of the estuary area 

support vegetative growth in N-30% (an increase of 10% from baseline and P-30%) and a slight 

increase in optimal conditions. With respect to sexual reproduction (Figure 3-22), we also see a 

slight improvement in N-30% but only a few per cent.  

What is also evident from Figure 3-20 as well as Figure 3-23 and Figure 3-24, is that the largest 

areas supporting both vegetative growth and sexual reproduction are the outmost part of the 

estuary (sub-polygons nos. 5 and 6) where only 10% or less of the area support growth in sub-

polygon no. 1 to 4. N-30% almost double the area supported by vegetative growth in sub-

polygon no. 3-5, whereas the area supporting sexual reproduction increases from approximately 

15% to 25% in sub-polygon no. 5. 

  

 

. 
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Figure 3-19 Biotic reclassified parameters included in the GIS-hotspot analysis for areas with vegetative 
and sexual reproduction potential for Horsens Fjord baseline, N-30% and p-30% scenarios. 
a) Concentrations and eelgrass coverage, d) Opportunistic macroalgae, g) Non-
opportunistic mobile macroalgae. * OT areas with depths out from target areas (WFD). 
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Figure 3-20 GIS predicted locations with potential for eelgrass reestablishment at baseline (left), after 

30% N-reduction (middle column) and after 30% P-reduction in Horsens Fjord. Locations 
with potential for eelgrass transplantation actions are shown in the upper row, while areas 
with potential for eelgrass seedlings survival are shown in the lower row. 

 

 

Figure 3-21 GIS predicted accumulated proportion of the targeted area (%) with potential for eelgrass 
reestablishment by vegetative growth in the baseline, after 30% N-reduction and after 30% 
P-reduction scenarios in Horsens Fjord.  
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Figure 3-22 GIS predicted accumulated proportion of the targeted area (%) with potential for eelgrass 
reestablishment by sexual reproduction in the baseline, after 30% N-reduction and after 30% 

P-reduction scenarios in Horsens Fjord. 

 

Figure 3-23 GIS predicted accumulated proportion of the targeted area with potential for eelgrass 
reestablishment by vegetative growth in the baseline, after 30% N-reduction and after 30% 
P-reduction scenarios, calculated along a eutrophication gradient in Horsens Fjord 

(represented by the polygons). 
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Figure 3-24 GIS predicted accumulated proportion of the targeted area with potential for eelgrass 
reestablishment by sexual reproduction in the baseline, after 30% N-reduction and after 30% 
P-reduction scenarios, calculated along a eutrophication gradient in Horsens Fjord 
(represented by the polygons). 

Vejle Fjord 
Where the hypsograph of Horsens Fjord could support more than 80% coverage at the target 

depth limit (if all other parameters were suitable), the numbers for Vejle Fjord suggest much less 

potential coverage (<30% in sub-polygons nos. 3-5) at the target depth limit (see Table 3-2).  

In contrast to Horsens Fjord, Vejle Fjord has steeper slopes and becomes deep, relatively close 

to the coast. Hence, the areas supporting eelgrass growth connected with the N- and P-

reduction scenarios, as well as the total area with depth intervals shallower than target depths 

(WFD), show only little improvements. 
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Figure 3-25 Abiotic reclassified parameters included in the GIS hotspot analises for areas with 
vegetative and sexual reproduction potential for Vejle fjord baseline, N-30% and p-30% 
scenarios. a) Shear stress induced by waves and current (Twc), d) Resuspension frequency 
, g) Sediment stability and uprooting ofeelgrass seedlings (LOI), j) Benthic light intensity, m) 
Frequency of anoxia, p) Disolve inorganic Nitrogen (DIN).* OT areas with depths out from 

Targeted area (WFD). 
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Figure 3-26 Biotic reclassified parameters included in the GIS hotspot analises for areas with vegetative 
and sexual reproduction potential for Vejle fjord baseline, N-30% and p-30% scenarios. a) 
Concentrations and eelgrass coverage, d) Opportunistic macroalgae, g) Non opportunistic 
mobilemacroalgae.* OT areas with depths out from Targeted area (WFD). 

