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Konklusioner fra de tekniske undersøgelser og analyser af 

Kystvandrådet for Odense Fjords arbejde 
 

Generelt 

For at opnå god økologisk tilstand i Odense Fjord peger de tekniske undersøgelser og analyser udført 

i regi af Kystvandsrådet for Odense Fjord på behov for to overordnede tiltag. Dels skal der ske 

betydelige reduktioner af næringsstoffer fra oplandet til fjorden, og dels er det derudover nødvendigt 

med marine restaureringstiltag i fjorden. 

 

Fjordens følsomhed for næringsstoffer 

Undersøgelser af fjordens følsomhed for næringsstoffer viser med baggrund i den opsatte fjordmodel, 

at: 

¶ der er positiv effekt på fjordens tilstand ved reduktion af både kvælstof og fosfor.  

¶ fjordens økosystem responderer mere positivt på kvælstofreduktioner i vækstsæsonen (fra 

starten af april til udgangen af oktober) end i vinterhalvåret. 

 

Der er i arbejdet med at finde virkemidler i oplandet taget ovenstående viden i betragtning. I arbejdet 

med at reducere kvælstof fra oplandet er der taget udgangspunkt i vandområdeplanens mål om en 

34% reduktion for Odense Fjord, suppleret med et ønske om også at reducere fosfortabet til fjorden. 

Der er i oplandsarbejdet lagt særligt vægt på at finde 34% kvælstofreduktion i vækstsæsonen, da det 

er en afgørende forudsætning for at opnå god tilstand. 

 

Valg af virkemidler i oplandet 

Med henblik på at kvalificere valg af virkemidler i oplandet, er der af Aarhus Universitet og SEGES 

Innovation opsat en oplandsmodel (SWAT+) til at regne på kvælstoftransporter fra alle relevante 

kilder, herunder landbrug og spildevand. Der er gennemført følsomhedsscenarier (ekstremscenarier) 

for at teste potentialet for virkemidler.  

 

Resultatet af disse scenarier er, at det har omtrent samme effekt på kvælstofreduktionen at udlægge 

alle ådale som vådområder, som at omlægge alt landbrug til ekstensivt græs. Konklusionerne er 

forelagt Kystvandsrådet, og der var her et ønske om at gå videre med undersøgelse af potentiale for 

vådområder. Dels ud fra en betragtning om multifunktionalitet ved vådområder (klima, natur, 

biodiversitet mv.), samt at omkostningerne ved at udtage vådområder er mindre end at braklægge 

landbrugsjord uden for ådalene.  

 

Der er på den baggrund foretaget et arbejde for at kvalificere potentialet for vådområder. Herunder 

blev oplandskommuner, kystvandråd og Odense Fjord Samarbejdets oplandsgruppe involveret med 

henblik på at maksimere anvendelsen af vådområder under hensyntagen til relevante lokale forhold. 

Dette er blandt andet sket i forbindelse med workshop og opfølgning. 

 

Herudover er der af SEGES Innovation foretaget en kvalificering om brugen af drænvirkemidler med 

vægt lagt på minivådområder.  
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Der er af Aarhus Universitet foretaget en vurdering af muligheden for reduktion af diffus fosfor. Valg 

af fosforvirkemidler er ligeledes foretaget i en dialog med Kystvandrådet og Odense Fjord 

Samarbejdets oplandsgruppe. Det er her prioriteret, at der så vidt muligt laves tiltag til reduktion af 

fosfor, når der anlægges vådområder (P-ådale), og som minimum på 10 % af de vådområder som 

anlægges, samt at der plantes træer langs 10% af mindre og middelstore vandløb, som ligger uden for 

de områder, hvor der laves vådområder.  

 

Renset spildevand udgør en relativ større andel af næringsstoftilførslen i vækstsæsonen (fra starten af 

april til udgangen af oktober), hvor fjorden er mest følsom for næringsstoffer. Kvælstof fra 

punktkilder udgør i vækstsæsonen omkring 20-50% af den samlede udledning. I vintermånederne 

udgør punktkilder 10% eller mindre af den samlede tilførsel til fjorden. Dette er uddybet i afsnit om 

òOplandsbeskrivelse og stoftransport ift. Odense Fjordò. Der er af den grund blevet arbejdet med 

muligheder for yderligere at rense for fosfor og kvælstof til trods for, at de store renseanlæg i regi af 

VandCenterSyd allerede renser væsentligt under lovkrav.  
 

Samlet set er der formuleret 3 scenarier for reduktioner fra oplandet til Odense Fjord: 

 

¶ Scenarie 1 (S1): 6.700 ha nye vådområder 

¶ Scenarie 2 (S2): Forbedret rensning af kvælstof og fosfor fra renseanlæg forår og sommer 

(fra  starten af april til udgangen af september).* 

¶ Scenarie 3 (S3): S1 + S2 + 127 minivådområder, samt tiltag mod at reducere fosfor**. 

 
Note*: Udløb af koncentrationen af kvælstof og fosfor forbedres fra 3,32 mg/l TN og 0,22 mg/l TP til 3,0 mg/l TN og 0,2 mg/l TP. 

Note**: Fosfortiltag omhandler at minimum 10% af vådområderne anlægges som fosfor-ådale. Plantning af træer på 10% af små og middel vandløb 

uden for vådområder. 

 

De foreslåede tiltag fører til reduktioner, som for Scenarie 1 og Scenarie 3 overstiger årligt mål sat i 

Vandområdeplan 2021-2027, som er 34% kvælstofreduktion (tabel). Det ses af den månedlige 

fordeling på graf, at det har været muligt at opretholde en 34 % reduktion i sommermånederne i 

Scenarie 3 ï dog ikke august som falder til under 30 % reduktion.  

 

Scenarie 1 og Scenarie 3 fører også begge til målopfyldelse på klorofyl-a og vegetations dybdegrænse 

jf. målene i Vandområdeplan 2021-2027 for klorofyl og dybdegrænse (se afsnit om fjordmodel og 

scenarieanalyser). 

 
 

TN reduktion TP reduktion 
 

Ton % Ton % 

Scenarie 1 491 36 0,0 0 

Scenarie 2 7 1 0,3 1 

Scenarie 3 498 37 6,4 15 
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Effekt på fjorden ved næringsstofreduktioner 

Effekten på fjordens tilstand ved de foreslåede oplandsscenarier (S1-S3) er beregnet af DHI med den 

opsatte fjordmodel. Resultaterne herfor viser, at man kan opnå de opsatte mål i Vandområdeplanerne 

for klorofyl og vegetationens dybdegrænse ved Scenarie 1 (vådområder) og Scenarie 3 (alle 

virkemidler).  

 

Fjordmodelberegningerne viser også, at det har en effekt, at yderligere reducere næringsstoffer fra 

renseanlæg (scenarie 2), fordi reduktionerne sker forår og sommer, hvor fjorden er mest sensitiv for 

reduktioner, til trods for at spildevandsreduktionerne i mængde ikke er store. I Scenarie 2 og Scenarie 

3 er kun medtaget spildevandsreduktioner, som kan gennemføres på den korte bane (få år), mens der 

er yderligere potentialer på den længere bane i forbindelse de aktiviteter VandCenterSyd planlægger 

at gennemføre. Reduktioner vil stadig være relativt små.  

 

Marine restaureringstiltag 

De tekniske og biologiske undersøgelser viser, at det er nødvendigt at foretage marine 

restaureringstiltag, hvis fjorden skal i god tilstand, udover at der skal ske reduktioner i 

næringsstoftilførslen. Der er dele af den ydre fjord, hvor næringsstofniveauet i dag er tilstrækkelig 

lavt til, at marin naturgenopretning kan igangsættes. Men det er i dag ikke muligt at foretage marin 

genopretning i store dele af fjorden pga. for høje tilførsler af næringsstoffer.  

 

De faglige analyser viser, at genopretning bør starte i de dele af den ydre fjord, hvor 

næringsstofniveauet er tilstrækkeligt lavt. Efterhånden som næringsstoftilførslen falder, vil der blive 

mulighed for naturgenopretning i tilstødende områder i fjorden.   

 

Analyserne ift. de marine virkemidler peger på, at følgende række af tiltag vil give de bedste 

muligheder for genopretning: 

1. òSandcappingò omkring Firtalsdæmningen og langs Egensedybets sydlige kystlinje. Evt. 

også ved bugterne omkring Klintebjerg. 

2. Stenrev ved Enebærodde, Firtalsdæmningen og Bregnør. 

3. Genopretninger af biogenerev (muslingebanker) ï her kræves yderligere arbejde for at 

kvalificere lokaliteter. 

4. Ålegræsgenopretning kan potentielt igangsættes ved området ved Bregnør og ved yderligere 

kvælstofreduktioner udvides restaurering til andre områder. 

5. Genskabelse at tabte strandenge ï fx Lumby inddæmmede strand 
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Teknisk overordnet vurdering af gennemførelse 

De foreslåede løsninger til næringsstofreduktioner i oplandet er alle kendte virkemidler, som i dag 

anvendes. Der er således ikke nogen tekniske forhindringer i gennemførelsen. Den største udfordring 

er skalaen.  

 

Der skal etableres vådområder i så godt som alle ådale. Dette vil dels fordre, at arbejdet med at 

etablere vådområder skal op i tempo, og dels kræver det stor opbakning fra lodsejere.  

 

For arbejdet med etablering af vådområder er der i foråret 2023 igangsat en optimeret VOS 

(VandOplandsStyregruppe). Der er stor opbakning til et bredt og optimeret samarbejde blandt 

kommuner, landbrug mfl. omkring implementering af kollektive virkemidler.  

 

Der er opbakning til denne indsats fra den fynske landboforening, og dette vurderes afgørende for at 

sikre det nødvendige medejerskab og lodsejeropbakning til udarbejdelsen og implementeringen af de 

lokale planer.  

 

Der er desuden faktorer som ikke er medtaget i beregningerne, men som peger på øget sandsynlighed 

for at komme i mål med god tilstand: 

 

¶ Siden perioden 2016-2018 er der sket et yderligere 20-30 % fald i sommerkoncentrationen 

(juni-aug.) af nitrat i de 4 største vandløb til fjorden og koncentrationen af nitrat i alle 4 

vandløb er i dag under 1 mg/l i disse måneder. Dette er ikke sket vinter og forår, men fordi 

fjorden er særlig følsom for sommertilførsel, vil dette have positiv virkning for fjorden. Hvis 

faldet i sommermånederne er tilstrækkeligt til at kunne resultere i en effekt på de to 

indikatorer, forventes det at indgå i den næste statusopgørelse fra de statslige 

vandmyndigheder. 

¶ VandCenterSyd har planlagt flere aktiviteter, som på længere sigt vil nedbringe tilførslen af 

renset spildevand til fjorden. Herunder omlægning og nedlægning af mindre anlæg, samt 

reduktioner af uvedkommende vand i afløbssystemer. 

¶ Den modelberegnede fjernelse i vådområder (fjernelse pr ha) er sat konservativt, og det 

vurderes sandsynligt, at man ved realisering kan opnå en større fjernelse end antaget i 

beregninger. 

¶ Hotspotundersøgelse i delopland viser, at der er potentiale for at reducere næringsstoffer fra 

specifikke områder, som bidrager meget. Dette vil øge effektivitet ved placering af 

virkemidler. 

¶ Der er ikke medregnet positiv feedback fra marine restaureringstiltag. Når ålegræs etableres 

i tilstrækkeligt omfang vil det have en betydelig filtereffekt i forhold til næringsstoffer. 

Positive feedback mekanismer indgår dog allerede i antagelserne bag fastlæggelse af 

målbelastninger til fjorden.  

 

Samlet set vurderes planen mulig at opnå, men det er ikke muligt inden for tidsfristen for opnåelse af 

god økologisk tilstand i 2027. Etablering af vådområder tager erfaringsmæssigt flere år at 

gennemføre. Herudover kræver særligt den marine restaurering væsentlig finansiering, som der ikke 

findes i dag.  
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Anbefalinger fra Kystvandrådet for Odense Fjord 
 

På baggrund af de tekniske analyser har Kystvandrådet for Odense Fjord udarbejdet nedenstående 

anbefalinger til den videre indsats ift. genopretning af god økologisk tilstand i Odense Fjord.  

 

1. Helhedsorienteret tilgang i oplandet 

Kystvandrådet anbefaler, at der for oplandet tages afsæt i en helhedsorienteret tilgang som 

beskrevet i scenarie 3. Scenariet indeholder, at der tages flere virkemidler i anvendelse med 

det formål at reducere udledningerne af både kvælstof og fosfor til Odense Fjord. 

Indsatserne indeholder etablering af vådområder ï både minivådområder og større 

vådområder i hele oplandet til fjorden, øget rensning af spildevand, træplantning langs 

vandløb og fosfor-ådale.  

 

2. Multifunktionalitet i vådområder 

Kystvandrådet anbefaler, at vådområder i hele oplandet i Odense Fjord etableres med et 

multifunktionelt perspektiv. Konkret anbefaler kystvandrådet, at vådområderne tager hensyn 

til både reduktion af udledninger, biodiversitet, rekreative hensyn osv.  

 

3. Målrettet marin naturgenopretningsindsats 

Kystvandrådet anbefaler, at der igangsættes målrettet marin naturgenopretning i Odense 

Fjord snarest muligt. Den målrettede indsats skal i første omgang koncentreres omkring de 

områder af fjorden, hvor næringsstofniveauerne giver de bedste betingelser herfor. Konkret 

skal indsatsen bestå af både sandcapping, stenrev, muslingebanker, ålegræsudplantning og 

genskabelse af tabte strandenge. På sigt skal indsatsen udvides geografisk i fjorden i takt 

med, at næringsstofniveauerne i flere dele af fjorden falder.  

 

4. Statslig medfinansieringsmuligheder ift. storskala marin naturgenopretning 

Kystvandrådet anbefaler, at der fra statslig side oprettes en national fond, pulje eller 

lignende med henblik på storskala marin naturgenopretningsprojekter. Marin 

naturgenopretning er ofte omkostningsfuldt, og statslig medfinansiering kan derfor være 

afgørende.  

 

5. Statslig medfinansieringsmuligheder ift. oplandsindsatser, herunder særligt etablering af 

vådområder 

Kystvandrådet anbefaler, at der fra statslig side fortsat prioriteres midler til etablering af 

vådområder. Det anbefales herunder, at der oprettes en national fond eller pulje, der giver 

mulighed for, at kommuner løbende kan opkøbe jord som buffer til anvendelse i 

jordfordelingsprojekter. 

 

6. Fortsættelse af modellen med kystvandråd 

Kystvandrådet ser store styrker i samarbejdet på tværs af erhvervsinteresser og 

naturinteresser, der i fællesskab kan give lokale perspektiver til indsatsen for et bedre 

vandmiljø i Odense Fjord. Derfor anbefaler Kystvandrådet;  

a. at der prioriteres midler til fortsættelse af det lokale arbejde med kystvandråd. 

b. at det lokale arbejde med kystvandråd fortsætter i en kontinuerlig flerårig proces.   

c. at resultater fra kystvandrådets arbejde integreres i den nationale vandplanlægning.  

d. at modellen for kystvandråd udbredes til flere dele af landet.  



