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Konklusioner fra de tekniske undersggelser og analyser af
Kystvandradet for Odense Fjords arbejde

Generelt

For at opna god gkologisk tilstand i Odense Fjord peger de tekniske undersggelser og analyser udfart
i regi af Kystvandsradet for Odense Fjord pa behov for to overordnede tiltag. Dels skal der ske
betydelige reduktioner af naringsstoffer fra oplandet til fjorden, og dels er det derudover ngdvendigt
med marine restaureringstiltag i fjorden.

Fjordens fglsomhed for naeringsstoffer
Undersggelser af fjordens falsomhed for naringsstoffer viser med baggrund i den opsatte fjordmodel,
at:
e der er positiv effekt pa fjordens tilstand ved reduktion af bade kvalstof og fosfor.
o fjordens gkosystem responderer mere positivt pa kvalstofreduktioner i vaekstsaesonen (fra
starten af april til udgangen af oktober) end i vinterhalvaret.

Der er i arbejdet med at finde virkemidler i oplandet taget ovenstaende viden i betragtning. | arbejdet
med at reducere kvalstof fra oplandet er der taget udgangspunkt i vandomradeplanens mal om en
34% reduktion for Odense Fjord, suppleret med et gnske om ogsa at reducere fosfortabet til fjorden.
Der er i oplandsarbejdet lagt serligt vaegt pa at finde 34% kvelstofreduktion i veekstsaesonen, da det
er en afgarende forudsatning for at opna god tilstand.

Valg af virkemidler i oplandet

Med henblik pa at kvalificere valg af virkemidler i oplandet, er der af Aarhus Universitet og SEGES
Innovation opsat en oplandsmodel (SWAT+) til at regne pa kvealstoftransporter fra alle relevante
kilder, herunder landbrug og spildevand. Der er gennemfart fglsomhedsscenarier (ekstremscenarier)
for at teste potentialet for virkemidler.

Resultatet af disse scenarier er, at det har omtrent samme effekt pa kveelstofreduktionen at udlegge
alle adale som vadomrader, som at omlaegge alt landbrug til ekstensivt graes. Konklusionerne er
forelagt Kystvandsradet, og der var her et gnske om at ga videre med 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 brakleegge
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 hensyntagen til relevante 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. VValg
af fosforvirkemidler er ligeledes foretaget i en dialog med Kystvandradet og Odense Fjord
Samarbejdets oplandsgruppe. Det er her prioriteret, at der sa vidt muligt laves tiltag til reduktion af
fosfor, nar der anleegges vadomrader (P-adale), 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 laves vadomrader.

Renset spildevand udger en relativ sterre andel af naeringsstoftilfarslen i vaekstsesonen (fra starten af
april til udgangen af oktober), hvor fjorden er mest falsom for naeringsstoffer. Kvelstof fra
punktkilder udger i veekstseesonen omkring 20-50% af den samlede udledning. | vintermanederne
udger punktkilder 10% eller mindre af den samlede tilforsel til fjorden. Dette er uddybet i afsnit om
”Oplandsbeskrivelse og stoftransport ift. Odense Fjord”. Der er af den grund blevet arbejdet med
muligheder for yderligere at rense for fosfor og kvelstof til trods for, at de store renseanlaeg i regi af
VandCenterSyd allerede renser vaesentligt under lovkrav.

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

e Scenarie 1 (S1): 6.700 ha nye vadomrader

e Scenarie 2 (S2): Forbedret rensning af kvalstof og fosfor fra renseanlaeg forar og sommer
(fra starten af april til udgangen af september).*

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

Note*: Udlgb af koncentrationen af kveelstof og fosfor forbedres fra 3,32 mg/I TN og 0,22 mg/I TP til 3,0 mg/l TN og 0,2 mg/I TP.
Note**: Fosfortiltag omhandler at minimum 10% af vadomraderne anleegges som fosfor-adale. Plantning af treeer pd 10% af sma og middel vandlgb
uden for vadomrader.

De foreslaede tiltag farer til reduktioner, som for Scenarie 1 og Scenarie 3 overstiger arligt mal sat i
Vandomradeplan 2021-2027, som er 34% kvelstofreduktion (tabel). Det ses af den manedlige
fordeling pa graf, at det har vaeret muligt at opretholde en 34 % reduktion i sommermanederne i
Scenarie 3 — dog ikke august som falder til under 30 % reduktion.

Scenarie 1 og Scenarie 3 fgrer ogsa begge til malopfyldelse pa klorofyl-a og vegetations dybdegreaense
jf. malene i Vandomradeplan 2021-2027 for klorofyl og dybdegranse (se afsnit om fjordmodel og
scenarieanalyser).

TN reduktion TP reduktion
Ton % Ton %

Scenarie 1 491 36 0,0 0
Scenarie 2 7 1 0,3 1
Scenarie 3 498 37 6,4 15
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Effekt pa fjorden ved nearingsstofreduktioner

Effekten pa fjordens tilstand ved de foreslaede oplandsscenarier (51-S3) er beregnet af DHI med den
opsatte fjordmodel. Resultaterne herfor viser, at man kan opna de opsatte mal i Vandomradeplanerne
for klorofyl og vegetationens dybdegraense ved Scenarie 1 (vadomrader) og Scenarie 3 (alle
virkemidler).

Fjordmodelberegningerne viser ogsa, at det har en effekt, at yderligere reducere naringsstoffer fra
renseanlag (scenarie 2), fordi reduktionerne sker forar og sommer, hvor fjorden er mest sensitiv for
reduktioner, til trods for at spildevandsreduktionerne i meengde ikke er store. | Scenarie 2 og Scenarie
3 er kun medtaget spildevandsreduktioner, som kan gennemfgres pa den korte bane (fa ar), mens der
er yderligere potentialer pa den laengere bane i forbindelse de aktiviteter VandCenterSyd planlaegger
at gennemfgre. Reduktioner vil stadig veere 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
naringsstoftilfarslen. Der er dele af den ydre fjord, hvor naringsstofniveauet i dag er tilstrekkelig
lavt til, at marin naturgenopretning kan igangsattes. Men det er i dag ikke muligt at foretage marin
genopretning i store dele af fjorden pga. for hgije tilfgrsler af neringsstoffer.

De faglige analyser viser, at genopretning ber starte i de dele af den ydre fjord, hvor
naringsstofniveauet er tilstreekkeligt lavt. Efterhanden som neeringsstoftilfarslen falder, vil der blive
mulighed for naturgenopretning i tilstedende omrader i fjorden.

Analyserne ift. de marine virkemidler peger pa, at fglgende reekke af tiltag vil give de bedste
muligheder for genopretning:
1. ”Sandcapping” omkring Firtalsdeemningen og langs Egensedybets sydlige kystlinje. Evt.
ogsa ved bugterne omkring Klintebjerg.
2. Stenrev ved Enebarodde, Firtalsdeemningen og Bregnar.
3. Genopretninger af biogenerev (muslingebanker) — her kraeves yderligere arbejde for at
kvalificere lokaliteter.
4. Alegrasgenopretning kan potentielt igangsattes ved omradet ved Bregnar og ved yderligere
kvalstofreduktioner udvides restaurering til andre omrader.
5. Genskabelse at tabte strandenge — fx Lumby inddeemmede strand



Teknisk overordnet vurdering af gennemfgrelse

De foreslaede lgsninger til neringsstofreduktioner i oplandet er alle kendte virkemidler, som i dag
anvendes. Der er saledes 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 sandsynlighed
for at komme i mal med god tilstand:

e Siden perioden 2016-2018 er der sket et yderligere 20-30 % fald i sommerkoncentrationen
(juni-aug.) af nitrat i de 4 stgrste vandlgb til fjorden og koncentrationen af nitrat i alle 4
vandlgb er i dag under 1 mg/I i disse maneder. Dette er ikke sket vinter og forar, men fordi
fjorden er seerlig falsom for sommertilfersel, vil dette have positiv virkning for fjorden. Hvis
faldet i sommermanederne er tilstraekkeligt til at kunne resultere i en effekt pa de to
indikatorer, forventes det at indga i den naeste statusopgerelse fra de statslige
vandmyndigheder.

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

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

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

e Der er ikke medregnet positiv feedback fra marine restaureringstiltag. Nar alegrees etableres
i tilstreekkeligt omfang vil det have en betydelig filtereffekt i forhold til naeringsstoffer.
Positive feedback mekanismer indgar dog allerede i antagelserne bag fastleggelse af
malbelastninger til fjorden.

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



Anbefalinger fra Kystvandradet for Odense Fjord

Pa baggrund af de tekniske analyser har Kystvandradet for Odense Fjord udarbejdet nedenstaende
anbefalinger til den videre indsats ift. genopretning af god gkologisk tilstand i Odense Fjord.

1.

Helhedsorienteret tilgang i oplandet

Kystvandradet anbefaler, at der for oplandet tages afset 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 kvalstof og fosfor til Odense Fjord.
Indsatserne indeholder etablering af vadomrader — bade minivadomrader og starre
vadomrader i hele oplandet til fjorden, gget rensning af spildevand, traeplantning langs
vandlgb og fosfor-adale.

Multifunktionalitet i vadomrader

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

Malrettet marin naturgenopretningsindsats

Kystvandradet anbefaler, at der igangseettes malrettet marin naturgenopretning i Odense
Fjord snarest muligt. Den malrettede indsats skal i farste omgang koncentreres omkring de
omrader af fjorden, hvor neringsstofniveauerne giver de bedste betingelser herfor. Konkret
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 naeringsstofniveauerne i flere dele af fjorden falder.

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 er ofte omkostningsfuldt, og statslig medfinansiering kan derfor veere
afgerende.

Statslig medfinansieringsmuligheder ift. oplandsindsatser, herunder seerligt etablering af
vadomrader

Kystvandradet anbefaler, at der fra statslig side fortsat prioriteres midler til etablering af
vadomrader. Det anbefales herunder, at der oprettes en national fond eller pulje, der giver
mulighed for, at kommuner lgbende kan opkabe jord som buffer til anvendelse i
jordfordelingsprojekter.

Fortsaettelse af modellen med kystvandrad
Kystvandradet ser store styrker i samarbejdet pa tveers af erhvervsinteresser og
naturinteresser, der i fellesskab kan give lokale perspektiver til indsatsen for et bedre
vandmiljg i Odense Fjord. Derfor anbefaler Kystvandradet;
a. atder prioriteres midler til fortsaettelse af det lokale arbejde med kystvandrad.
b. at det lokale arbejde med kystvandrad fortseetter i en kontinuerlig flerarig proces.
c. atresultater fra kystvandradets arbejde integreres i den nationale vandplanlagning.
d. at modellen for kystvandrad udbredes til flere dele af landet.



Tilstandsbeskrivelse og systemforstaelse for Odense Fjord (AP 1.1)

Status description of Odense Fjord

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

Dansk resumé

Dette afsnit opsummerer den aktuelle miljgtilstand i Odense Fjord samt en systematisk redegarelse
for de forskellige pres-faktorer der er identificeret i Odense Fjord og som indvirker pa alegrees veekst
og reetablering. Odense Fjord er, med en middel dybde pa 2.2 m, generelt lavvandet hvor arealer med
dybder fra 0 ned til 2.2 meter udger ca. 60% af hele fjordens areal (Figure 1). Odense Fjord har et
stort opland hvoraf omkring 64% er opdyrket landbrugsareal. Der ses en klar eutrofieringsgradient i
Odense Fjord som generelt er kraftigt neeringssaltsbelastet med DIN og DIP koncentrationer som
langt overskrider greensevardierne for alegraes reetablering og positiv vaekst (Figure 2). Den kraftige
eutrofiering fastholder fjorden i en darlig miljgtilstand kendetegnet ved hgj andel af organisk indhold
i sedimentet som negativt pavirker alegressets reetableringsvene ved darlige forankringsforhold af
udplantede alegraesskud og staerre dele af sedimentet som let resuspenderes ved lave grader af fysisk
stress ved bunden (Figure 7). Lysforholdene er generelt gode i store dele af fjorden da denne generelt
er lavvandet. De dybere omrader i yderfjorden er dog presset af darlige lysforhold som resultat af hgj
eutrofieringsdrevet turbiditet (Figure 3). Omraderne i inderfjorden hovedsaligt er domineret af
opportunistiske makroalge arter og Phytoplankton samt kraftig epifytveekst (Figure 4). | yderfjorden
muligger den lidt hgjere salinitet og mindre eutrofieringspres veekst af flerarige makroalge arter som
f.eks. Fucus sp (Figure 5). Da alegraes er sensitivt overfor varige iltsvind, blev iltforholdene moniteret
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 s lavvandet.
Alligevel blev der sarligt i efteraret malt bade moderat og kraftigt iltsvind (Figure 6). De benavnte
presfaktorer pa alegraesset har i arevis haft en negativ indvirkning pa udbredelsen af alegreaes i Odense
Fjord og er nu reduceret til omkring 1.5% af arealet i Odense fjord med alegrees daekke (Figure 8 &
Figure 9). Dette er blot en hurtig gennemgang af hvad afsnittet omhandler og det, i forhold til
overordnet systemforstaelse og detaljeret gennemgang af de forskellige pres-faktorer, 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 61 km? and an average depth of 2.2 m. The average depth of
2.2 m constitutes around 60% of the entire water body area (Figure 1). A deep and narrow navigation
channel oriented in a north/south direction runs from the inlet of the fjord at the headland Enebaerodde
to Odense harbour in the inner-most part of the fjord. The maximal tidal amplitude is 0.5 m and the
average residence time of Odense River water is 17 days (Fyn County 2003). Using the hydrodynamic
module of the Mike 3D model complex used in the Kystvandrad project we calculated the average
residence time of Odense Fjord finite elements to be 21 days. The catchment area of OF is 1095 km?
of which about 60% land use is agricultural (Windolf et al. 2013). From the seven main rivers leading
to Odense fjord, Odense River in the major contributor. Odense River discharge into the shallow inner
part of OF (mean depth of 0.8 m) and is the largest source of total external nutrient loading, 1700 ton
Ny and 64 ton P y* (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 y!, respectively, and by year 2027 the loading is expected to decrease
further to 1300 and 39.9 ton N and Py, respectively (Miljgstyrelsen 2021). The inner fjord is highly
eutrophic and with high concentrations of dissolved inorganic nutrients (DIN and DIP) the inner fjord
is mainly dominated by opportunistic macroalgae (e.g., Ulva lactuca, Chaetomorpha linum) semi
opportunistic rooted vegetation (Rupia maritima) and high turbidity due to excessive growth of
phytoplankton and frequent resuspension events. The deeper outer part of the fjord (mean depth is
2.7 m) has a lower nutrient pressure compared to the inner fjord and is largely dominated by perennial
macroalgae (e.g., Fucus vesiculosus, Fucus serratus) and very sparse rooted vegetation (Zostera
marina) and higher current and wave activity (Kuusemae et al. 2016).
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Figure 1. Odense Fjord, Denmark. Bathymetry and hypsograph of Odense Fjord. Scalebar is 4 km.