The data for Vejle Fjord can be seen in Figure 3-25 (abiotic parameters), Figure 3-26 (biotic 

parameters), Figure 3-27 (vegetative growth and sexual reproduction potential), Figure 3-28 

(spatial summary of bad and very bad conditions, threshold conditions and good or very good 

conditions), Figure 3-29 (summary of good and very good conditions for vegetative growth) and 

Figure 3-30 (summary of good and very good conditions for sexual reproduction). 
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Figure 3-27 GIS predicted locations with potential for eelgrass reestablishment at baseline (left), after 
30% N-reduction (middle column) and after 30% P-reduction in Vejle fjord. Locations with 
potential for eelgrass transplantation actions are shown in the upper row, while areas with 
potential for eelgrass seedlings survival areas shown in the lower row. 
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Figure 3-28 Parameter contributions to the GIS tool in Vejle fjord under baseline, N-30% and P-30% 
reduction scenarios. Tau: wave and current stress. LOI: Sediment organic content, 
Resuspension: frequency of resuspensions, B_light: benthic light availability, DO: anoxia 
frequency, EC: Eelgrass carbon, OP_M: Opportunistic macroalgae, NOM: non-opportunistic 
macroalgae, DIN: Dissolved inorganic nitrogen. A) Proportion of the targeted area (%) with 
bad or very bad conditions for eelgrass growth depending on the modelled parameters Tau, 
LOI, Resuspension, B_light, DO, EC, Op_M, NOM, and DIN. B) Proportion of the targeted 
area (%) with threshold conditions for eelgrass growth depending on the modelled 
parameters Tau, LOI, Resuspension, B_light, DO, EC, Op_M, NOM, and DIN. C) Proportion 
of the targeted area(%) with good or optimal conditions for eelgrass growth depending on 
the modelled parameters Tau, LOI, Resuspension, B_light, DO, EC, Op_M, NOM, and DIN. 
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Figure 3-29 GIS predicted accumulated Proportion of the targeted area(%) with potential for eelgrass 
reestablishment by vegetative growth in the baseline,  after 30% N-reduction and after 30% 
P-reduction scenarios in Vejle fjord.  

 

 

Figure 3-30 GIS predicted accumulated Proportion of the targeted area(%) with potential for eelgrass 
reestablishment by sexual reproduction in the baseline,  after 30% N-reduction and after 
30% P-reduction scenarios in Vejle fjord. 

The summary of abiotic and biotic parameters (Figure 3-28) clearly shows that especially 

bottom light and lack eelgrass biomass coverage keep the targeted areas/depths of the estuary 

in bad or very bad conditions (more than 80%). The abiotic parameters LOI and DIN 

concentrations keep the estuary at threshold conditions, whereas tau, resuspension, O2, 

opportunistic and perennial macroalgae support eelgrass growth in large areas (more than 

80%). 

We see no, or minimal effects of reducing P-loads (P-30%) and minimal improvements in the N-

30% scenario. DIN and light conditions are improved in less than 15 and 5% of the total 

targeted area, respectively.   

https://www.google.dk/url?sa=i&url=https%3A%2F%2Fwww.linkedin.com%2Fcompany%2Fdtu-aqua&psig=AOvVaw3jjLwLsh6H3ji8_WRXvvxB&ust=1604150225808000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCKjRu7uz3OwCFQAAAAAdAAAAABAD


  
 

 49 

In Figure 3-26, we observe that opportunistic and perennial macroalgae are present along most 

of the coastline, but only a few narrow stretches suggest presence of eelgrass biomass, and in 

the innermost part of the estuary (sub-polygons nos. 1-2), no eelgrass biomass exists at all. 

What is clear from Figure 3-28 is also evident in Figure 3-27, where we observe slight 

improvement (increased area) supporting vegetative growth and sexual reproduction, but as 

summarized in Figure 3-29 and Figure 3-30, the areas with potential vegetative growth and 

sexual reproduction are limited to ~10% of the existing areas under targeted depth. Reduction 

scenarios improvements are minor, less than 1%. 

However, it is important to remember that all estuaries will benefit from N-reductions in 

neighbouring countries but that especially Vejle Fjord (and to some degree also Horsens Fjord, 

outer part) will benefit the most (of the four estuaries) from N-reductions in neighbouring 

countries but the effect is not assessed in the present report. 

