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Konklusioner fra de tekniske undersggelser og analysexf
Kystvandradet for Odense Fjords arbejde

Generelt

For at opna god @kologisk tilstand i Odense Fjord pegakaiske undersggelser og analyser udfart

i regi af Kystvandsradet for Odense Fjord pa behov for to overordnede tiltag. Dels skal der ske
betydelige reduktioner af naeringsstoffer fra oplandet til fjorden, og dels er det derudover ngdvendigt
med marine reaureringstiltag i forden.

Fjordens falsomhed for naeringsstoffer
Undersggelser af fjordens fglsomhed for naeringsstoffer viser med baggrund i den opsatte fjordmodel,
at:
1 der er positiv effekt pa fiordens tilstand ved reduktion af bade kveelstof og fosfor.
1 fjordens gkosystem responderer mere positivt pa kveelstofreduktioner i veekstsaesonen (fra
starten afpril til udgangen abktober) end i vinterhalvaret.

Der er i arbejdet med at finde virkemidler i oplandet taget ovenstaende viden i betragtning. | arbejdet
med at reducere kveelstof fra oplandet er der taget udgangspunkt i vandomradeplanens mal om en
34% reduktion for Odense Fjord, suppleret med et gnskegsi at reducere fosfortabet til fjorden.

Der er i oplandsarbejdet lagt seerligt veegt pa at finde 34% kveelstofreduktion i vaekstsaesonen, da det
er en afgarende forudsaetning for at opna god tilstand.

Valg af virkemidler i oplandet

Med henblik p& at kvalificere valg af virkemidler i oplandet, er der af Aarhus Universitet og SEGES
Innovation opsat en oplandsmodel (SWAT+) til at regne pa kvaelstoftransporter fra alle relevante
kilder, herunder landbrug og spildevand. Der er gennendimbrinhedsscenarier (ekstremscenarier)

for at teste potentialet for virkemidler.

Resultatet af disse scenarier er, at det har omtrent samme effekt pa kveelstofreduktionen at udleegge
alle adale som vadomrader, som at omlaegge alt landbrug til ekstensivt grees. Konklusionerne er
forelagt Kystvandsradet, og der var her et gnske om at géevited undersggelse af potentiale for
vadomrader. Dels ud fra en betragtning om multifunktionalitet ved vadomrader (klima, natur,
biodiversitet mv.), samt at omkostningerne ved at udtage vadomrader er mindre end at braklaegge
landbrugsjord uden for adalene.

Der er pa den baggrund foretaget et arbejde for at kvalificere potentialet for vadomrader. Herunder
blev oplandskommuner, kystvandrad og Odense Fjord Samarbejdets oplandsgruppe involveret med
henblik pa at maksimere anvendelsen af vadomrader under hegesytitaelevante lokale forhold.

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

Herudover er der af SEGES Innovation foretaget en kvalificering om brugen af dreenvirkemidler med
veegt lagt pa minivadomrader.



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 Kystvandradet og Odense Fjord
Samarbejdets oplandsgruppe. Det er her prioriteret, at dédtsawligt laves tiltag til reduktion af

fosfor, nar der anleegges vadomradedadRle), og som minimum pa 10 % af de vadomrader som
anlaegges, samt at der plantes traeer langs 10% af mindre og middelstore vandlgb, som ligger uden for
de omrader, hvor der lag vadomrader.

Renset spildevand udggar en relativ stgrre andel af naeringsstoftilfgrsien i veekstsaesonen (fra starten af
april til udgangen af oktober), hvor fjorden er mest fglsom for naeringsstoffer. Kveelstof fra
punktkilder udger i veekstseesonen omkring5P@o af den sarebe udledning. | vintermanederne

udger punktkilder 10% eller mindre af den samlede tilfarsel til fjorden. Dette er uddybet i afsnit om
0Opl andsbeskrivel se og stoftransport i ft. Od e
muligheder for yderliger at rense for fosfor og kveelstof til trods for, at de store renseanleeg i regi af
VandCenterSyd allerede renser vaesentligt under lovkrav.

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

1 Scenarie 1 (S1): 6.700 ha nye vadomrader

1 Scenarie 2 (S2): Forbedret rensning af kveelstof og fosfor fra renseanlaeg forar og sommer
(fra starten afpril til udgangen aéepember).*

1 Scenarie8 (S3): S1 + S2 427 minivadomrader, samt tiltag mod at reducere fosfor**,

Note*: Udlgb af koncentrationen af kvaelstof og fosfor forbedres fra 3,32 mg/l TN og 0,22 mg/I TP til 3,0 mg/l TN og OR2.mg/|
Note**: Fosfortiltag omhandler at minimum 10% af vddomraderne anlaegges som&dafer Plantning af treeer pad 10% af sm& og middel vandigb
uden for vadomréder.

De foreslaede tiltag farer til reduktioner, som for Scenarie 1 og Scenarie 3 overstiger arligt mal sat i
Vandomradeplan 2022027, som er 34% kveelstofreduktion (tabel). Det ses af den manedlige
fordeling pa graf, at det har veeret muligt at opretholde efb34duktion i sommermanederne i
Scenarie 3 dog ikke august som falder til under 30 % reduktion.

Scenarie 1 og Scenarie 3 farer ogsa begge til malopfyldelse pa klamfyegetations dybdegreense
jf. malene i Vandomradeplan 202027 for klorofyl og dybdegraense (se afsnit om fjordmodel og
scenarieanalyser).

TN reduktion TP reduktion

Ton % Ton %

Scenariel 491 36 0,0 0
Scenarie?2 7 1 0,3 1
Scenarie3 498 37 6,4 15



Procentvise reduktioner fordelt pr maned
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Effekt pa fjorden ved neaeringsstofreduktioner

Effekten pa fjordens tilstand ved de foreslaede oplandsscenari8Bj%t beregnet af DHI med den
opsatte fiordmodel. Resultaterne herfor viser, at man kan opna de opsatte mal i Vandomradeplanerne
for klorofyl og vegetationens dybdegreense ved Scenarfgddomrader) og Scenarie 3 (alle
virkemidler).

Fjordmodelberegningerne viser ogsa, at det har en effekt, at yderligere reducere neeringsstoffer fra
renseanlaeqg (scenarie 2), fordi reduktionerne sker forar og sommer, hvor fijorden er mest sensitiv for
reduktioner, til trods for at spildevandsreduktionemmeengde ikke er store. | Scenarie 2 og Scenarie

3 er kun medtaget spildevandsreduktioner, som kan gennemfgres pa den korte bane (fa ar), mens del
er yderligere potentialer pa den laengere bane i forbindelse de aktiviteter VandCenterSyd planlaegger
at gennerfere. Reduktioner vil stadig vaere relativt sma.

Marine restaureringstiltag

De tekniske og biologiske undersggelser viser, at det er ngdvendigt at foretage marine
restaureringstiltag, hvis fjorden skal i god tilstand, udover at der skal ske reduktioner i
naeringsstoftilfarslenDer er dele af den ydre fjord, hvor neeringsstofniveauet i dag er tilstraekkelig
lavt til, at marin naturgenopretning kan igangseaettes. Men det er i dag ikke muligt at foretage marin
genopretning i store dele af fjorden pga. for hgije tilfarsler af neerinfgsstof

De faglige analyser viser, at genopretning bgr starte i de dele af den ydre fjord, hvor
neeringsstofniveauet er tilstraekkeligt lavt. Efterhanden som naeringsstoftilfarslen falder, vil der blive
mulighed for naturgenopretning i tilstadende omrader i fjorden.

Analyserne ift. de marine virkemidler peger pa, at falgende reekke af tiltag vil give de bedste
muligheder for genopretning:
1. 0 Sa n d c aompkoing Figatsdeemningen og langs Egensedybets sydlige kystlinje. Evt.
ogsa ved bugterne omkring Klintebjerg.
2. Stenrev ved Enebaerodde, Firtalsdeemningen og Bregngar.
3. Genopretninger af biogenerev (muslingebankdr@r kraeves yderligere arbejde for at
kvalificere lokaliteter.
4. Alegreesgenopretning kan potentielt igangsaettes ved omrédet ved Bregngr og ved yderligere
kvaelstofreduktioner udvides restaurering til andre omrader.
5. Genskabelse at tabte strandende Lumby inddeemmede strand



Teknisk overordnet vurdering af gennemfgrelse

De foreslaede lgsninger til nzeringsstofreduktioner i oplandet er alle kendte virkemidler, som i dag
anvendes. Der er sdledes ikke nogen tekniske forhindringer i gennemfgrelsen. Den starste udfordring
er skalaen.

Der skal etableres vadomrader i sa godt som alle adale. Dette vil dels fordre, at arbejdet med at
etablere vadomrader skal op i tempo, og dels kraever det stor opbakning fra lodsejere.

For arbejdet med etablering af vadomrader er der i foraret 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 afggrende for at
sikre det ngdvendige medejerskab og lodsejeropbakning til udarbejdelsen og implementeringen af de
lokale planer.

Der er desuden faktorer som ikke er medtaget i beregningerne, men som peger pa gget sandsynlighec
for at komme i mal med god tilstand:

9 Siden perioden 2018018 er der sket et yderligere-20 % fald i sommerkoncentrationen
(juni-aug.) af nitrat i de 4 starste vandlgb til fjorden og koncentrationen af nitrat i alle 4
vandlgb er i dag under 1 mg/l i disse maneder. Dette er ikke sketagnterar, men fordi
fjorden er seerlig fglsom for sommertilfgrsel, vil dette have positiv virkning for fjorden. Hvis
faldet i sommermanederne er tilstreekkeligt til at kunne resultere i en effekt pa de to
indikatorer, forventes det at indga i den naeste stagwerelse fra de statslige
vandmyndigheder.