Eelgrass stressors and press factors

Marine ecosystems such as Odense Fjord are dynamic, with many different stressors acting on the
primary production. In balanced systems, the primary production is mainly dominated by a healthy
benthic production and a minor pelagic and opportunistic production where the benthic production
such as seagrasses can cope with physical stressors such as wave and current induced shear stress. In
such a state the seagrass is providing numerous important ecosystem services such as growth-related
nutrient retention, stabilizing sediments and acting as nursery grounds for juvenile fauna species
(Duarte 2000; Duffy 2006; Hemminga and Duarte 2000; Orth et al. 2006; Terrados and Duarte 2000)
that help in keeping the system in a healthy state. However, with increased nutrient loading and thus
eutrophication pressure, the balance is shifted, and the primary production becomes dominated by
pelagic production and opportunistic/semi-opportunistic benthic vegetation leading to a deteriorated
light climate and increased pools of organic matter in the sediments. This increases the effects of the
natural stressors already present in the system previously kept in a delicate balance and thus the
overall pressure on eelgrass severely affecting eelgrass growth and spatial abundance. This section



systematically investigates the different stressors in Odense Fjord and their current status, which are
keeping the system in a deteriorated environmental state.

Nutrient dynamics and loading

Despite efforts to reduce the nutrient loading to the fjord the N and P loading is still high constituting
external sources a major part of the nutrient source to the system. During the years 2022 and 2023,
water samples for the analyses of Dissolved Inorganic Nitrogen (DIN) and Dissolved Inorganic
Phosphorus (DIP) were collected periodically in 21stations along Odense fjord. On addition, we
collected relevant results from the mechanistic model of Odense fjord used in the third Danish River
Basing Management Plan (RBMP3, 2003-2016, (Canal-Vergés et al. 2021). From these results, it is
apparent that the highest DIN loading is found in the inner-most part of the fjord gradually decreasing
towards the outer boundary (Figure 2). Highest concentrations are found during the winter, followed
by the autumn and summer. During the growth season (01/03 to 1/10), there is a clear gradient with
higher concentrations coming from the inner fjord and a single hotspot in Egensedybet (Figure 2, A
& B). The monitored data from 2022-2023 and the modelled data from 2002 to 2016 follows the same
patters along the fjord, however, the DIN concentrations in the model are generally higher (Figure 2,
A & B). In both cases, good conditions are found only in the outermost part of the fjord. Average DIP
during the growth season is as well higher in the inner fjord, whereas the hotspot of Egensedybet is
not so pronounced (Figure 2, C & D). The measured DIP is generally higher than the modelled DIP,
this difference is the highest in the inner fjord (Figure 2, C & D). This nutrient gradient is primarily
maintained by the large runoff of nutrients from the Odense River catchment area which constitutes
the largest catchment to the fjord. The hotspot found in the outer fjord is the contribution from the
two small rivers from Egensedybet, which contributes only with 4 % of the total load of the fjord.
The high nutrient pressure to the fjord stimulates the pelagic primary production in terms of
phytoplankton and growth of benthic opportunistic macroalgae on the expense of eelgrass and
perennial/semi-perennial macroalgae. The immediate effect of excess growth of both phytoplankton
and opp. macroalgae is a deteriorated benthic light climate, due to shading, affecting growth of
benthic perennial primary producers such as eelgrass. However, irreversible changes in the sediment
characteristics, such as increase of organic matter and increase of the finer particle classes, have been
shown to be consequence of the elevated nutrient pressure (Valdemarsen et al. 2014), rendering
Odense Fjord into a highly eutrophic system. Furthermore, the disappearance of rooted vegetation
such as eelgrass, not only sustain the fast nutrient turnover, but also enhance the frequency of
resuspension due to the decrease of the critical share stress at the area. Muddy sediment prompt to
frequent resuspension together with a short nutrient turn over, create frequent turbidity in the water
column, which sustain the long-term eutrophication effects even further. On top, the pool of organic
matter built up in the sediment, result in an internal loading of nutrients that are being realized at
different periods during the year and contribute to further deteriorated environmental conditions
(Valdemarsen et al. 2015). Conclusively, the sustained high nutrient loading has been keeping the
system in a eutrophic state and being its derived effects, the main drivers of the present impoverished
environmental state. In the following sections the derived effects are presented.
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Figure 2.0dense fjord, Denmark. Growth season average DIN and DIP based on field measurements (A & C)

Benthic light climate

The benthic light climate is an important factor in analysing the environmental state of a marine
ecosystem. In Danish coastal waters in an oligotrophic state sufficient light reach the bottom
providing a benthic light climate able to sustain a healthy benthic primary production. However, with
eutrophication the benthic light climate has deteriorated and with it much of the benthic primary
production. The threshold for sustaining net production of eelgrass in Danish coastal waters is
estimated to about 200 HE m™ s and used as a general threshold anywhere in the specific system
(e.g., Odense Fjord) (Flindt et al. 2016). However, preliminary results show that the threshold value
of benthic light intensity able to sustain eelgrass growth is dynamic and changes along the
eutrophication gradient as a function of the impact from multiple stressors that are also dynamic along
the gradient. These results are not yet published, therefore the light threshold at 200 uE m s will
be used for the present study. In a model study by Flindt et al. (2016) the results showed that about
55% of Odense Fjord was able to achieve light conditions above the threshold and thus sustain
eelgrass growth. Much of this area, however, is severely affected by other stressors preventing
eelgrass growth and recovery. Among them the overgrowth of opportunistic species such as epiphytes
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which shade eelgrass leaves negatively affecting their photosynthetic capacity. In addition, much of
the area not living up the light threshold is found in the outer fjord (Figure 3) where the degree of
other eutrophication related stressors is less severe. During 2022 light loggers were placed at five
shallow stations (~1,5-2 m depth), four in the outer fjord and one in the inner fjord (Figure 3). Eelgrass
transplantation experiments were performed at all of these locations (se chapter “marine mitigation
tools”). We also collected the average benthic light during growth season from the RBMP3 model
(2002-2016). At 1,5 to 2 m depth, the higher light levels during the growth season were found in the
northwest part of the fjord, followed by the northeast and finally by the inner fjord. All station shows
optimal (northwest) or good levels (northeast and inner fjord) of light for eelgrass growth during the
growth season. The inner fjord is the only station that shows levels below the threshold for growth
during the beginning of the growth season (March). These measurements validate the RBMP3 model
results for light distribution in Odense fjord. The development of eelgrass shoot densities from test
transplantation activities are further explained in chapter “marine mitigation tools”.
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Figure 3. Odense fjord, Denmark. Benthic light. A) Modelled benthic light (growth season average, 2002-2013). B)
Monitored light concentration in the inner fjord and shoot density of transplanted eelgrass beds at four stations during
2022. C) Monitored Average light concentration in the Weast outer fjord and shoot density of transplanted eelgrass beds
three stations during 2022. D) Monitored Average light concentration in the East outer fjord and shoot density of
transplanted eelgrass beds five stations during 2022.
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*Dotted red line represent optimal light concentration for eelgrass growth, dotted black line represent
threshold light concentration for eelgrass growth.

Pressure from opportunistic macroalgae and phytoplankton

Opportunistic macroalgae acts as a stressor on eelgrass growth and recovery due to shading and
drifting macroalgae mats uprooting eelgrass seedlings (Valdemarsen et al. 2010). It has been
quantified that an area-specific biomass of opp. macroalgae at > 13 g C m™ creates impairs eelgrass
growth and recovery while a biomass exceeding 26 g C m would severely impact eelgrass recovery
(Flindt et al. 2004; Flindt et al. 1997). A threshold of 10 g C m was estimated to be the tipping point
of negative effects from opp. macroalgae on eelgrass recovery (Flindt et al. 2016). Increased pelagic
production (i.e., phytoplankton production) is the immediate effect of heavy nutrient loading and is
directly coupled to changes in the light attenuation in the water column and thus, the benthic light
availability. A shift from benthic to pelagic primary production with increased phytoplankton growth
severely affects light availability and reduces the area available for benthic production. In addition,
both phytoplankton and opportunistic macroalgae species are easily degradable and contribute to a
high turnover, releasing nutrients bound in their tissue back into the water column as available
inorganic nitrogen and being realised in further pelagic growth. This turnover of organic nitrogen can
happen several times during a growth season which further enhances the enrichment of the sediments
increasing the pool of organic matter in the seabed. In Odense Fjord both opp. macroalgae and
phytoplankton are very abundant in the inner fjord, following the eutrophication gradient. In the inner
fjord opp. macroalgae biomasses reaches above threshold values, negatively affecting eelgrass
recovery by rendering around 20% of the total area in Odense Fjord unsuitable for eelgrass growth
and recovery (Figure 4). During 2023 (August), the benthic vegetation of the inner fjord was
monitored in detail. Opportunistic macroalgae (together with semi-opportunistic Rupia maritima),
were found to be the dominating species in the inner fjord. The opportunistic macroalgae distribution
in the inner fjord, fitted the distribution simulated in the RBMP3 model for the inner fjord (Figure 4).
The distribution of opportunistic species, follows as well the DIN gradient in the growth season.
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Figure 4. Opportunistic macroalgae coverage in Odense fjord. A) Monitored opportunistic macroalgae coverage in the
inner Odense fjord (August 2023). B) Modelled biomass of opportunistic macroalgae (Maximum of the growth season)
in Odense fjord.

Pressure from perennial mobile macroalgae

Large hard substrate is lacking in many Danish fjords and estuaries (e.g., stone- and boulder reefs),
hence perennial macroalgae species such as Fucus sp. and Gracilaria sp., grows attached to small
stone and shells. While growing, buoyancy of the macroalgae changes, becoming more buoyant by
the formation of the air vesicles that characterise these species. Once the macroalgae-substrate
complex becomes positively buoyant, these macroalgae becomes mobile (Canal-Vergés et al. 2010).
The macroalgae attached stone/shell, can cause physical damage to eelgrass seedlings, negatively
effecting eelgrass recovery (Valdemarsen et al. 2010). However, when attached to stable substrate,
these perennial macroalgae species are indicator for better water quality than the opportunistic and
semi opportunistic species. In Odense Fjord about 20% of the total area fall within this threshold
interval where eelgrass recovery is negatively affected by drifting macroalgae. All of these areas are
found in the outer fjord (Figure 5). In addition, this pressure is further enhanced since perennial
macroalgae inhabits the same areas as eelgrass (Flindt et al. 2016) due to some similarities in their
respective growth kinetics.
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Oxygen dynamics

Frequent and persistent oxygen depletion may cause deteriorated growth conditions and even severe
die-off of many species of both flora and fauna. Low oxygen concentration is a major problem in
Danish coastal waters especially in the late summer and early autumn where temperatures are still
sufficiently high to support mineralization processes of the organic content in the sediment. During
the growth season a large pool of labile organic material is produced from the seasonal algal blooms
settling on the sediment. The organic content on the seafloor is being mineralized at the expense of
heavy oxygen consumption. Eelgrass is shown to be sensitive to water column oxygen concentrations
below 1 mg O I for about 1-3 days per week (Flindt et al. 2016) where such conditions negatively
affects eelgrass recovery and growth with possible large scale die-off. In Odense Fjord loggers have
been placed in the inner- and outer fjord continuously logging the oxygen concentrations (10 minutes
interval), for the period July 2022 to July 2023 (Figure 6). In the inner fjord minor to moderate anoxia
was recorded in 2022 with event durations below 5 hours. No severe anoxic events were seen. In June
2023 both moderate and severe anoxia was recorded, however, event durations was still below 5
hours. In the outer fjord moderate- and severe anoxic events were recorded in September 2022 where
the duration of the events was between 65-75 and 50-60 hours for moderate and severe anoxic events,
respectively. No anoxic events were recorded in 2023 in the outer fjord. It is important to note that
the time series only encompassed data up until July 2023, thus excluding the autumn period of 2023
known for their frequent occurrence of anoxic events as seen in September 2022. Despite the recorded
anoxic events in 2022 and 2023 Odense Fjord is not known for severe anoxia mainly due to the
shallow mean depth where the water column usually is well mixed and is frequently reaerated (Flindt
et al 2016, Canal-Vergés et al 2021).
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Figure 6. Odense Fjord, Denmark. Dissolved oxygen concentration (DO), temperature (T) in Odense inner fjord (Seden
Strand, A) and in the Odense outer fjord (Enebarodde, C) along with the accumulated duration of continuous anoxic
events in Seden Strand (B) and Enebzrodde (D). Anoxic events are divided into moderate (DO < 4 mg I'%) and severe
(DO < 2 mg I'Y) anoxia.