 

Figure 3-31 GIS predicted accumulated proportion of the targeted area with potential for eelgrass 
reestablishment by vegetative growth in the baseline, after 30% N-reduction and after 30% 
P-reduction scenarios, calculated along a eutrophication gradient in Vejle Fjord (represented 

by the polygons). 
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Figure 3-32  GIS predicted accumulated proportion of the targeted area with potential for eelgrass 
reestablishment by sexual reproduction in the baseline, after 30% N-reduction and after 30% 
P-reduction scenarios, calculated along a eutrophication gradient in Vejle Fjord (represented 
by the polygons). 

Odense Fjord 
The data subtracted and analyzed for Odense Fjord can be seen in Figure 3-33 (abiotic 

parameters), Figure 3-34 (biotic parameters), Figure 3-35 (vegetative growth and sexual 

reproduction potential), Figure 3-36 (spatial summary of bad and very bad conditions, threshold 

conditions and good or very good conditions) and Figure 3-37 (summary of good and very good 

conditions for vegetative growth). 

As shown in Figure 3-33 to Figure 3-35 and in the summary figure (Figure 3-36 ), no significant 

differences appear between the baseline and the N-30% and P-30% scenarios. About 35% of 

the areas under targeted depth limit support eelgrass clonal growth, and only about 10-12% 

sexual reproduction. The N and P reduction scenarios do not affect the vegetative growth areas, 

whereas a minimal effect (~2%) for the sexual reproduction areas. 

https://www.google.dk/url?sa=i&url=https%3A%2F%2Fwww.linkedin.com%2Fcompany%2Fdtu-aqua&psig=AOvVaw3jjLwLsh6H3ji8_WRXvvxB&ust=1604150225808000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCKjRu7uz3OwCFQAAAAAdAAAAABAD


  
 

 51 

  

Figure 3-33 Abiotic reclassified parameters included in the GIS hotspot analises for areas with 
vegetative and sexual reproduction potential for Odense fjord baseline, N-30% and p-30% 
scenarios. a) Shear stress induced by waves and current (Twc), d) Resuspension frequency 
, g) Sediment stability and uprooting ofeelgrass seedlings (LOI), j) Benthic light intensity, m) 
Frequency of anoxia, p) Disolve inorganic Nitrogen (DIN).* OT areas with depths out from 

Targeted area (WFD). 
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Figure 3-34 Biotic reclassified parameters included in the GIS hotspot analises for areas with vegetative 
and sexual reproduction potential for Odense fjord baseline, N-30% and p-30% scenarios. a) 
Concentrations and eelgrass coverage, d) Opportunistic macroalgae, g) Non opportunistic 
mobile macroalgae. * OT areas with depths out from Targeted area (WFD). 
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Figure 3-35 GIS predicted locations with potential for eelgrass reestablishment at baseline (left),  after 
30% N-reduction (middle column) and after 30% P-reduction in Odense fjord. Locations with 
potential for eelgrass transplantation actions are shown in the upper row, while areas with 
potential for eelgrass seedlings survival areas shownin the lower row. 
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Figure 3-36 Parameter contributions to the GIS tool in Odense fjord under baseline, N-30% and P-30% 
reduction scenarios. Tau: wave and current stress. LOI: Sediment organic content, 
Resuspension: frequency of resuspensions, B_light: benthic light availability, DO: anoxia 
frequency, EC: Eelgrass carbon, OP_M: Opportunistic macroalgae, NOM: non-opportunistic 
macroalgae, DIN: Dissolved inorganic nitrogen. A) Proportion of the targeted area(%) with 
bad or very bad conditions for eelgrass growth depending on the modelled parameters Tau, 
LOI, Resuspension, B_light, DO, EC, Op_M, NOM, and DIN. B) Total Proportion of the 
targeted area(%) with threshold conditions for eelgrass growth depending on the modelled 
parameters Tau, LOI, Resuspension, B_light, DO, EC, Op_M, NOM, and DIN. C) Total 
Proportion of the targeted area(%) with good or optimal conditions for eelgrass growth 
depending on the modelled parameters Tau, LOI, Resuspension, B_light, DO, EC, Op_M, 
NOM, and DIN. 
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Figure 3-37 GIS predicted accumulated Proportion of the targeted area(%) with potential for eelgrass 
reestablishment by vegetative growth in the baseline,  after 30% N-reduction and after 30% 
P-reduction scenarios in Odense Fjord.  