{1 VandCenterSyd har planlagt flere aktiviteter, som pa leengere sigt vil nedbringe tilfgrslen af
renset spildevand til fjorden. Herunder omlaegning og nedlaegning af mindre anleeg, samt
reduktioner af uvedkommende vand i aflabssystemer.

1 Den modelberegnede fiernelse i vadomrader (fiernelse pr ha) er sat konservativt, og det
vurderes sandsynligt, at man ved realisering kan opna en stgrre fiernelse end antaget i
beregninger.

1 Hotspotundersggelse i delopland viser, at der er potentiale for at reducere naeringsstoffer fra
specifikke omrader, som bidrager meget. Dette vil gge effektivitet ved placering af
virkemidler.

1 Der er ikke medregnet positiv feedback fra marine restaureringstiltag. Nar alegraes etableres
i tilstreekkeligt omfang vil det have en betydelig filtereffekt i forhold til neeringsstoffer.
Positive feedback mekanismer indgar dog allerede i antagelsernestiaaytmlse af
malbelastninger til fjorden.

Samlet set vurderes planen mulig at opna, men det er ikke muligt inden for tidsfristen for opnaelse af
god gkologisk tilstandi 2027. Etablering af vadomrader tager erfaringsmaessigt flere ar at
gennemfgre. Herudover kraever seerligt den marine restaurering veesentlig finansiering, som der ikke
findes i dag.



Anbefalinger fra Kystvandrad et for Odense Fjord

Pa baggrund af de tekniske analyser har Kystvandradet for Odense Fjord udarbejdet nedenstaende
anbefalingetil denvidere indsats ift. genopretning af god gkologisk tilstand i Odense Fjord.

1. Helhedsorienteret tilgang i oplandet
Kystvandradet anbefaler, at der for oplandet tages afsaet i en helhedsorienteret tilgang som
beskrevet i scenarie 3. Scenariet indeholder, at der tages flere virkemidler i anvendelse med
det formal at reducere udledningerne af bade kveelstof og fosforeiised-jord.
Indsatserne indeholder etablering af vadomradside minivadomrader og starre
vadomrader i hele oplandet til fiorden, gget rensning af spildetr@eglantning langs
vandlgb og fosfeadale

2. Multifunktionalitet i vadomrader
Kystvandradet anbefaler, at vAdomrader i hele oplandet i Odense Fjord etableres med et
multifunktionelt perspektiv. Konkret anbefaler kystvandradet, at vddomraderne tager hensyn
til bade reduktion af udledninger, biodiversitet, rekreative hensyn osv.

3. Malrettet marin naturgenopretningsindsats
Kystvandradet anbefaler, at der igangsaettes malrettet marin naturgenopretning i Odense
Fjord snarest muligt. Den malrettede indsats skal i farste omgang koncentreres omkring de
omrader af fjorden, hvor naeringsstofniveauerne giver de bedste betingelserkenkret
skal indsatsen besta af bade sandcapping, stenrev, muslingebanker, alegraesudplantning og
genskabelse af tabte strandenge. Pa sigt skal indsatsen udvides geografisk i fjorden i takt
med, at neeringsstofreauerne i flere dele af fjorden falder.

4. Statslig medfinansieringsmuligheder ift. storskala marin naturgenopretning
Kystvandradet anbefaler, at der fra statslig side oprettes en national fond, pulje eller
lignende med henblik pa storskala marin naturgenopretningsprojekter. Marin
naturgenopretning afte omkostningsfuldt, og statslig medfinansiering kan derfor veere
afggrende.

5. Statslig medfinansieringsmuligheder ift. oplandsindsatser, herunder saerligt etablering af
vadomrader
Kystvandradet anbefaler, at der fra statslig side fortsat prioriteres midler til etablering af
vadomraderDet anbefales herunder, at der oprettes en national fond eller pulje, der giver
mulighed for, at kommuner Igbende kan opkabe jord som buffer til anvendelse i
jordfordelingsprojekter.

6. Fortseettelse af modellemedkystvandrad
Kystvandradet ser store styrker i samarbejdet pa tvaers af erhvervsinteresser og
naturinteresser, der i feellesskab kan give lokale perspektiver til indsatsen for et bedre
vandmiljg i Odense Fjord. Derfor anbefaler Kystvandradet;
a. at der prioriteres midler til fortseettelse af det lokale arbejde med kystvandrad.
b. at det lokale arbejde med kystvandrad fortszetter i en kontinuerlig flerarig proces.
c. atresultater fra kystvandradets arbejde integreres i den nationale vandplanlaegning.
d. at modellen for kystvandrad udbredes til flere dele af landet.



Tilstandsbeskrivelse og systemforstaelse ford@nse Fjord(AP 1.1)

Status description of Odense Fjord

Mikkel K Lees, Frederik H Hansen, Ni¢kvane, Mogens R. Flindt & Paula Caivargés.

Dansk resumé

Dette afsnit opsummerer dektaelle miljgtilstand i Odense Fjord samt en systematisk redeggrelse
for de forskellige pre§aktorer der er identificeret i Odense Fjord og som indvirker pa alegraes vaekst
og reetablering. Odense Fjord er, med en middel dybde pa 2.2 m, generelt lavwandetdier med

dybder fra 0 ned til 2.2 meter udger ca. 60% af hele fjordens &igar€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 naeringssaltsbelastet med DIN og DIP koncentrationer som
langt overskrider greenseveerdierne flegéees reetablering og positiv veekaigire2). Den kraftige
eutrofiering fastholder fijorden i en darlig miljgtilstand kendetegnet ved hgj andel af organisk indhold

i sedimentet som negativt pavirker alegreessets reetableringsvene ved darlige forankringsforhold af
udplantede alegreesskud og starre dékedimentet som let resuspenderes ved lave grader af fysisk
stress ved bundefRigure?). Lysforholdene er generelt gode i store dele af fjorden da denne generelt
er lavvandet. De dybere omrader i yderfjorden er dog presset af darlige lysforhold som resultat af hgj
eutrofieringsdrevet turbiditetF{gure 3). Omraderne i inderfiorden hovedsaligt er domineret af
opportunistiske makroalge arter og Phytoplankton samt kraftig epifytvéagst€4). | yderfjorden
muligger den lidt hgjere salinitet og mindre eutrofieringspres veekst af flerarige makroalge arter som
f.eks.Fucus sFigure5). Da alegraes er sensitivt overfor varige iltsvind, blev iltforholdeariteret

med ilt loggere | 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 sa lavvandet.
Alligevel blev der szerligt i efteraret malt badederat og kraftigt iltsvindRigure6). De benaevnte
presfaktorer pa alegraesset har i arevis haft en negativ indvirkning pa udbredelsen af alegrees i Odense
Fjord og er nu reduceret til omkring 1.5% af arealet i Odense fjord med alegrees HapltaB(&

Figure 9). Dette er blot en hurtig gennemgang af hvad afsnittet omhandler og det, i forhold til
overordnet systemforstaelse og detaljeret gennemgang af de forskelligakpoesr, anbefales at

lzese 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 6% knd an average depth of 2.2 Tine average depth of

2.2 m constitutes around 60% of the entire water body Brgarél). A deep and narrow navigation
channel oriented in a north/south direction runs from the inlet of the fjord at the headland Enebaerodde
to Odense harbour in the inA@iost part of the fjord. The maximal tidal amplitude is 0.5 m and the
average residence timéOdense River water is 17 dg§yn County 2003)Using the hydrodynamic
module of the Mike 3D model complex used in the Kystvandrad project we calculated the average
residence time of Odense Fjord finite elements to be 21 days. The catchment area of OF i€ 1095 km
of which about 60% land use is agricultupindolf 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!and 64 ton Py (Windolf et al. 2013)In recent years the N and P loading to OF has decreased



to 1443 and 40.9 ton N and P,yespectively, and by year 2027 the loading is expected to decrease
further to 1300 and 39.9 ton N and B yespectivelyfMiljgstyrelsen 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 (éJiya lactuca, Chaetomorpha lingnsemi
opportunistic rooted vegetatiomRipia maritimq and high turbidity due to excessive growth of
phytoplankton and frequent resuspension evdiits deeper outer part of the fjord (mean depth is
2.7 m) haslowernutrient pressure compared to the inner fjord and is largely dominated by perennial
macroalgae (e.gFucus vesiculosus, Fucus serrgtasd very sparse rooted vegetati@giostera
marinad andhighercurrent and wave activitfKuusemae et al. 2016)
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Figurel. Odense Fjord, DenmariBathymetry and hypsograph of Odense Fjord. Scalebar is 4 km.