Resuspension frequency and sediment characteristics

The sediment organic content measured as loss of ignition (LOI) can be used as a proxy for the
anchoring capacity of the sediment i.e., the capability of eelgrass seedlings to anchor in the sediment
in the early recovery stage. With medium to high organic content in the sediment the seedlings are
unable to properly anchor and may be damaged or uprooted by sufficiently high bed shear stress
(Flindt et al. 2007; Lillebg et al. 2011; VValdemarsen et al. 2010). In addition, organic rich sediments
are easier to resuspended resulting in deteriorated light conditions. In terms of eelgrass morphology,
this environmental conditions trigger the plant to grow on produce longer leaves and shorts roots
creating a high-drag low-anchoring capacity status and is far more vulnerable to high physical stress.
From field campaigns in Odense Fjord a threshold of organic content was established meaning that
eelgrass is not able to recover in areas with higher organic content than about 2-5 % LOI (Flindt et
al. 2016; Valdemarsen et al. 2010). In addition, in areas with organic content above 4 % LOI eelgrass
is usually not present (Wicks et al. 2009). The sediment conditions of a wide range of stations in
Odense fjord were monitored in 2009. The organic content (LOI %) of the sediment samples was
analysed at sediment depths of 0-1, 1-2, 2-6 and 6-15 cm. The RBMP3 model also included a LOI,
layer describing the fjord’s surface sediments. In general terms both data sets coincide on that in the
outer fjord, the northeast area is very sandy, whereas the south east and the deeper areas of the west
are defined by organic reach sediments (Figure 7). In the inner fjord the monitored data present higher
levels of LOI than the modelled data. However, both encounter a higher organic content in the east
area of the inner fjord (Figure 7).

Finally, as some areas are more exposed than others, the resuspension frequency also plays an
important role in eelgrass recovery and growth. In areas with high exposure the sediments are more
frequently resuspended deteriorating the light climate (Canal-Vergés et al. 2010), and affected by
high physical stress which renders the seafloor material too coarse for eelgrass seeds to settle and
grow into seedlings. A threshold of monthly resuspension was established by Flindt et al. (2016)
where more frequent resuspension than monthly would negatively affect eelgrass growth and
recovery and where areas with daily resuspension are deemed as lost habitats for eelgrass recovery.
In Odense Fjord around 80% of the total area shows weekly and daily resuspension frequencies and
is thus considered as unavailable area for eelgrass recovery (Canal-Vergés et al 2021). About 20 and
40% of the total area in Odense Fjord was deemed unsuitable for eelgrass recovery in relation to
physical shear stress and organic content, respectively (Flindt et al. 2016).
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Figure 7. Odense fjord, Denmark. Organic content in marine sediments. A, b, ¢, d Monitored organic content at sediments
depths of 1-1, 1-2, 2-6 and 6-15 cm. E, Modelled organic content in Odense fjord (RBMP3)

Lugworm stress

With the decline in spatial coverage and abundance of eelgrass lugworm (Arenicola marina) have
invaded the bare bottom areas where eelgrass used to grow and hereby reducing the potential for
eelgrass recovery. Lugworms negatively effects the eelgrass recovery due to their intense reworking
of the sediments leading to burial of eelgrass seeds and seedlings (Delefosse and Kristensen 2012;
Greve et al. 2005; Valdemarsen et al. 2011). Especially in the shallow Odense Fjord there is sufficient
light availability to sustain a large production of benthic diatoms which is the main food source for
lugworms rendering the shallow and productive dieback areas with large populations of lugworms
unsuitable for eelgrass recovery. In Flindt et al. (2016) a biomass of 25 g wet weight (ww) m2 was
estimated as a threshold for eelgrass recovery and where a biomass above 40 g ww m2 would severely
impact the recovery potential negatively and a biomass below 10 g ww m2 would allow for
undisturbed recovery.

Eelgrass abundance, production and biomass

The prevalence of eelgrass is essential for a healthy coastal ecosystem due to the many ecosystem
services provided by the species. Furthermore, eelgrass is an ecosystem engineering species, which
when healthy can partly control its surrounding environment to its benefit. Outside of eelgrass beds
and its surroundings, the seed and seedling survival is very low. The seed production is also dependent
on the standing eelgrass stock, so the less viable eelgrass beds remaining the lower seed recruitment.
Therefore, a certain population stock is necessary to sustain the production of seeds and to protect
newly settled seedlings. Presently eelgrass in Odense Fjord is limited to relatively small and
fragmented beds in the Western and Eastern outer fjord along with some patches at the inlet to Odense
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harbour (Figure 9). These comprise less than 1.5 % of the total area thus showing a substantial decline
since the 1960s (Figure 8).
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Figure 8. Odense Fjord, Denmark. Historical spatial distribution of eelgrass coverage in the fjord.

The present distribution of eelgrass was mapped in 2022-2023. The outer fjord was monitored using
orthophotos, and individual observations in the field, the inner fjord was monitored during August
2023 (Figure 9). Furthermore, the RBMP3 model estimates areas with eelgrass presence (Figure 9).
Both datasets highlight similar areas in which eelgrass is present in the fjord. However, the model
overestimates the extension of the current beds, especially in the inner part of the outer fjord (Figure
9). Given the narrow and fragmented distribution of eelgrass in Odense fjord, the existing standing
stock which can produce flowers, hence seed production is very reduced. This lack of standing stock
limits the seed bank decreasing the chances for sexual reproduction further. In Odense fjord, there
have been several attempts to test the potential for eelgrass restoration through test transplantations
of eelgrass, sand capping of former eelgrass areas that is now turned into muddy bare bottom areas.
These field campaigns have been supported by mathematical models and area-based GIS analysis to
identify and quantify the restoration potential to improve site-selection of test transplantation (Flindt
et al. 2023; Petersen et al. 2021).
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Figure 9. Eelgrass distribution in Odense fjord. A) Monitored Eelgrass distribution in Odense fjord. The outer fjord’s
distribution was estimated via comparison of orthophotos and field data. The inner fjord was monitored during August
2023. B) Modelled biomass of eelgrass in Odense fjord (Maximum of the growth season), 2022-2023.
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Fjordmodel (AP 1.2)

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

Resume

Dette afsnit er en teknisk gennemgang af opsatningen af Odense Fjord modellen brugt i
kystvandradsarbejdet som oprindeligt blev opsat som en del af modelkomplekset anvendt i
vandplansarbejdet under vandomradeplan 3. Odense Fjord modellen, eller ”fjordmodellen” deekker
over hele Odense Fjord samt en lille dal af Kattegat samt Dalby Bugt. Modellen bestar af et
hydrodynamisk modul, et balgemodul, et advektions- og dispersionsmodul og et biogeokemisk
modul. Modellen er opsat til at simulere perioden 2002 — 2016 med tvangsfunktioner som
repraesenterer denne periode. Modellen under opsatningen bade kalibreret og valideret imod
malinger foretaget i det nationale overvagningsprogram (NOVANA). Det biogeokemiske modul
bestar af tre dele: den pelagiske- og bentiske del samt sedimentet. Den pelagiske del simulerer
primerproduktionen i vandsgjlen samt koncentrationer af planteplankton og detritus, oplgst
organisk stof samt iltindhold i vandet. | den pelagiske del simuleres bade vakst og tab af
organismer samt mineralisering af organisk stof. Naeringsstoftilferslen til den pelagiske del kan
veere bade eksterne tilfarsler (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 sasom omsatning af forskellige stoffer og
nitrifikation/denitrifikationsprocessor. Der kan saledes ske transport imellem den pelagiske del og
sedimentdelen. Den bentiske del simulerer primarproduktion af bentiske primzarproducenter sdsom
alegraes og makroalger samt mikro-bentiske kiselalger. Denne del er ligeledes koblet til bade den
pelagiske del og sedimentdelen saledes at f.eks. alegraes har mulighed for naringssaltsoptag fra
porevandet i sedimentet via rodnettet. Alle primarproducenter beskrives i kulstof, kvalstof og
fosfor ekvivalenter. Et indbygget massebalance modul holder styr pa alle masser i modellen og
sgrger for at der er massebevarelse i modellen. Det anbefales at lzese hele afsnittet for en
fuldkommet og detaljeret forstaelse af modellens opszatning samt hvad og hvordan de forskellige
elementer indgar og integreres i modellen.

The Mike model complex

To support the preparation of the Danish River Basin Management Plans 2021-2027 (RBMP 2021-
2027) DHI developed a model complex consisting of 11 mechanistic models. The development of
the model complex was initiated by the Danish Environmental Protection Agency (EPA) and aimed
at increasing the spatial coverage of ecological models on a national scale. The RBMP 2021-2027
model complex consists of two regional models, three local models and six estuary models. The
regional North Sea model and Inner Danish Waters model (IDW) cover parts of the North Sea, North
Atlantic, Baltic Sea and specific parts of Danish water bodies. The regional models are not directly a
part of this project. However, regional model results are important in providing outer boundary
conditions for the local- and estuary models.
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The three local models cover water bodies in the north-western Belt Sea, south-western Belt Sea and
Smalandsfarvandet. The north-western Belt Sea model (NBS or Nordlige Belthav, NBH) covers the
marine waters north of Funen as well as e.g., Horsens- (HF) and Vejle (VF) Fjord. The Odense Fjord
(OF) model that is used in the Kystvandrad project is one of the six estuary models with increased
spatial resolution. All the different models consist of four modules: 1) a hydrodynamic module (HD),
2) a wave module (SW), 3) an advection/dispersion module (AD) and 4) an aquatic
ecosystem/biogeochemical module (AEM). The HD module computes physical parameters such as
waler levels, current speed and direction, salinity and temperature. The SW module computes
significant wave height and period, but more important the physical stress on the seabed (shear stress).
The AD module is a transport module and computes the advection and dispersion of biochemical
components such as particulate and dissolved nutrients. The biogeochemical module (setup in the
numerical MIKE solver ECO Lab) computes changes in concentrations of biochemical components
due to various ecological processes such as growth and loss processes (Erichsen and Birkeland 2019).

The Odense Fjord (OF) model

The OF model domain covers the whole of Odense  [m]
Fjord including Dalby Bugt and a small area just ~ 61620001
outside the Fjord north of Funen. For this project,
we only assess Odense Fjord south of the opening ]
Gabet, why all area outside Odense Fjord was 6158000
removed in the GIS layers (Fejl! Henvisningskilde
ikke fundet.). The OF model uses a flexible-size ]
unstructured mesh with either triangular or ~ 6154000
quadrangular finite elements. Different resolutions
depending on location within the fjord are used ]
ranging from 150-200 m to 1000 m. Especially ~ 61500001
areas of potential eelgrass recovery or areas with
complex and dynamic flows has higher horizontal 1
resolutions. The vertical mesh is structured and 61460001
comprise three sigma layers down to -3 m and the
rest of the water column is resolved by 18 z-layers 1
of 1 m thickness. 6142000

6160000
6156000
6152000
6148000

61440001t

590000 600000
The OF model has one open boundary towards Figure 10. Odense Fjord. Red dots show source input
Kattegat. Boundary conditions for water levels is points to the model. Nutrient inputs only occur in these
extracted from the regional IDW model while other '0cations along with transport across the outer boundary
and atmospheric depositions.

HD parameters such as water temperature and

salinity originate from a measurement station close to the boundary, station FYN6940622. Data on
meteorological forcings data (e.g., air temperature, wind speed and direction, humidity) originate
from station Odense Airport (Station 612000), StormGeo and Agernas depending on the parameter
and timeframe. Data on the freshwater and nutrient input to Odense Fjord was based on data from the
Danish Centre for Environment and Energy (DCE).

Initial conditions on HD parameters are “cold started” except for water temperature and salinity which
were “hot started” using monitoring data from within Odense Fjord. The model sources (Figure 10)
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of total nutrients (TN and TP) are provided by DCE in time series with daily loadings. Initial
conditions for the pelagic values in the AEM module was “hot started” by re-running the year 2002
four times using initial conditions based on measurements from 2002 from within Odense Fjord.
Initial conditions for seabed substrates were extracted from EMODnet (2016) mud-data while initial
values for benthic vegetation was calculated by a three-year model run with defined initial biomasses
in order to reach a steady state situation. See (DHI 2019; 2020) for additional details.

Details on the AEM module

This section is a short summary of a technical note (Erichsen and Birkeland 2019) on the biochemical
model (AEM module) which is a part of the scientific documentation of the MIKE model complex
used in the RBMP 2021-2027 developed by DHI.