 

 

Figure 3-38 GIS predicted accumulated Proportion of the targeted area(%) with potential for eelgrass 
reestablishment by sexual reproduction in the baseline,  after 30% N-reduction and after 
30% P-reduction scenarios in Odense Fjord.  

From Figure 3-36, we see that primarily resuspension and the lack of existing eelgrass biomass 

explain the areas with bad or very bad conditions (more than 80% of the total area), whereas 

O2, opportunistic and perennial macroalgae support good or very good conditions for more than 

80% of the area. Light availability promotes eelgrass growth in about 60% of the area within 

target depths. When analyzing N-30%, we observe improvements in the abiotic parameter DIN 

where the area supporting good or very good conditions is increased from approximately 50% to 

80%, however, still leaving the innermost part (sub-polygon no. 1) in bad or very bad condition. 
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Figure 3-39 GIS predicted accumulated proportion of the targeted area with potential for eelgrass 
reestablishment by vegetative growth in the baseline, after 30% N-reduction and after 30% 
P-reduction scenarios, calculated along a eutrophication gradient in Odense Fjord 
(represented by the polygons). 

 

Figure 3-40  GIS predicted accumulated proportion of the targeted area with potential for eelgrass 
reestablishment by sexual reproduction in the baseline, after 30% N-reduction and after 30% 
P-reduction scenarios, calculated along a eutrophication gradient in Odense Fjord 

(represented by the polygons). 
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Roskilde Fjord 
The data subtracted and analyzed for Roskilde Fjord can be seen in Figure 3-41 (abiotic 

parameters), Figure 3-42 (biotic parameters), Figure 3-43 (vegetative growth  and sexual 

reproduction potential), Figure 3-44 (spatial summary of bad and very bad conditions, threshold 

conditions and good or very good conditions) and Figure 3-45 (summary of good and very good 

conditions for vegetative growth).  
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Figure 3-41 Abiotic reclassified parameters included in the GIS hotspot analises for areas with vegetative and 
sexual reproduction potential for Roskilde fjord baseline, N-30% and p-30% scenarios. a) Shear 
stress induced by waves and current (Twc), d) Resuspension frequency , g) Sediment stability 
and uprooting ofeelgrass seedlings (LOI), j) Benthic light intensity, m) Frequency of anoxia, p) 
Disolveinorganic Nitrogen (DIN). * OT areas with depths out from Targeted area (WFD). 
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Figure 3-42 Biotic reclassified parameters included in the GIS hotspot analises for areas with vegetative and 
sexual reproduction potential for Roskilde fjord baseline, N-30% and p-30% scenarios. a) 
Concentrations and eelgrass coverage, d) Opportunistic macroalgae, g) Non opportunistic 
mobilemacroalgae. * OT areas with depths out from Targeted area (WFD). 
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Figure 3-43 GIS predicted locations with potential for eelgrass reestablishment at baseline (left),  after 30% 
N-reduction (middle column) and after 30% P-reduction in Roskilde fjord. Locations with potential 
for eelgrass transplantation actions are shown in the upper row, while areas with potential for 
eelgrass seedlings survival areas shownin the lower row. 
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Figure 3-44 Parameter contributions to the GIS tool in Roskilde fjord under baseline, N-30% and P-30% 
reduction scenarios. Tau: wave and current stress. LOI: Sediment organic content, 
Resuspension: frequency of resuspensions, B_light: benthic light availability, DO: anoxia 
frequency, EC: Eelgrass carbon, OP_M: Opportunistic macroalgae, NOM: non-opportunistic 
macroalgae, DIN: Dissolved inorganic nitrogen. A) Proportion of the targeted area(%) with bad or 
very bad conditions for eelgrass growth depending on the modelled parameters Tau, LOI, 
Resuspension, B_light, DO, EC, Op_M, NOM, and DIN. B) Total Proportion of the targeted 
area(%) with threshold conditions for eelgrass growth depending on the modelled parameters 
Tau, LOI, Resuspension, B_light, DO, EC, Op_M, NOM, and DIN. C) Total Proportion of the 
targeted area(%) with good or optimal conditions for eelgrass growth depending on the modelled 
parameters Tau, LOI, Resuspension, B_light, DO, EC, Op_M, NOM, and DIN. 
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Figure 3-45 GIS predicted accumulated Proportion of the targeted area(%)  with potential for eelgrass 
reestablishment by vegetative growth in the baseline,  after 30% N-reduction and after 30% P-
reduction scenarios in Roskilde Fjord.  