Eelgrass stressors and press factors

Marine ecosystems such as Odense Fjord are dynaithcmany different stressors aaj on the

primary production. In balanced systerttge primary production is mainly dominated by a healthy
benthic production and 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.
such a statthe seagrasss providing numerous important ecosystem services such as grelatad

nutrient retentionstabilizing sediments and auj 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 opportuniggemiopportunistic benthic vegetatideading toa deteriorated

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



systematically investigates the different stressors in Odensedfjdrtheir 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 stdbhigjituting
external sources a major part of the nutrient source to the syBteing 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 theechanistic model of Odense fjord used in the third Danish River
Basing ManagemerPlan (RBMP3, 2002016,(CanatVergés et al. 2021From these resultd, is
apparent that the highest DIN loading is found in the imnest part of the fjord gradually decreasing
towards the outer boundaffyigure2). Highest concentrations are found during the winter, followed

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

higher concentrations coming from the inner fjord and a single hotspot in Egensédgbetd, A

& B). The monitored data from 2022023 and the modelled data from 2002 to 2016 followsahse

patters along the fjord, however, the DIN concentrations in the model are generally RighesZ,

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-{gure2, C & D). The measured DIP is generally higher than the modelled DIP,
this difference is the highest in the inner fjoRigure2, C & D). Thisnutrient gradient is primarily
maintained by the large runoff of nutrients from the Odense River catchment area which constitutes
the largest atchment to the fjordThe 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 expersgraks and
perennialsemiperennialmacroalgae. The immediate effed excess growth of both phytoplankton

and opp. macroalgas a detriorated benthic light climatelue to shadingaffecting growth of
benthic perennial primary producers such as eelgrmsgever, irreversible changes in the sediment
characteristicssuch as increase of organic matter and increase of the finer particle tlagedszen
shownto be consequence of tldevated nutrient pressu(¥aldemarsen et al. 20149endering
Odense Fjord into a highly eutrophic systdrarthermore, the disappearance of rooted vegetation
such as eelgrass, not only sustain the fast nutrient turnover, but also enhance the frequency of
resuspension due to tlecrease 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 theng-term eutrophicatioeffects even further. On top, tpeol of organic

matter built up in the sedimenesult 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¢onclusively, thesustainechigh nutrient loadinghas beerkeeping the
system in a eutropt stateandbeing itsderived effectsthe main drivers of the present impoverished
environmental state. In the following sections the derived effects are presented.
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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 healthyhbeprimary 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 2Q€E m2 s* and used as a general threshold anywhere in the specific system
(e.g., Odense FjordFlindt 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 thresholdu&t 266 will

be used for the present study. In a model studiylinglt et al. (2016}he 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. Amdahgm 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 fjigufe 3) where the degree of

other eutrophication related stressors is less severe. During 2022 light loggers were placed at five
shallow stations (~1;2 m depth), four in the outer fjord and one in the inner fjbrgure3). Eelgrass
transplantation experiments were performed at
toolso). We also collected the average benthi
(20022016). At 1,5 to 2 m depth, the higher lighvels 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 growthtthering
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 deyghent of eelgrass shoot densities from test
transplantation activities are further expl ai
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Figure 3. Odense fjord, DenmariBenthic light. A) Modelled benthic light (growth season average, -2003). B)
Monitored light concentration in the inner fijord and shoot density of transplanted eelgrass beds at four stations during
2022. C) Monitored Average light concentration in theaast 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 seedl{Mgddemarsen et al. 2010)t has been
quantified that an arespecific biomass of opp. macroalgae at > 13 g*€cmeates impairs eelgrass
growth and recovery while a biomass exceeding 26 g°@auld severely impact eelgrass recovery
(Flindt et al. 2004; Flindt et al. 1997 threshold of 10 g C riwas estimated to be the tipping point

of negative effects from opp. macroalgae on eelgrass rec(®argt 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 benthi¢o 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 degradabletid@natedn 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 seagach 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
fiord 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 Kigure 4). During 2023 (August), the benthic vegetation of the inner fjord was
monitored in detail. Opportunistic macroalgae (together with -e@portunistic Rupia maritima),

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

in the inner fjord, fitted the distribution simulated in the RBMP3 model for the inner fagdre4).

The distribution of opportunistic specidsllows as well the DIN gradient in the growth season.
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Figure 4. Opportunistic macroalgae coverage in Odense fijordviBjitored 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.asii®ulder reefs),

hence perennial macroalgae species sudfuass sp andGracilaria 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 mastdmtyase
complex becomes positively buoyantesle macroalgae becomes mok@anatVergés et al. 2010)

The macroalgae attached stone/shell, can cause physical damage to eelgrass seedlings, negativel
effecting eelgrass recove(yaldemarsen et al. 2010iowever, when attached to stable substrate,
these perennial macroalgae species are indicator for better water quality than the opportunistic and
semi opportunistic speciel Odense Fjordabout 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 fjordKigure5). In addition, this pressure is further enhanced since perennial
macroalgae inhabits the same areas as eel@fsdt et al. 2016pue to some similarities in their
respective growth kinetics.
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Figure5. Modelled biomass of neapportunistic 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 fauhaw 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 growthseason 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 sensitiad¢oa@lumn oxygen concentrations

below 1 mg QI for about 13 days per weelFlindt et al. 2016Where such conditions negatively
affects eelgrass recovery and growth with possible large scatéfdie Odense Fjord loggers have

been placed in the inneand outer fjord continuously logging the oxygen concentrations (10 minutes
interval), for the priod July 2022 to July 2028igure6). 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 oter fjord moderateand severe anoxic events were recorded in September 2022 where
the duration of the events was betweef¥65nd 56860 hours for moderate and severe anoxic events,
respectively. No anoxic events were recorded in 2023 in the outerlfjisdmportant tonotethat

the time series only encompassed data up Jdunil 2023 thus excluding the autumn periofi2023

known for their frequent occurrence of anoxic evastseen in September 2022. Despite the recorded
anoxic events in 2022 arZD23 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, CanaVergés et al 2021).
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Figure6. Odense Fjord, Denmarkid3olved oxygen concentration (DO), temperature (T) in Odense inner fjord (Seden
Strand, A) and in the Odense outer fjord (Enebserodde, C) along with the accumulated duration of continuous anoxic
events in Seden Strand (B) and Enebaerodde (D). Anoxic emendivided into moderate (DO < 4 my bnd severe

(DO < 2 mg 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 organment 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; Lillebg et al. 2011; Valdemarsen et al. 20@@ddition, 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 highdrag lowanchoring 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 conterthban25 % LOI (Flindt et

al. 2016; Valdemarsen et al. 201D) addition, in areas with organic content above 4 % LOI eelgrass

is usually not preser(tVicks 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 ef,01-2, 26 and 615 cm. The RBMP3 model also included a LOlI,
layerdesc i bi ng the fjorddés surface sedi ments. I n
outer fjord, the northeast area is very sandy, whereas the south east and the deeper areas of the wes
are defined by organic reach sedimefigifre7). In the inner fjord the monitored data predagher

levels of LOI than the modelled data. However, both encounter a higher organic content in the east
area of the inner fjordrjgure?).

Finally, as some areas are more exposed than others, the resuspension frequency also plays ar
important role in eelgrass recovery and growth. In areas with high exposure the sediments are more
frequently resuspended deteriorating the light clinf@@natVergés et al. 2010}nd 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 establishidihtilyet 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 dgdemispension frequencies and

is thus considered as unavailable area for eelgrass recovery-{@agéas 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 aadyanic content, respectivell¢lindt et al. 2016)

17



Monitored (2009)
_

Modelled
(2002-2016)
LOH%L _ & % : ﬁ,‘ | ‘
b = ~ J s
[ 2 q \
\»\7\ = juz
:Lv.“ ‘l | ’\,/ = 3 e
. 2-5cm 5-15 cm . - 4 .
(B ¢ . Sl E
= ) |

Figure7. Odense fjord, Denmarkrganic content in marine sediments. A, b, ¢, d Monitored organic content at sediments
depths of 11, 1-2, 26 and 615 cm. E, Modelled organic content in Odense fjord (RBMP3)

Lugworm stress

With thedecline in spatial coverage and abundance of eelgrass lugweemidola marind 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 saadsseedling¢Delefosse and Kristensen 2012;
Greve et al. 2005; Valdemarsen et al. 20ESpecially 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 lsgworm
unsuitable for eelgrass recovery.HRlindt et al. (2016j biomass of 25 g wet weight (ww)y3was
estimated as a threshold for eelgrass recovery and where a biomass above 48 goulrseverely

impact the recovery potential negatively and a biomass below 10 g Wwanld allow for
undisturbed recovery.

Eelgrass abundance, production and biomass

The prevalence of eelgrass is essential for a healthy coastal ecosystem due to the many ecosystern
services provided by the species. Furthermore, eelgrass is an ecosystem engineering species, whicl
when healthy can partly control its surrounding environneits 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
Therefae, 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 alongomwithgatches at the inlet to Odense
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harbour Figure9). These comprise less than 1.5 % of the total area thus showing a substantial decline
since the 19609~(gure8).
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Zostera marina

Figure8. Odense Fjord, DenmarKistorical patialdistribution ofeelgrass coverage ihd fjord.

The present distribution of eelgrass was mapped in-2023. The outer fjord was monitored using
orthophotos, and individual observations in the field, the inner fjord was monitored during August
2023 Figure9). Furthermore, the RBMP3 model estimates areas with eelgrass prdsiguce9).