The AEM modules used in the RBMP 2021-2027 model complex comprise three compartments:
pelagic-, benthic and sediment compartment. The pelagic compartment simulates the concentrations
of phytoplankton, zooplankton, detritus, dissolved organic matter and dissolved oxygen content in
the water phase. Phytoplankton growth is modelled because of the phytoplankton primary production
minus the results of loss processes. The main factors controlling phytoplankton production are
nutrient and light availability along with temperature. Loss processes are mainly controlled by
respiration, grazing and sedimentation. The nutrient uptake of phytoplankton is controlled by Monod
kinetics where nutrients are taken up into internal pools in the algal cells as a function of the ambient
nutrient concentration. The post-uptake phytoplankton growth is then controlled by Droop kinetics
(Droop 1968) where growth is a function of the intracellular nutrient concentration. To differentiate
between seasonal changes in algal characteristics the AEM models splits the phytoplankton in two
functional groups: 1) a diatom state variable for computing the spring bloom, and 2) a flagellate state
variable. The diatom state variable introduces non-motile low light dependent algal cells which rely
on water turbulence to prevent sedimentation. The flagellate state variable introduces neutrally
buoyant algal cells to the model. The phytoplankton concentration is reduced by grazing and
decomposition and is either transformed into the zooplankton or detritus state variable (pools).
Detritus is described as particulate and dissolved organic matter (C, N and P) and is either subject to
sedimentation or bacteria driven remineralization processes (microbial loop). Hence, remineralization
of labile organic matter reintroduces otherwise “lost” N and P to the water column several times.
These high turnover rates support additional phytoplankton growth influencing the light climate. In
addition to detritus from phytoplankton loss processes C, N and P as dissolved organic matter (DOM)
is also introduced in the systems by land-based runoff. In the models, DOM is divided into labile
dissolved organic matter (LDOM) and relatively refractory colored dissolved organic matter
(CDOM). Thus, three states of dead organic matter are computed in the AEM module: detritus,
LDOM and CDOM.

The nutrient input in the AEM module can be separated into external sources (e.g., land-based runoff
areas such as rivers, direct discharges such as wastewater treatment plants and atmospheric
deposition) and internal sources (e.g., sediment fluxes and mineralization of organic matter produced
in the water column). Additionally, pelagic recycling is also included in the module where nutrients
are recycled in the water column and sediments due to heterotrophic activity.

The pelagic compartment is coupled with a two-layer sediment compartment through several
processes such as sedimentation, filtration, nutrient uptake by benthic plants and macroalgae,
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bioturbation, mineralization, resuspension and predation. These processes accounts for the exchange
of solutes, particles and organisms between the two compartments. A fraction of the internal nutrient
source in then pelagic compartment, as mentioned above, is a result of mineralization of organic
matter in the sediment. This internal nutrient loading is dependent on the size of the C, N and P pools
in the sediment as well as bottom oxygen concentrations, water temperature and bottom water
exchange. Organic C, N and P is released to the sediment pore water by the degradation of the C, N
and P pools while also, a small fraction is immobilized. The immobilization of organic C, N and P is
driven by the C:N ratio and increases with a higher C:N ratio, where a low C:N ratio indicate higher
lability of the organic pool. While the degradation is realized by utilizing oxygen or nitrate (NO3) the
rate degradation is dependent on the oxygen- and/or NOgz availability as well as the C:N ratio in the
sediment. The sediment compartment also computes denitrification of N2 and the binding of inorganic
P to oxidized iron (Fe™™) in an oxidized sediment. Additionally, inorganic P is released to the pore
water when the sediment is reduced due to sediment oxygen depletion. The AEM module ensures
integration of the pelagic and sediment compartments and allow for sediment/pelagic nutrient
exchange and thus, the sediment may act either as a sink or a source of inorganic nutrients to the
water phase. This integration is introduced in both regional, local and estuary models and are directly
applied to the OF model.

Besides phytoplankton introduced in the pelagic compartment the benthic production compartment
introduces four important benthic primary producers: Eelgrass (Zostera marina), annual opportunistic
macroalgae (e.g., filamentous brown algae and Ulva sp.), perennial macroalgae (e.g., Fucus sp.), and
benthic diatom microalgae. As with phytoplankton the benthic primary production is a result of water
temperature, benthic light availability and nutrients. Additionally, eelgrass and perennial macroalgae
needs appropriate sediment and substrate conditions, respectively, in order to grow. In the models,
sediment conditions are related to sediment bulk density. Since eelgrass is a flowering plant with
roots and rhizomes eelgrass take up inorganic nutrients from the sediment pore water and from the
water column by the leaves. Thus, If the nutrient concentration in the pore water is sufficiently high
this would allow for eelgrass growth even when the inorganic nutrient concentration in the water
phase is low. This would also apply for microbenthic diatoms growing on the sediment however,
opportunistic and perennial macroalgae can only take up nutrients from the water phase. Benthic
growth is regulated by the internal N and P pools and where separate N and P pools are used for each
benthic primary producer. The models allow for accumulation of internal nutrients and may drive
growth in seasons where the external nutrient loading in surface waters is depleted. Loss in benthic
primary production includes respiration, grazing, decay and leaf shedding. Lost benthic primary
production is a source of organic matter to the water phase and the sediment where inorganic and
organic nutrients are returned to the internal N and P pools through mineralization.

The AEM modules include > 50 state variables which are about equally divided between pelagic and
benthic compartments. While the variables attached to the benthic compartments are fixed to the
seabed or sediment surface advection and dispersion is introduced to the pelagic state variables due
to the movement of water. Finally, a mass-balance module registers the transport, size and exchange
of the organic matter and nutrient pools in the different compartments ensuring mass conservation in
the models.
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Modelvalidering (AP 1.3)

Model validation

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

Resumé

Dette afsnit omhandler den gkologiske model anvendt i kystvandradsarbejdet og en yderligere
validering af denne. Den dynamiske ekologiske model eller fjordmodellen”, som den ofte omtales,
blev opsat ifm. det danske vandplansarbejde (Vandomradeplan 3) og |a saledes klar til anvendelse i
kystvandradet. Ved opsatningen af en sadan model og forud for anvendelsen af en sadan sker der en
omfattende kalibrering og validering af modellen. Dette arbejde blev udfert under opsetningen i
vandplansarbejdet. Dog blev der, som fglge af naringssaltsmalinger foretaget i Odense Fjord
Samarbejdet, besluttet i kystvandradet at modellen skulle valideres yderligere op imod de nye
malinger af kvealstof og fosfor. Der er saledes foretaget tidsseriesammenligning (Bilag C, D, E og F)
og en statistisk sammenligning (Bilag A og B) mellem oplgst uorganisk kvelstof- og fosfor
(henholdsvis DIN og DIP) imellem de malte koncentrationer pa 21 forskellige stationer i fjorden og
den simulerede koncentration udtrukket fra modellen pa det koordinatseet som definerer
malestationerne. Den statistiske sammenligning er lavet ved t-tests som sammenligner det manedlige
gennemsnit imellem hele modelperioden (2002-2016) og feltkampagnens udstreekning (2022-2023).
Dette giver i alt 440 statistiske tests fordelt med 220 for DIN og 220 for DIP. Som hovedresultat var
der ikke en statistisk forskel mellem den malte og simulerede koncentration i 46 og 47% af de
statistiske tests for henholdsvis DIN og DIP (Table 1) og modellen rammer saledes, indenfor den
statiske usikkerhed, plet pa omkring halvdelen af samtlige tests. Sammenligningen er ogsa lgftet fra
de enkelte malepunkter til et overordnet helikopterperspektiv pd system niveau hvor systemets
fordelingen af DIN og DIP koncentrationer er sammenlignet pd baggrund af koncentrationer
udtrukket fra MIKE modellen og interpolerede vaerdier fra feltkampagnen (Figure 12). Her ses et fint
sammenfald mellem modellens og feltkampagnens malinger for DIN. For DIP er der fint ssmmenfald
i yder- og midterfjorden hvorimod modellens koncentrationer for DIP i inderfjorden er noget lavere
end de malte vaerdier. Hovedkonklusionen fra denne 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) 2021-2027 and was in the
development phase successfully calibrated and validated against data from the national monitoring
program (NOVANA) during the period 2002-2026. However, due to the work performed in the
“Odense Fjord Samarbejdet” consortium, which includes field measurements of dissolved inorganic
nitrogen and phosphorous (DIN, DIP) starting in June 2022 running through 2023, another round of
detailed model validation was suggested. This includes comparison of simulated vs. measured DIN
and DIP on 20 stations in Odense Fjord where nutrient data from the model was extracted as
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timeseries for all model years (year 2002 - 2016) on the positions where the water samples were taken
(Figure 1).
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Figure 11. Bathymetry of Odense Fjord and the locations of the sampling stations. Note that station no. 21 is the
NOVANA station in Odense Fjord with ID no.: 94230001.

The simulated and measured nutrient data was compared using a Welch Two Sample t-test comparing
the monthly means each month at each station resulting in a matrix of t-tests of a total of 220 tests
(DIN, Table 2 and DIP, Table 3). Station 4 was left out of the analysis since the station was positioned
outside the model domain. In some months for a number of stations only 2 samples were taken and
has been removed from the statistical analysis. This has been marked as “-*“ in Table 2 and Table 3.
From a total of 440 t-tests, 119 (DIN) and 117 (DIP) were significant (S, p-value < 0.05) and 101
(DIN) and 103 (DIP) were not significant (NS, p-value > 0.05) meaning that 46 and 47% of all t-tests
for DIN and DIP, respectively, were not significant and thus, in 46 and 47% of all combinations there
was no statistical difference between model results and field measurements of DIN and DIP,
respectively (Table 1), although the monthly averages are from different periods (model results from
2002-2016, and observations from June 2022 throughout 2023).

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

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

DIN 220 101 119 g
DIP 220 103 117 gy
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At water body scale, the distribution of modelled (2002-2016) and monitored (2022-2023) DIN in
the inner and outer fjords fits. However, at local scale, there are some differences, for most of the
areas modelled concentrations are slightly higher, than monitored. In Egensedybet (Northeast of the
fjord), the modelled measurements are lower than monitored. For DIP, the modelled and measure
data differ significantly in Odense Fjord, Seden Strand, but with a much better fit in the outer part of
Odense Fjord.

—— > 150

DIP
(ng )
m0-5
EDS - 10
110 - 15
15 -30
> 30

Figure 12. Growth season average dissolved inorganic nitrogen (DIN) concentration in Odense Fjord from interpolated
field measurements on 21 stations (June 2022-2023 (A) and simulated by the MIKE model (2002-2016) (B). The growth
season is defined as 1/4 to 31/10. Scalebar is 4 km.

Discussion and conclusion

The modelled data covered the period 2002 to 2016, whereas the monitored data was collected from
June 2022-2023. Therefore, it is not expected to find a complete correlation between the two data
sets. The year-to-year variations contemplated in the model, are not present in our one year monitored
data. However, at water body level, the fjord it is expected to follow the same trends.

The DIN modelled data is shown to be significantly different from the monitored data primarily
during the autumn/winter period (September to December, Appendix A, C). Fitting generally better
during spring and summer (January to August). As displayed in the calibration period (Figure 3), the
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autumn/winter concentrations vary between the years, why the differences between the observations
(June 2022-2023) and the model results (2002-2016) could be explained by this variation.
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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, C), are lower than the modelled DIN
concentrations. During the late winter, spring, and summer there is not a consistent difference
between monitored and modelled data. Here, some stations show higher modelled DIN than
monitored, whereas other find the reverse trend. Whereas the autumn and early winter period are
more directly impacted by the year-to-year DIN load, especially in the inner part of the fjord, the
spring and summer concentrations are also impacted by the nutrient availability and algae growth.

In the outer fjord, monitored and modelled concentrations are very close to each other for most
stations and all months besides November and December, where the modelled concentrations are
higher than the monitored.

Regarding DIP overall, the modelled data is lower than the monitored data . In the inner fjord this
difference is more markedly. The most significant differences are found during the spring (Appendix
B, D). The inner fjord present higher monitored DIP concentrations when compared to modelled
concentrations for most of the stations thought the year. In the outer fjord, monitored and modelled
DIP concentrations are very close to each other for most stations and all months. The RBMP3 model

for Odense fjord, is best calibrated for total phosphorus (TP), than DIP (RBMP (dhigroup.com)). Model
calibration shows a slight underestimation of DIP, but a aligned concentration of TP, which might compensate
for the overall phosphorus mass balance on the system.

Model data and monitored data coincide on their relative distribution along the fjord with higher
concentrations. In fact, the inner most stations 8, 9 and 10 have the highest DIN concentrations of the
monitored and modelled samples. However, the differences between modelled and monitored DIP
concentrations at stations 8, 9 and 10 are high, where modelled concentrations are lower than the
measured.

Overall, looking at the correct distribution of the nutrients along the fjord from monitored and model
samples, it can be concluded (based on the difference in periods) that the model set up and general
description is relevant to represent current DIN dynamics in the fjord. However, the consequent
higher load of DIP in the inner fjord in the monitored samples, suggest that either the DIP load to the
model compared to the 2022/2023 differs, the distribution between DIP and TP could be slightly
unbalanced or the DIP:DIN and uptake ratios for primary producers slightly inaccurate..
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Appendix A — Test matrix results for DIN

Table 2. Matrix of t-test results of simulated vs. measured DIN. Based on the p-value the results are shown as either
significant- (S) or not significant (NS) difference between the model results and the field measurements. Combinations
marked with “-“ was left out due to low number of samples. Notice that modelled data are from 2002-2026 whereas
monitored data are from June 2002-2023.