 

Figure 3-46 GIS predicted accumulated Proportion of the targeted area (%)  with potential for eelgrass 
reestablishment by sexual reproduction in the baseline,  after 30% N-reduction and after 30% P-
reduction scenarios in Roskilde Fjord.  

The analysis in Figure 3-43 shows some improvements in N-30%. However, for the full fjord, we see 

only few changes with good conditions for vegetative growth and some improvements for sexual 

reproduction. The P-30% scenario shows almost no improvements compared to the baseline 

scenario.  

According to Figure 3-44, it’s mainly the lack of eelgrass biomass that keep the estuary in bad or 

very bad condition (more than 80% of the total area), and to some degree, the abiotic parameter 

resuspension and DIN (more than 60%). In N-30%, some improvements are observed for 

resuspension and bottom light, but the most significant impact is seen in the abiotic parameter DIN, 

decreasing the area with bad or very bad conditions from approximately 70% to approximately 30% 

at the threshold, good or very good conditions.  
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The improvements from the N-30% and P-30% scenarios, respectively, amount to a 10 and 9% 

increased area with good conditions for vegetative growth and about 5% and 3% for the areas with 

potential for sexual reproduction (Figure 3-45). 

 

Figure 3-47 GIS predicted accumulated proportion of the targeted area with potential for eelgrass 
reestablishment by vegetative growth in the baseline, after 30% N-reduction and after 30% P-
reduction scenarios, calculated along a eutrophication gradient in Roskilde Fjord (represented by 
the polygons). 

 

Figure 3-48  GIS predicted accumulated proportion of the targeted area with potential for eelgrass 
reestablishment by sexual reproduction in the baseline, after 30% N-reduction and after 30% P-
reduction scenarios, calculated along a eutrophication gradient in Roskilde Fjord (represented by 
the polygons). 
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4 Discussion and conclusion 

As stated in the introduction to this report, the overall aim of the present study is to evaluate the 

effects of nutrient reductions in shallow water areas on the potential for eelgrass recovery, 

including an assessment of the abiotic and biotic processes prohibiting eelgrass recovery and to 

relate the study results to the estimated maximum allowable nutrient inputs described in 

Erichsen et al. (in prep. a), see Table 2-1. 

It is important to remember, that we have evaluated the impacts of Danish nutrient reductions 

alone. The nutrient reductions applied are general reductions (30% reductions) and not the 

specific reductions suggested in Erichsen et al. (in prep. a), as the specific MAIs were not 

known when the present study was initiated. Also, the present study does not evaluate 

additional impacts from nutrient reductions from neighbouring countries. Nutrient reductions 

from neighbouring countries will enhance the effects from Danish nutrient reductions, especially 

in the more open estuaries (see Erichsen et al. (in prep. b) for details on the variability of the 

impacts from neighboruring countries etc.). 

The analysis was carried out for the four estuaries: Horsens Fjord, Vejle Fjord, Odense Fjord 

and Roskilde Fjord. They vary with respect to bathymetry, nutrient loading and residence time. 

We expect that comparable systems will respond equivalently, why we suggest that the trends 

from the present study can be extrapolated to other more or less similar estuaries.  

The most essential conclusion from the four estuaries in the present study is that N-reductions 

in general provides additional areas with sufficient light intensity to support an increased benthic 

production, whereas this is not the case for P-reductions in the specific four estuaries (P-

reduction might have an impact in other estuaries, but this is not the case in the four study 

estuaries). The present analysis is based on a 30% reduction in N-load and a 30% reduction in 

P-load (and no assessment of the effects of reductions from neighbouring countries nor 

atmospheric deposition).   

The overall analysis in the present study shows that the N-30% reductions for Horsens Fjord 

increases the coverage of potential for benthic vegetation in the estuary, why we expect the 

suggested reductions in Horsens Fjord (46% and 41% in the inner and outer part of the estuary) 

to obtain GES according to (Erichsen et al. in prep. a) will have an even larger impact.  