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 outeigijoed (

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 sexpraldiection 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 fiedd campaigns have been supported by mathematical models afthaeebGIS analysis to

identify and quantify the restoration potential to improve-sékection of test transplantatiglindt

et al. 2023; Petersen et al. 2021)
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Figure9.Eel grass distribution in Odense fjord. A) Moni tore
distribution was estimated via comparison of orthophotos and field data. The inner fjord was monitored during August
2023. B) Modelled biomass oékgrass in Odense fjord (Maximum of the growth season),-2023.
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Fijordmodel (AP 1.2)

Description of the Odense Fjordmodel complex
Mikkel K. Lees, Mogens R. Flindt, Anders Chrichsen, Trine Cecilie Larsen & Paula Cawakgés

Resumeé

Dette afsnit er ereknisk gennemgang af opsaetningen af Odense Fjod#llen brugt i
kystvandradsarbejdet som oprindeligt blev opsat som en del af modelkomplekset anvendt i
vandpl ansarbejdet under vandomr -deplan 3. Ode
over hele Odense Fjord samt en lille dal af Kattegat ity Bugt. Modellen bestar af et
hydrodynamisk modul, et bglgemodul, et advektagsdispersionsmodul og et biogeokemisk
modul. Modellen er opsat til at simulere perioden 20@R16 med tvangsfunktioner som
repraesenterer denne periode. Modellen uodsgetningen bade kalibreret og valideret imod
malinger foretaget i det nationale overvagningsprogram (NOVANA). Det biogeokemiske modul
bestar af tre dele: den pelagiskg bentiske del samt sedimentet. Den pelagiske del simulerer
primaerproduktionen i vasgsjlen samt koncentrationer af planteplankton og detritus, oplast
organisk stof samt iltindhold i vandet. | den pelagiske del simuleres bade vaekst og tab af
organismer samt mineralisering af organisk stof. Naeringsstoftilfgrslen til den pelagiske del kan
vage bade eksterne tilfgrsler (f.eks. afstramning fra land) og interne tilfarsler (f.eks. realisering af
den interne pulje af fosfor i sedimentet). Den pelagiske del er koblet til sedimentdelen hvor der
ligeledes simuleres vigtige gkologiske processor sasuszetning af forskellige stoffer og
nitrifikation/denitrifikationsprocessor. Der kan saledes ske transport imellem den pelagiske del og
sedimentdelen. Den bentiske del simulerer primaerproduktion af bentiske primeerproducenter sdsom
alegrees og makroalger samikro-bentiske kiselalger. Denne del er ligeledes koblet til bade den
pelagiske del og sedimentdelen saledes at f.eks. alegraes har mulighed for neringssaltsoptag fra
porevandet i sedimentet via rodnettet. Alle primaerproducenter beskrives i kulstotpkeagls

fosfor eekvivalenter. Et indbygget massebalance modul holder styr pa alle masser i modellen og
sgrger for at der er massebevarelse i modellen. Det anbefales at leese hele afsnittet for en
fuldkommet og detaljeret forstaelse af modellens opsaetningnsauitog hvordan de forskellige
elementer indgar og integreres i modellen.

The Mike model complex

To support the preparation of the Danish River Basin Management Plan@@ZD2{RBMP 20241

2027) DHI developed a model complex consisting of 11 mechanistic models. The development of
the model complex was initiated by the Danish Environmental Protectienckd EPA) andimed

at increasinghe spatial coverage of ecological models on a national scale. The RBMR@&121
model complex consists of two regional models, three local models and six estuary models. The
regional North Semodeland Inner Danish Wats 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 thisproject However, regional model results are important in providing outer boundary
conditions for the localand estuary models.
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The three local models cover water bodies in the neestern Belt Sea, southestern Belt Sea and
Smalandsfarvandet. The nostlestern Belt Sea model (NBS or Nordligedfhav, NBH) coverghe

marine waters north of Funen as well as éigrsens (HF) and Vejle (VF) FjordThe Odense Fjord

(OF) model that is used in the Kystvandrad project is one of the six estuary models with increased
spatial resolutiorAll the different models consist &dur modules: 1) a hydrodynamic module (HD),

2) a wave module SW), 3) an advection/dispersion module (AD) amt) an aquatic
ecosysterfbiogeochemicamodule (AEM). The HD module computes physical parameters such as
waler levels, current speed and direction, salinity and temperdthee.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 nutrientsbi@geocherntal module (setup in the
numerical MIKE solver ECQab) computes changes in concentrations of biochemical components
due to various ecological processes such as growth and loss pr¢eestsen and Birkeland 2019)

The Odense Fjord (OF) model

The OF model domain covers the whole of Odet [m]
Fjord including Dalby Bugt and a small area ju 6162000
outside the Fjord north of Funen. For tphi®ject
we only assess Odense Fjord south of the opetr ]
Gabet, whyall area outside Odense Fjord wi 6158000
removed in the GIS layerE¢jl! Henvisningskilde
ikke fundet.). The OF model uses a flexibigze ]
unstructured mesh with either triangular « 6154000
guadrangular finite elements. Different resolutio
depending on location within the fjord are us: ]
ranging from 15@00 m to 1000 m. Especially 61500001
areas of potential eelgrass reagver areas with
complex and dynamic flows has higher horizon 1
resolutions. The vertical mesh is structured & 61460001
comprise three sigma layers downi ®m and the
rest of the water column is resolved by 1&yers 1
of 1 m thickness. 61420004

6160000
6156000
6152000
6148000

61440001 g1

590000 600000
The OF model has one open boundary towarigure 10. Odense FjordRed dots show source in|
Kattegat. Boundary conditions for water levels pointsto the modelNutrient inputs only occur in the
extracted from the regional IDW model while oth!0c2Uons along with transport across the outer bou

and atmospheric depositions.
HD parameters such as water temperature
salinity originate froma measurement station close to the boundaagion FYN6940622. Data on
meteorological forcingslata(e.g., air temperature, wind speed and direction, humiditginate
from station Odense Airport (Station 612000), StormGeo and Agernaes depending on the parameter
and timeframe. Data on the freshwatad nutrientnput to Odense Fjord was baseddatafrom the
Danish Centre for Environment and Energy (DCE)
|l nitial conditions on HD parameters are fdcol d
were fihot startedo using monitoring (Kguel) f r om
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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 val u-®usning the yean2002AE M
four times using initial conditions based on measurements from 2002 from within Odense Fjord.
Initial conditions for seabed substrates were extracted from EMODnet (201&)ataydhile initial

values fobenthic vegetatiowas calculated by threeyearmodel runwith defined initial biomasses

in order to reach a steya state situationSee(DHI 2019; 2020¥or additional details.

Details on the AEM module

This sections a short summary of a technical n(Eeichsen and Birkeland 2018 the biochemical
model (AEM module) which is a part of the scientific documentation of tiéEMnodel complex
used in the RBMP 2022027 developed by DHI.

The AEM modules used in the RBMI®21-2027 model complex comprise three compartments:
pelagic, benthic and sediment compartmélrtie pelagic compartment simulates the concentrations

of phytoplankton, zooplankton, detritus, dissolved organic matter and dissolved oxygen icontent
the water phase. Phytoplankton growth is modelled becatisepifytoplankton primary production

minus the results of loss processes. The main factors controlling phytoplankton production are
nutrient and light availability along with temperature. Loss proceasegnainly 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. e postuptake phytoplankton growth is then controlled by Droop kinetics
(Droop 1968Wwhere growth is a function of the intracellular nutrient concentration. To differentiate
between seasonal changes in algal characteristics the AEM nsptitdghephytoplankton inwo
functional groups: 1adiatom state variabli®r computing the spring bloorand?2) a flagellate state
variable. The diatom state variable introduces-martile low light dependent algal cells which rely

on water turbulence to prevent sedimentation. The flagellate state variable introduces neutrally
buoyant algal cells tahe 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) areat suejct to
sedimentation or bacteria driven remineralization processes (microbial loop). Hence, remineralization
of | abile organic matter reintroduces other wi
These high turnover rates support addaigohytoplankton growth influencing the light climale.
addition to detritus from phytoplankton loss processes C, N and P as dissolved organic matter (DOM)
is also introduced in the systems by ldrased runoff. In the models, DOM is divided into labile
dissolved organic matter (LDOM) and relatively refragtacolored dissolved organic matter
(CDOM). Thus, three states dkadorganic 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-gadaddunoff

areas such as rivers, direct discharges such as wastewater treatment plants and atmospheric
deposition) and internal sources (e.g., sediment fluxes aretatization 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 tager 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 al®waeresult 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, 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, whem &N ratio indicate higher

lability of the organic pool. While the degradation is realized by utilizing oxygen or nitratg {INO

rate degradation is dependent on the oxyged/or NQ availability as well as the C:N ratio in the
sediment. The sedimecwmpartment also computes denitrification eNd the binding of inorganic

P to oxidized iron (F€") 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/pelaggnt nut
exchange and thus, the sediment may act either as a sink or a source of inorganic nutrients to the
water phase. This integration is introducedathltregional, local and estuary models and are directly
applied to theOF model

Besides phytoplankton introduced in the pelagic compartment the benthic production compartment
introduces four important benthic primary producers: Eelgisstéra maring annual opportunistic
macroalgae (e.g., filamentous brown algae@ivad sp), perennial macroalgae (e.§ycussp.), 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 appqiate 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 tinees¢gpore 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 wouldlso 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 poolsfareeaskd
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, grazinigcay 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 modulesinclude > 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 tihegtatagrariables due

to the movement of water. Finally, a mdmdance 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 Chrichsen, Trine Cecilie Larsen & Paula Cavargés

Resumeé
Dette afsnit omhandler den gkologiske model anverkitstvandradsarbejdet og en yderligere
validering af denneDendynamiskeB k ol ogi ske model el l er ofjordm

blev opsat ifm. det danske vandplansarbejde (Vandomradeplan 3) og la saledes klar til anvendelse i
kystvandradet. Ved opsaetningen af en sddan model og forud for anvendelsen af en sadaensker der
omfattende kalibrering og validering af modellen. Dette arbejde blev udfgrt under opsaetningen i
vandplansarbejdet. Dog blev rdesom fglge af nezeringssaltsmalinger foretaget i Odense Fjord
Samarbejdet, besluttet i kystvandradet at modellen skulle valideres yderligere op imod de nye
malinger af kvaelstof og fosfor. Der er saledes foretaget tidsseriesammenligning (Bilag C, D, E og F)
og en statistisk sammenligning (Bilag A og B) mellem oplgst uorganisk kveetggofosfor
(henholdsvis DIN og DIP) imellem de malte koncentrationer pa 21 forskellige stationer i fiorden og
den simulerede koncentration udtrukket fra modellen pa det kadsdit som definerer
malestationerne. Den statistiske sammenligning er lavettestistsom sammenligner det manedlige
gennemsnit imellem hele modelperioden (2Q026) og feltkampagnens udstraekning (2@223).