Month
Year 2022 Year 2023
Station 6 7 8 9 10 11 12 1 2 3 4 5
1 - - - S NS S S NS NS S NS NS
2 - - - S S S S NS NS S S NS
3 - - - S S S S NS NS S NS NS
5 NS NS NS S S S - NS S S NS S
6 S S S S S S - NS S S S S
7 S S S S S S - NS S S NS S
8 NS S NS - S S S NS NS NS NS NS
9 S S NS - S S S NS NS NS NS S
10 S S S - S S S NS NS NS NS S
11 S S S S S S - NS S S NS S
12 NS NS NS NS NS NS NS S NS NS NS NS
13 S NS S S S S S NS NS NS NS S
14 NS NS NS S S S S NS S S NS S
15 NS S NS NS S S S S S S S NS
16 NS NS S NS S NS S NS S S NS NS
17 NS S S S S S S NS S S NS NS
18 NS NS NS NS NS S S NS NS NS S NS
19 NS NS S NS NS S S NS NS NS NS NS
20 - - - S S S S NS NS S S S
21 NS NS NS ) NS S - NS NS S NS S
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Appendix B — Test matrix results for DIP

Table 3. Matrix of t-test results of simulated vs. measured DIP. Based on the p-value the results are shown as either
significant- (S) or not significant (NS) difference between the model results and the field measurements. Combinations
marked with “-“ was left out due to low number of samples. Notice that modelled data are from 2002-2026 whereas
monitored data are from June 2002-2023.

Month
Year 2022 Year 2023
Station 6 7 8 9 10 11 12 1 2 3 4 5
1 - - - NS NS S S NS NS S S S
2 - - - S S NS S NS NS S S S
3 - - - S S NS NS NS S S S S
5 NS S S S NS NS - S S S S NS
6 NS S S S NS NS - NS NS S S S
7 NS S S S NS NS - NS S S S NS
8 S S NS - S NS NS NS NS NS NS NS
9 S S S - NS S NS S NS S NS NS
10 S NS S - NS NS NS S NS NS NS NS
11 NS S S S NS NS - NS S S S NS
12 S S S S NS NS NS NS NS S S S
13 S S S NS NS NS NS NS NS S NS S
14 NS S S NS S S NS S NS S S S
15 S NS S S NS NS S NS NS S S S
16 NS NS NS NS S NS S NS S S NS S
17 NS NS NS NS NS NS S NS S S NS S
18 S NS NS S S S NS NS S S S S
19 NS NS NS S S NS NS NS S S S NS
20 - - - NS NS NS S NS NS S S S
21 S S S S NS S - S S S S S
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Appendix C — Inner Fjord stations (DIN)
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Figure 13. 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 2002-2026 whereas monitored data are from June 2002-2023.
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Appendix D — Outer Fjord stations (DIN)
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Figure 14. Odense Fjord, Denmark. Simulated and measured concentrations of DIN in Odense Outer Fjord as defined by
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the WFD. Notice that modelled data are from 2002-2026 whereas monitored data are from June 2002-2023.
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Figure 15. 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 2002-2026 whereas monitored data are from June 2002-2023.
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Appendix F — Outer Fjord stations (DIP)
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Figure 16. Odense Fjord, Denmark. Simulated and measured concentrations of DIP in Odense Outer Fjord as defined by

the WFD. Notice that modelled data are from 2002-2026 whereas monitored data are from June 2002-2023.
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Fjordmodel og scenarieanalyser (AP 1.4 og 1.6)

Model development and Scenario Analysis

Dansk resumé

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

Modelscenarierne er baseret pa en tidligere mekanistisk model for hele Odense Fjord, udviklet og
anvendt under arbejdet med vandomradeplanerne 2021-2027 (DHI 2019a og DHI 2020).

| arbejdet under Kystvandsradet er der blevet udviklet tre modelscenarier, som efterfglgende 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.

2. Et modelscenario (S2) med reduktioner pa renseanlag 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 TP-tilfgrsler og implementering af minivadomrader i
alle egnede arealer.

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

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

Introduction

As part of the work commissioned to Kystvandsradet for Odense Fjord, DHI A/S was asked to set up
model scenarios, developed through discussions in the Kystvandsrad, and model scenarios developed
in parallel work packages.

The model scenarios are based on an already developed mechanistic model for Odense Fjord,
developed and used during the work with the River Basin Management Plans (RBMP) 2021-2027
(DHI 2019a and DHI 2020). This report briefly describes the model, scenarios, method, and results
for the Kystvandsrads 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 2021-2027.

Mechanistic models enable dynamic descriptions of biogeochemistry (ecosystems) and interactions
between natural influences and man-made pressures, such as e.g. nutrient loads. Therefore,
mechanistic models can be used to predict changes in specific parameters, such as for example,
summer chlorophyll-a concentrations, due to climatic changes or changes in nutrient loads.

A number of different factors, such as water exchange, stratification, water temperature, nutrient
availability, sediment characteristics, structure of the food web, etc, determine the ecological
conditions in marine waters. In addition, a number of anthropogenic factors, such as nutrient loads,
fishing, etc., also impact the ecosystem and the ecological status.

In the following the models are described in short. See DHI (2019a) and (DHI 2020) for a more
detailed description of the model setup and model validation.

The model complex for the Odense Fjord, including the two water bodies Odense Fjord, Seden Strand
(water body no 93), and Odense Fjord, ydre (water body no 92) comprise three models:

e A hydrodynamic model

e A wave model

e A biogeochemical model
The 3D hydrodynamic model describes the physical system: Water level, current, salinity, and water
temperature. Subsequently, the biogeochemical (ecosystem) model is developed, describing the
controlling biogeochemical pelagic and benthic parameters and processes such as phytoplankton,
dissolved oxygen, primary production, etc. A wave model is also used to describe the physical
pressure from waves on the seabed (resuspension) and benthic vegetation, including eelgrass. The
model structure is modular, meaning the hydrodynamic model is developed independently of the
biogeochemical model.
The three models are based on the modelling software MIKE and, therefore, contain a hydrodynamic
model, MIKE 3 HD FM, a wave model (MIKE SW) and a biogeochemical model built in the MIKE
ECO Lab. The entire model complex is based on a flexible mesh approach.

Hydrodynamic model development

The hydrodynamic model is based on the modelling software MIKE 3 HD FM (version 2017)
developed by DHI. MIKE 3 HD FM is based on a flexible mesh approach and has been designed for
applications within oceanographic, coastal, and estuarine environments.

The system is based on the numerical solution of the three-dimensional (3D) incompressible Reynolds
averaged Navier-Stokes equations invoking the assumptions of Boussinesq and hydrostatic pressure.
The model consists of continuity, momentum, temperature, salinity and density equations, and it is
closed by a turbulent closure scheme. The free surface is taken into account using a sigma-coordinate
transformation approach. The scientific documentation of MIKE 3 HD FM is given in DHI (2017).

Introduction

The model setup comprises the model domain, establishing the model mesh, preparing the model
forcings in terms of open boundary conditions, atmospheric forcing and freshwater inflows, preparing
the initial conditions and setting up the model.
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For the present project, the model is set up for the period 2002-2016, which means that all model
forcings need to cover this period. The model results are analyzed for the last five years of the
modelling period to ensure that changes in e.g. nutrient loads are fully reflected in the model.

Model domain

The model domain is determined based on the area of interest and the corresponding area of influence,
including the location of the open boundaries.

For the Odense Fjord model, the selection of the model domain is straightforward since Odense Fjord
IS an estuary with only one open boundary towards Kattegat. The model covers the entire Odense
Fjord and consists of two legislative water bodies: The outer fjord (92) and the inner fjord (93).
Generally, Odense Fjord is shallow (< 2m), but in and around the central channel, the depth is up to
10m. The water is usually well mixed, but periodical stratification in the deeper parts of the fjord can
be observed.

The model mesh is the representation of the model domain. More specifically, the model mesh defines
the model area, the location of the open boundaries, the land-water boundaries, the horizontal and
vertical model resolution (discretization), and the water depths (bathymetry) of the model. The
following sections describe the details of the horizontal and vertical model mesh.

Horizontal mesh

For the Odense Fjord model, the majority of the area is covered by an unstructured triangular mesh.
In the innermost part of the fjord and Odense River, quadrangular elements were used to direct the
water flow. ETRS-1989-UTM-32 gives the map projection.
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Figure 0-1 Odense Fjord mesh.

The horizontal resolution varies gradually from 150-200m to 1000m. Areas important for eelgrass
growth/restoration have higher resolution (e.g. Engsg Dybet) or in areas with complicated flows (e.g.
innermost fjord and Odense River)

The model bathymetry shown in Figure 0-2 is based on satellite-derived bathymetry data by GRAS
(in the shallow areas up to approximately 0.75m depth) (DHI 2019b) and a combination of C-Map
navigation chart data and the Danish Coastal Authority survey data for the rest. The vertical datum
of the bathymetry is DVR90.
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Figure 0-2 Odense Fjord Bathymetry.

Vertical mesh

The vertical mesh is structured and consists of a combination of sigma- and z-layers. In the Odense
Fjord model, a total of 21 model layers are applied. The water column from the surface to -3m below
mean sea level (MSL) is resolved by three sigma-layers, and the water column below is resolved by
up to 18 z-layers, with a layer thickness of 1m.
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Figure 0-3 Example of a cross-section in Odense fjord showing the vertical model mesh consisting of three sigma
layers down to -3m, z-layers of -1m resolution down to local depth (here down to the local depth of -11m)

Model forcings

Open boundary conditions

The model has an open boundary towards Kattegat, which is located to the northeast of the model. At
this boundary, the time variation of water levels, water temperature and salinity are specified.

The water levels were extracted from DHI's existing regional model, whereas measured water
temperature and salinity profiles from Station FYN6940622 were used to specify the time-varying
water temperature and salinity profiles at the boundary.

Atmospheric forcing
The applied atmospheric forcings consist of:

e Wind speed/direction

e Air temperature

e Relative humidity

e Precipitation

e Clearness
Hourly time series of measured wind speed/direction, air temperature and relative humidity from
station Odense Airport (Station 612000) were used for the whole simulation period, while air
temperature and relative humidity used data from Odense Airport station from 2002 to 2012 and
StormGeo from 2013 to 2017.
Measured time series of daily precipitation from Agernas (period 2002 to 2011) and Odense Airport
(from 2011 to 2013) together with measured hourly data of clearness (cloud cover) from Odense
Airport were used. For the period 2013 to 2016, hourly time series of model data extracted from
meteorological fields provided by StormGeo were used.
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Freshwater sources

The Odense Fjord model includes sources representing the freshwater run-off to the fjord. The
freshwater data are available based on data from DCE (Aarhus University) on a 4™ order water body
level, and these data were distributed based on catchment area and knowledge of specific point
sources and included in the model according to Figure 0-4.
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Figure 0-4 Distribution of freshwater sources applied in the Odense Fjord model.

Fynsverket
The Odense Fjord model includes the discharge of cooling water from Fynsverket. Information about
volume (m?® s1) and water temperature is based on data from Fynsveerket covering the period from
2002-2016.

Initial conditions

The 3D model requires initial conditions of all prognostic parameters, including water level, currents,
salinity, sea temperature, etc. Water level and current velocity are specified as MSL and zero velocity,
respectively, (‘cold start’) as the model spin-up is short, meaning the currents and water levels adjust
to the forcings within a short time frame and do not impact the analysis period.
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For the 3D initial salinity and sea temperature fields, however, the spin-up is longer, and accordingly,
the initial fields of these two parameters are provided as input to the model. Monitoring data from
stations within Odense Fjord are used to create the initial temperature and salinity fields.

Model calibration
The hydrodynamic model is calibrated and validated according to measurements from 2002-2016,
see DHI 2019a for details.

Biogeochemical model development

The biogeochemical model is based on the 3D modelling software MIKE 3 HD FM (version 2017)
developed by DHI together with the numerical 3D equation solver MIKE ECO Lab to describe the
relevant biogeochemical processes in the modelling system.

The main components and processes determining the status of the water quality and the response in
the ecosystem (e.g. changes in eelgrass biomass) are included in the biogeochemical model. They are
based on external factors (meteorology and nutrient supply). The model describes the turnover of
organic material and nutrients, both in the pelagic (water column) and the benthic phase (seabed or
sediment). The pelagic phase includes phytoplankton and nutrients, and the benthic department
covers sediment pools of nutrients and the exchange of nutrients between the sediment and water
phases. Furthermore, the benthic part of the model describes the biomass and growth of benthic
vegetation at the seabed. The mechanisms behind the biogeochemical model and the ECO Lab
templates used are described in Erichsen & Birkeland (2019).

Open boundary conditions

The Odense Fjord model has one open boundary towards the Danish straits located to the northeast
of the model. Documentation of boundary conditions for the development of the biogeochemical
model is given in Erichsen & Birkeland (2020).

Forcings

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

AU provides area-distributed atmospheric deposition of nitrogen (N), Department of Environmental
Science, and aligned with HELCOM depositions (see Erichsen & Birkeland 2020).

Dynamic bottom shear stress information is needed to estimate suspended sediment concentrations.
Wave parameters from a Spectral Wave model are included as model forcing, including significant
wave height, wave period and mean wave direction, together with current conditions from the
hydrodynamic model results.

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

Sources

The Odense Fjord model includes sources with land-based nutrient loadings via streams together with
the intake and discharge of cooling water from Fynsvarket. In Figure 0-4, the location of the sources
is shown. Freshwater run-off from land is included in the hydrodynamic module.

The model sources are specified as time series with daily varying loadings of inorganic and organic
nutrients, including also total nitrogen (TN) and total phosphorus (TP). The land-based nutrient
loadings are based on DCE/AU, Department of Bioscience data on a 4th order water body level.
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Fynsverket’s cooling water intake and discharge do not contribute to any nutrients to the fjord
system.
More details are included in DHI (2020).