Likewise, for Roskilde Fjord, a 30% reduction in the N load results in potentially increased 

coverage of eelgrass, both in the inner and outer part of the estuary, and here the N-30% 

almost reflects the estimated N-reduction in (Erichsen et al. in prep. a) for the outer fjord of 28% 

why we expect the WFD-results to be very similar to the results present in this report except 

from potentially effects from reductions in neighbouring countries and atmospheric depositions.  

For the two other estuaries (Odense Fjord and Vejle Fjord) and, to some extent, the inner part of 

Roskilde fjord, the 30% reductions of Danish N-loading are insufficient to obtain a significant 

increase in the area supporting vegetative growth (results from the present study).  

Generally, individual seedlings are very vulnerable and exposed to the stressors analyzed in the 

present study (Valdemarsen et al. 2010), why we conclude that even in shallow waters 

reductions are needed to ensure an environment that can support benthic vegetation including 

eelgrass, especially if no existing eelgrass patches exists.  

In new areas, higher light intensity is needed to compensate for the higher loss rates of shoots 

during the recovery process. An example is Odense Fjord, where SDU has performed 

transplantations at 2.5 m’s depth in the outer part. Although natural eelgrass patches are 

growing at more than 3 m’s depth, the net results of the transplantation activity were a slow 

decline in shoot densities because the light intensity did not support sufficient shoot production 

to compensate for the losses (unpublished results). It is these results that, together with 

literature data, provided the relatively high threshold for benthic light intensities in Flindt (2016). 
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These results suggest that considerably more reductions are needed to allow for a self-

sustained reproduction of eelgrass in those three estuaries.  

Based on the present analysis, we conclude that 30% reduction of Danish N load will have a 

positive impact in all four estuaries, and as mentioned, will bring Horsens Fjord and, to a certain 

extent, Roskilde fjord, into a condition, especially in the large shallow areas in the outer part, 

where marked recovery of eelgrass could occur, and in the other three estuaries N-30% will 

improve the water quality, allowing successful restoration in specific areas.  

Hence, we conclude that the reductions suggested in Erichsen et al. (in prep. a) are a minimum 

requirement to ensure a self-maintained eelgrass propagation and growth in Vejle Fjord, 

Odense Fjord and Roskilde Fjord. 

Estuary specific highlights due to the N-30% reduction scenario are: 

Horsens Fjord 
Opportunistic macroalgae increase biomass in large areas of the inner part of the estuary, why 

eelgrass could benefit from an even higher DIN-growth limitation to ensure increased eelgrass 

biomass in the competition with macroalgae. 

In Horsens Fjord, mainly the shallower parts of the estuary benefit directly from N-30%. The 

shallow areas are large, and with a potential eelgrass recovery in these areas, the 

immobilization of nutrients will support a further shift from pelagic to benthic production, 

resulting in better benthic light conditions. 

The required reductions to obtain GES as reported in Erichsen et al. (in prep. a) are more 

significant than N-30% applied in the present analysis. We see improvements in the potential for 

eelgrass reestablishment in the N-30%, especially in sub-polygon no 5, and some 

improvements in sub-polygons nos. 3-4. 

However, in sub-polygons nos. 1-3, 30% N-reductions are still not sufficient to neither facilitate 

eelgrass recovery nor restoration, which might be the case with increased reductions, as 

reported in Erichsen et al. (in prep. a).  

Vejle Fjord 
In Vejle Fjord, almost no improvements occur in the N-30% scenario, and almost no 

improvements are modelled in the P-30% scenario. However, the abiotic parameter DIN 

improves in N-30%. 

Good and very good conditions are only observed in the outer and northern part of the estuary, 

whereas a larger part of the estuary, including sub-polygon no. 3 and to some extent also areas 

in sub-polygon no. 2, reaches threshold conditions. Hence, N-30% imposes improvements, but 

as the reductions reported in Erichsen et al. (in prep. a) are smaller than N-30%. The present 

analysis does not include potential reductions in neighbouring countries, but we do not expect 

the estuary to restore eelgrass meadows by itself through vegetative growth or sexual 

reproduction without any restoration measures implemented.  