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

der ikke en statistisk forskel mellem den malte og simulerede koncentration i 46 og 47% af de
statistiske tests for henholdsvis DIN og DIPalle 1) og modellen rammer saledes, indenfor den
statiske usikkerhed, plet pd omkring halvdelen af samtlige tests. Sammenligningen er ogsa lgftet fra
de enkelte malepunkter til et overordnet helikopterperspektiv pa system niveau hvor systemets
fordelingen af DINog DIP koncentrationer er sammenlignet pd baggrund af koncentrationer
udtrukket fra MIKE modellen og interpolerede veerdier fra feltkampadfignrel2). Her ses et fint
sammenfald mellem modellens og feltkampagnens malinger for DIN. For DIP er der fint sammenfald
i yder- og midterfijorden hvorimod modellens koncentrationer for DIP i inderfjorden er noget lavere
end de malte veerdier. Hovedkonklusionendeane yderligere validering er dog stadig at modellen

er i stand til at simulere Odense Fjord, et dynamisk gkosystem med adskillige parametre og
avancerede processor, pa meget tilfredsstillende vis.

Model validation on field measurements of DIN and DIP

The ecological model used in the Kystvandrad project was developed as part of the MIKE model
complex used in Danish River Basin Management Plans (RBMP)-2024 and was in the
development phase successfully calibrated and validated against data fraatichal monitoring
program (NOVANA) during the period 20€2026. However, due to the work performed in the
fOdense Fjord Samarbejdetd consortium, which
nitrogen and phosphorous (DIN, DIP) starting in JB@22 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 20@016) on the positions where the water samples were taken
(Figure 1).
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Figure 11. Bathymetry of Odense Fjord and the locations of the sampling stations.thdbtetation no. 21 is the
NOVANA station in Odense Fjord with ID no.: 94230001.

The simulated and measured nutrient data was compared WielglaTwo Sampletéstcomparing

the monthly means each month at each station resulting in a matrigst$ of a total of 220 tests

(DIN, Table2 and DIP,Table3). 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 st at-i sibole2andiTalkdeB. al y s i
From a total of 440-tests, 119 (DIN) and 117 (DIP) were significant (S/gtue < 0.05) and 101

(DIN) and 103 (DIP) were not significant (NSyplue > 0.05) meaning that 46 and 47% of-#dists

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

was no statistical difference between model results and field measurements of DIN and DIP,
respectively Tablel), although the monthly averages are from different periods (model results from
20022016, and observations from June 2022 throughout 2023).

Tablel. Summary of-test results for comparing simulated and measured DIN and DIP.

Parametel Total (#) NS (#) S (#) NS (% of total)
DIN 220 101 119 g
DIP 220 103 117 gy
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At water body scale, the distribution of modelled (2@026) and monitore{?0222023) 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
fiord), the modelled measurementg éower 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.

— > 150
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Figure12. Growth season averagéesolved inorganic nitrogen (DIN) concentration in Odense Fjord from interpolated
field measurements on 21 stations (June (A) and simulated by the MIKE model (268@16) (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 2022023. Therefore, it is not expected to find a complete correlation between the two data
sets. The yeato-year variations contemplated in the modeg 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 displayee iodlbration period (Figure 3), the
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autumn/winter concentrations vary between the years, why the differences between the observations
(June 20222023) and the model results (26B216) could be explained by this variation.
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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, @ye 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 revensnd. Whereas the autumn and early winter period are
more directly impacted by the yetryear 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 @oriations 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 mbetRBMP3 model

for Odense fjord, ibest calibrated for total phosphorus (TP), than BEME (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 diffaemetween 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 dyica 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 othe DIP:DIN and uptake ratios for primary producers slightly inaccurate..
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Appendix AT Test matrix results for DIN

Table 2. Matrix of ttest results of simulated vs. measured DIN. Based on-tla#ue the results are shown as either
significant (S) or notsignificant (NS) difference between the model results and the field measurements. Combinations

mar ked-Awiwtals i eft out due to | ow number of -2026nmipeleass .
monitored data are from June 200@23.
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 BT Testmatrix results for DIP

Table 3. Matrix of ttest results of simulated vs. measured DIP. Based on-#a¢up the results are shown as either
significant (S) or not significant (NS) difference between the model results and the field measurements. Combinations
ma r k e d -Awiwtals utilue fo fow number of samples. Notice that modelled data are from2B2&whereas
monitored data are from June 262223.

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 1 Inner Fjord stations (DIN)
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Figure13. Odense Fjord, Denmark. Simulated and measured concentrations of DIN in Odense Inner Fjord as defined by
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the WFD. Notice that modelled data are from 2@026 whereas monitored data are from June 2023.
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Appendix DT Outer Fjord stations (DIN)
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Figurel4. Odense Fjord, Denmark. Simulated and measured concentrations of DIN in Odense Outer Fjord as defined by
the WFD. Notice that modelled data are from 22026 whereas monitored data are from J20@22023.
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iXx ET Inner Fjord stations (DIP)
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Figure15. Odense Fjord, Denmark. Simulated and measured concentrations of DIP in Odense Outer Fjord as defined by
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the WFD. Notice that modelled data are from 22026 whereas monitored data are from June 2023.
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ix F1 Outer Fjord stations (DIP)
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Figure16. Odense Fjord, Denmark. Simulated and measured concentrations of DIP in Odense Outer Fjord as defined by
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the WFD. Notice thamodelled data are from 202026 whereas monitored data are from June 2023.
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Fiordmodel og scenari@nalyser (AP 1.4 og 1.6)

Model development and Scenario Aalysis

Dansk resumé

Som en del af arbejdet i Kystvandsradet for Odense Fjord er DHI A/S blevet bedt om at opstille
modelscenarier, udviklet igennem diskussionystvandsradetg oplandsmodellering i parallelle
arbejdsgrupper

Modelscenarierne er baseret pa en tidligere mekanistisk model fobtetese Fjordudviklet og

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

| arbejdet under Kystvandsradet er der blevet udviklet tre modelscenarier, som efterfalgende er blevet
afviklet i den mekanistiske model for Odense Fjord:

1. Et modelscenario (S1), hvor der er implementeret vadomrader i alle potentielle egnede
lokaliteter i oplandet til Odense Fjord. Dette scenario bygger pa resultaterne af en workshop,
som blev afviklet i efteraret 2023.
Et modelscenario (S2) med reduktioner pa renseanleeg i oplandet til Odense Fjord.
3. Et modelscenario (S3), som kombinerer de to ovenstaende scenarier, og introducerer en
yderligere reduktion pa 14% i de arlige-TiRarsler og implementering af minivadomrader i
alle egnede arealer.

N

Resultaterne fra modelanalysen viser en stor effekt afefktionerne fra S1 og S3, men ogsa nogen
effekt af at rense mere pa renseanleeg (S2). Samlet set vurderes det, at S1 og S3 kan bringe fjorden
god gkologisk tilstand, hvis realiseret, og at S2dgdr med forbedringer i fx S3.

Ydermere viser modelanalysen, at isser koncentrationer af uorganisk kveelstof (DIN) reduceres
betydeligt, og til et niveau, hvor starre dele af iseer Odense Fjord, ydre, ma forventes at kunne bringes
i en tilstand, hvor naturgepretningsiltag, som fx alegeestransplantering, vil kunne indga i den
samlede forbedring af fjordens gkologiske tilstand.

Introduction

As part of the worlkcommissioned to Kystvandsradet for Odense FjoHl, A/S wasasked to set up
model scenarios, developed through discussions iKytsrandsrad, and model scenarios developed
in parallel work packages

The model scenarios are based onafready developethechanistic model foOdense Fjord
developed and used during the work with Riger Basin Management Plans (RBME)21-2027
(DHI 201% and DHI 2020) This report briefly describes the model, scenamesthod and results
for theKystvandsrad recommendations going forward.

Model development
The mechanistic model used for the scenario analysis in the preparatory work carried out in agreement
with the Kystvandsrad 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 20212027.