 

8 

 

Tilstandsbeskrivelse og systemforståelse for Odense Fjord (AP 1.1) 

Status description of Odense Fjord 
 

Mikkel K Lees, Frederik H Hansen, Niels Svane, Mogens R. Flindt & Paula Canal-Vergés. 

Dansk resumé 

Dette afsnit opsummerer den aktuelle miljøtilstand i Odense Fjord samt en systematisk redegørelse 

for de forskellige pres-faktorer der er identificeret i Odense Fjord og som indvirker på ålegræs vækst 

og reetablering. Odense Fjord er, med en middel dybde på 2.2 m, generelt lavvandet hvor arealer med 

dybder fra 0 ned til 2.2 meter udgør ca. 60% af hele fjordens areal (Figure 1). Odense Fjord har et 

stort opland hvoraf omkring 64% er opdyrket landbrugsareal. Der ses en klar eutrofieringsgradient i 

Odense Fjord som generelt er kraftigt næringssaltsbelastet med DIN og DIP koncentrationer som 

langt overskrider grænseværdierne for ålegræs reetablering og positiv vækst (Figure 2). Den kraftige 

eutrofiering fastholder fjorden i en dårlig miljøtilstand kendetegnet ved høj andel af organisk indhold 

i sedimentet som negativt påvirker ålegræssets reetableringsvene ved dårlige forankringsforhold af 

udplantede ålegræsskud og større dele af sedimentet som let resuspenderes ved lave grader af fysisk 

stress ved bunden (Figure 7). Lysforholdene er generelt gode i store dele af fjorden da denne generelt 

er lavvandet. De dybere områder i yderfjorden er dog presset af dårlige lysforhold som resultat af høj 

eutrofieringsdrevet turbiditet (Figure 3). Områderne i inderfjorden hovedsaligt er domineret af 

opportunistiske makroalge arter og Phytoplankton samt kraftig epifytvækst (Figure 4). I yderfjorden 

muliggør den lidt højere salinitet og mindre eutrofieringspres vækst af flerårige makroalge arter som 

f.eks. Fucus sp (Figure 5). Da ålegræs er sensitivt overfor varige iltsvind, blev iltforholdene moniteret 

med ilt loggere I Odense Fjord. Her er der vist data fra én logger i inderfjorden og én i yderfjorden. 

Generelt har Odense Fjord ikke store problemer med iltkoncentrationen da den er så lavvandet. 

Alligevel blev der særligt i efteråret målt både moderat og kraftigt iltsvind (Figure 6). De benævnte 

presfaktorer på ålegræsset har i årevis haft en negativ indvirkning på udbredelsen af ålegræs i Odense 

Fjord og er nu reduceret til omkring 1.5% af arealet i Odense fjord med ålegræs dække (Figure 8 & 

Figure 9). Dette er blot en hurtig gennemgang af hvad afsnittet omhandler og det, i forhold til 

overordnet systemforståelse og detaljeret gennemgang af de forskellige pres-faktorer, anbefales at 

læse hele notatet i dets fulde omfang. 

Current environmental status of Odense Fjord  

Physical parameters and annual nutrient loading 

Odense Fjord (OF) has a total area of 61 km2 and an average depth of 2.2 m. The average depth of 

2.2 m constitutes around 60% of the entire water body area (Figure 1). A deep and narrow navigation 

channel oriented in a north/south direction runs from the inlet of the fjord at the headland Enebærodde 

to Odense harbour in the inner-most part of the fjord. The maximal tidal amplitude is 0.5 m and the 

average residence time of Odense River water is 17 days (Fyn County 2003). Using the hydrodynamic 

module of the Mike 3D model complex used in the Kystvandråd project we calculated the average 

residence time of Odense Fjord finite elements to be 21 days. The catchment area of OF is 1095 km2 

of which about 60% land use is agricultural (Windolf et al. 2013). From the seven main rivers leading 

to Odense fjord, Odense River in the major contributor. Odense River discharge into the shallow inner 

part of OF (mean depth of 0.8 m) and is the largest source of total external nutrient loading, 1700 ton 

N y-1 and 64 ton P y-1 (Windolf et al. 2013). In recent years the N and P loading to OF has decreased 
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to 1443 and 40.9 ton N and P y-1, respectively, and by year 2027 the loading is expected to decrease 

further to 1300 and 39.9 ton N and P y-1, respectively (Miljøstyrelsen 2021). The inner fjord is highly 

eutrophic and with high concentrations of dissolved inorganic nutrients (DIN and DIP) the inner fjord 

is mainly dominated by opportunistic macroalgae (e.g., Ulva lactuca, Chaetomorpha linum) semi 

opportunistic rooted vegetation (Rupia maritima) and high turbidity due to excessive growth of 

phytoplankton and frequent resuspension events. The deeper outer part of the fjord (mean depth is 

2.7 m) has a lower nutrient pressure compared to the inner fjord and is largely dominated by perennial 

macroalgae (e.g., Fucus vesiculosus, Fucus serratus) and very sparse rooted vegetation (Zostera 

marina) and higher current and wave activity (Kuusemäe et al. 2016). 

 

 
Figure 1. Odense Fjord, Denmark. Bathymetry and hypsograph of Odense Fjord. Scalebar is 4 km.  

Eelgrass stressors and press factors 

Marine ecosystems such as Odense Fjord are dynamic, with many different stressors acting on the 

primary production. In balanced systems, the primary production is mainly dominated by a healthy 

benthic production and a minor pelagic and opportunistic production where the benthic production 

such as seagrasses can cope with physical stressors such as wave and current induced shear stress. In 

such a state the seagrass is providing numerous important ecosystem services such as growth-related 

nutrient retention, stabilizing sediments and acting as nursery grounds for juvenile fauna species 

(Duarte 2000; Duffy 2006; Hemminga and Duarte 2000; Orth et al. 2006; Terrados and Duarte 2000) 

that help in keeping the system in a healthy state. However, with increased nutrient loading and thus 

eutrophication pressure, the balance is shifted, and the primary production becomes dominated by 

pelagic production and opportunistic/semi-opportunistic benthic vegetation leading to a deteriorated 

light climate and increased pools of organic matter in the sediments. This increases the effects of the 

natural stressors already present in the system previously kept in a delicate balance and thus the 

overall pressure on eelgrass severely affecting eelgrass growth and spatial abundance. This section 
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systematically investigates the different stressors in Odense Fjord and their current status, which are 

keeping the system in a deteriorated environmental state.  

Nutrient dynamics and loading 

Despite efforts to reduce the nutrient loading to the fjord the N and P loading is still high constituting 

external sources a major part of the nutrient source to the system. During the years 2022 and 2023, 

water samples for the analyses of Dissolved Inorganic Nitrogen (DIN) and Dissolved Inorganic 

Phosphorus (DIP) were collected periodically in 21stations along Odense fjord. On addition, we 

collected relevant results from the mechanistic model of Odense fjord used in the third Danish River 

Basing Management Plan (RBMP3, 2003-2016, (Canal-Vergés et al. 2021). From these results, it is 

apparent that the highest DIN loading is found in the inner-most part of the fjord gradually decreasing 

towards the outer boundary (Figure 2). Highest concentrations are found during the winter, followed 

by the autumn and summer. During the growth season (01/03 to 1/10), there is a clear gradient with 

higher concentrations coming from the inner fjord and a single hotspot in Egensedybet (Figure 2, A 

& B). The monitored data from 2022-2023 and the modelled data from 2002 to 2016 follows the same 

patters along the fjord, however, the DIN concentrations in the model are generally higher (Figure 2, 

A & B). In both cases, good conditions are found only in the outermost part of the fjord. Average DIP 

during the growth season is as well higher in the inner fjord, whereas the hotspot of Egensedybet is 

not so pronounced (Figure 2, C & D). The measured DIP is generally higher than the modelled DIP, 

this difference is the highest in the inner fjord (Figure 2, C & D). This nutrient gradient is primarily 

maintained by the large runoff of nutrients from the Odense River catchment area which constitutes 

the largest catchment to the fjord. The hotspot found in the outer fjord is the contribution from the 

two small rivers from Egensedybet, which contributes only with 4 % of the total load of the fjord. 

The high nutrient pressure to the fjord stimulates the pelagic primary production in terms of 

phytoplankton and growth of benthic opportunistic macroalgae on the expense of eelgrass and 

perennial/semi-perennial macroalgae. The immediate effect of excess growth of both phytoplankton 

and opp. macroalgae is a deteriorated benthic light climate, due to shading, affecting growth of 

benthic perennial primary producers such as eelgrass. However, irreversible changes in the sediment 

characteristics, such as increase of organic matter and increase of the finer particle classes, have been 

shown to be consequence of the elevated nutrient pressure (Valdemarsen et al. 2014), rendering 

Odense Fjord into a highly eutrophic system. Furthermore, the disappearance of rooted vegetation 

such as eelgrass, not only sustain the fast nutrient turnover, but also enhance the frequency of 

resuspension due to the decrease of the critical share stress at the area. Muddy sediment prompt to 

frequent resuspension together with a short nutrient turn over, create frequent turbidity in the water 

column, which sustain the long-term eutrophication effects even further. On top, the pool of organic 

matter built up in the sediment, result in an internal loading of nutrients that are being realized at 

different periods during the year and contribute to further deteriorated environmental conditions 

(Valdemarsen et al. 2015). Conclusively, the sustained high nutrient loading has been keeping the 

system in a eutrophic state and being its derived effects, the main drivers of the present impoverished 

environmental state. In the following sections the derived effects are presented.  
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Figure 2.Odense fjord, Denmark. Growth season average DIN and DIP based on field measurements (A & C) 

Benthic light climate 

The benthic light climate is an important factor in analysing the environmental state of a marine 

ecosystem. In Danish coastal waters in an oligotrophic state sufficient light reach the bottom 

providing a benthic light climate able to sustain a healthy benthic primary production. However, with 

eutrophication the benthic light climate has deteriorated and with it much of the benthic primary 

production. The threshold for sustaining net production of eelgrass in Danish coastal waters is 

estimated to about 200 µE m-2 s-1 and used as a general threshold anywhere in the specific system 

(e.g., Odense Fjord) (Flindt et al. 2016). However, preliminary results show that the threshold value 

of benthic light intensity able to sustain eelgrass growth is dynamic and changes along the 

eutrophication gradient as a function of the impact from multiple stressors that are also dynamic along 

the gradient. These results are not yet published, therefore the light threshold at 200 µE m-2 s-1 will 

be used for the present study. In a model study by Flindt et al. (2016) the results showed that about 

55% of Odense Fjord was able to achieve light conditions above the threshold and thus sustain 

eelgrass growth. Much of this area, however, is severely affected by other stressors preventing 

eelgrass growth and recovery. Among them the overgrowth of opportunistic species such as epiphytes 
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which shade eelgrass leaves negatively affecting their photosynthetic capacity. In addition, much of 

the area not living up the light threshold is found in the outer fjord (Figure 3) where the degree of 

other eutrophication related stressors is less severe. During 2022 light loggers were placed at five 

shallow stations (~1,5-2 m depth), four in the outer fjord and one in the inner fjord (Figure 3). Eelgrass 

transplantation experiments were performed at all of these locations (se chapter ñmarine mitigation 

toolsò). We also collected the average benthic light during growth season from the RBMP3 model 

(2002-2016). At 1,5 to 2 m depth, the higher light levels during the growth season were found in the 

northwest part of the fjord, followed by the northeast and finally by the inner fjord. All station shows 

optimal (northwest) or good levels (northeast and inner fjord) of light for eelgrass growth during the 

growth season. The inner fjord is the only station that shows levels below the threshold for growth 

during the beginning of the growth season (March). These measurements validate the RBMP3 model 

results for light distribution in Odense fjord. The development of eelgrass shoot densities from test 

transplantation activities are further explained in chapter ñmarine mitigation toolsò. 

 

 
Figure 3. Odense fjord, Denmark. Benthic light. A) Modelled benthic light (growth season average, 2002-2013). B) 

Monitored light concentration in the inner fjord and shoot density of transplanted eelgrass beds at four stations during 

2022. C) Monitored Average light concentration in the Weast outer fjord and shoot density of transplanted eelgrass beds 

three stations during 2022. D) Monitored Average light concentration in the East outer fjord and shoot density of 

transplanted eelgrass beds five stations during 2022. 
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*Dotted red line represent optimal light concentration for eelgrass growth, dotted black line represent 

threshold light concentration for eelgrass growth. 

Pressure from opportunistic macroalgae and phytoplankton 

Opportunistic macroalgae acts as a stressor on eelgrass growth and recovery due to shading and 

drifting macroalgae mats uprooting eelgrass seedlings (Valdemarsen et al. 2010). It has been 

quantified that an area-specific biomass of opp. macroalgae at > 13 g C m-2 creates impairs eelgrass 

growth and recovery while a biomass exceeding 26 g C m-2 would severely impact eelgrass recovery 

(Flindt et al. 2004; Flindt et al. 1997). A threshold of 10 g C m-2 was estimated to be the tipping point 

of negative effects from opp. macroalgae on eelgrass recovery (Flindt et al. 2016). Increased pelagic 

production (i.e., phytoplankton production) is the immediate effect of heavy nutrient loading and is 

directly coupled to changes in the light attenuation in the water column and thus, the benthic light 

availability. A shift from benthic to pelagic primary production with increased phytoplankton growth 

severely affects light availability and reduces the area available for benthic production. In addition, 

both phytoplankton and opportunistic macroalgae species are easily degradable and contribute to a 

high turnover, releasing nutrients bound in their tissue back into the water column as available 

inorganic nitrogen and being realised in further pelagic growth. This turnover of organic nitrogen can 

happen several times during a growth season which further enhances the enrichment of the sediments 

increasing the pool of organic matter in the seabed. In Odense Fjord both opp. macroalgae and 

phytoplankton are very abundant in the inner fjord, following the eutrophication gradient. In the inner 

fjord opp. macroalgae biomasses reaches above threshold values, negatively affecting eelgrass 

recovery by rendering around 20% of the total area in Odense Fjord unsuitable for eelgrass growth 

and recovery (Figure 4). During 2023 (August), the benthic vegetation of the inner fjord was 

monitored in detail. Opportunistic macroalgae (together with semi-opportunistic Rupia maritima), 

were found to be the dominating species in the inner fjord. The opportunistic macroalgae distribution 

in the inner fjord, fitted the distribution simulated in the RBMP3 model for the inner fjord (Figure 4). 

The distribution of opportunistic species, follows as well the DIN gradient in the growth season. 
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Figure 4. Opportunistic macroalgae coverage in Odense fjord. A) Monitored opportunistic macroalgae coverage in the 

inner Odense fjord (August 2023). B) Modelled biomass of opportunistic macroalgae (Maximum of the growth season) 

in Odense fjord. 