Odense Fjord 
In Odense Fjord, we only observe minor improvements in N-30% and P-30%, mainly relating to 

the abiotic parameter DIN. As for Vejle Fjord, the DIN-parameter suggests a potential for 

restoration in large areas in the outer part of the estuary but no significant improvements in the 

inner part. Therefore, areas in the outer part of Odense Fjord could be subject to restoration 

after implementing N-load reductions, but we do not expect a natural recovery of eelgrass 

meadows, as Odense Fjord is historically impacted by extended areas (40% of the system) with 

no or very reduced sediment anchoring capacity (Flindt et al. 2016, Valdemarsen et al. 2010). 

Here transplanting activities could support the recovery as nails anchor the individual shoots. 

According to Erichsen et al. (in prep. a), the reduction needs to ensure that GES in the inner 

part of Odense Fjord amounts to 40%, suggesting a larger reduction than analysed in the 
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current project. This will increase the area suited for restoration to cover parts of sub-polygon 

no. 1 as well, but still, we do not expect other parameters to improve significantly. 

Roskilde Fjord 
The suggested N-reductions in Roskilde Fjord reported in Erichsen et al. (in prep. a) are close to 

N-30% analysed in the present report. Here we observe an increase in the spatial coverage of 

eelgrass as well as an increase that will drive the vegetative growth and allow for eelgrass to 

spread – but only if the reductions are implemented. 

In Erichsen et al. (in prep. a) the outer part of the estuary sets the target of 28% N-load 

reduction, where the inner part only suggests a 2% reduction to obtain GES based on summer 

chlorophyll-a and light availability. From the present analysis, it seems like N-30% implies more 

significant improvements in the inner part of the estuary than in the outer part, why the 28% 

suggested in Erichsen et al. (in prep. a) could be implemented in the inner part of the estuary 

ensuring GES in both parts of the estuary and improving the vegetative growth of eelgrass.   
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Appendix  A –  Horsens Fjord  
 

 

 

https://www.google.dk/url?sa=i&url=https%3A%2F%2Fwww.linkedin.com%2Fcompany%2Fdtu-aqua&psig=AOvVaw3jjLwLsh6H3ji8_WRXvvxB&ust=1604150225808000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCKjRu7uz3OwCFQAAAAAdAAAAABAD


 

70  

 

Figure A- 1  Horsens Fjord, Denmark. Vertical profile showing the growth inhibition expression, 

calculated as (
S

Ks+S
), of eelgrass along a eutrophication gradient in kilometres from the 

inner- to the outer fjord (polygons 1 to 6 in this report from the inner to the outer fjord). The 
panel shows a baseline (left) and 30% nitrogen reduction (right) model scenario, and S 
denotes benthic light. 
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Figure A- 2 Horsens Fjord, Denmark. Vertical profile showing the growth inhibition expression, 

calculated as (
S

Ks+S
),  of opportunistic macroalgae along a eutrophication gradient in 

kilometres from the inner- to the outer fjord (polygons 1 to 6 in this report from the inner to 
the outer fjord). The panel shows a baseline (left) and 30% nitrogen reduction (right) model 
scenario, and S denotes benthic light, DIN and DIP respectively. 

 

https://www.google.dk/url?sa=i&url=https%3A%2F%2Fwww.linkedin.com%2Fcompany%2Fdtu-aqua&psig=AOvVaw3jjLwLsh6H3ji8_WRXvvxB&ust=1604150225808000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCKjRu7uz3OwCFQAAAAAdAAAAABAD


 

72  

 

Figure A- 3 Horsens Fjord, Denmark. Vertical profile showing the growth inhibition expression, 

calculated as (
S

Ks+S
), of phytoplankton along a eutrophication gradient in kilometres from the 

inner- to the outer fjord (polygons 1 to 6 in this report from the inner to the outer fjord). The 
panel shows a baseline (left) and 30% nitrogen reduction (right) model scenario, and S 
denotes benthic light, DIN and DIP respectively.  
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Appendix B –  Vej le Fjord 
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Figure B- 1 Vejle Fjord, Denmark. Vertical profile showing the growth inhibition expression, calculated as 