Mechanistic models enable dynamic descriptions of biogeochemistry (ecosystems) and interactions
between natural influences and maade pressures, such as e.g. nutrient loads. Therefore,
mechanistic models can be used to predict changes in specific pernsech as for example,
summer chlorophyda 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 apthgenic 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:

1 A hydrodynamic model

1 A wave model

1 A biogeochemical model
The 3D hydrodynamic model describes the physical systéaer level, current, salinityand water
temperature Subsequentlythe biogeochemical (ecosystem) modeldeveloped descriling the
controlling biogeochemical pelagic and benthic parameters and processes such as phytoplankton,
dissolved oxygen, primary production, etc. A wave model is atmmto describe thehysical
pressure from waves on tkeabedresuspension) angenthic vegetatignincluding eelgrass. The
model structure is modulameaningthe hydrodynamic model is developed independently of the
biogeochemical model.
The three models are based on the fiodesoftware MIKE angtherefore 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-thneensional (3D) incompressible Reynolds
averaged NavieBtokes equations invoking the assumptions of Boussinesq and hydrostatic pressure.
The model consists of continuity, momentum, temperatataity and density equations, and it is
closed by a turbulent closure scheme. The free surface is taken into account usingca@siginate
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, which means that all model
forcings need to cover this periolhe modelresults are analyzed for the ldste yearsof the
modellingperiod to ensure that changes in e.g. nutt@adsarefully reflected in the model.

Model domain

The model domain ideterminedased 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 Katt@@at.model covers the entire Odense
Fjord and consists of two legislative water bodies: The outer fjord (92) and the inner fjord (93).
Generally,Odenserjord is shallow (<2m), but inand around theentral channethe depths up to

10m. The water is usuallywell 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, theMatst boundaries, the horizontal and
vertical model resolution (discretization), and the watepths (bathymetry) of the model. The
following sections describe the details of the horizontal and vertical model mesh.

Horizontal mesh

For theOdense Fjoranodel themajority of the area is covered by unstructurettiangular mesh.

In the innermost part of the fjord and Odense Rigegdrangular elements were used to direct the
water flow.ETRS1983UTM-32 gives the map projection
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Figure0-1 Odense Fjord mesh.

The horizontal resolution varies gradually from 48m to 1000mAreas important for eelgrass
growth/restoration have higher resolution (e.g. Engsg Dybet) or in areas with complicated flows (e.g.
innermost fjord and Odense River)

The model bathymetry shown Figure0-2 is based ormsatellitederived bathymetry data by GRAS

(in the shallow areas up to approximately 0.75m de@R)l 20198 and a combination dZ-Map
navigation chart datand the Danish Coastal Authorisyrvey datdor the restThe vertical datum

of the bathymetry is DVR90.
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Figure0-2 Odense Fjord Bathymetry.

Vertical mesh

The vertical mesh is structured and consists of a combination of-sagyialayers. In the Odense
Fjord model, a total of 21 model layers are applied. The water column from the surzebelow
mean sea level (MSL) is resolved by three sigayars,and the water column below is resolved by
up to 18 zZlayers, with a layer thickness of 1m.
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Figure0-3 Example of a crossection in Odense fjord showing the vertical model mesh consisting of three sigma
layers down ta3m, zlayers of-1m resolution down to local depth (here down to the local depthilof)

Model forcings

Openboundary 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 StatieiN6940622were used to specify the tirvarying

water temperature and salinity profiles at the boundary.

Atmosphericforcing
The applied atmospheric forcings consist of:

Wind speed/direction
Air temperature
Relative humidity
Precipitation

1 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 Airptidnsfeom 2002 to 2012 and
StormGeo from 2013 to 2017.
Measured time series of daily precipitation from Agernaes (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 peri@013 to 2016, hourly time series of model data extracted from
meteorological fields provided by StormGeo were used.

= =4 -8 A
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Freshwatersources

The Odense Fjord model includes sources representing the freshwatdf tarthe fjord. The
freshwater data are available based on data from DCE (Aarhus UniversityY'amdedwater body

level, and these data were distributed based on catchment area and knowledge of specific point
sources and included in the model accordingigure0-4.
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Figure0-4 Distribution of freshwater sources applied in the Odense Fjord model.

Fynsveerket

The Odense Fjord model includes thecharge of cooling water from Fynsvaerket. Information about
volume (n? s1) and water temperature is based on data from Fynsvaerket covering the period from
20022016.

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 spmis short, meaning the currents and water levels adjust

to the forcings within a short time frame and do not impact the analysis period.

43



For the 3D initial salinity and sea temperature fields, however, theippgslonger, 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 createnttial temperature and salinity fields.

Model calibration
The hydrodynamic model is calibrated and validated according to measuréraen20022016,
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 supphe 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 poold autrients and the exchange of nutrients between the sediment and water
phase. 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 describedEnchsen & Birkeland2019.

Open boundary conditions

The Odense Fjord model has one open boundary towards the Danish straits loteatttheast

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 arealistributed atmospheric deposition of nitrogen (N), Department of Environmental
Science, and aligned with HELCOM depositions (see Erichsen & Birkeland 2020).

Dynamic bottom shear stress informatismeeded 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, togetherowitient conditions from the
hydrodynamic model results.

The technical report DHI (2020) gives documentation on model farcing

Sources

The Odense Fjord model includes sources with-tzaskd nutrient loadings via streams together with
theintake and discharge of cooling water from Fynsveerkdiigare0-4, the location of the sources
is shown. Freshwater ruoff from land is included in the hydrodynamic module.

The model sources are specified as time series with d&ijyngloadings of inorganic and organic
nutrients, including also total nitrogen (TN) and total phosphorus (TP). Thebéeadl nutrient
loadings are based dDCE/AU, Department of Bioscience data a 4th order water body level.
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Fynsvbrketds cool i ng doaot comtribue totarsy kntrierasnadthedjords ¢ h a
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) fodetails. In addition, thenodel has been validated against measurements
from 2022 and 2023 monitored as part of the Odense Fjord Samarbejslevalidation has been
reported to the Kyst vaKytgandsdd WP13 Modebvaligatiomat e do

Model scenarios

As part of the Danish Environmental Protection Agen(@EPA) projects behind thRBMP 2021

2027, it has previously been determined that the waidiesOdense Fjord, Seden Strarahd
Odense Fjordydre, are sensitive to phosphorus and the amount of nutrients that are discharged,
especially during thgrowthseasor{Erichsen et al. 2021a).

The work behind thelevelopedscenarios was carried outarparallelwork packagéWP 2.9) and

the results are described in more detallansenet al. (in prep.)

In summary, the following scenarios have been decided and implemented in the mechanistic model
for Odense Fjord, Seden Strand, and Odense Hjdrd,;

1. A wetland scenario (S1): As part of the work in the Kystvandsrad, 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 masle
executed, including the daily reductions based on implementing two variations of wetland
areas (sekarsenet al. (in prep.) for details). The results of the swat analysis are shown in
Figure0-5.

Reduktionsfaktor - 51

1.4
1.2

o o o o
o B NCT < )

01-01-2011 01-01-2012 01-01-2013 01-01-2014 01-01-2015 01-01-2016 01-01-2017

Figure0-5 Daily reductions based on scenario 1, including wetlands as the only measedufiing the TNoad.
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 ef(isl.prep.)) for details.

The results from the different scenarios are include&igure 0-6 and Figure 0-7, whereas the
summary of the scenarios is includedrableO-1.
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Figure0-6 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 sceAaBeage for 2012016.
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Figure0-7 Monthly TP loads to Odense Fjord, Seden Strand. The large reductions are observed for S3, where the
14% reductions are included. Average for 2Q0A46.
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Table0-1 Summary of scenario loads (top rows) and the relative difference to the status loads (bottom rows).
Average for 2012016.

Loads Status TN | Status TP S1TN S1TP S2 TN S2 TP S3TN S3 TP
[tons N] [tons P] [tons N] [tons P] [tons N] [tons P] [tons N] [tons P]

Odense Fjord,

1438 ‘ 44.5 ‘ 913 44.5 ‘ 1431 ‘ 44.2 ‘ 906 37.8

ydre
Odense Fjord,
Seden Strand 1366 ‘ ‘ ‘ 1359 ‘ ‘

Status TN Status TP S1TN S1TP S2 TN S2 TP S3 TN S4 TP
dlfference

Odense Fjord,
ydre

Odense Fjord,

Seden Strand 1 1 0.64 1 0.99 0.99 0.63 0.85

Method
In SectionO, the model scenarios are briefly described. These scenarios have been coarpieted,
model results have been prepared to be able to absedtects on summer chlorophydland ks in
the growth season calculated as described in Erichsen et al. (2021b).
In Erichsen et al. (2021b), model scenarios are used iRBMP 20212027 workto calculate a
doseresponse for the two indicators summer chloropayhd k in the growth season. In Erichsen
et al. (2021b)the doseesponse is calculated in relation to changes in the alwadsdf TN and TP
based on the assumption that a reduction in the aftoadik distributed in % evenly over the year.
This means an annual reduction of 10% inld&dis divided by a 10% reduction theJanuaryoad,
10% inthe Februaryload, etc. The dseresponse and associated relationships betwssshand
summer chlorophyda are showim Figure0-8.

Relativ Klorofyl-a

»
Tilsgtgnd A OpK.N [% / %]
(malinger) |
= 1
100% |
]
]
]
i
Miljgmal = i
50% |
Reference f====== FIk :
= 30% i !
1 I
1 i
H ! Relativ DK
landbaserede N-
Reference Nutidig tilfarsel (tons N)
tilfersel = 30% tilfarsel =
100%
(2014-2018)
Figure0-8 Schematic illustration of dosesponse 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 figitexample shows the desesponse unit has % change in summer chlorofzhyll
concentration per % change in TN load.
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The description in Erichsen et al. (2021b) relates to changes in TN and TP laaadgahnd 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 Kystvandsrad, 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 loargye rate) between specifie P
reductions and yeaound TN load.