Pressure from perennial mobile macroalgae 

Large hard substrate is lacking in many Danish fjords and estuaries (e.g., stone- and boulder reefs), 

hence perennial macroalgae species such as Fucus sp. and Gracilaria sp., grows attached to small 

stone and shells. While growing, buoyancy of the macroalgae changes, becoming more buoyant by 

the formation of the air vesicles that characterise these species. Once the macroalgae-substrate 

complex becomes positively buoyant, these macroalgae becomes mobile (Canal-Vergés et al. 2010).  

The macroalgae attached stone/shell, can cause physical damage to eelgrass seedlings, negatively 

effecting eelgrass recovery (Valdemarsen et al. 2010). However, when attached to stable substrate, 

these perennial macroalgae species are indicator for better water quality than the opportunistic and 

semi opportunistic species. In Odense Fjord about 20% of the total area fall within this threshold 

interval where eelgrass recovery is negatively affected by drifting macroalgae. All of these areas are 

found in the outer fjord (Figure 5). In addition, this pressure is further enhanced since perennial 

macroalgae inhabits the same areas as eelgrass (Flindt et al. 2016) due to some similarities in their 

respective growth kinetics.  

 

A B 



 

15 

 

 
Figure 5. Modelled biomass of non-opportunistic macroalgae (Maximum of the growth season) in Odense fjord. 

Oxygen dynamics 

Frequent and persistent oxygen depletion may cause deteriorated growth conditions and even severe 

die-off of many species of both flora and fauna. Low oxygen concentration is a major problem in 

Danish coastal waters especially in the late summer and early autumn where temperatures are still 

sufficiently high to support mineralization processes of the organic content in the sediment. During 

the growth season a large pool of labile organic material is produced from the seasonal algal blooms 

settling on the sediment. The organic content on the seafloor is being mineralized at the expense of 

heavy oxygen consumption. Eelgrass is shown to be sensitive to water column oxygen concentrations 

below 1 mg O2 l
-1 for about 1-3 days per week (Flindt et al. 2016) where such conditions negatively 

affects eelgrass recovery and growth with possible large scale die-off. In Odense Fjord loggers have 

been placed in the inner- and outer fjord continuously logging the oxygen concentrations (10 minutes 

interval), for the period July 2022 to July 2023 (Figure 6). In the inner fjord minor to moderate anoxia 

was recorded in 2022 with event durations below 5 hours. No severe anoxic events were seen. In June 

2023 both moderate and severe anoxia was recorded, however, event durations was still below 5 

hours. In the outer fjord moderate- and severe anoxic events were recorded in September 2022 where 

the duration of the events was between 65-75 and 50-60 hours for moderate and severe anoxic events, 

respectively. No anoxic events were recorded in 2023 in the outer fjord. It is important to note that 

the time series only encompassed data up until July 2023, thus excluding the autumn period of 2023 

known for their frequent occurrence of anoxic events as seen in September 2022. Despite the recorded 

anoxic events in 2022 and 2023 Odense Fjord is not known for severe anoxia mainly due to the 

shallow mean depth where the water column usually is well mixed and is frequently reaerated (Flindt 

et al 2016, Canal-Vergés et al 2021).  
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Figure 6. Odense Fjord, Denmark. Dissolved oxygen concentration (DO), temperature (T) in Odense inner fjord (Seden 

Strand, A) and in the Odense outer fjord (Enebærodde, C) along with the accumulated duration of continuous anoxic 

events in Seden Strand (B) and Enebærodde (D). Anoxic events are divided into moderate (DO < 4 mg l-1) and severe 

(DO < 2 mg l-1) anoxia.  

Resuspension frequency and sediment characteristics 

The sediment organic content measured as loss of ignition (LOI) can be used as a proxy for the 

anchoring capacity of the sediment i.e., the capability of eelgrass seedlings to anchor in the sediment 

in the early recovery stage. With medium to high organic content in the sediment the seedlings are 

unable to properly anchor and may be damaged or uprooted by sufficiently high bed shear stress 

(Flindt et al. 2007; Lillebø et al. 2011; Valdemarsen et al. 2010). In addition, organic rich sediments 

are easier to resuspended resulting in deteriorated light conditions. In terms of eelgrass morphology, 

this environmental conditions trigger the plant to grow on produce longer leaves and shorts roots 

creating a high-drag low-anchoring capacity status and is far more vulnerable to high physical stress. 

From field campaigns in Odense Fjord a threshold of organic content was established meaning that 

eelgrass is not able to recover in areas with higher organic content than about 2-5 % LOI (Flindt et 

al. 2016; Valdemarsen et al. 2010). In addition, in areas with organic content above 4 % LOI eelgrass 

is usually not present (Wicks et al. 2009). The sediment conditions of a wide range of stations in 

Odense fjord were monitored in 2009. The organic content (LOI %) of the sediment samples was 

analysed at sediment depths of 0-1, 1-2, 2-6 and 6-15 cm.  The RBMP3 model also included a LOI, 

layer describing the fjordôs surface sediments. In general terms both data sets coincide on that in the 

outer fjord, the northeast area is very sandy, whereas the south east and the deeper areas of the west 

are defined by organic reach sediments (Figure 7). In the inner fjord the monitored data present higher 

levels of LOI than the modelled data. However, both encounter a higher organic content in the east 

area of the inner fjord (Figure 7). 

Finally, as some areas are more exposed than others, the resuspension frequency also plays an 

important role in eelgrass recovery and growth. In areas with high exposure the sediments are more 

frequently resuspended deteriorating the light climate (Canal-Vergés et al. 2010), and affected by 

high physical stress which  renders the seafloor material too coarse for eelgrass seeds to settle and 

grow into seedlings. A threshold of monthly resuspension was established by Flindt et al. (2016) 

where more frequent resuspension than monthly would negatively affect eelgrass growth and 

recovery and where areas with daily resuspension are deemed as lost habitats for eelgrass recovery. 

In Odense Fjord around 80% of the total area shows weekly and daily resuspension frequencies and 

is thus considered as unavailable area for eelgrass recovery (Canal-Vergés et al 2021). About 20 and 

40% of the total area in Odense Fjord was deemed unsuitable for eelgrass recovery in relation to 

physical shear stress and organic content, respectively (Flindt et al. 2016).  
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Figure 7. Odense fjord, Denmark. Organic content in marine sediments. A, b, c, d Monitored organic content at sediments 

depths of 1-1, 1-2, 2-6 and 6-15 cm. E, Modelled organic content in Odense fjord (RBMP3)  

Lugworm stress 

With the decline in spatial coverage and abundance of eelgrass lugworm (Arenicola marina) have 

invaded the bare bottom areas where eelgrass used to grow and hereby reducing the potential for 

eelgrass recovery. Lugworms negatively effects the eelgrass recovery due to their intense reworking 

of the sediments leading to burial of eelgrass seeds and seedlings (Delefosse and Kristensen 2012; 

Greve et al. 2005; Valdemarsen et al. 2011). Especially in the shallow Odense Fjord there is sufficient 

light availability to sustain a large production of benthic diatoms which is the main food source for 

lugworms rendering the shallow and productive dieback areas with large populations of lugworms 

unsuitable for eelgrass recovery. In Flindt et al. (2016) a biomass of 25 g wet weight (ww) m-2 was 

estimated as a threshold for eelgrass recovery and where a biomass above 40 g ww m-2 would severely 

impact the recovery potential negatively and a biomass below 10 g ww m-2 would allow for 

undisturbed recovery.  

Eelgrass abundance, production and biomass 

The prevalence of eelgrass is essential for a healthy coastal ecosystem due to the many ecosystem 

services provided by the species. Furthermore, eelgrass is an ecosystem engineering species, which 

when healthy can partly control its surrounding environment to its benefit. Outside of eelgrass beds 

and its surroundings, the seed and seedling survival is very low. The seed production is also dependent 

on the standing eelgrass stock, so the less viable eelgrass beds remaining the lower seed recruitment. 

Therefore, a certain population stock is necessary to sustain the production of seeds and to protect 

newly settled seedlings. Presently eelgrass in Odense Fjord is limited to relatively small and 

fragmented beds in the Western and Eastern outer fjord along with some patches at the inlet to Odense 

E 
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harbour (Figure 9). These comprise less than 1.5 % of the total area thus showing a substantial decline 

since the 1960s (Figure 8).  

 
Figure 8. Odense Fjord, Denmark. Historical spatial distribution of eelgrass coverage in the fjord.  

 

The present distribution of eelgrass was mapped in 2022-2023. The outer fjord was monitored using 

orthophotos, and individual observations in the field, the inner fjord was monitored during August 

2023 (Figure 9). Furthermore, the RBMP3 model estimates areas with eelgrass presence (Figure 9). 

Both datasets highlight similar areas in which eelgrass is present in the fjord. However, the model 

overestimates the extension of the current beds, especially in the inner part of the outer fjord (Figure 

9). Given the narrow and fragmented distribution of eelgrass in Odense fjord, the existing standing 

stock which can produce flowers, hence seed production is very reduced. This lack of standing stock 

limits the seed bank decreasing the chances for sexual reproduction further. In Odense fjord, there 

have been several attempts to test the potential for eelgrass restoration through test transplantations 

of eelgrass, sand capping of former eelgrass areas that is now turned into muddy bare bottom areas. 

These field campaigns have been supported by mathematical models and area-based GIS analysis to 

identify and quantify the restoration potential to improve site-selection of test transplantation (Flindt 

et al. 2023; Petersen et al. 2021).  
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Figure 9. Eelgrass distribution in Odense fjord. A) Monitored Eelgrass distribution in Odense fjord. The outer fjordôs 

distribution was estimated via comparison of orthophotos and field data. The inner fjord was monitored during August 

2023. B) Modelled biomass of eelgrass in Odense fjord (Maximum of the growth season), 2022-2023. 
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Fjordmodel (AP 1.2) 
 

Description of the Odense Fjord model complex 
Mikkel K. Lees, Mogens R. Flindt, Anders Chr. Erichsen, Trine Cecilie Larsen & Paula Canal-Vergés 

Resumé 

Dette afsnit er en teknisk gennemgang af opsætningen af Odense Fjord modellen brugt i 

kystvandrådsarbejdet som oprindeligt blev opsat som en del af modelkomplekset anvendt i 

vandplansarbejdet under vandomr¬deplan 3. Odense Fjord modellen, eller òfjordmodellenò dÞkker 

over hele Odense Fjord samt en lille dal af Kattegat samt Dalby Bugt. Modellen består af et 

hydrodynamisk modul, et bølgemodul, et advektions- og dispersionsmodul og et biogeokemisk 

modul. Modellen er opsat til at simulere perioden 2002 ï 2016 med tvangsfunktioner som 

repræsenterer denne periode. Modellen under opsætningen både kalibreret og valideret imod 

målinger foretaget i det nationale overvågningsprogram (NOVANA). Det biogeokemiske modul 

består af tre dele: den pelagiske- og bentiske del samt sedimentet. Den pelagiske del simulerer 

primærproduktionen i vandsøjlen samt koncentrationer af planteplankton og detritus, opløst 

organisk stof samt iltindhold i vandet. I den pelagiske del simuleres både vækst og tab af 

organismer samt mineralisering af organisk stof. Næringsstoftilførslen til den pelagiske del kan 

være både eksterne tilførsler (f.eks. afstrømning fra land) og interne tilførsler (f.eks. realisering af 

den interne pulje af fosfor i sedimentet). Den pelagiske del er koblet til sedimentdelen hvor der 

ligeledes simuleres vigtige økologiske processor såsom omsætning af forskellige stoffer og 

nitrifikation/denitrifikationsprocessor. Der kan således ske transport imellem den pelagiske del og 

sedimentdelen. Den bentiske del simulerer primærproduktion af bentiske primærproducenter såsom 

ålegræs og makroalger samt mikro-bentiske kiselalger. Denne del er ligeledes koblet til både den 

pelagiske del og sedimentdelen således at f.eks. ålegræs har mulighed for næringssaltsoptag fra 

porevandet i sedimentet via rodnettet. Alle primærproducenter beskrives i kulstof, kvælstof og 

fosfor ækvivalenter. Et indbygget massebalance modul holder styr på alle masser i modellen og 

sørger for at der er massebevarelse i modellen. Det anbefales at læse hele afsnittet for en 

fuldkommet og detaljeret forståelse af modellens opsætning samt hvad og hvordan de forskellige 

elementer indgår og integreres i modellen. 

The Mike model complex 

To support the preparation of the Danish River Basin Management Plans 2021-2027 (RBMP 2021-

2027) DHI developed a model complex consisting of 11 mechanistic models. The development of 

the model complex was initiated by the Danish Environmental Protection Agency (EPA) and aimed 

at increasing the spatial coverage of ecological models on a national scale. The RBMP 2021-2027 

model complex consists of two regional models, three local models and six estuary models. The 

regional North Sea model and Inner Danish Waters model (IDW) cover parts of the North Sea, North 

Atlantic, Baltic Sea and specific parts of Danish water bodies. The regional models are not directly a 

part of this project. However, regional model results are important in providing outer boundary 

conditions for the local- and estuary models.  
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The three local models cover water bodies in the north-western Belt Sea, south-western Belt Sea and 

Smålandsfarvandet. The north-western Belt Sea model (NBS or Nordlige Bælthav, NBH) covers the 

marine waters north of Funen as well as e.g., Horsens- (HF) and Vejle (VF) Fjord. The Odense Fjord 

(OF) model that is used in the Kystvandråd project is one of the six estuary models with increased 

spatial resolution. All the different models consist of four modules: 1) a hydrodynamic module (HD), 

2) a wave module (SW), 3) an advection/dispersion module (AD) and 4) an aquatic 

ecosystem/biogeochemical module (AEM). The HD module computes physical parameters such as 

waler levels, current speed and direction, salinity and temperature. The SW module computes 

significant wave height and period, but more important the physical stress on the seabed (shear stress). 

The AD module is a transport module and computes the advection and dispersion of biochemical 

components such as particulate and dissolved nutrients. The biogeochemical module (setup in the 

numerical MIKE solver ECO Lab)   computes changes in concentrations of biochemical components 

due to various ecological processes such as growth and loss processes (Erichsen and Birkeland 2019). 

 

The Odense Fjord (OF) model 

The OF model domain covers the whole of Odense 

Fjord including Dalby Bugt and a small area just 

outside the Fjord north of Funen. For this project, 

we only assess Odense Fjord south of the opening 

Gabet, why all area outside Odense Fjord was 

removed in the GIS layers (Fejl! Henvisningskilde 

ikke fundet.). The OF model uses a flexible-size 

unstructured mesh with either triangular or 

quadrangular finite elements. Different resolutions 

depending on location within the fjord are used 

ranging from 150-200 m to 1000 m. Especially 

areas of potential eelgrass recovery or areas with 

complex and dynamic flows has higher horizontal 

resolutions. The vertical mesh is structured and 

comprise three sigma layers down to ï3 m and the 

rest of the water column is resolved by 18 z-layers 

of 1 m thickness.  