Model calibration

The biogeochemical model is calibrated and validated according to measurements in the period 2002-
2016; see DHI (2020) for details. In addition, the model has been validated against measurements
from 2022 and 2023 monitored as part of the Odense Fjord Samarbejde. This validation has been
reported to the Kystvandsrad in a separate document: “Kystvandsrad WP1.3 — Model validation”.

Model scenarios

As part of the Danish Environmental Protection Agency's (DEPA) projects behind the RBMP 2021-
2027, it has previously been determined that the water bodies Odense Fjord, Seden Strand, and
Odense Fjord, ydre, are sensitive to phosphorus and the amount of nutrients that are discharged,
especially during the growth season (Erichsen et al. 2021a).

The work behind the developed scenarios was carried out in a parallel work package (WP 2.9), and
the results are described in more detail in Larsen et al. (in prep.).

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

1. A wetland scenario (S1): As part of the work in the 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 model was
executed, including the daily reductions based on implementing two variations of wetland
areas (see Larsen et al. (in prep.) for details). The results of the swat analysis are shown in
Figure 0-5.
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Figure 0-5 Daily reductions based on scenario 1, including wetlands as the only measure for reducing the TN-load.
A factor of 1.0 equals no reductions, whereas a factor of 0.6 equals a 40% reduction.

2. A wastewater treatment plant (WWTP) scenario (S2): Additional reductions at the major
WWTPs in the catchments were introduced.

3. A combined scenario (S3): This scenario combined S1 and S2 and introduced another 14%
P-reduction equally distributed over the years and the introduction of constructed wetlands
in all suitable locations (see Larsen et al. (in prep.)) for details.

The results from the different scenarios are included in Figure 0-6 and Figure 0-7, whereas the
summary of the scenarios is included in Table 0-1.
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Figure 0-6 Monthly TN loads to Odense Fjord, Seden Strand. The large reductions are observed for S1, whereas S2
only implies minor reductions, and S3 displays the combined scenario. Average for 2012-2016.
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Figure 0-7 Monthly TP loads to Odense Fjord, Seden Strand. The large reductions are observed for S3, where the
14% reductions are included. Average for 2012-2016.
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Table 0-1 Summary of scenario loads (top rows) and the relative difference to the status loads (bottom rows).
Average for 2012-2016.

Loads Status TN | 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 Section 0, the model scenarios are briefly described. These scenarios have been completed, and
model results have been prepared to be able to assess the effects on summer chlorophyll-a and Kq in
the growth season calculated as described in Erichsen et al. (2021b).
In Erichsen et al. (2021b), model scenarios are used in the RBMP 2021-2027 work to calculate a
dose-response for the two indicators summer chlorophyll-a and Kq in the growth season. In Erichsen
et al. (2021b), the dose-response is calculated in relation to changes in the annual load of TN and TP
based on the assumption that a reduction in the annual load is distributed in % evenly over the year.
This means an annual reduction of 10% in TN load is divided by a 10% reduction in the January load,
10% in the February load, etc. The dose-response and associated relationships between load and
summer chlorophyll-a are shown in Figure 0-8.
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Figure 0-8 Schematic illustration of dose-response calculation. Note that the figure only describes relative

differences. Hence, current load and indicator status make up 100%, while reductions are calculated relative to today's
load and status. Therefore, the figure example shows the dose-response unit has % change in summer chlorophyll-a
concentration per % change in TN load.
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The description in Erichsen et al. (2021b) relates to changes in TN and TP annual loads and are
included in the overall estimation of maximum allowable inputs (MAI) in the Danish marine water
bodies, but it is only reductions in nitrogen loads, which are estimated as actual MAIs and
corresponding need for reductions.

Similarly, as part of the work behind the 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 (or exchange rate) between specific P-
reductions and year-round TN load.

Annual equivalents
To evaluate the effectiveness of reducing TP inputs, the effects on the indicators summer chlorophyli-
a and Kgq in the growth season are compared with corresponding model results behind the RBMP
2021-2027.
In Erichsen et al. (2021b), year-round reductions were calculated as relative changes in nutrient inputs
and effects on the indicators. In relation to the work behind the Kystvandsrad, this method is adjusted
so that it is still calculated relative to the indicators, while the changes in loads are now calculated in
absolute reductions, see Figure 0-9 and Figure 0-10.
The unit on the dose-response curve is changed to, for example, a %- change in summer chlorophyll-
a concentration per ton change in TN load and a %-change in summer chlorophyll-a concentration
per ton change in TP load, depending on the nutrient in focus.
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Figure 0-9 Schematic illustration of dose-response calculation. Note that the figure describes relative indicator

differences while the load is in absolute reductions. Therefore, the dose-response unit has a %-change in summer
chlorophyll-a concentration per tons change in TN load in the figure example.
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Figure 0-10 Schematic illustration of dose-response calculation. Note that the figure describes relative indicator
differences while the load is in absolute reductions. Therefore, the dose-response unit has a %-change in summer
chlorophyll-a concentration per per tons change in TP load in the figure example.

In this study, we have run scenarios as described in section 0, and thus, we can compare the effects
of reducing year-round TN-loads (% equal reductions) and corresponding slopes between reductions
in TN (Figure 0-9) and slopes in the actual reductions suggest in this project (Figure 0-9/Figure 0-10)
and calculate a TN equivalent for year-round TN loads:

Equivalent = apk-n / apk-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 chlorophyll-a (May to September) and Secchi depth during the growth season (Marts to
September), are included in Figure 0-11 to Figure 0-13.

There is an apparent reduction in summer chlorophyll-a (between 30-50% reduction) in S1 and S3,
where the effects of the large TN reductions from the wetland implementations govern the reductions.
Also, in S2 some reductions (5-10%) are modelled in the central part of Odense Fjord but are based
on relatively small reductions.

Similar results are observed for Secchi depth, although the reductions are smaller, as Secchi depths
react slower to reductions than chlorophyll-a. In S2, the results show less than 5% increase in the
entire Odense Fjord.

Generally, the improvement in summer chlorophyll-a and Secchi depth will support Good Ecological
Status (GES) in Odense Fjord if realized.
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reduction, and a value of 1.3 indicates a 30% increase.
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reduction, and a value of 1.3 indicates a 30% increase.

Model results — 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 in Figure 0-14 to Figure 0-16.

In S1 and S3, the wetland reductions in TN loads clearly decrease the DIN concentrations in Odense

Fjord, and the estuary concentrations decrease by more than 50%. In S2, the reductions are very
modest; however, the reductions do show in summer chlorophyll-a (Figure 0-12).
Reductions in DIN are required to ensure the potential successful restoration of e.g., eelgrass

meadows.

While DIN concentrations and chlorophyll-a concentrations are reduced, the pool of DIP increases,
which is also very clear from the figures. The excess DIP concentrations increase even in S3,

including a 14% additional TP reduction.
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Figure 0-16

Relative difference between DIN during the growth season (Marts to September) (left) and DIP during
the growth season (Marts to September) (right) in S3 compared to the status situation. The value 1,0
indicates no change, whereas a value of 0.7 indicates a 30% reduction, and a value of 1.3 indicates a
30% increase.

Local reductions and equivalents

Based on the model scenarios described in section 0 and the methodology description in section 0,
scenario equivalents to year-round TN loads are calculated. The results are included in Table 0-2. It
is important to emphasize that the models have been run from 2002-2016, but only model results from
the last 5 years are included in the analysis. This has been done to ensure that changes in nutrient
inputs from land can take effect over a number of years and thus ensure that the internal load can
reach a new equilibrium.

From Table 0-2, we conclude that reductions in WWTP have a relatively higher impact on the two
indicators, as the equivalent is between 9-10; why 1 ton reduction in the load from the WWTPs will
impact the estuary equal to 9-10 tons reductions in year-round loads.

Similarly, we conclude that S1 has an equivalent of less than 1.0, mainly due to the larger relative
reductions during winter compared to the loads during the growth season. Reductions in S1 and S3
are still large and sufficient to obtain GES, but the smaller reductions at the WWTP can provide
additional benefits to the ecological status of Odense Fjord.

In addition, it is important to emphasize that local reductions to, for example, Odense Fjord, Seden
Strand, and Odense Fjord, ydre, are included in reductions estimated for the water body Arhus Bugt
syd, Samsg og Nordlige Beelthav, why changes to Odense Fjord, Seden Strand, and Odense Fjord,
ydre, can and will have consequences for reductions in this water body. This is not part of the
Kystvandsrad’s work but may change the results of the work reported by the Kystvandsrad.
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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 Canal-Vergés, Mikkel K. Lees, Frederik H Hansen, Rune Steinfurth, Timi Banke & Mogens
R. Flindt

Dansk resumé

Dette afsnit beskriver anvendelsen af marine virkemidler i Odense fjord. Disse marine virkemidler er
reduktion af den landbaserede naringssaltshelastning, alegraes genopretning, sand-capping samt sten-
og biogene rev. Forskellige metoder har veeret i spil i forbindelse med alegrees restaurering men efter
adskillige videnskabelige studier er udplantning af alegraesskud forankret med sem fundet bedst egnet
til forholdet i kystnaere danske vandomrader. Ved assisteret alegraes restaurering foretages farst en
screening for egnede omrader til udplantning. Dette gares med model/GIS verktgjer efterfulgt af en
drone/orthofoto analyse af de af den gkologiske models udpegede omrader. Herefter foretages
dykkerobservationer af omraderne. Hvis der findes egnede omrader pa baggrund af model/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 sarligt egnede omrader som udviser positiv tilveekst af alegreesskud foretages stor-skala
udplantninger. Stor-skala udplantninger fglges med teet monitering for saledes at kvantificere de
yderligere gkosystemtjenester der opstar ved en sadan alegrasrestaurering. Dette flow blev af SDU
anvendt i Odense Fjord i sommeren 2022 resulterende i 12 stationer til testudplantning af
alegraesskud. 2 af de 12 udplantninger overlevede gennem vinteren 2022-2023; én station i
inderfjorden (#2) og én station (#7) i den gstlige del af yderfjorden nar Bregngr (Figure 17). Alle
andre stationer overlevede ikke pga. multipelt stress fra flere parametre (Table 3). Station 7 i
yderfjorden viser positiv tilveekst hvorimod station 2 i inderfjorden, dog stadig synlig, har mistet
alegraesskud og er overgroet af kraftig epifyt veekst hvilket kendetegner inderfjorden. Der er sledes,
med den nuvearende grad af eutrofiering, ikke videnskabelig baggrund for en stor-skala alegrees
restaurering i Odense Fjord. Der er i kystvandradet arbejdet med virkemidler i oplandet som resulterer
i en 40% reduktion af kveelstoftilferslen til fjorden. Denne reduktion kan anvendes i den gkologiske
model som et reduktionsscenarie hvor effekterne af en sadan reduktion kan afsgges. Grundet den
korte projektperiode har det ikke veeret muligt at anvende en modelleret 40 % reduktion scenarie,
tildengede, har vi detail analyseret en 30 % reduktion scenario afgivet som baggrund i Vandplan 3.
Den ny maringenopretning muligheder efter dette 30% reduktion scenario, er beskrevet i dette
rapport. Ved at introducere reduktioner af den landbaserede naringssalttilfgrsel og saledes nedbringe
graden af eutrofiering i fjorden kan det vaere muligt at fa frigjort omrader i yderfjorden til anvendelse
af marine virkemidler. Denne frigarelse af areal er en forudsztning for yderligere arbejde med marine
virkemidler i Odense Fjord. Under denne forudsatning kan SDU pege pa enkelte omrader i Odense
yderfjord hvor der kan afsgges for mulig udferelse af sand-capping i stor skala (Figure 20) samt
anlaeggelse af sten rev (Figure 21). Til sidst i dette resumé henvises til det sidste afsnit ”’Suggestions”
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 “background” Figure 9 A), the current eelgrass distribution in most water bodies
needs to be improved to reach good ecological status. One of the main underlaying causes for the bad
ecological condition status of most Danish waters is eutrophication. Besides the last 20 plus years of
nutrient reductions, eelgrass populations are not recovering. Hence, together with solutions in the
catchment area, eelgrass transplantation together with seaweed cultivation were suggested as a marine
mitigation tool in the Danish River Basing Management Plan 3 (DRBMP3). Other marine measures
which we will introduce in this chapter are not officially mentioned as mitigation tools withing the
RBMP#, however, they add many ecosystem functionalities that the fjords are currently missing,
hence contributing to improve the overall ecological status. The focus of this chapter is Odense fjord,
hence only marine mitigations tools relevant for Odense fjord will be discussed.

Eelgrass restoration
Eelgrass restoration could in principle be performed using seeds, seedlings, or adult plants. In
Denmark, the use of seeds as a restoration method is not yet successful at big scale in the field. In
other countries as Netherlands or Sweden, some small field successes with seeds have been
performed, but only at small scales (ex. 1m x 1m plots). Seedlings are proven to be much more
challenging than adult plants and seeds, hence not a lot of effort is done on using them as restoration
material. Transplantation of adult shoots are the most successful large-scale method. The direct
transplantation of eelgrass patches is not recommended, because the risk of fragmenting the mature
patches is too high. Besides, it cannot be defined as a restoration activity when a patch is moved from
one location to another. Although, this research as well as the seeding method is still being developed.
The transplantation of apical shoots (last shoots of the vegetative growth of an eelgrass plant) is at
present the only method being used in Denmark at large scales. This method has been used to
reestablish eelgrass beds at scales of 0.5-5 hectare in Vejle fjord, Horsens fjord, Lunkebugten and
Kolding fjord. It has also been tested on small scales and with varying success in Odense Fjord,
Roskilde Fjord, Mariager Fjord, Naera Strand, Lillebeelt and Gamborg Fjord. The method for eelgrass
transplantation is described in Flindt et al 2023a. In short, the method follows 6 steps:

1. Screening of the area using a site selection GIS tool with available data
Visual observation of the area using machine learning tools (ex. drone/orthophotos)
Diver observations in sub-selected areas
Test transplantation of selected sub-areas and 1 full year of monitoring
Large scale transplantation
6. Monitoring of eelgrass development and associated ecosystem functionalities

gk~ own

In Odense fjord we performed steps 1 to 4, and transplanted eelgrass at small scale (test
transplantation) in 12 stations divided in the inner and outer fjord during 2022.