(
S

Ks+S
),  of eelgrass along a eutrophication gradient in kilometres from the inner- to the outer 

fjord (polygons 1 to 5 in this report from the inner to the outer fjord). The panel shows a 
baseline (left) and 30% nitrogen reduction (right) model scenario, and S denotes benthic 
light. 
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Figure B- 2 Vejle Fjord, Denmark. Vertical profile showing the growth inhibition expression, calculated as 

(
S

Ks+S
),  of opportunistic macroalgae along a eutrophication gradient in kilometres from the 

inner- to the outer fjord (polygons 1 to 5 in this report from the inner to the outer fjord).  The 
panel shows a baseline (left) and 30% nitrogen reduction (right) model scenario, and S 
denotes benthic light, DIN and DIP respectively. 
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Figure B- 3 Vejle Fjord, Denmark. Vertical profile showing the growth inhibition expression, calculated as 

(
S

Ks+S
), of phytoplankton along a eutrophication gradient in kilometres from the inner- to the 

outer fjord (polygons 1 to 5 in this report from the inner to the outer fjord).  The panel shows 
a baseline (left) and 30% nitrogen reduction (right) model scenario, and S denotes benthic 
light, DIN and DIP respectively. 
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Appendix C –  Odense Fjord  
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Figure C- 1 Odense Fjord, Denmark. Vertical profile showing the growth inhibition expression, calculated 

as (
S

Ks+S
),  of eelgrass along a eutrophication gradient in kilometres from the inner- to the 

outer fjord (polygons 1 to 4 in this report from the inner to the outer fjord).  The panel shows 
a baseline (left) and 30% nitrogen reduction (right) model scenario, and S denotes benthic 
light. 
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Figure C- 2 Odense Fjord, Denmark. Vertical profile showing the growth inhibition expression, calculated 

as (
S

Ks+S
),  of opportunistic macroalgae along a eutrophication gradient in kilometres from 

the inner- to the outer fjord (polygons 1 to 4 in this report from the inner to the outer fjord).  
The panel shows a baseline (left) and 30% nitrogen reduction (right) model scenario, and S 
denotes benthic light, DIN and DIP respectively. 
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Figure C- 3 Odense Fjord, Denmark. Vertical profile showing the growth inhibition expression, calculated 

as (
S

Ks+S
), of phytoplankton along a eutrophication gradient in kilometres from the inner- to 

the outer fjord (polygons 1 to 4 in this report from the inner to the outer fjord).. The panel 
shows a baseline (left) and 30% nitrogen reduction (right) model scenario, and S denotes 
benthic light, DIN and DIP respectively. 
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Appendix D –  Roski lde F jord  
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Figure D- 1 Roskilde Fjord, Denmark. Vertical profile showing the growth inhibition expression, calculated as 

(
S

Ks+S
),  of eelgrass along a eutrophication gradient in kilometres from the inner- to the outer fjord 

(polygons 1 to 4 in this report from the inner to the outer fjord).  The panel shows a baseline (left) 
and 30% nitrogen reduction (right) model scenario, and S denotes benthic light. 
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Figure D- 2 Roskilde Fjord, Denmark. Vertical profile showing the growth inhibition expression, calculated as 

(
S

Ks+S
),  of opportunistic macroalgae along a eutrophication gradient in kilometres from the inner- 

to the outer fjord (polygons 1 to 4 in this report from the inner to the outer fjord).  The panel 
shows a baseline (left) and 30% nitrogen reduction (right) model scenario, and S denotes benthic 
light, DIN and DIP respectively. 

https://www.google.dk/url?sa=i&url=https%3A%2F%2Fwww.linkedin.com%2Fcompany%2Fdtu-aqua&psig=AOvVaw3jjLwLsh6H3ji8_WRXvvxB&ust=1604150225808000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCKjRu7uz3OwCFQAAAAAdAAAAABAD
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Figure D- 3 Roskilde Fjord, Denmark. Vertical profile showing the growth inhibition expression, calculated as 

(
S

Ks+S
), of phytoplankton along a eutrophication gradient in kilometres from the inner- to the outer 

fjord (polygons 1 to 4 in this report from the inner to the outer fjord).  The panel shows a baseline 
(left) and 30% nitrogen reduction (right) model scenario, and S denotes benthic light, DIN and 
DIP respectively. 
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