 

The OF model has one open boundary towards 

Kattegat. Boundary conditions for water levels is 

extracted from the regional IDW model while other 

HD parameters such as water temperature and 

salinity originate from a measurement station close to the boundary, station FYN6940622. Data on 

meteorological forcings data (e.g., air temperature, wind speed and direction, humidity) originate 

from station Odense Airport (Station 612000), StormGeo and Agernæs depending on the parameter 

and timeframe. Data on the freshwater and nutrient input to Odense Fjord was based on data from the 

Danish Centre for Environment and Energy (DCE).  

Initial conditions on HD parameters are ñcold startedò except for water temperature and salinity which 

were ñhot startedò using monitoring data from within Odense Fjord. The model sources (Figure 10) 

Figure 10. Odense Fjord. Red dots show source input 

points to the model. Nutrient inputs only occur in these 

locations along with transport across the outer boundary 

and atmospheric depositions. 
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of total nutrients (TN and TP) are provided by DCE in time series with daily loadings. Initial 

conditions for the pelagic values in the AEM module was ñhot startedò by re-running the year 2002 

four times using initial conditions based on measurements from 2002 from within Odense Fjord. 

Initial conditions for seabed substrates were extracted from EMODnet (2016) mud-data while initial 

values for benthic vegetation was calculated by a three-year model run with defined initial biomasses 

in order to reach a steady state situation. See (DHI 2019; 2020) for additional details. 

 

Details on the AEM module 

This section is a short summary of a technical note (Erichsen and Birkeland 2019) on the biochemical 

model (AEM module) which is a part of the scientific documentation of the MIKE model complex 

used in the RBMP 2021-2027 developed by DHI. 

 

The AEM modules used in the RBMP 2021-2027 model complex comprise three compartments: 

pelagic-, benthic and sediment compartment. The pelagic compartment simulates the concentrations 

of phytoplankton, zooplankton, detritus, dissolved organic matter and dissolved oxygen content in 

the water phase. Phytoplankton growth is modelled because of the phytoplankton primary production 

minus the results of loss processes. The main factors controlling phytoplankton production are 

nutrient and light availability along with temperature. Loss processes are mainly controlled by 

respiration, grazing and sedimentation. The nutrient uptake of phytoplankton is controlled by Monod 

kinetics where nutrients are taken up into internal pools in the algal cells as a function of the ambient 

nutrient concentration. The post-uptake phytoplankton growth is then controlled by Droop kinetics 

(Droop 1968) where growth is a function of the intracellular nutrient concentration. To differentiate 

between seasonal changes in algal characteristics the AEM models splits the phytoplankton in two 

functional groups: 1) a diatom state variable for computing the spring bloom, and 2) a flagellate state 

variable. The diatom state variable introduces non-motile low light dependent algal cells which rely 

on water turbulence to prevent sedimentation. The flagellate state variable introduces neutrally 

buoyant algal cells to the model. The phytoplankton concentration is reduced by grazing and 

decomposition and is either transformed into the zooplankton or detritus state variable (pools). 

Detritus is described as particulate and dissolved organic matter (C, N and P) and is either subject to 

sedimentation or bacteria driven remineralization processes (microbial loop). Hence, remineralization 

of labile organic matter reintroduces otherwise ñlostò N and P to the water column several times. 

These high turnover rates support additional phytoplankton growth influencing the light climate. In 

addition to detritus from phytoplankton loss processes C, N and P as dissolved organic matter (DOM) 

is also introduced in the systems by land-based runoff. In the models, DOM is divided into labile 

dissolved organic matter (LDOM) and relatively refractory colored dissolved organic matter 

(CDOM). Thus, three states of dead organic matter are computed in the AEM module: detritus, 

LDOM and CDOM.  

The nutrient input in the AEM module can be separated into external sources (e.g., land-based runoff 

areas such as rivers, direct discharges such as wastewater treatment plants and atmospheric 

deposition) and internal sources (e.g., sediment fluxes and mineralization of organic matter produced 

in the water column). Additionally, pelagic recycling is also included in the module where nutrients 

are recycled in the water column and sediments due to heterotrophic activity.  

The pelagic compartment is coupled with a two-layer sediment compartment through several 

processes such as sedimentation, filtration, nutrient uptake by benthic plants and macroalgae, 
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bioturbation, mineralization, resuspension and predation. These processes accounts for the exchange 

of solutes, particles and organisms between the two compartments. A fraction of the internal nutrient 

source in then pelagic compartment, as mentioned above, is a result of mineralization of organic 

matter in the sediment. This internal nutrient loading is dependent on the size of the C, N and P pools 

in the sediment as well as bottom oxygen concentrations, water temperature and bottom water 

exchange. Organic C, N and P is released to the sediment pore water by the degradation of the C, N 

and P pools while also, a small fraction is immobilized. The immobilization of organic C, N and P is 

driven by the C:N ratio and increases with a higher C:N ratio, where a low C:N ratio indicate higher 

lability of the organic pool. While the degradation is realized by utilizing oxygen or nitrate (NO3) the 

rate degradation is dependent on the oxygen- and/or NO3 availability as well as the C:N ratio in the 

sediment. The sediment compartment also computes denitrification of N2 and the binding of inorganic 

P to oxidized iron (Fe+++) in an oxidized sediment. Additionally, inorganic P is released to the pore 

water when the sediment is reduced due to sediment oxygen depletion. The AEM module ensures 

integration of the pelagic and sediment compartments and allow for sediment/pelagic nutrient 

exchange and thus, the sediment may act either as a sink or a source of inorganic nutrients to the 

water phase. This integration is introduced in both regional, local and estuary models and are directly 

applied to the OF model.  

Besides phytoplankton introduced in the pelagic compartment the benthic production compartment 

introduces four important benthic primary producers: Eelgrass (Zostera marina), annual opportunistic 

macroalgae (e.g., filamentous brown algae and Ulva sp.), perennial macroalgae (e.g., Fucus sp.), and 

benthic diatom microalgae. As with phytoplankton the benthic primary production is a result of water 

temperature, benthic light availability and nutrients. Additionally, eelgrass and perennial macroalgae 

needs appropriate sediment and substrate conditions, respectively, in order to grow. In the models, 

sediment conditions are related to sediment bulk density. Since eelgrass is a flowering plant with 

roots and rhizomes eelgrass take up inorganic nutrients from the sediment pore water and from the 

water column by the leaves. Thus, If the nutrient concentration in the pore water is sufficiently high 

this would allow for eelgrass growth even when the inorganic nutrient concentration in the water 

phase is low. This would also apply for microbenthic diatoms growing on the sediment however, 

opportunistic and perennial macroalgae can only take up nutrients from the water phase. Benthic 

growth is regulated by the internal N and P pools and where separate N and P pools are used for each 

benthic primary producer. The models allow for accumulation of internal nutrients and may drive 

growth in seasons where the external nutrient loading in surface waters is depleted. Loss in benthic 

primary production includes respiration, grazing, decay and leaf shedding. Lost benthic primary 

production is a source of organic matter to the water phase and the sediment where inorganic and 

organic nutrients are returned to the internal N and P pools through mineralization.  

The AEM modules include > 50 state variables which are about equally divided between pelagic and 

benthic compartments. While the variables attached to the benthic compartments are fixed to the 

seabed or sediment surface advection and dispersion is introduced to the pelagic state variables due 

to the movement of water. Finally, a mass-balance module registers the transport, size and exchange 

of the organic matter and nutrient pools in the different compartments ensuring mass conservation in 

the models. 
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Modelvalidering (AP 1.3) 
 

Model validation  
 

Mikkel K. Lees, Mogens R. Flindt, Anders Chr. Erichsen, Trine Cecilie Larsen & Paula Canal-Vergés 

 

Resumé 

Dette afsnit omhandler den økologiske model anvendt i kystvandrådsarbejdet og en yderligere 

validering af denne. Den dynamiske ßkologiske model eller òfjordmodellenò, som den ofte omtales, 

blev opsat ifm. det danske vandplansarbejde (Vandområdeplan 3) og lå således klar til anvendelse i 

kystvandrådet. Ved opsætningen af en sådan model og forud for anvendelsen af en sådan sker der en 

omfattende kalibrering og validering af modellen. Dette arbejde blev udført under opsætningen i 

vandplansarbejdet. Dog blev der, som følge af næringssaltsmålinger foretaget i Odense Fjord 

Samarbejdet, besluttet i kystvandrådet at modellen skulle valideres yderligere op imod de nye 

målinger af kvælstof og fosfor. Der er således foretaget tidsseriesammenligning (Bilag C, D, E og F) 

og en statistisk sammenligning (Bilag A og B) mellem opløst uorganisk kvælstof- og fosfor 

(henholdsvis DIN og DIP) imellem de målte koncentrationer på 21 forskellige stationer i fjorden og 

den simulerede koncentration udtrukket fra modellen på det koordinatsæt som definerer 

målestationerne. Den statistiske sammenligning er lavet ved t-tests som sammenligner det månedlige 

gennemsnit imellem hele modelperioden (2002-2016) og feltkampagnens udstrækning (2022-2023). 

Dette giver i alt 440 statistiske tests fordelt med 220 for DIN og 220 for DIP. Som hovedresultat var 

der ikke en statistisk forskel mellem den målte og simulerede koncentration i 46 og 47% af de 

statistiske tests for henholdsvis DIN og DIP (Table 1) og modellen rammer således, indenfor den 

statiske usikkerhed, plet på omkring halvdelen af samtlige tests. Sammenligningen er også løftet fra 

de enkelte målepunkter til et overordnet helikopterperspektiv på system niveau hvor systemets 

fordelingen af DIN og DIP koncentrationer er sammenlignet på baggrund af koncentrationer 

udtrukket fra MIKE modellen og interpolerede værdier fra feltkampagnen (Figure 12). Her ses et fint 

sammenfald mellem modellens og feltkampagnens målinger for DIN. For DIP er der fint sammenfald 

i yder- og midterfjorden hvorimod modellens koncentrationer for DIP i inderfjorden er noget lavere 

end de målte værdier. Hovedkonklusionen fra denne yderligere validering er dog stadig at modellen 

er i stand til at simulere Odense Fjord, et dynamisk økosystem med adskillige parametre og 

avancerede processor, på meget tilfredsstillende vis. 

Model validation on field measurements of DIN and DIP 

The ecological model used in the Kystvandråd project was developed as part of the MIKE model 

complex used in Danish River Basin Management Plans (RBMP) 2021-2027 and was in the 

development phase successfully calibrated and validated against data from the national monitoring 

program (NOVANA) during the period 2002-2026. However, due to the work performed in the 

ñOdense Fjord Samarbejdetò consortium, which includes field measurements of dissolved inorganic 

nitrogen and phosphorous (DIN, DIP) starting in June 2022 running through 2023, another round of 

detailed model validation was suggested. This includes comparison of simulated vs. measured DIN 

and DIP on 20 stations in Odense Fjord where nutrient data from the model was extracted as 
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timeseries for all model years (year 2002 - 2016) on the positions where the water samples were taken 

(Figure 1).  

 

 
Figure 11. Bathymetry of Odense Fjord and the locations of the sampling stations. Note that station no. 21 is the 

NOVANA station in Odense Fjord with ID no.: 94230001. 

The simulated and measured nutrient data was compared using a Welch Two Sample t-test comparing 

the monthly means each month at each station resulting in a matrix of t-tests of a total of 220 tests 

(DIN, Table 2 and DIP, Table 3). Station 4 was left out of the analysis since the station was positioned 

outside the model domain. In some months for a number of stations only 2 samples were taken and 

has been removed from the statistical analysis. This has been marked as ñ-ñ in Table 2 and Table 3. 

From a total of 440 t-tests, 119 (DIN) and 117 (DIP) were significant (S, p-value < 0.05) and 101 

(DIN) and 103 (DIP) were not significant (NS, p-value > 0.05) meaning that 46 and 47% of all t-tests 

for DIN and DIP, respectively, were not significant and thus, in 46 and 47% of all combinations there 

was no statistical difference between model results and field measurements of DIN and DIP, 

respectively (Table 1), although the monthly averages are from different periods (model results from 

2002-2016, and observations from June 2022 throughout 2023).  

 
Table 1. Summary of t-test results for comparing simulated and measured DIN and DIP. 

Parameter Total (#) NS (#) S (#) NS (% of total) 

     

DIN 220 101 119 46 

DIP 220 103 117 47 
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At water body scale, the distribution of modelled (2002-2016) and monitored (2022-2023) DIN in 

the inner and outer fjords fits. However, at local scale, there are some differences, for most of the 

areas modelled concentrations are slightly higher, than monitored. In Egensedybet (Northeast of the 

fjord), the modelled measurements are lower than monitored. For DIP, the modelled and measure 

data differ significantly in Odense Fjord, Seden Strand, but with a much better fit in the outer part of 

Odense Fjord. 

 

 
Figure 12. Growth season average dissolved inorganic nitrogen (DIN) concentration in Odense Fjord from interpolated 

field measurements on 21 stations (June 2022-2023 (A) and simulated by the MIKE model (2002-2016) (B). The growth 

season is defined as 1/4 to 31/10. Scalebar is 4 km. 

Discussion and conclusion 

The modelled data covered the period 2002 to 2016, whereas the monitored data was collected from 

June 2022-2023. Therefore, it is not expected to find a complete correlation between the two data 

sets. The year-to-year variations contemplated in the model, are not present in our one year monitored 

data. However, at water body level, the fjord it is expected to follow the same trends. 

The DIN modelled data is shown to be significantly different from the monitored data primarily 

during the autumn/winter period (September to December, Appendix A, C). Fitting generally better 

during spring and summer (January to August). As displayed in the calibration period (Figure 3), the 
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autumn/winter concentrations vary between the years, why the differences between the observations 

(June 2022-2023) and the model results (2002-2016) could be explained by this variation.  

 

 
Figure 3. Modelled DIN concentrations in surface (light blue line) and bottom (dark blue line) waters 

and modelled concentrations (light blue and dark blue diamonds) at station 21. 

 

At water body level, the DIN concentrations found in monitored and modelled data follows the same 

trend. In the inner fjord, the DIN concentrations measured during the autumn and early winter period 

(where we find a significant difference, Appendix A, C), are lower than the modelled DIN 

concentrations. During the late winter, spring, and summer there is not a consistent difference 

between monitored and modelled data. Here, some stations show higher modelled DIN than 

monitored, whereas other find the reverse trend. Whereas the autumn and early winter period are 

more directly impacted by the year-to-year DIN load, especially in the inner part of the fjord, the 

spring and summer concentrations are also impacted by the nutrient availability and algae growth.  

In the outer fjord, monitored and modelled concentrations are very close to each other for most 

stations and all months besides November and December, where the modelled concentrations are 

higher than the monitored. 

 

Regarding DIP overall, the modelled data is lower than the monitored data . In the inner fjord this 

difference is more markedly. The most significant differences are found during the spring (Appendix 

B, D). The inner fjord present higher monitored DIP concentrations when compared to modelled 

concentrations for most of the stations thought the year. In the outer fjord, monitored and modelled 

DIP concentrations are very close to each other for most stations and all months. The RBMP3 model 

for Odense fjord, is best calibrated for total phosphorus (TP), than DIP (RBMP (dhigroup.com)). Model 

calibration shows a slight underestimation of DIP, but a aligned concentration of TP, which might compensate 

for the overall phosphorus mass balance on the system.  