Performance of small-scale transplantations in Odense Fjord

During the summer of 2022, small-scale Z. marina test transplantations were piloted in Odense Fjord.
The purpose of the study was to locate suitable sites for future large-scale transplantations. In May
and June 2022, 12 stations were established throughout the fjord for small-scale eelgrass
transplantation (Figure 17). Four stations were located in the inner fjord, three stations in the outer
eastern fjord, and five stations in the outer western fjord. Along with the developments in Z. marina
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shoot density in the transplantations, different environmental, physical, and water chemistry were
monitored to correlate losses of shoots to certain stressors (Table 3).
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Figure 17. Odense Fjord, Denmark. The entire Odense Fjord with transplantation sites (red circles), logger positions (blue
flags), and donor patches (green diamonds) (A), divided into the inner fjord with St. 1-4 (B), the eastern fjord with St. 5-
7 (C), and the western fjord with St. 8-12 (D).

By the end of the experiment, only two stations survived through the winter and were considered
successful, one in the inner fjord (station 2) and one in the outer eastern fjord (station 7) (Figure 34).
The other stations were lost to a combination of multiple stressors (Table 1). In the inner fjord,
eutrophication-based stress from fast growing epiphytes and opportunistic macroalgae were the
primary stressors. In the outer eastern fjord, the exposure to wave stress was the primary deteriorating
force. The same physical stressors, along with ballistic impact from drifting macroalgae, was the
underlying cause of eelgrass death for the two stations in the outer western fjord that were located
near Enebaerodde. The remaining 3 stations in Egensedybet in the outer western fjord were lost due
to poor sediment conditions. By the end of the experiment, in March 2023, only Station 7 (west outer
fjord) had grown to a higher shoot density than the transplanted (Figure 34, B). Although Stations 2
remained alive, it had lost some shoots and was covered by epiphytes (Figure 34, A). It was therefore
concluded that the only suitable location for a large-scale transplantation, based on the small-scale
transplantations performed in this study, is north of Bregner in the eastern outer fjord in the shelter
of natural Z. marina beds (Figure 17).

Table 3. Biotic and abiotic stressors at St. 1 through 12. For the four stressors “Epiphyte growth”, “P. macrophytes”,
“Opp. macroalgae”, and “Chl. A”, each X denotes that the station belongs to the significantly highest group of averages
for that stressor. For the seven stressors “Worms”, “Crabs”, “Obs. grazing birds”, “Temperature”, “DIN”, “Exposure”,
and “LOI”, an X denotes that conditions at that particular station exceed the lower (and in some cases only), literature-
based threshold for Z. marina recolonization, while two XX's denote that both the lower and upper thresholds have been

57



exceeded. For the three stressors “Hypoxia”, “Salinity”, and “Light”, an X denotes measured levels of each parameter
below the upper (and in some cases only) minimum threshold for Z. marina recolonization, while two X’s denote
measured levels below both the upper and the lower, literature-based thresholds.
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Figure 34. Odense Fjord, Denmark. Shoot density (n m2) as an average of the 5 transplanted rings of stations 1-4, 5-7,
and 8-12 over time (A-C). Correlation between growth and the day of the year for the entire fjord, the shaded area

represents 95% confidence interval of regression (D).

Based on the measured/modelled environmental conditions explained in detail in chapter
“background” and this test transplantation pilot in Odense, it is our conclusion, that the current levels
of eutrophication in the inner fjord are too high to start large-scale eelgrass transplantation activities.
The concentration of DIN induced high biomasses of opportunistic species and epiphytes. So even
though the inner part of Odense fjord is sheltered and shallow (supports high benthic light intensities),
the environmental conditions are not suitable for eelgrass restoration. In the outer fjord at the current
environmental conditions, the high concentrations of DIN are reducing the potential restoration
areas, except for some small areas in the Northeast and Northwest areas. In these two areas some
efforts to improve the physical conditions could improve the eelgrass survival. However, as stated,
the current available areas are small. Therefore, to attempt large-scale transplantation, some extra

mitigations need to be implemented.
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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
fjord concentrations, using the RBMP3 model for Odense fjord (Figure 35). A nitrogen reduction of
30% will improve the environment condition in the outer part of Odense fjord (green areas in Figure
35). Improved DIN will reduce epiphytic coverage and growth of opportunistic species and increase
the benthic light availability reaching eelgrass. Besides, it will slow down the nutrient turnover,
which will improve the oxygen conditions of the area. If we focus on the Northwest of the fjord,
where the main stressors affecting eelgrass survival were pointed out to be DIN and hypoxia (Table
3), the potential eelgrass survival should improve directly by this reduction. If we focus on the
northeast part of the outer fjord, other underlying stressors (exposure, benthic light, sediment
conditions and drift of perennial macrophytes), were impairing the eelgrass growth together with the
high DIN concentrations and frequent development of hypoxia (Table 3). For these areas extra
mitigation tools, together with the nutrient reductions are needed to improve the eelgrass survival. In
the inner fjord the levels of eutrophication remain too high even after a 30% reduction. For these
areas eelgrass restoration is not recommended, even with extra supporting mitigation tools. However,
mussel banks, if the conditions are favorable, could be suggested in a test scale to evaluate their
potential effect on the area.

Baseline modelled 30% DIN reduction

(2002-2016) (2002-2016)

Figure 35. Growth season average DIN based on Odense fjord RBMP3 model at baseline conditions and after a 30%
reduction on nitrogen from the catchment area (2002-2016).

Sand capping

After nutrient reduction, the southeast of the outer fjord (Figure 20, black square, Otterup area), could
be highlighted as potential area for eelgrass transplantation in combination with supportive mitigation
tools that improve the sediment conditions. That area is characterized by highly organic muddy
sediments with a high content of silt and clay (high LOI) (Figure 20). This type of sediment reduces
the anchoring capacity of eelgrass and reduces the light availability to the seabed by frequent
resuspension (see also Chapter “background”). Sand-capping can assist the transplantation potential
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of this area. This technique consists of capping muddy sediments with 10cm of sand. Flindt et al
(2022) demonstrated the efficiency of this technique that increases the resistance of sediments to
resuspend from 10-12cm s in mud to ~40cm s in sand. However, to optimize the sand-capping
effect large areas must be implemented. If the sand-capped areas are small it is surrounded by
neighboring muddy areas, the risk of reintroducing the fine muddy particles into the sand cap is too
big. Local hydrodynamics should also be considered when screening for optimal areas for sand-
capping. Therefore, in order to suggest suitable areas within Egensedybet a detailed study is needed.

Figure 20. Odense fjord, Denmark. Sediment organic content (LOI) from the RBMP3 model.

Stone reefs

After nutrient reduction, the northwest of Odense outer fjord (Figure 21, black square, Enebzrodde),
could be highlighted as potential area for eelgrass transplantation in combination with supportive
mitigation tools that can provide shelter against wave and current action as well as against the ballistic
impacts of drifting macroalgae.

Stone reefs would be placed as mitigation measure to assist eelgrass transplantations. However, given
the right environmental conditions, stone reefs would create added value to the ecosystem
functionalities of the area. Functional stone reefs, act as shelter for eelgrass and improve the species
density and fauna diversity. They further are substrate for many perennial algae species, which could
benefit from this stable substrate in this area. In Odense fjord, only small stones, gravel, and shells
act as hard substrate for perennial macroalgae species in the outer fjord. The synergistical effects of
coupled stone reefs and eelgrass beds are being investigated in the project Sund Vejle fjord.

The disposition of stone reefs can vary. There are three overall stone reef types: barrier reefs, boulder
reefs (cave forming) and diffuse reefs. Barrier reefs and cave forming reefs would offer the highest
protection against physical stress. Diffuse reefs may even increase the macroalgae drift problem in
the area, hence they are not recommended.
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The exact positioning of a reef in the area should be thoroughly examined. For instance, stone reefs
should not be placed in muddy areas without ability to carry the stones. According to our data, the
area around Enebarodde is defined by sandy sediments and will be able to carry the weight of the
stones. However, a local test is necessary to confirm this statement. After placing a stone reef, the
local hydrodynamic would change, creating new areas of erosion and sedimentation. Therefore, the
reefs had to be placed in advance to allow the area to reach a new steady state before any eelgrass
transplantation is recommended. To achieve an optimal positioning for a stone reef in the area which
both increase sheltering for new eelgrass beds and home stable benthic vegetation, a thorough pre-
study is needed. The reef needs to be adapted/designed to ex. the local hydrodynamics, the sediment
characteristics, and the light availability. Specific guidelines and further information on the
restoration of stone reefs can be found in Dahl et al (in prep.) and Steehr et al (in prep.)

Figure 21. Odense fjord, Denmark. Critical share stress (physical exposure) from the RBMP3 model.

Biogenic reefs

Biogenic reefs alone or in combination with eelgrass beds are being tested in Vejle fjord. The aim of
placing biogenic reefs is to increase the local light availability at the seabed. Mussels are effective
filter feeding organisms, which filter the water column for plankton, hence reducing the turbidity in
the water. In the project Sund Vejle fjord, it has been registered a local effect of 15-30 % light
improvement in areas with newly established biogenic reefs. Large biogenic reefs could also provide
(to a lesser extent than stone reefs) a sheltering effect for eelgrass. However, the synergistic effect of
biogenic reefs and eelgrass are not yet fully quantified. The partial results point towards positive
interaction due to the increase local water quality, increase habitat complexity which positively affect
the overall biodiversity. There are several types of biogenic reefs, two of the most common ones in
Denmark are oyster reefs and blue/horse mussel reefs (Nielsen et al 2023). In Odense fjord, there
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have been blue mussel fisheries, however they have been closed for many years. But this indicates
that blue mussels (Mytilus edulis) have been inhabiting the water of Odense fjord. Oyster shells
(Ostrea edulis) can be found in diked areas around the fjord (ex. Egensedybet), which indicates the
earlier existence of oysters in the fjord. However, to our knowledge, there are no large beds of mussels
or oysters in the fjord. Biogenic reefs are useful mitigation tools in highly eutrophic areas, hence the
center of the fjord or the inner fjord could be areas where biogenic reefs could be tested (Figure xx
DIN). However, other parameters must be right for the reef to survive. For instance, blue mussel reefs
require salinities of 10-38 PSU, depths of >3m, organic content of the sediment of >10 % LOI and
oxygen conditions of >4mg O I"* (Nielsen et al 2023). The inner part of Odense fjord is the area that
would most benefit from biogenic reefs, but this area is shallow. It is also muddy, with too organic
sediments. The outer part of the fjord is deeper and has larger areas with sandy sediments. At present
conditions (with the eutrophication signal reaching to the outer fjord) biogenic reefs might also be
useful in the outer fjord. However, after the desired reduction of 30%, their presence will continue
enhancing the complexity and biodiversity of the fjords habitats but might not have the strongest
effect on palliating eutrophication.

A more detailed description of the ecosystem services and known synergies of these habitats can be
found at Flindt et al 2023b.

A more detailed description of the practical considerations and management considerations can be
found in the respective guidelines provided by the center of Nature restoration (Flindt et al 2023, 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 project. To give
a realistic price some consideration:

e How large is the area that needs to be restored with a certain tool. The higher the area in
general terms the lower cost per area, since some of the initial investment is used at the
beginning of the project, regardless the area implemented (ex. permitting, baseline
surveying, mobilization costs etc.).

e There is a national consensus on the need of monitoring new established habitat until they
reach a natural steady state. However, at present there are no official guidelines on how and
what to monitor after the project is complete. The Danish Center for Nature restoration is
currently working on the development of guidelines to monitored restored marine habitat
(which will include all of the habitats named in the present report). The prices for
monitoring the restored habitat is hence likely to change after the official guidelines.

e How much citizen science involvement would the project aim for. Some restoration
techniques such as eelgrass transplantation have been successfully implemented by using
science (to a large extent citizen). This reduces the costs significantly.

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

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

e The placing of some mitigation tools such as stone reefs or sand-capping, requires
sometimes an archeological survey, which is done by the historical museum. The prices of
these surveys depend on the conditions of the specific area and oscillate on a wide range.

63



e The commercial prices for the different activities oscillate withing companies and projects,
they are also greatly affected by the offer and demand. Hence, we will not estimate prices
based on commercial salaries for all field work.

e The below mentioned budget does not include material cost (ex. vessels, divs. materials,
diving equipment, rental of laboratory facilities etc.) unless otherwise specified.

Eelgrass

Following the method described in Flindt et al 2023, we estimate it would take about 63 full working
days to screen for 12 locations within Odense fjord. This time accounts for prescreening and licensing
(steps 1-4). Given the low rates at the University and the need to include maximum 1 model scenario
run (from Odense’s pre-existing model), prescreening price would round the 260 Kkr. The costs of
big scale transplantation with apical shoots (step 5) as described above is estimated on ~375 Kkr/ha.
In Sund Vejle fjord, the project organized 5 citizen science field campaigns, which reduced the labor
prices. Hence in Sund Vejle fjord, 6 ha of eelgrass beds were transplanted withing 5 years with
estimated budget of 1.5 mio kr (instead of our estimate which will add up to 2.25 mio kr.). This
calculation does not consider market prices from private business, which given the rates and working
conditions will increase the budget and time significantly.