Annual equivalents
To evaluate the effectiveness of reducing TP inputs, the effects on the indicators summer chlorophyll
a and k in the growth season are compared with corresponding model results behind the RBMP
2021-2027.
In Erichsen et al. (2021b), yesvund reductions were calculated as relative changes in nutrient inputs
and effects on the indicators. In relation to the work behind the Kystvandsrad, this method is adjusted
so that it is still calculated relative to timelicators, while the changes in loads are now calculated in
absolute reductions, sé&gure0-9 andFigure0-10.
The unit on the doseesponse curve is changed to, for example; alfange in summer chlorophyll
a concentration per ton change in TN load and-eh&ge in summer chloropmdl concentration
per ton change in TP load, depending on the nutrient in focus.
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Figure0-9 Schematic illustration of dosesponse calculation. Note that the figure describes relative indicator

differences while the load is in absolute reductions. Therefore, theregsense unit has a-ghange in summer
chlorophylta concentration per tonsafge in TN load in the figure example.
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Figure0-10  Schematic illustration of dosesponse calculation. Note that the figure describes relative indicator
differences while the load is in absolute reductions. Therefore, therelgsense unit has a-ghange in summer
chlorophylta concentration per per toichange in TP load in the figure example.

In this study, we have run scenarios as described in ségtamd thus, we can compare the effects

of reducing yearound TNloads (%equal reductions) and corresponding slopes between reductions

in TN (Figure0-9) and slopes in the actual reductions suggest in this préjegctr€0-9/Figure0-10)

and calculate a TN equivalent for yegaund TN loads:

Equivalent =Ubk-n / Ubk-n

This equivalent can be used in the Kystvandsrads 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 chlorophyda (May to September) and Secchi degthing the growth season (Marts to
September), are included kigure0-11to Figure0-13.

There is an apparent reduction in summer chloroghytietween 3%0%  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-(®%) 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 chloropkg/llin S2, the results show less than 5% increase in the
entire Odense Fjord.

Generally, the improvement in summer chloropfayind Secchi depth will support Good Ecological
Status (GES) in Odense Fjord if realized.
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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.
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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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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 resultsi inorganic nutrients

As marine restoration is also of concern to the Kystvandsrad, similar results presented in the previous
sections are included for DIN and DIP during the growth season (Marts to September). These results
are included irFigure0-14to Figure0-16.

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 chlorealfyiure0-12).

Reductions in DIN are required to ensure the potential successful restoration of e.g., eelgrass
meadows.

While DIN concentrations and chlorophylconcentrations 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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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.
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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 seBtamd the methodology description in sectiin
scenario equivalents to yesound TN loads are calculated. The results are includédbte0-2. It

is important to emphasize that the models have been run frorr220@2 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 numbeyezrs and thus ensure that the internal load can
reach a new equilibrium.

From Table0-2, we conclude that reductions in WWTP have a relatively higher impact on the two
indicators, as the equivalent is betweebh09 why 1 ton reduction in the load from the WWTPs will
impact the estuary equal tel® tons reductions in yeaound 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 makductions 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 Arhus Bugt
syd, Samsg og Nordlige Beelthav, why changes to Odens&, Heden Strand, and Odense Fjord,
ydre, can and will have consequences for reductions in this water body. This is not part of the
Kystvandsr -dés work but may change the resul't
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Table 0-2 Scenario equivalents to year-round TN loads.

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 CanaVergés, Mikkel K. Lees, Frederik H HansdRune Steinfurth, Timi Bank& Mogens
R. Flindt

Dansk resumeé

Dette afsnit beskriver anvendelsen af marine virkemidler i Odense fjord. Disse marine virkemidler er
reduktion af den landbaserede naeringssaltsbelastning, alegraes genopretnicap giagdsamt sten

og biogene rev. Forskellige metoder har vaeret i $pibindelse med alegraes restaurering men efter
adskillige videnskabelige studier er udplantning af legraesskud forankret med sgm fundet bedst egnet
til forholdet i kystneere danske vandomrader. Ved assisteret alegraes restaurering foretages farst en
screenig for egnede omrader til udplantning. Dette gares med model/GIS vaerktgjer efterfulgt af en
drone/orthofoto analyse af de af den gkologiske models udpegede omrader. Herefter foretages
dykkerobservationer af omraderne. Hvis der findes egnede omrader paruhgdrmodel/GIS
analyse, Drone/orthofoto analyse og dykkerobservationer kan der foretages testudplantninger som
skal afsgge den endelige egnethed af de udvalgte omrader. Efter et ars monitering af testudplantninger
kan der i seerligt egnede omrader somiselvpositiv tilvaekst af alegreesskud foretages-siafa
udplantninger. Steskala udplantninger falges med teet monitering for saledes at kvantificere de
yderligere gkosystemtjenester der opstar ved en sadan alegraesrestaurering. Dette flow blev af SDU
anwendt i Odense Fjord i sommeren 2022 resulterende i 12 stationer til testudplantning af
alegreesskud. 2 af de 12 udplantninger overlevede gennem vintererfRQX®2én station i
inderfjorden (#2) og én station (#7) i den gstlige del af yderfjorden neer Brégigare 17). Alle

andre stationer overlevede ikke pga. multipelt stress fra flere pararietsée 8). Station 7 i
yderfjorden viser positiv tilveekst hvorimod station 2 i inderfjorden, dog stadig synlig, har mistet
alegraesskud og er overgroet af kraftig epifyt vaekst hvilket kendetegner inderfjorden. Der er saledes,
med den nuvaerende grad af eutrofieriiiige videnskabelig baggrund for en stkala alegrees
restaurering i Odense Fjord. Der er i kystvandradet arbejdet med virkemidler i oplandet som resulterer
i en 40% reduktion af kveelstoftilfarslen til fjorden. Denne reduktion kan anvendes i den gl®logisk
model som et reduktionsscenarie hvor effekterne af en sadan reduktion kan afsgges. Grundet den
korte projektperiode har det ikke vaeret muligt at anvende en modelleret 40 % reduktion scenarie,
tildeengede, har vi detail analyseret en 30 % reduktion soeafgivet 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 nzeringssalttilfarsel og saledes nedbringe
graden af eutrofieringfjorden kan det veere muligt at fa frigjort omrader i yderfjorden til anvendelse

af marine virkemidler. Denne friggrelse af areal er en forudsaetning for yderligere arbejde med marine
virkemidler i Odense Fjord. Under denne forudsaetning kan SDU pege pteemkeader i Odense
yderfjord hvor der kan afsgges for mulig udfgrelse af samping i stor skalaF{gure 20) samt
anleeggelse af sten revigure21) . T | sidst i dette resum® henv
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 fAbackgroundo Figure 9 A),
needs to be improved to reach good ecological stanesofthe 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
catchmat 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 mentioasdmitigation 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 mitig@ans 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 digtcesses 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. Transplantationf adult shoots are the most successful lmgme 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 veteimia pmoved 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 beinged in Denmark at large scales. This method has been used to
reestablish eelgrass beds at scales ebhBctare in Vejle fjord, Horsens fjord, Lunkebugten and
Kolding fjord. It has also been tested on small scales and with varying success in Odahse Fjo
Roskilde Fjord, Mariager Fjord, Neera Strand, Lillebaelt and Gamborg Fjord. The method for eelgrass
transplantation is described in Flindt et al 2028ahort, 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 {egldrone/orthophotos)

3. Diver observations in subelected areas

4. Test transplantation of selected saeas 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 smaliscale transplantations in Odense Fjord

During the summer of 2022, smaltaleZ. marinatest transplantations were piloted in Odense Fjord.
The purpose of the study was to locate suitable sites for futuredeadge transplantations. In May
and June 2022, 12 stations were established throughout the fjord forsealall eelgrass
transplantdon (Figure17). 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 developmgntaanina
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shoot density in the transplantations, different environmental, physical, and water chemistry were
monitored to correlate losses of shoots to certain streSsainke).
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Figurel7. 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 witil $B)1the eastern fjord with St- 5
7 (C), and the wesrn fjord with St. 812 (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 (stefigure3d).

The other stations were lost to a combination of multiple stressors (Table 1). In the inner fjord,
eutrophicatiorbased stress from fast growing epiphytes and opportunistic macroalgae were the
primary stressors. In the outer eastern fjord, the exptswave 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 Enebeednle. 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 transplaRitgdré 34, B). Although Stations 2
remained alive, it had lost some shoots and was covered by epigtigtee84, A). It was therefore
concluded that the only suitable location for a lesgale transplantation, based on the sisedle
transplantations performed in this study, is north of Bregngr in the eastern outer fjord in the shelter
of naturalZ. marinabeds Figurel7).