Model data and monitored data coincide on their relative distribution along the fjord with higher 

concentrations. In fact, the inner most stations 8, 9 and 10 have the highest DIN concentrations of the 

monitored and modelled samples. However, the differences between modelled and monitored DIP 

concentrations at stations 8, 9 and 10 are high, where modelled concentrations are lower than the 

measured.  

Overall, looking at the correct distribution of the nutrients along the fjord from monitored and model 

samples, it can be concluded (based on the difference in periods) that the model set up and general 

description is relevant to represent current DIN dynamics in the fjord. However, the consequent 

higher load of DIP in the inner fjord in the monitored samples, suggest that either the DIP load to the 

model compared to the 2022/2023 differs, the distribution between DIP and TP could be slightly 

unbalanced or the DIP:DIN and uptake ratios for primary producers slightly inaccurate.. 

  

https://rbmp2021-2027.dhigroup.com/
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Appendix A ï Test matrix results for DIN 

 
Table 2. Matrix of t-test results of simulated vs. measured DIN. Based on the p-value the results are shown as either 

significant- (S) or not significant (NS) difference between the model results and the field measurements. Combinations 

marked with ñ-ñ was left out due to low number of samples. Notice that modelled data are from 2002-2026 whereas 

monitored data are from June 2002-2023. 

 Month 

 Year 2022 Year 2023 

Station 6 7 8 9 10 11 12 1 2 3 4 5 

             

1 - - - S NS S S NS NS S NS NS 

2 - - - S S S S NS NS S S NS 

3 - - - S S S S NS NS S NS NS 

5 NS NS NS S S S - NS S S NS S 

6 S S S S S S - NS S S S S 

7 S S S S S S - NS S S NS S 

8 NS S NS - S S S NS NS NS NS NS 

9 S S NS - S S S NS NS NS NS S 

10 S S S - S S S NS NS NS NS S 

11 S S S S S S - NS S S NS S 

12 NS NS NS NS NS NS NS S NS NS NS NS 

13 S NS S S S S S NS NS NS NS S 

14 NS NS NS S S S S NS S S NS S 

15 NS S NS NS S S S S S S S NS 

16 NS NS S NS S NS S NS S S NS NS 

17 NS S S S S S S NS S S NS NS 

18 NS NS NS NS NS S S NS NS NS S NS 

19 NS NS S NS NS S S NS NS NS NS NS 

20 - - - S S S S NS NS S S S 

21 NS NS NS S NS S - NS NS S NS S 
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Appendix B ï Test matrix results for DIP  

 
Table 3. Matrix of t-test results of simulated vs. measured DIP. Based on the p-value the results are shown as either 

significant- (S) or not significant (NS) difference between the model results and the field measurements. Combinations 

marked with ñ-ñ was left out due to low number of samples. Notice that modelled data are from 2002-2026 whereas 

monitored data are from June 2002-2023. 

 Month 

 Year 2022 Year 2023 

Station 6 7 8 9 10 11 12 1 2 3 4 5 

             

1 - - - NS NS S S NS NS S S S 

2 - - - S S NS S NS NS S S S 

3 - - - S S NS NS NS S S S S 

5 NS S S S NS NS - S S S S NS 

6 NS S S S NS NS - NS NS S S S 

7 NS S S S NS NS - NS S S S NS 

8 S S NS - S NS NS NS NS NS NS NS 

9 S S S - NS S NS S NS S NS NS 

10 S NS S - NS NS NS S NS NS NS NS 

11 NS S S S NS NS - NS S S S NS 

12 S S S S NS NS NS NS NS S S S 

13 S S S NS NS NS NS NS NS S NS S 

14 NS S S NS S S NS S NS S S S 

15 S NS S S NS NS S NS NS S S S 

16 NS NS NS NS S NS S NS S S NS S 

17 NS NS NS NS NS NS S NS S S NS S 

18 S NS NS S S S NS NS S S S S 

19 NS NS NS S S NS NS NS S S S NS 

20 - - - NS NS NS S NS NS S S S 

21 S S S S NS S - S S S S S 
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Appendix C ï Inner Fjord stations (DIN)  

 

 
Figure 13. Odense Fjord, Denmark. Simulated and measured concentrations of DIN in Odense Inner Fjord as defined by 

the WFD. Notice that modelled data are from 2002-2026 whereas monitored data are from June 2002-2023. 
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Appendix D ï Outer Fjord stations (DIN) 

 

 
Figure 14. Odense Fjord, Denmark. Simulated and measured concentrations of DIN in Odense Outer Fjord as defined by 

the WFD. Notice that modelled data are from 2002-2026 whereas monitored data are from June 2002-2023. 
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Appendix E ï Inner Fjord stations (DIP) 

 

 
Figure 15. Odense Fjord, Denmark. Simulated and measured concentrations of DIP in Odense Outer Fjord as defined by 

the WFD. Notice that modelled data are from 2002-2026 whereas monitored data are from June 2002-2023. 
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Appendix F ï Outer Fjord stations (DIP) 

 

 
Figure 16. Odense Fjord, Denmark. Simulated and measured concentrations of DIP in Odense Outer Fjord as defined by 

the WFD. Notice that modelled data are from 2002-2026 whereas monitored data are from June 2002-2023. 



 

37 

 

Fjordmodel og scenarieanalyser (AP 1.4 og 1.6) 

Model development and Scenario Analysis 
 

Dansk resumé 

Som en del af arbejdet i Kystvandsrådet for Odense Fjord er DHI A/S blevet bedt om at opstille 

modelscenarier, udviklet igennem diskussioner i Kystvandsrådet og oplandsmodellering i parallelle 

arbejdsgrupper.  

Modelscenarierne er baseret på en tidligere mekanistisk model for hele Odense Fjord, udviklet og 

anvendt under arbejdet med vandområdeplanerne 2021-2027 (DHI 2019a og DHI 2020).  

I arbejdet under Kystvandsrådet er der blevet udviklet tre modelscenarier, som efterfølgende er blevet 

afviklet i den mekanistiske model for Odense Fjord: 

1. Et modelscenario (S1), hvor der er implementeret vådområder i alle potentielle egnede 

lokaliteter i oplandet til Odense Fjord. Dette scenario bygger på resultaterne af en workshop, 

som blev afviklet i efteråret 2023.  

2. Et modelscenario (S2) med reduktioner på renseanlæg i oplandet til Odense Fjord. 

3. Et modelscenario (S3), som kombinerer de to ovenstående scenarier, og introducerer en 

yderligere reduktion på 14% i de årlige TP-tilførsler og implementering af minivådområder i 

alle egnede arealer. 

 

Resultaterne fra modelanalysen viser en stor effekt af TN-reduktionerne fra S1 og S3, men også nogen 

effekt af at rense mere på renseanlæg (S2). Samlet set vurderes det, at S1 og S3 kan bringe fjorden i 

god økologisk tilstand, hvis realiseret, og at S2 bidrager med forbedringer i fx S3. 

Ydermere viser modelanalysen, at især koncentrationer af uorganisk kvælstof (DIN) reduceres 

betydeligt, og til et niveau, hvor større dele af især Odense Fjord, ydre, må forventes at kunne bringes 

i en tilstand, hvor naturgenopretningstiltag, som fx ålegræstransplantering, vil kunne indgå i den 

samlede forbedring af fjordens økologiske tilstand. 

 

 

Introduction  

As part of the work commissioned to Kystvandsrådet for Odense Fjord, DHI A/S was asked to set up 

model scenarios, developed through discussions in the Kystvandsråd, and model scenarios developed 

in parallel work packages. 

The model scenarios are based on an already developed mechanistic model for Odense Fjord, 

developed and used during the work with the River Basin Management Plans (RBMP) 2021-2027 

(DHI 2019a and DHI 2020). This report briefly describes the model, scenarios, method, and results 

for the Kystvandsråds recommendations going forward. 

 

 

Model development 

The mechanistic model used for the scenario analysis in the preparatory work carried out in agreement 

with the Kystvandsråd is based on the hydrodynamic model (DHI 2019) and biogeochemical 
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(ecological) model (DHI 2020), which have been developed by DHI and used in the work behind the 

RBMP 2021-2027. 

Mechanistic models enable dynamic descriptions of biogeochemistry (ecosystems) and interactions 

between natural influences and man-made pressures, such as e.g. nutrient loads. Therefore, 

mechanistic models can be used to predict changes in specific parameters, such as for example, 

summer chlorophyll-a concentrations, due to climatic changes or changes in nutrient loads. 

A number of different factors, such as water exchange, stratification, water temperature, nutrient 

availability, sediment characteristics, structure of the food web, etc, determine the ecological 

conditions in marine waters. In addition, a number of anthropogenic factors, such as nutrient loads, 

fishing, etc., also impact the ecosystem and the ecological status. 

In the following the models are described in short. See DHI (2019a) and (DHI 2020) for a more 

detailed description of the model setup and model validation. 

The model complex for the Odense Fjord, including the two water bodies Odense Fjord, Seden Strand 

(water body no 93), and Odense Fjord, ydre (water body no 92) comprise three models: 

¶ A hydrodynamic model 

¶ A wave model 

¶ A biogeochemical model 

The 3D hydrodynamic model describes the physical system: Water level, current, salinity, and water 

temperature. Subsequently, the biogeochemical (ecosystem) model is developed, describing the 

controlling biogeochemical pelagic and benthic parameters and processes such as phytoplankton, 

dissolved oxygen, primary production, etc. A wave model is also used to describe the physical 

pressure from waves on the seabed (resuspension) and benthic vegetation, including eelgrass. The 

model structure is modular, meaning the hydrodynamic model is developed independently of the 

biogeochemical model. 

The three models are based on the modelling software MIKE and, therefore, contain a hydrodynamic 

model, MIKE 3 HD FM, a wave model (MIKE SW) and a biogeochemical model built in the MIKE 

ECO Lab. The entire model complex is based on a flexible mesh approach. 

 

Hydrodynamic model development 

The hydrodynamic model is based on the modelling software MIKE 3 HD FM (version 2017) 

developed by DHI. MIKE 3 HD FM is based on a flexible mesh approach and has been designed for 

applications within oceanographic, coastal, and estuarine environments. 

The system is based on the numerical solution of the three-dimensional (3D) incompressible Reynolds 

averaged Navier-Stokes equations invoking the assumptions of Boussinesq and hydrostatic pressure. 

The model consists of continuity, momentum, temperature, salinity and density equations, and it is 

closed by a turbulent closure scheme. The free surface is taken into account using a sigma-coordinate 

transformation approach. The scientific documentation of MIKE 3 HD FM is given in DHI (2017). 

 

Introduction  

The model setup comprises the model domain, establishing the model mesh, preparing the model 

forcings in terms of open boundary conditions, atmospheric forcing and freshwater inflows, preparing 

the initial conditions and setting up the model. 
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For the present project, the model is set up for the period 2002-2016, which means that all model 

forcings need to cover this period. The model results are analyzed for the last five years of the 

modelling period to ensure that changes in e.g. nutrient loads are fully reflected in the model.  

Model domain 

The model domain is determined based on the area of interest and the corresponding area of influence, 

including the location of the open boundaries. 

For the Odense Fjord model, the selection of the model domain is straightforward since Odense Fjord 

is an estuary with only one open boundary towards Kattegat. The model covers the entire Odense 

Fjord and consists of two legislative water bodies: The outer fjord (92) and the inner fjord (93). 

Generally, Odense Fjord is shallow (< 2m), but in and around the central channel, the depth is up to 

10m. The water is usually well mixed, but periodical stratification in the deeper parts of the fjord can 

be observed.  

The model mesh is the representation of the model domain. More specifically, the model mesh defines 

the model area, the location of the open boundaries, the land-water boundaries, the horizontal and 

vertical model resolution (discretization), and the water depths (bathymetry) of the model. The 

following sections describe the details of the horizontal and vertical model mesh. 

Horizontal mesh 

For the Odense Fjord model, the majority of the area is covered by an unstructured triangular mesh. 

In the innermost part of the fjord and Odense River, quadrangular elements were used to direct the 

water flow. ETRS-1989-UTM-32 gives the map projection.  
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Figure 0-1 Odense Fjord mesh. 

The horizontal resolution varies gradually from 150-200m to 1000m. Areas important for eelgrass 

growth/restoration have higher resolution (e.g. Engsø Dybet) or in areas with complicated flows (e.g. 

innermost fjord and Odense River) 

The model bathymetry shown in Figure 0-2 is based on satellite-derived bathymetry data by GRAS 

(in the shallow areas up to approximately 0.75m depth) (DHI 2019b) and a combination of C-Map 

navigation chart data and the Danish Coastal Authority survey data for the rest. The vertical datum 

of the bathymetry is DVR90. 
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Figure 0-2 Odense Fjord Bathymetry. 

 

 

Vertical mesh 

The vertical mesh is structured and consists of a combination of sigma- and z-layers. In the Odense 

Fjord model, a total of 21 model layers are applied. The water column from the surface to -3m below 

mean sea level (MSL) is resolved by three sigma-layers, and the water column below is resolved by 

up to 18 z-layers, with a layer thickness of 1m.  
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Figure 0-3 Example of a cross-section in Odense fjord showing the vertical model mesh consisting of three sigma 

layers down to -3m, z-layers of -1m resolution down to local depth (here down to the local depth of -11m) 

Model forcings 

Open boundary conditions 

The model has an open boundary towards Kattegat, which is located to the northeast of the model. At 

this boundary, the time variation of water levels, water temperature and salinity are specified. 

The water levels were extracted from DHI's existing regional model, whereas measured water 

temperature and salinity profiles from Station FYN6940622 were used to specify the time-varying 

water temperature and salinity profiles at the boundary. 

Atmospheric forcing 

The applied atmospheric forcings consist of: 

¶ Wind speed/direction 

¶ Air temperature 

¶ Relative humidity 

¶ Precipitation 

¶ Clearness 

Hourly time series of measured wind speed/direction, air temperature and relative humidity from 

station Odense Airport (Station 612000) were used for the whole simulation period, while air 

temperature and relative humidity used data from Odense Airport station from 2002 to 2012 and 

StormGeo from 2013 to 2017. 

Measured time series of daily precipitation from Agernæs (period 2002 to 2011) and Odense Airport 

(from 2011 to 2013) together with measured hourly data of clearness (cloud cover) from Odense 

Airport were used. For the period 2013 to 2016, hourly time series of model data extracted from 

meteorological fields provided by StormGeo were used. 
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Freshwater sources 

The Odense Fjord model includes sources representing the freshwater run-off to the fjord. The 

freshwater data are available based on data from DCE (Aarhus University) on a 4th order water body 

level, and these data were distributed based on catchment area and knowledge of specific point 

sources and included in the model according to Figure 0-4. 

 
Figure 0-4 Distribution of freshwater sources applied in the Odense Fjord model. 

Fynsværket 

The Odense Fjord model includes the discharge of cooling water from Fynsværket. Information about 

volume (m3 s-1) and water temperature is based on data from Fynsværket covering the period from 

2002-2016. 

Initial conditions  

The 3D model requires initial conditions of all prognostic parameters, including water level, currents, 

salinity, sea temperature, etc. Water level and current velocity are specified as MSL and zero velocity, 

respectively, ('cold start') as the model spin-up is short, meaning the currents and water levels adjust 

to the forcings within a short time frame and do not impact the analysis period. 
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For the 3D initial salinity and sea temperature fields, however, the spin-up is longer, and accordingly, 

the initial fields of these two parameters are provided as input to the model. Monitoring data from 

stations within Odense Fjord are used to create the initial temperature and salinity fields. 

Model calibration 

The hydrodynamic model is calibrated and validated according to measurements from 2002-2016, 

see DHI 2019a for details. 

Biogeochemical model development 

The biogeochemical model is based on the 3D modelling software MIKE 3 HD FM (version 2017) 

developed by DHI together with the numerical 3D equation solver MIKE ECO Lab to describe the 

relevant biogeochemical processes in the modelling system.  

The main components and processes determining the status of the water quality and the response in 

the ecosystem (e.g. changes in eelgrass biomass) are included in the biogeochemical model. They are 

based on external factors (meteorology and nutrient supply). The model describes the turnover of 

organic material and nutrients, both in the pelagic (water column) and the benthic phase (seabed or 

sediment). The pelagic phase includes phytoplankton and nutrients, and the benthic department 

covers sediment pools of nutrients and the exchange of nutrients between the sediment and water 

phases. Furthermore, the benthic part of the model describes the biomass and growth of benthic 

vegetation at the seabed. The mechanisms behind the biogeochemical model and the ECO Lab 

templates used are described in Erichsen & Birkeland (2019).  

Open boundary conditions 

The Odense Fjord model has one open boundary towards the Danish straits located to the northeast 

of the model. Documentation of boundary conditions for the development of the biogeochemical 

model is given in Erichsen & Birkeland (2020). 

Forcings 

Data on solar radiation are calculated from clearness percentages and applied as a temporally varying 

forcing. 

AU provides area-distributed atmospheric deposition of nitrogen (N), Department of Environmental 

Science, and aligned with HELCOM depositions (see Erichsen & Birkeland 2020). 

Dynamic bottom shear stress information is needed to estimate suspended sediment concentrations. 

Wave parameters from a Spectral Wave model are included as model forcing, including significant 

wave height, wave period and mean wave direction, together with current conditions from the 

hydrodynamic model results. 

The technical report DHI (2020) gives documentation on model forcing. 

Sources 

The Odense Fjord model includes sources with land-based nutrient loadings via streams together with 

the intake and discharge of cooling water from Fynsværket. In Figure 0-4, the location of the sources 

is shown. Freshwater run-off from land is included in the hydrodynamic module.  

The model sources are specified as time series with daily varying loadings of inorganic and organic 

nutrients, including also total nitrogen (TN) and total phosphorus (TP). The land-based nutrient 

loadings are based on DCE/AU, Department of Bioscience data on a 4th order water body level. 
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FynsvÞrketôs cooling water intake and discharge do not contribute to any nutrients to the fjord 

system. 

More details are included in DHI (2020). 

Model calibration 

The biogeochemical model is calibrated and validated according to measurements in the period 2002-

2016; see DHI (2020) for details. In addition, the model has been validated against measurements 

from 2022 and 2023 monitored as part of the Odense Fjord Samarbejde. This validation has been 

reported to the Kystvandsr¬d in a separate document: ñKystvandsråd WP1.3 ï Model validationò. 

 

Model scenarios 

As part of the Danish Environmental Protection Agency's (DEPA) projects behind the RBMP 2021-

2027, it has previously been determined that the water bodies Odense Fjord, Seden Strand, and 

Odense Fjord, ydre, are sensitive to phosphorus and the amount of nutrients that are discharged, 

especially during the growth season (Erichsen et al. 2021a). 

The work behind the developed scenarios was carried out in a parallel work package (WP 2.9), and 

the results are described in more detail in Larsen et al. (in prep.). 

In summary, the following scenarios have been decided and implemented in the mechanistic model 

for Odense Fjord, Seden Strand, and Odense Fjord, ydre: 

1. A wetland scenario (S1): As part of the work in the Kystvandsråd, a workshop was carried 

out selecting suitable areas for wetlands in the catchment to Odense Fjord. The workshop 

identified the maximum potential area for wetlands, and in WP 2.9, a SWAT model was 

executed, including the daily reductions based on implementing two variations of wetland 

areas (see Larsen et al. (in prep.) for details). The results of the swat analysis are shown in 

Figure 0-5. 

 
Figure 0-5 Daily reductions based on scenario 1, including wetlands as the only measure for reducing the TN-load. 

A factor of 1.0 equals no reductions, whereas a factor of 0.6 equals a 40% reduction. 

2. A wastewater treatment plant (WWTP) scenario (S2): Additional reductions at the major 

WWTPs in the catchments were introduced. 

3. A combined scenario (S3): This scenario combined S1 and S2 and introduced another 14% 

P-reduction equally distributed over the years and the introduction of constructed wetlands 

in all suitable locations (see Larsen et al. (in prep.)) for details. 

The results from the different scenarios are included in Figure 0-6 and Figure 0-7, whereas the 

summary of the scenarios is included in Table 0-1. 
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Figure 0-6 Monthly TN loads to Odense Fjord, Seden Strand. The large reductions are observed for S1, whereas S2 

only implies minor reductions, and S3 displays the combined scenario. Average for 2012-2016. 

 

 
Figure 0-7 Monthly TP loads to Odense Fjord, Seden Strand. The large reductions are observed for S3, where the 

14% reductions are included. Average for 2012-2016. 
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Table 0-1  Summary of scenario loads (top rows) and the relative difference to the status loads (bottom rows). 

Average for 2012-2016. 

Loads 
Status TN 

[tons N] 

Status TP 

[tons P] 

S1 TN 

[tons N] 

S1 TP 

[tons P] 

S2 TN 

[tons N] 

S2 TP 

[tons P] 

S3 TN 

[tons N] 

S3 TP 

[tons P] 

Odense Fjord, 
ydre 

1438 44.5 913 44.5 1431 44.2 906 37.8 

Odense Fjord, 
Seden Strand 

1366 42.6 868 42.6 1359 42.2 861 36.1 

Relative 

difference 
Status TN Status TP S1 TN S1 TP S2 TN S2 TP S3 TN S4 TP 

Odense Fjord, 
ydre 

1 1 0.63 1 1.00 0.99 0.63 0.85 

Odense Fjord, 
Seden Strand 

1 1 0.64 1 0.99 0.99 0.63 0.85 

 

Method 

In Section 0, the model scenarios are briefly described. These scenarios have been completed, and 

model results have been prepared to be able to assess the effects on summer chlorophyll-a and Kd in 

the growth season calculated as described in Erichsen et al. (2021b). 

In Erichsen et al. (2021b), model scenarios are used in the RBMP 2021-2027 work to calculate a 

dose-response for the two indicators summer chlorophyll-a and Kd in the growth season. In Erichsen 

et al. (2021b), the dose-response is calculated in relation to changes in the annual load of TN and TP 

based on the assumption that a reduction in the annual load is distributed in % evenly over the year. 

This means an annual reduction of 10% in TN load is divided by a 10% reduction in the January load, 

10% in the February load, etc. The dose-response and associated relationships between load and 

summer chlorophyll-a are shown in Figure 0-8. 

 
Figure 0-8  Schematic illustration of dose-response calculation. Note that the figure only describes relative 

differences. Hence, current load and indicator status make up 100%, while reductions are calculated relative to today's 

load and status. Therefore, the figure example shows the dose-response unit has % change in summer chlorophyll-a 

concentration per % change in TN load. 
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The description in Erichsen et al. (2021b) relates to changes in TN and TP annual loads and are 

included in the overall estimation of maximum allowable inputs (MAI) in the Danish marine water 

bodies, but it is only reductions in nitrogen loads, which are estimated as actual MAIs and 

corresponding need for reductions. 

Similarly, as part of the work behind the Kystvandsråd, a similar methodology has been developed 

for the water bodies Odense Fjord, Seden Strand, and Odense Fjord, ydre. Here, results from the 

scenario runs are used to calculate an annual equivalent (or exchange rate) between specific P- 

reductions and year-round TN load. 

Annual equivalents 

To evaluate the effectiveness of reducing TP inputs, the effects on the indicators summer chlorophyll-

a and Kd in the growth season are compared with corresponding model results behind the RBMP 

2021-2027. 

In Erichsen et al. (2021b), year-round reductions were calculated as relative changes in nutrient inputs 

and effects on the indicators. In relation to the work behind the Kystvandsråd, this method is adjusted 

so that it is still calculated relative to the indicators, while the changes in loads are now calculated in 

absolute reductions, see Figure 0-9 and Figure 0-10. 

The unit on the dose-response curve is changed to, for example, a %- change in summer chlorophyll-

a concentration per ton change in TN load and a %-change in summer chlorophyll-a concentration 

per ton change in TP load, depending on the nutrient in focus. 

 
Figure 0-9 Schematic illustration of dose-response calculation. Note that the figure describes relative indicator 

differences while the load is in absolute reductions. Therefore, the dose-response unit has a %-change in summer 

chlorophyll-a concentration per tons change in TN load in the figure example. 
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Figure 0-10 Schematic illustration of dose-response calculation. Note that the figure describes relative indicator 

differences while the load is in absolute reductions. Therefore, the dose-response unit has a %-change in summer 

chlorophyll-a concentration per per tons change in TP load in the figure example. 

In this study, we have run scenarios as described in section 0, and thus, we can compare the effects 

of reducing year-round TN-loads (% equal reductions)  and corresponding slopes between reductions 

in TN (Figure 0-9) and slopes in the actual reductions suggest in this project (Figure 0-9/Figure 0-10) 

and calculate a TN equivalent for year-round TN loads: 

Equivalent = ŬDK-N / ŬDK-N 

This equivalent can be used in the Kystvandsråds evaluation of the selection of measures to be 

implemented in the catchment as part of the final RBMP for Odense Fjord.  

 

 

 

Results and conclusions 

Model results - indicators 

The results of the model scenarios are presented in this section as a relative difference between the 

scenarios and the model results representing the status. The results based on the two indicators, 

summer chlorophyll-a (May to September) and Secchi depth during the growth season (Marts to 

September), are included in Figure 0-11 to Figure 0-13. 

There is an apparent reduction in summer chlorophyll-a (between 30-50% reduction) in S1 and S3, 

where the effects of the large TN reductions from the wetland implementations govern the reductions. 

Also, in S2 some reductions (5-10%) are modelled in the central part of Odense Fjord but are based 

on relatively small reductions. 

Similar results are observed for Secchi depth, although the reductions are smaller, as Secchi depths 

react slower to reductions than chlorophyll-a. In S2, the results show less than 5% increase in the 

entire Odense Fjord. 

Generally, the improvement in summer chlorophyll-a and Secchi depth will support Good Ecological 

Status (GES) in Odense Fjord if realized. 
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Figure 0-11 Relative difference between summer chlorophyll-a (left) and Secchi depth (right) in S1 compared to 

the status situation. The value 1,0 indicates no change, whereas a value of 0.7 indicates a 30% 

reduction, and a value of 1.3 indicates a 30% increase.  

 

  

Figure 0-12 Relative difference between summer chlorophyll-a (left) and Secchi depth (right) in S2 compared to 

the status situation. The value 1,0 indicates no change, whereas a value of 0.7 indicates a 30% 

reduction, and a value of 1.3 indicates a 30% increase.  
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Figure 0-13 Relative difference between summer chlorophyll-a (left) and Secchi depth (right) in S3 compared to 

the status situation. The value 1,0 indicates no change, whereas a value of 0.7 indicates a 30% 

reduction, and a value of 1.3 indicates a 30% increase.  

Model results ï inorganic nutrients 

As marine restoration is also of concern to the Kystvandsråd, similar results presented in the previous 

sections are included for DIN and DIP during the growth season (Marts to September). These results 

are included in Figure 0-14 to Figure 0-16.  

In S1 and S3, the wetland reductions in TN loads clearly decrease the DIN concentrations in Odense 

Fjord, and the estuary concentrations decrease by more than 50%. In S2, the reductions are very 

modest; however, the reductions do show in summer chlorophyll-a (Figure 0-12). 

Reductions in DIN are required to ensure the potential successful restoration of e.g., eelgrass 

meadows. 

While DIN concentrations and chlorophyll-a concentrations are reduced, the pool of DIP increases, 

which is also very clear from the figures. The excess DIP concentrations increase even in S3, 

including a 14% additional TP reduction. 
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Figure 0-14 Relative difference between DIN during the growth season (Marts to September) (left) and DIP during 

the growth season (Marts to September) (right) in S1 compared to the status situation. The value 1,0 

indicates no change, whereas a value of 0.7 indicates a 30% reduction, and a value of 1.3 indicates a 

30% increase.  

  

Figure 0-15 Relative difference between DIN during the growth season (Marts to September) (left) and DIP during 

the growth season (Marts to September) (right) in S2 compared to the status situation. The value 1,0 

indicates no change, whereas a value of 0.7 indicates a 30% reduction, and a value of 1.3 indicates a 

30% increase.  
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Figure 0-16  

Relative difference between DIN during the growth season (Marts to September) (left) and DIP during 

the growth season (Marts to September) (right) in S3 compared to the status situation. The value 1,0 

indicates no change, whereas a value of 0.7 indicates a 30% reduction, and a value of 1.3 indicates a 

30% increase.  

Local reductions and equivalents 

Based on the model scenarios described in section 0 and the methodology description in section 0, 

scenario equivalents to year-round TN loads are calculated. The results are included in Table 0-2. It 

is important to emphasize that the models have been run from 2002-2016, but only model results from 

the last 5 years are included in the analysis. This has been done to ensure that changes in nutrient 

inputs from land can take effect over a number of years and thus ensure that the internal load can 

reach a new equilibrium. 

From Table 0-2, we conclude that reductions in WWTP have a relatively higher impact on the two 

indicators, as the equivalent is between 9-10; why 1 ton reduction in the load from the WWTPs will 

impact the estuary equal to 9-10 tons reductions in year-round loads. 

Similarly, we conclude that S1 has an equivalent of less than 1.0, mainly due to the larger relative 

reductions during winter compared to the loads during the growth season. Reductions in S1 and S3 

are still large and sufficient to obtain GES, but the smaller reductions at the WWTP can provide 

additional benefits to the ecological status of Odense Fjord.  

In addition, it is important to emphasize that local reductions to, for example, Odense Fjord, Seden 

Strand, and Odense Fjord, ydre, are included in reductions estimated for the water body Århus Bugt 

syd, Samsø og Nordlige Bælthav, why changes to Odense Fjord, Seden Strand, and Odense Fjord, 

ydre, can and will have consequences for reductions in this water body. This is not part of the 

Kystvandsr¬dôs work but may change the results of the work reported by the Kystvandsr¬d. 
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Table 0-2 Scenario equivalents to year-round TN loads. 