Table 3. Bi otic and abiotic stressors at St. 1 through 12
AOpp. macroal gaedo, and AChl. AO6, each X denotes that t
for that stressor. Fohte seven stressors fAWor mso, ACrabso, AObs. gr
and ALOI o6, an X denotes that conditions at that -partic

based threshold for Z. marina recoloniaatiwhile two XX's denote that both the lower and upper thresholds have been
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Light (<200-300 LE m-2s1)
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DIN (>34 pgl)
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Crabs (>4 n m=2)
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Chl. A (p<o0.1)

Opp. macroalgae (p<0.1)

P. macrophytes (p<0.1)

Epiphyte growth (p<0.1)
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Figure34. Odense Fjord, Denmark. Shoot density (A s an average of the 5 transplanted rings of statigh$-7,
and 812 over time (AC). 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
Aibackgroundo and this test transplantation pi
of eutrophication in the inner fjord are too high to startdastple 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 envionmental 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 andMdstthreas. 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 attemptdeatge transplantation, some extra
mitigations need tbe implemented.
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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
flord concentrations, using the RBMP3 model for Odense fjiglite 35). A nitrogen reduction of
30% will improve the environment condition in the outer part of Odense fjord (green aFegsran
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 fweus on the Northwest of the fjord,
where the main stressors affecting eelgrass survival were pointed out to be DIN and hiyguaeia (
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 impathegeelgrass growth together with the
high DIN concentrations and frequent development of hypokablé 3). For these areas extra
mitigation tools, together with the nutrient reductions are needed to improve the eelgrass survival. In
the inner fjord thdevels 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 insaalesto evaluate their
potential effect on the area.

Baseline modelled 30% DIN reduction

(2002-2016) (2002-2016)

Figure 35. Growth season average DIN based on Odense fiord RBMP3 model at baseline conditions and after a 30%
reduction on nitrogen from the catchment g22022016).

Sand capping

After nutrient reduction, the southeast of the outer fjbigure20, 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 higcontent of silt and clay (high LOIlFigure20). This type of sediment reduces

the anchoring capacity of eelgrass and reduces the light availability to the seabed by frequent
resuspension (see al s ocappihgacantassist thé thaaspldntgtioropotantdad ) .
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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 202cm st in mud to ~40cm-$in sand. However, to optimize the sacapping

effect large areas must be implemented. If the sapgped 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 tydrodynamics Isould 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.

Figure20. Odense fjordDenmark. Sediment organic content (LOI) from the RBMP3 model.

Stone reefs

After nutrient reduction, the northwest of Odense outer fjpigufe21, blacksquare, Enebaerodde),

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 macroalga

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 aeslf@l 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 hal 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 reeéy 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 Enebaerodde is defined by sandy sedimehtgilabe 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 belaced 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 eg#tation, a thorough pre

study is needed. The reef needs to be adapted/designed to ex. the local hydrodynamics, the sedimen
characteristics, and the light availability. Specific guidelines and further information on the
restoration of stone reefs cae found in Dahl et al (in prep.) and Steehr et al (in prep.)

Figure21. 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 waterlemn for plankton, hence reducing the turbidity in

the water. In the project Sund Vejle fjord, it has been registered a local effect36f %blight
improvement in areas with newly established biogenic reefs. Large biogenic reefs could also provide
(to alesser 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 quahiyrease 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 musselsMytilus eduli3 have been inhabiting the water of Odense fjord. Oyster shells
(Ostrea eduliy 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 mitigatiofstwohighly eutrophic areas, hence the
centerof 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 138 PSU, depths of >3m, organicntent of the sediment of >10 % LOI and
oxygen conditions of >4mg* (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. Té 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 reductid0®, 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, Steer
et al 2023 and Nielsen et al 2023).

Economic considerations
The exact estimate of the cost for marine restoration oscillates widely from project to pgve
a realistic price some consideration:

1 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. pernbtsgine
surveying, mobilization costs etc.).

1 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 taréNgestoration 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 thiéeofficial guidelines.

1 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 citizemhis reduces the costs significantly.

1 The use of technical divers vs. snorkelers will also increase the time of the operative phase
and costs.

1 Other factors such as transportation costs depending on location, changes on raw material
prices etc. should be as well considered as an uncertainty.

1 The placing of some mitigation tools such as stone reefs orcsqaping, 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 omaageade
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1 Thecommercial 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.

1 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 14). Given the low rates at the Universitydathe need to include maximum 1 model scenario
run (fr om -&idtiagnsodel), prespreening 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 \&jle 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 whichaddl 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 -ZZDKkr year* ha.

Sand-capping

From previous experiences in Odense fjord, Seapping costs are ~250 Kkr -haThis 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 pricé®KkR@ear
Lhat.

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 @5 mio. kr for praminary 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 differentugest. 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 agréissportation 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 ~Z® Kkr year* hat.
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Bioreefs (mussel banks)

The reestablishment of mussel banks in an area requires the establishment of a mussel farm to harvest
local mussel seed and grow up t8 2m 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 typessélvéiowever, 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
consicerations. 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 krjfeabiomass
produced per year was relayed in beds of varying densiyk@mz2). The total area established
oscillated between-62 ha yeat. In all, with a total investment of 5 mio kr, 39 ha of mussel beds
were established in Vejle fijord between the years 2020 and 2023. This price includes all operational
costs, tragport and materials. However, it does not include the site selection for the establishment of
the mussel farm, nor the site selection of sites-stablish the mussel beds, which is estimated in
about 0,30,5 mio kr.

Monitoring activities which should follow the established biogen reef over the consequent years are
estimated on a price of ~2M Kkr year* ha.

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 lasgale sand capping activities around
Firtalsdeemningen 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: Enebaerodde, Firtalsdeemningen and Bregnar.

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. Itilde@tss
perform combined model and fie&ttivities to find these locations, where measurements of
mussel growth/losses are performed on small scalbaess.

4. Eelgrass restoration has a very limited potential in Odense Fjord, as only oreclggsite
showed potential (Bregngr). As the nitrogen reduction gets realized mere test
transplantation will be performed, and hopefully more leagge restoration sgewill 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 Inddeemningen, where we also in a climate
perspective have possibilities to regain some of the lost coastal meadows.
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Resumeé

Odense Fjord opland er et 105.000 ha stort fortrinsvist dreenet opland bestadende af 60 % lerede jorde,
11 % humusjord og 29% sandede jorde. Landbrug udger 64% af arealet, mens natur og
by/infrastruktur udger hhv. 15 og 12 %. Transporter af naeringsstofiglandet viser, at tab fra
landbruget udger stgrstedelen, men spildevand udger en betydelig del i sommerhalvaret, hvor
afstramningen fra land er mindre. Tilfarslen af bade kveelstof og fosfor er faldet gennem arene. Fosfor
er primbrt f al dage afibedré SpBdévareisremsning, measnkveelstof primaert er
fal det gennem 199006erne. Vinterens KkvbPlstofa
sommerens nitratkoncentrationer opstrgms Odense by i de 4 stgrste vandlgb stadig falder, og i dag er
under 1 mg/l nitrafN i de 3 sommermaneder. Bade nye og gamle data indikerer, at
neeringsstoftransporten, bade hvad angar fosfor og kveelstof, kan veere underestimeret pa grund af, at
der med moniteringsprogrammet ikke udtages prgver med tilstraekkelig hagrfsekv

Geologyand land use

Odense Fjord has a catchment area 6{@D hectarescovering approximately orird of Funen

The last ice ageharacterizes the entire catchment dra&eichselice 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% humysand more sandy soil§igurel & Tabell). The landscape around the fjord is fow

lying and several areas around the fjord have bkemed for land usever time Soil map with soll

types indicating marine sediments sand/clay in areas close to theHigude(l, left bottom)

Drainage

Drainage is importanfor transporing nutrients to the aquatic environment. Aarhus University has
calculated the drainage probability for the whole of Denmark,Faguare 1 shows a section of the
drainageprobability map for Odense Fjord's catchment area. The majority of the catchment has a
high probability of drainage due to the predominantly dails. 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 groundwagr (Figure 5).

Agriculture

Agricultural land use makes up around 64% of the total area, corresponding to around 63800 ha
(Tabel2).

The number of livestock productions, cattle, pigsd poultry is distributed roughly equally in the
catchment if cities and nature are disregardeadtock Figure 2). The intensity of livestock
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production is also distributed roughly equaltythe landscape outside cities and natddenure
producti on A h(@easnmpapFigwed®) bat dee togegudation for manure the heatmap
does not reflect the total use of fertilizer including manure on the fields.

Drainage Probability (AU)
%)

I i

a 5 0k
0432 [ ———]
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Jordartskort

(GEUS)
Flyvesand
[0 Ferskvandsdannelser
W Marsk
Marint sand og ler
B Strandvolde
B Morznesand og grus
B Morazneler
W Smeltevandssand og -grus
Smeltevandsler

Jordbundskort (2019)
1 Gravsandet jord
[ Finsandet jord
[ Grov lerblandet sandjord
Fin lerblandet sandjord
B Grov sandblandet lerjord
= Extramarginale aflejringer = E‘e"rjsoar';dbls"d“ (Rt
0 Eldre havaflejringer . svar lerjord

T B Meget sveer lerjord 0 5 0km
I siltjord
[ Humus

Figure 1. Upper L: Terrain model (Geodatastyrelsedpper R: Calculated potential drainage (Aarhus University)
Bottom L: Soil type map 1 (GEUS). Bottom R: Soil type map 2 (Aarhus University).

0 Fyld, havne, diger m.m.

Tabell. Area distribution of soil types in the catchment area of Odense Fjord

Soil type JBnr | 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
Sveer lerjord 9 285 0,3
Total 104963 100
Tabel2. Land use

Type Area (ha) (%)
Agriculture 63791 64
Infrastructure 11512 12
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Nature

Rivers, lakes and wetland
Unknown

Total

14891
6347
3198

99739

15
6
3

100
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