Vandområde S1 S2 S3 

Odense Fjord, ydre  0.65 9.58 0.77 

Odense Fjord, Seden Strand 0.72 9.03 1.08 
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Vurdering af marine virkemidler og omkostninger ved restaurering 

(AP 1.5 og AP 3.2) 
 

Marine mitigation tools in Odense fjord 
Paula Canal-Vergés, Mikkel K. Lees, Frederik H Hansen, Rune Steinfurth, Timi Banke & Mogens 

R. Flindt 

Dansk resumé 

Dette afsnit beskriver anvendelsen af marine virkemidler i Odense fjord. Disse marine virkemidler er 

reduktion af den landbaserede næringssaltsbelastning, ålegræs genopretning, sand-capping samt sten- 

og biogene rev. Forskellige metoder har været i spil i forbindelse med ålegræs restaurering men efter 

adskillige videnskabelige studier er udplantning af ålegræsskud forankret med søm fundet bedst egnet 

til forholdet i kystnære danske vandområder. Ved assisteret ålegræs restaurering foretages først en 

screening for egnede områder til udplantning. Dette gøres med model/GIS værktøjer efterfulgt af en 

drone/orthofoto analyse af de af den økologiske models udpegede områder. Herefter foretages 

dykkerobservationer af områderne. Hvis der findes egnede områder på baggrund af model/GIS 

analyse, Drone/orthofoto analyse og dykkerobservationer kan der foretages testudplantninger som 

skal afsøge den endelige egnethed af de udvalgte områder. Efter et års monitering af testudplantninger 

kan der i særligt egnede områder som udviser positiv tilvækst af ålegræsskud foretages stor-skala 

udplantninger. Stor-skala udplantninger følges med tæt monitering for således at kvantificere de 

yderligere økosystemtjenester der opstår ved en sådan ålegræsrestaurering. Dette flow blev af SDU 

anvendt i Odense Fjord i sommeren 2022 resulterende i 12 stationer til testudplantning af 

ålegræsskud. 2 af de 12 udplantninger overlevede gennem vinteren 2022-2023; én station i 

inderfjorden (#2) og én station (#7) i den østlige del af yderfjorden nær Bregnør (Figure 17). Alle 

andre stationer overlevede ikke pga. multipelt stress fra flere parametre (Table 3). Station 7 i 

yderfjorden viser positiv tilvækst hvorimod station 2 i inderfjorden, dog stadig synlig, har mistet 

ålegræsskud og er overgroet af kraftig epifyt vækst hvilket kendetegner inderfjorden. Der er således, 

med den nuværende grad af eutrofiering, ikke videnskabelig baggrund for en stor-skala ålegræs 

restaurering i Odense Fjord. Der er i kystvandrådet arbejdet med virkemidler i oplandet som resulterer 

i en 40% reduktion af kvælstoftilførslen til fjorden. Denne reduktion kan anvendes i den økologiske 

model som et reduktionsscenarie hvor effekterne af en sådan reduktion kan afsøges. Grundet den 

korte projektperiode har det ikke været muligt at anvende en modelleret 40 % reduktion scenarie, 

tildængede, har vi detail analyseret en 30 % reduktion scenario afgivet som baggrund i Vandplan 3. 

Den ny maringenopretning muligheder efter dette 30% reduktion scenario, er beskrevet i dette 

rapport. Ved at introducere reduktioner af den landbaserede næringssalttilførsel og således nedbringe 

graden af eutrofiering i fjorden kan det være muligt at få frigjort områder i yderfjorden til anvendelse 

af marine virkemidler. Denne frigørelse af areal er en forudsætning for yderligere arbejde med marine 

virkemidler i Odense Fjord. Under denne forudsætning kan SDU pege på enkelte områder i Odense 

yderfjord hvor der kan afsøges for mulig udførelse af sand-capping i stor skala (Figure 20) samt 

anlæggelse af sten rev (Figure 21). Til sidst i dette resum® henvises til det sidste afsnit òSuggestionsò 

for en punktopstilling af anbefalingerne fra SDU omkring anvendelsen af marine virkemidler i 

Odense Fjord.  
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Introduction  

Eelgrass depth limit is a key element in the Water Framework directive. As such and considering its 

status (see chapter ñbackgroundò Figure 9 A), the current eelgrass distribution in most water bodies 

needs to be improved to reach good ecological status. One of the main underlaying causes for the bad 

ecological condition status of most Danish waters is eutrophication. Besides the last 20 plus years of 

nutrient reductions, eelgrass populations are not recovering. Hence, together with solutions in the 

catchment area, eelgrass transplantation together with seaweed cultivation were suggested as a marine 

mitigation tool in the Danish River Basing Management Plan 3 (DRBMP3). Other marine measures 

which we will introduce in this chapter are not officially mentioned as mitigation tools withing the 

RBMP#, however, they add many ecosystem functionalities that the fjords are currently missing, 

hence contributing to improve the overall ecological status. The focus of this chapter is Odense fjord, 

hence only marine mitigations tools relevant for Odense fjord will be discussed. 

Eelgrass restoration 

Eelgrass restoration could in principle be performed using seeds, seedlings, or adult plants. In 

Denmark, the use of seeds as a restoration method is not yet successful at big scale in the field. In 

other countries as Netherlands or Sweden, some small field successes with seeds have been 

performed, but only at small scales (ex. 1m x 1m plots). Seedlings are proven to be much more 

challenging than adult plants and seeds, hence not a lot of effort is done on using them as restoration 

material. Transplantation of adult shoots are the most successful large-scale method. The direct 

transplantation of eelgrass patches is not recommended, because the risk of fragmenting the mature 

patches is too high. Besides, it cannot be defined as a restoration activity when a patch is moved from 

one location to another. Although, this research as well as the seeding method is still being developed. 

The transplantation of apical shoots (last shoots of the vegetative growth of an eelgrass plant) is at 

present the only method being used in Denmark at large scales. This method has been used to 

reestablish eelgrass beds at scales of 0.5-5 hectare in Vejle fjord, Horsens fjord, Lunkebugten and 

Kolding fjord. It has also been tested on small scales and with varying success in Odense Fjord, 

Roskilde Fjord, Mariager Fjord, Nærå Strand, Lillebælt and Gamborg Fjord. The method for eelgrass 

transplantation is described in Flindt et al 2023a. In short, the method follows 6 steps: 

1. Screening of the area using a site selection GIS tool with available data  

2. Visual observation of the area using machine learning tools (ex. drone/orthophotos) 

3. Diver observations in sub-selected areas 

4. Test transplantation of selected sub-areas and 1 full year of monitoring 

5. Large scale transplantation  

6. Monitoring of eelgrass development and associated ecosystem functionalities  

In Odense fjord we performed steps 1 to 4, and transplanted eelgrass at small scale (test 

transplantation) in 12 stations divided in the inner and outer fjord during 2022.  

Performance of small-scale transplantations in Odense Fjord 

During the summer of 2022, small-scale Z. marina test transplantations were piloted in Odense Fjord. 

The purpose of the study was to locate suitable sites for future large-scale transplantations. In May 

and June 2022, 12 stations were established throughout the fjord for small-scale eelgrass 

transplantation (Figure 17). Four stations were located in the inner fjord, three stations in the outer 

eastern fjord, and five stations in the outer western fjord. Along with the developments in Z. marina 
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shoot density in the transplantations, different environmental, physical, and water chemistry were 

monitored to correlate losses of shoots to certain stressors (Table 3).  

 
Figure 17. Odense Fjord, Denmark. The entire Odense Fjord with transplantation sites (red circles), logger positions (blue 

flags), and donor patches (green diamonds) (A), divided into the inner fjord with St. 1-4 (B), the eastern fjord with St. 5-

7 (C), and the western fjord with St. 8-12 (D). 

By the end of the experiment, only two stations survived through the winter and were considered 

successful, one in the inner fjord (station 2) and one in the outer eastern fjord (station 7) (Figure 34). 

The other stations were lost to a combination of multiple stressors (Table 1). In the inner fjord, 

eutrophication-based stress from fast growing epiphytes and opportunistic macroalgae were the 

primary stressors. In the outer eastern fjord, the exposure to wave stress was the primary deteriorating 

force. The same physical stressors, along with ballistic impact from drifting macroalgae, was the 

underlying cause of eelgrass death for the two stations in the outer western fjord that were located 

near Enebærodde. The remaining 3 stations in Egensedybet in the outer western fjord were lost due 

to poor sediment conditions. By the end of the experiment, in March 2023, only Station 7 (west outer 

fjord) had grown to a higher shoot density than the transplanted (Figure 34, B). Although Stations 2 

remained alive, it had lost some shoots and was covered by epiphytes (Figure 34, A). It was therefore 

concluded that the only suitable location for a large-scale transplantation, based on the small-scale 

transplantations performed in this study, is north of Bregnør in the eastern outer fjord in the shelter 

of natural Z. marina beds (Figure 17). 
 

Table 3. Biotic and abiotic stressors at St. 1 through 12. For the four stressors ñEpiphyte growthò, ñP. macrophytesò, 

ñOpp. macroalgaeò, and ñChl. Aò, each X denotes that the station belongs to the significantly highest group of averages 

for that stressor. For the seven stressors ñWormsò, ñCrabsò, ñObs. grazing birdsò, ñTemperatureò, ñDINò, ñExposureò, 

and ñLOIò, an X denotes that conditions at that particular station exceed the lower (and in some cases only), literature-

based threshold for Z. marina recolonization, while two XX's denote that both the lower and upper thresholds have been 
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exceeded. For the three stressors ñHypoxiaò, ñSalinityò, and ñLightò, an X denotes measured levels of each parameter 

below the upper (and in some cases only) minimum threshold for Z. marina recolonization, while two Xôs denote 

measured levels below both the upper and the lower, literature-based thresholds. 
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Figure 34. Odense Fjord, Denmark. Shoot density (n m-2) as an average of the 5 transplanted rings of stations 1-4, 5-7, 

and 8-12 over time (A-C). Correlation between growth and the day of the year for the entire fjord, the shaded area 

represents 95% confidence interval of regression (D). 

Based on the measured/modelled environmental conditions explained in detail in chapter 

ñbackgroundò and this test transplantation pilot in Odense, it is our conclusion, that the current levels 

of eutrophication in the inner fjord are too high to start large-scale eelgrass transplantation activities. 

The concentration of DIN induced high biomasses of opportunistic species and epiphytes. So even 

though the inner part of Odense fjord is sheltered and shallow (supports high benthic light intensities), 

the environmental conditions are not suitable for eelgrass restoration. In the outer fjord at the current 

environmental conditions, the high concentrations of DIN are reducing   the potential restoration 

areas, except for some small areas in the Northeast and Northwest areas. In these two areas some 

efforts to improve the physical conditions could improve the eelgrass survival. However, as stated, 

the current available areas are small. Therefore, to attempt large-scale transplantation, some extra 

mitigations need to be implemented. 



 

60 

 

Reduction from the catchment area 

The concentration levels of DIN are too high for most of the fjord area, hence a nutrient reduction 

will be needed. In Chapter xx, it is described a reduction scenario in the catchment that could reduce 

up to 40% of the current nitrogen load to the fjord.  

We have estimated the effect of 30% nitrogen reduction of runoff from the catchment area on the 

fjord concentrations, using the RBMP3 model for Odense fjord (Figure 35). A nitrogen reduction of 

30% will improve the environment condition in the outer part of Odense fjord (green areas in Figure 

35). Improved DIN will reduce epiphytic coverage and growth of opportunistic species and increase 

the benthic light availability reaching eelgrass.  Besides, it will slow down the nutrient turnover, 

which will improve the oxygen conditions of the area. If we focus on the Northwest of the fjord, 

where the main stressors affecting eelgrass survival were pointed out to be DIN and hypoxia (Table 

3), the potential eelgrass survival should improve directly by this reduction. If we focus on the 

northeast part of the outer fjord, other underlying stressors (exposure, benthic light, sediment 

conditions and drift of perennial macrophytes), were impairing the eelgrass growth together with the 

high DIN concentrations and frequent development of hypoxia (Table 3). For these areas extra 

mitigation tools, together with the nutrient reductions are needed to improve the eelgrass survival. In 

the inner fjord the levels of eutrophication remain too high even after a 30% reduction. For these 

areas eelgrass restoration is not recommended, even with extra supporting mitigation tools. However, 

mussel banks, if the conditions are favorable, could be suggested in a test scale to evaluate their 

potential effect on the area. 

 
 

Figure 35. Growth season average DIN based on Odense fjord RBMP3 model at baseline conditions and after a 30% 

reduction on nitrogen from the catchment area (2002-2016). 

Sand capping 

After nutrient reduction, the southeast of the outer fjord (Figure 20, black square, Otterup area), could 

be highlighted as potential area for eelgrass transplantation in combination with supportive mitigation 

tools that improve the sediment conditions. That area is characterized by highly organic muddy 

sediments with a high content of silt and clay (high LOI) (Figure 20). This type of sediment reduces 

the anchoring capacity of eelgrass and reduces the light availability to the seabed by frequent 

resuspension (see also Chapter ñbackgroundò).  Sand-capping can assist the transplantation potential 
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of this area. This technique consists of capping muddy sediments with 10cm of sand. Flindt et al 

(2022) demonstrated the efficiency of this technique that increases the resistance of sediments to 

resuspend from 10-12cm s-1 in mud to ~40cm s-1 in sand. However, to optimize the sand-capping 

effect large areas must be implemented. If the sand-capped areas are small it is surrounded by 

neighboring muddy areas, the risk of reintroducing the fine muddy particles into the sand cap is too 

big. Local hydrodynamics should also be considered when screening for optimal areas for sand-

capping. Therefore, in order to suggest  suitable areas within Egensedybet  a detailed study is needed.  

 
Figure 20. Odense fjord, Denmark. Sediment organic content (LOI) from the RBMP3 model. 

Stone reefs 

After nutrient reduction, the northwest of Odense outer fjord (Figure 21, black square, Enebærodde), 

could be highlighted as potential area for eelgrass transplantation in combination with supportive 

mitigation tools that can provide shelter against wave and current action as well as against the ballistic 

impacts of drifting macroalgae. 

Stone reefs would be placed as mitigation measure to assist eelgrass transplantations. However, given 

the right environmental conditions, stone reefs would create added value to the ecosystem 

functionalities of the area. Functional stone reefs, act as shelter for eelgrass and improve the species 

density and fauna diversity. They further are substrate for many perennial algae species, which could 

benefit from this stable substrate in this area. In Odense fjord, only small stones, gravel, and shells 

act as hard substrate for perennial macroalgae species in the outer fjord. The synergistical effects of 

coupled stone reefs and eelgrass beds are being investigated in the project Sund Vejle fjord. 

The disposition of stone reefs can vary. There are three overall stone reef types: barrier reefs, boulder 

reefs (cave forming) and diffuse reefs. Barrier reefs and cave forming reefs would offer the highest 

protection against physical stress. Diffuse reefs may even increase the macroalgae drift problem in 

the area, hence they are not recommended.  
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The exact positioning of a reef in the area should be thoroughly examined. For instance, stone reefs 

should not be placed in muddy areas without ability to carry the stones. According to our data, the 

area around Enebærodde is defined by sandy sediments and will be able to carry the weight of the 

stones. However, a local test is necessary to confirm this statement. After placing a stone reef, the 

local hydrodynamic would change, creating new areas of erosion and sedimentation. Therefore, the 

reefs had to be placed in advance to allow the area to reach a new steady state before any eelgrass 

transplantation is recommended. To achieve an optimal positioning for a stone reef in the area which 

both increase sheltering for new eelgrass beds and home stable benthic vegetation, a thorough pre-

study is needed. The reef needs to be adapted/designed to ex. the local hydrodynamics, the sediment 

characteristics, and the light availability. Specific guidelines and further information on the 

restoration of stone reefs can be found in Dahl et al (in prep.) and Stæhr et al (in prep.) 

 
Figure 21. Odense fjord, Denmark. Critical share stress (physical exposure) from the RBMP3 model. 

 

Biogenic reefs 

Biogenic reefs alone or in combination with eelgrass beds are being tested in Vejle fjord. The aim of 

placing biogenic reefs is to increase the local light availability at the seabed. Mussels are effective 

filter feeding organisms, which filter the water column for plankton, hence reducing the turbidity in 

the water. In the project Sund Vejle fjord, it has been registered a local effect of 15-30 % light 

improvement in areas with newly established biogenic reefs. Large biogenic reefs could also provide 

(to a lesser extent than stone reefs) a sheltering effect for eelgrass. However, the synergistic effect of 

biogenic reefs and eelgrass are not yet fully quantified. The partial results point towards positive 

interaction due to the increase local water quality, increase habitat complexity which positively affect 

the overall biodiversity. There are several types of biogenic reefs, two of the most common ones in 

Denmark are oyster reefs and blue/horse mussel reefs (Nielsen et al 2023). In Odense fjord, there 
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have been blue mussel fisheries, however they have been closed for many years. But this indicates 

that blue mussels (Mytilus edulis) have been inhabiting the water of Odense fjord. Oyster shells 

(Ostrea edulis) can be found in diked areas around the fjord (ex. Egensedybet), which indicates the 

earlier existence of oysters in the fjord. However, to our knowledge, there are no large beds of mussels 

or oysters in the fjord. Biogenic reefs are useful mitigation tools in highly eutrophic areas, hence the 

center of the fjord or the inner fjord could be areas where biogenic reefs could be tested (Figure xx 

DIN). However, other parameters must be right for the reef to survive. For instance, blue mussel reefs 

require salinities of 10-38 PSU, depths of >3m, organic content of the sediment of >10 % LOI and 

oxygen conditions of >4mg O2 l
-1 (Nielsen et al 2023). The inner part of Odense fjord is the area that 

would most benefit from biogenic reefs, but this area is shallow. It is also muddy, with too organic 

sediments. The outer part of the fjord is deeper and has larger areas with sandy sediments. At present 

conditions (with the eutrophication signal reaching to the outer fjord) biogenic reefs might also be 

useful in the outer fjord. However, after the desired reduction of 30%, their presence will continue 

enhancing the complexity and biodiversity of the fjords habitats but might not have the strongest 

effect on palliating eutrophication. 

A more detailed description of the ecosystem services and known synergies of these habitats can be 

found at Flindt et al 2023b.  

A more detailed description of the practical considerations and management considerations can be 

found in the respective guidelines provided by the center of Nature restoration (Flindt et al 2023, Stær 

et al 2023 and Nielsen et al 2023). 

Economic considerations 

The exact estimate of the cost for marine restoration oscillates widely from project to project. To give 

a realistic price some consideration:  

¶ How large is the area that needs to be restored with a certain tool. The higher the area in 

general terms the lower cost per area, since some of the initial investment is used at the 

beginning of the project, regardless the area implemented (ex. permitting, baseline 

surveying, mobilization costs etc.).  

¶ There is a national consensus on the need of monitoring new established habitat until they 

reach a natural steady state. However, at present there are no official guidelines on how and 

what to monitor after the project is complete. The Danish Center for Nature restoration is 

currently working on the development of guidelines to monitored restored marine habitat 

(which will include all of the habitats named in the present report). The prices for 

monitoring the restored habitat is hence likely to change after the official guidelines. 

¶ How much citizen science involvement would the project aim for. Some restoration 

techniques such as eelgrass transplantation have been successfully implemented by using 

science (to a large extent citizen). This reduces the costs significantly. 

¶ The use of technical divers vs. snorkelers will also increase the time of the operative phase 

and costs.  

¶ Other factors such as transportation costs depending on location, changes on raw material 

prices etc. should be as well considered as an uncertainty.  

¶ The placing of some mitigation tools such as stone reefs or sand-capping, requires 

sometimes an archeological survey, which is done by the historical museum. The prices of 

these surveys depend on the conditions of the specific area and oscillate on a wide range. 
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¶ The commercial prices for the different activities oscillate withing companies and projects, 

they are also greatly affected by the offer and demand. Hence, we will not estimate prices 

based on commercial salaries for all field work. 

¶ The below mentioned budget does not include material cost (ex. vessels, divs. materials, 

diving equipment, rental of laboratory facilities etc.) unless otherwise specified. 

Eelgrass 

Following the method described in Flindt et al 2023, we estimate it would take about 63 full working 

days to screen for 12 locations within Odense fjord. This time accounts for prescreening and licensing 

(steps 1-4). Given the low rates at the University and the need to include maximum 1 model scenario 

run (from Odenseôs pre-existing model), prescreening price would round the 260 Kkr. The costs of 

big scale transplantation with apical shoots (step 5) as described above is estimated on ~375 Kkr/ha. 

In Sund Vejle fjord, the project organized 5 citizen science field campaigns, which reduced the labor 

prices. Hence in Sund Vejle fjord, 6 ha of eelgrass beds were transplanted withing 5 years with 

estimated budget of 1.5 mio kr (instead of our estimate which will add up to 2.25 mio kr.). This 

calculation does not consider market prices from private business, which given the rates and working 

conditions will increase the budget and time significantly. 

Monitoring activities which should follow the established eelgrass over the consequent years are 

estimated to prices varying between ~20-70 Kkr year-1 ha-1. 

 

Sand-capping 

From previous experiences in Odense fjord, Sand-capping costs are ~250 Kkr ha-1. This price 

included the raw materials and all operational costs by a professional company.  

Site selection and monitoring over the consequent years are estimated on a price of ~20-70 Kkr year-

1 ha-1. 

 

Stone reefs 

As with all other tools the site selection and permitting for a specific location is dependent on the 

extension of the area and the number of areas withing the water body. In the project Sund Vejle fjord 

we estimate a cost of about 0,3-0,5 mio. kr for preliminary surveying and permitting.  

The specific design of a stone reef will define the volume of stones per area needed, which have a 

large effect on the overall budget. The origin of the raw materials will also affect greatly the prize. In 

our projects we have worked with two different setups. Stone banks, where reefs are built from stones 

collected at cultivated fields, which were delivered to a specific location by the landowners. And 

granite boulders imported from Norway. In Sund Vejle fjord 8 ha of stone reefs were established for 

a total price of 5 mio. kr. This 8 ha were spread in 5 reefs, and each reef followed a different design, 

ranging from barrier reef, boulder reef and spread reef. In total, 8350 m3 stones were used. The 5 mio 

kr. included the cost of the material, as well as its transportation and placement in the five areas. 

Monitoring activities which should follow the established stone reefs over the consequent years are 

estimated on a price of ~20-70 Kkr year-1 ha-1. 
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Bioreefs (mussel banks) 

The re-establishment of mussel banks in an area requires the establishment of a mussel farm to harvest 

local mussel seed and grow up to 2-3 cm size increasing the survival rates when relay. 

There are different kinds of mussel farms at use in Denmark. Mussel line production and SmartFarm 

production. The cost of establishing both kinds of farms is different. Smart farms are expressive to 

establish and need to be operated by a certain type of vessel. However, the production rate per area 

is bigger, making the operative expenses cheaper in the longer term. Not all farms can be situated in 

all areas, they are dependent on the available depth and other physical factors as well as the economic 

considerations. More information regarding the different prices and types of farms can be found at 

Bruhn et al 2020 & Petersen et al 2021. 

As an example, in the project Sund Vejle fjord, it was established a line mussel farm of 17 ha for a 

total cost of about 1.5 mio kr. The estimated production cost was about 1 mio kr year-1. The biomass 

produced per year was relayed in beds of varying density (2-6 kg/m2). The total area established 

oscillated between 6-12 ha year-1. In all, with a total investment of 5 mio kr, 39 ha of mussel beds 

were established in Vejle fjord between the years 2020 and 2023. This price includes all operational 

costs, transport and materials. However, it does not include the site selection for the establishment of 

the mussel farm, nor the site selection of sites to re-establish the mussel beds, which is estimated in 

about 0,3-0,5 mio kr. 

Monitoring activities which should follow the established biogen reef over the consequent years are 

estimated on a price of ~20-70 Kkr year-1 ha-1. 

 

Suggestions: 

Based on the environmental analyses of Odense Fjord, we suggest the below flow of mitigation 

activities for improvements of the estuary. This is also aligned with our currently granted project by 

AVJ (about 7 mio. kr.) 

1. Improve the sediment and light climate by large-scale sand capping activities around 

Firtalsdæmningen and along the Southern shoreline of Egensedybet. If more sand is 

available some of the bays around Klintebjerg would also be prompt for a possibility. 

2. Areas for Stone reefs must be qualified by sand transport modelling. Here we suggest 

focusing on locations: Enebærodde, Firtalsdæmningen and Bregnør.  

3. To initiate restorations of bioreefs (mussel banks), finding an optimal area for mussel 

production and optimal sites for placing future mussel banks would be needed. Here we 

must qualify high growth rates of mussels and no development of anoxia. It is possible to 

perform combined model and field-activities to find these locations, where measurements of 

mussel growth/losses are performed on small scale test-banks. 

4. Eelgrass restoration has a very limited potential in Odense Fjord, as only one large-scale site 

showed potential (Bregnør). As the nitrogen reduction gets realized more test-

transplantation will be performed, and hopefully more large-scale restoration sites will be 

available. 

5. Coastal realignment also has the potential to create more productive shallow areas in Odense 

Fjord. Here it is obvious to focus on Lumby Inddæmningen, where we also in a climate 

perspective have possibilities to regain some of the lost coastal meadows. 
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Oplandsbeskrivelse og stoftransport ift. Odense Fjord (AP 2.1 og AP 

2.2) 

Characterization of Odense Fjord catchment. Technical note. 
Authors: Flemming Gertz SEGES Innovation, Karsten Dollerup Møller SEGES Innovation 

Cite: Gertz F & Møller K D, 2023. Characterization of Odense Fjord catchment. Technical note from SEGES Innovation. 

 

Resumé 

Odense Fjord opland er et 105.000 ha stort fortrinsvist drænet opland bestående af 60 % lerede jorde, 

11 % humusjord og 29% sandede jorde. Landbrug udgør 64% af arealet, mens natur og 

by/infrastruktur udgør hhv. 15 og 12 %. Transporter af næringsstoffer i oplandet viser, at tab fra 

landbruget udgør størstedelen, men spildevand udgør en betydelig del i sommerhalvåret, hvor 

afstrømningen fra land er mindre. Tilførslen af både kvælstof og fosfor er faldet gennem årene. Fosfor 

er primÞrt faldet i 1980ôerne, som følge af bedre spildevandsrensning, mens kvælstof primært er 

faldet gennem 1990ôerne. Vinterens kvÞlstofafstrßmning er ikke faldet siden ca. 2010, mens 

sommerens nitratkoncentrationer opstrøms Odense by i de 4 største vandløb stadig falder, og i dag er 

under 1 mg/l nitrat-N i de 3 sommermåneder. Både nye og gamle data indikerer, at 

næringsstoftransporten, både hvad angår fosfor og kvælstof, kan være underestimeret på grund af, at 

der med moniteringsprogrammet ikke udtages prøver med tilstrækkelig høj frekvens.  

 

Geology and land use 

Odense Fjord has a catchment area of 105,000 hectares, covering approximately one-third of Funen. 

The last ice age characterizes the entire catchment area ï Weichsel ice age - and the landscape is 

shaped by the ice, mainly clay deposits with elements of sand deposits. The soil consists of 60% clay 

soils, 11% humus, and more sandy soils (Figure 1 & Tabel 1). The landscape around the fjord is low-

lying and several areas around the fjord have been claimed for land use over time. Soil map with soil 

types indicating marine sediments sand/clay in areas close to the fjord (Figure 1, left bottom).  

 

Drainage 

Drainage is important for transporting nutrients to the aquatic environment. Aarhus University has 

calculated the drainage probability for the whole of Denmark, and Figure 1 shows a section of the 

drainage probability map for Odense Fjord's catchment area. The majority of the catchment has a 

high probability of drainage due to the predominantly clay soils. The nutrient concentrations in 

streams are typical for drained soils with higher winter concentrations than typically seen in sandy 

soils but low concentrations in summer due to less influence from drainage water and higher influence 

from groundwater (Figure 5). 

 

Agriculture  

Agricultural land use makes up around 64% of the total area, corresponding to around 63800 ha 

(Tabel 2).  

The number of livestock productions, cattle, pigs, and poultry is distributed roughly equally in the 

catchment if cities and nature are disregarded (livestock Figure 2). The intensity of livestock 
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production is also distributed roughly equally in the landscape outside cities and nature. Manure 

production ñhotspotsò are seen (Heat map Figure 2) but due to regulation for manure the heatmap 

does not reflect the total use of fertilizer including manure on the fields. 
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Figure 1. Upper L: Terrain model (Geodatastyrelsen). Upper R: Calculated potential drainage (Aarhus University). 

Bottom L: Soil type map 1 (GEUS). Bottom R: Soil type map 2 (Aarhus University). 

 
Tabel 1. Area distribution of soil types in the catchment area of Odense Fjord 

Soil type JB nr Area (ha) (%) 

Fin sandblandet lerjord 6 48405 46 

Fin lerblandet sandjord 4 17310 16 

Grov lerblandet sandjord 3 16447 16 

Grov sandblandet lerjord 5 14166 13 

Humus 11 4337 4 

Grovsandet jord 1 2488 2 

Lerjord 7 975 1 

Finsandet jord 2 551 1 

Svær lerjord 9 285 0,3 

Total  104963 100 

 

 
Tabel 2. Land use 

Type Area (ha) (%) 

Agriculture 63791 64 

Infrastructure 11512 12 
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Nature 14891 15 

Rivers, lakes and wetlands 6347 6 

Unknown 3198 3 

Total 99739 100 

 

 

 

 


























































































































































































