Monitoring activities which should follow the established eelgrass over the consequent years are
estimated to prices varying between ~20-70 Kkr year? ha.

Sand-capping

From previous experiences in Odense fjord, Sand-capping costs are ~250 Kkr ha?. This price
included the raw materials and all operational costs by a professional company.

Site selection and monitoring over the consequent years are estimated on a price of ~20-70 Kkr year
! hal.

Stone reefs

As with all other tools the site selection and permitting for a specific location is dependent on the
extension of the area and the number of areas withing the water body. In the project Sund Vejle fjord
we estimate a cost of about 0,3-0,5 mio. kr for preliminary surveying and permitting.

The specific design of a stone reef will define the volume of stones per area needed, which have a
large effect on the overall budget. The origin of the raw materials will also affect greatly the prize. In
our projects we have worked with two different setups. Stone banks, where reefs are built from stones
collected at cultivated fields, which were delivered to a specific location by the landowners. And
granite boulders imported from Norway. In Sund Vejle fjord 8 ha of stone reefs were established for
a total price of 5 mio. kr. This 8 ha were spread in 5 reefs, and each reef followed a different design,
ranging from barrier reef, boulder reef and spread reef. In total, 8350 m3 stones were used. The 5 mio
kr. included the cost of the material, as well as its transportation and placement in the five areas.
Monitoring activities which should follow the established stone reefs over the consequent years are
estimated on a price of ~20-70 Kkr year™ ha,
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Bioreefs (mussel banks)

The re-establishment of mussel banks in an area requires the establishment of a mussel farm to harvest
local mussel seed and grow up to 2-3 cm size increasing the survival rates when relay.

There are different kinds of mussel farms at use in Denmark. Mussel line production and SmartFarm
production. The cost of establishing both kinds of farms is different. Smart farms are expressive to
establish and need to be operated by a certain type of vessel. However, the production rate per area
is bigger, making the operative expenses cheaper in the longer term. Not all farms can be situated in
all areas, they are dependent on the available depth and other physical factors as well as the economic
considerations. More information regarding the different prices and types of farms can be found at
Bruhn et al 2020 & Petersen et al 2021.

As an example, in the project Sund Vejle fjord, it was established a line mussel farm of 17 ha for a
total cost of about 1.5 mio kr. The estimated production cost was about 1 mio kr year. The biomass
produced per year was relayed in beds of varying density (2-6 kg/m2). The total area established
oscillated between 6-12 ha year. In all, with a total investment of 5 mio kr, 39 ha of mussel beds
were established in Vejle fjord between the years 2020 and 2023. This price includes all operational
costs, transport and materials. However, it does not include the site selection for the establishment of
the mussel farm, nor the site selection of sites to re-establish the mussel beds, which is estimated in
about 0,3-0,5 mio kr.

Monitoring activities which should follow the established biogen reef over the consequent years are
estimated on a price of ~20-70 Kkr year 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
AV (about 7 mio. kr.)

1. Improve the sediment and light climate by large-scale 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: Enebzrodde, Firtalsdeemningen and Bregner.

3. To initiate restorations of bioreefs (mussel banks), finding an optimal area for mussel
production and optimal sites for placing future mussel banks would be needed. Here we
must qualify high growth rates of mussels and no development of anoxia. It is possible to
perform combined model and field-activities to find these locations, where measurements of
mussel growth/losses are performed on small scale test-banks.

4. Eelgrass restoration has a very limited potential in Odense Fjord, as only one large-scale site
showed potential (Bregner). As the nitrogen reduction gets realized more test-
transplantation will be performed, and hopefully more large-scale restoration sites will be
available.

5. Coastal realignment also has the potential to create more productive shallow areas in Odense
Fjord. Here it is obvious to focus on Lumby Inddemningen, where we also in a climate
perspective have possibilities to regain some of the lost coastal meadows.
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Authors: Flemming Gertz SEGES Innovation, Karsten Dollerup Mgller SEGES Innovation
Cite: Gertz F & Mgller K D, 2023. Characterization of Odense Fjord catchment. Technical note from SEGES Innovation.

Resume

Odense Fjord opland er et 105.000 ha stort fortrinsvist draenet opland bestaende 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 neringsstoffer i oplandet viser, at tab fra
landbruget udger sterstedelen, men spildevand udger en betydelig del i sommerhalvaret, hvor
afstramningen fra land er mindre. Tilfgrslen af bade kveelstof og fosfor er faldet gennem arene. Fosfor
er primart faldet i 1980’erne, som folge af bedre spildevandsrensning, mens kvelstof primeert er
faldet gennem 1990’erne. Vinterens kvalstofafstromning er ikke faldet siden ca. 2010, mens
sommerens nitratkoncentrationer opstrems Odense by i de 4 starste vandlgb stadig falder, og i dag er
under 1 mg/l nitrat-N i de 3 sommermaneder. Bade nye og gamle data indikerer, at
naringsstoftransporten, bade hvad angar fosfor og kvalstof, kan vaere underestimeret pa grund af, at
der med moniteringsprogrammet ikke udtages prgver med tilstreekkelig hgj frekvens.

Geology and land use

Odense Fjord has a catchment area of 105,000 hectares, covering approximately one-third of Funen.
The last ice age characterizes the entire catchment area — Weichsel ice age - and the landscape is
shaped by the ice, mainly clay deposits with elements of sand deposits. The soil consists of 60% clay
soils, 11% humus, and more sandy soils (Figure 1 & Tabel 1). The landscape around the fjord is low-
lying and several areas around the fjord have been claimed for land use over time. Soil map with soil
types indicating marine sediments sand/clay in areas close to the fjord (Figure 1, left bottom).

Drainage

Drainage is important for transporting nutrients to the aquatic environment. Aarhus University has
calculated the drainage probability for the whole of Denmark, and Figure 1 shows a section of the
drainage probability map for Odense Fjord's catchment area. The majority of the catchment has a
high probability of drainage due to the predominantly clay soils. The nutrient concentrations in
streams are typical for drained soils with higher winter concentrations than typically seen in sandy
soils but low concentrations in summer due to less influence from drainage water and higher influence
from groundwater (Figure 5).

Agriculture

Agricultural land use makes up around 64% of the total area, corresponding to around 63800 ha
(Tabel 2).

The number of livestock productions, cattle, pigs, and poultry is distributed roughly equally in the
catchment if cities and nature are disregarded (livestock Figure 2). The intensity of livestock
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production is also distributed roughly equally in the landscape outside cities and nature. Manure
production “hotspots” are seen (Heat map Figure 2) but due to regulation for manure the heatmap
does not reflect the total use of fertilizer including manure on the fields.

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
W Extramarginale afljringer
0 Eldre havaflejringer
Prazkvartzer

0 Fyld, havne, diger m.m.

Figure 1. Upper L: Terrain model (Geodatastyrelsen).
Bottom L: Soil type map 1 (GEUS). Bottom R: Soil type map 2 (Aarhus University).

Jordbundskort (2019)
1 Gravsandet jord

[ Finsandet jord

[ Grov lerblandet sandjord
Fin lerblandet sandjord
B Grov sandblandet lerjord
B Fin sandblandet lerjord
B Lerjord

B Sveer lerjord

B Meget sveer lerjord

M sitord - : 5
[ Humus

Upper R: Calculated potential drainage (Aarhus University).

Tabel 1. Area distribution of soil types in the catchment area of Odense Fjord

Soil type

Fin sandblandet lerjord
Fin lerblandet sandjord
Grov lerblandet sandjord
Grov sandblandet lerjord
Humus

Grovsandet jord

Lerjord

Finsandet jord

Sveer lerjord

Total

Tabel 2. Land use

Type
Agriculture
Infrastructure

JB nr

[S2RIVS RN o))

O N N -

Area (ha)
63791
11512

Area (ha) (%)
48405 46
17310 16
16447 16
14166 13
4337 4
2488 2
975 1
551 1
285 0,3
104963 100
(%)

64
12
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Nature

14891

15

Rivers, lakes and wetlands

6347

Unknown

3198

Total

99739

100

Land use & land cover
O Agriculture.
infrascruciure
B Hature

I Rivers, lakes and wetlands
" lunknown

Marker 2023
T Omdrift
3 Permanent Grees
B Gvrige

70



Husdyrproduktion (GHI 2021) 4 . ® o
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Husdyrtaethed & N-produktion (heatmap)

Figure 2. Upper L: Land use. Upper R: Agriculture divided into cultivated area and permanent grass. Bottom L: The area-
distributed livestock production of nitrogen (Heat map). Bottom R: Area distribution of agriculture with livestock
production.

Sewage

In the catchment area of Odense Fjord, there are according to the national database for wastewater
(PULS), 14 treatment plants, 200 sewage overflows and 570 rainwater overflows (Figure 3).
Discharges from treatment plants make up most wastewater discharges, with 56% for phosphorus and
75% for nitrogen (Figure 3).

Emissions from properties that are not connected to the wastewater system are not included in the
calculation as point sources but as diffuse sources, because they are not included in the PULS
database. It is generally estimated that these properties make up a small part of the total wastewater
discharge from the catchment area.

The biggest uncertainty is overflow incidents, as these have not always been reported with sufficient
care by the municipalities to the national database. However, this has been improved over recent years
and reported data after 2021 is significantly better than in previous years. But still, there is some
uncertainty concerning how much and how often overflows occur.
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Figure 3. Location of treatment plants (red), overflow from wastewater (green) and rain water outlets (yellow), as well as
distribution between the 3 types of waste water for nitrogen and phosphorus. Data 2021 from the PULS database.

Transport of nutrients and concentration of nutrients in streams

The calculations of nutrient transport in the catchment to Odense fjord are based on Aarhus
University's calculations and include both measured and unmeasured catchment. The measured
catchments are sub-catchments where both water transport and nutrient concentrations have been
measured (Fejl! Henvisningskilde ikke fundet.).

The unmeasured catchments are the parts of the catchment with no monitoring for flow and nutrient
concentration. Calculations have been made for these catchments to estimate the total loss of nitrogen
and phosphorus. In all sub-catchments, there are wastewater discharges, but the largest discharges
from Odense City are not included in the monitoring of the streams because the monitoring stations
are located upstream of Odense City and the major treatment plants but wastewater discharges are
included in the total transport calculations (Figure 10 to Figure 13).

The nitrate concentrations have decreased in all 4 streams in the last 30 years (Figure 5). Especially
the winter concentrations have decreased from levels of 6-10 mg/l to 3-5 mg/l but in the last 10 years,
the winter concentrations have not decreased further. The summer concentrations on the other hand
seem to continue to decrease and are the last few years below 1 mg/l as an average in the 3 summer
months (Figure 6). Summer nitrate concentrations have decreased by 20-30 % from 2016-2018 to
2022-2023.
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Phosphorus concentrations decreased in the early part of the monitoring period mostly in the late
1970s (Figure 7) mainly due to increased wastewater treatment. Concentrations today are on average
0,1 mg/l but these numbers properly underestimate the reel concentrations. This is illustrated by the
monitoring in Odense A when the monitoring program was dramatically increased. In the summer of
1989, the sampling frequency went from 2-3 samples pr. month to one sample every day. The data
(Figure 8) demonstrates that low-frequency sampling does not register peaks in concentrations well.
Peaks in concentrations are typically associated with peaks in flow and therefore peaks in the total
transport of phosphorous could be well underestimated.

A Tegnforklaring

[] opland, Fjord

X —— Vandigb

@ Mdlestation
Opland til mdlestationer
[ st. 45000005
[ st. 47000002
[ st. 47000043
[ st. 47000058

Figure 4. Map with monitoring stations for nutrients and water flow
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Figure 6. Winter (Jan-Marts), spring (April-May) and summer (June-Aug) average nitrate concentration in Lindved A,

Odense A, Geels A and Stavis A from 1975/1966 — 2023.
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Figure 8. Total phosphorous concentrations in Odense A illustrating the consequences in concentrations due to change in
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Also the TN concentration has great variability throughout the season demonstrated by data collected
by University of Southern Denmark in 2023. This variability can be lost when taken fewer samples,
and therefore offsets the mass balances. The samples taken by the flow-based automatic sampling
equipment was set up to fill one bottle by 8 subsamples. The concentrations measured are therefore
an average over the period in which the bottle was filled, usually ~1 day. The peaks registered are
therefore likely much smaller than the actual peaks which occurred, as they are a day average. Note
that these are concentrations at the outlet of the stream, and the concentration variation in smaller
catchment areas is much higher. In the wetter period, the flow may be 4-5 times higher, while the
concentration could be 10 times higher than what is typical at the outlet.
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Figure 9. TN concentrations at the mount of the southern drainage channel of the catchment area to Egensedybet from
June to late August. The black line represents concentrations measured by a flow-based continuous automatic sampler,
while the red dots represents concentrations measured in water samples collected biweekly by volunteers. Reference and
data: SDU.

The total nutrient transport to Odense Fjord have decreased significant since 1990. Total nitrogen has
decreased from approx. 2500 ton TN to approx. 1300 Ton TN (Figure 10). In winter months the
diffuse contribution is up to 95 % of the total TN loads but that changes and in the summer months
diffuse loads decrease to a level similar to point sources (Figure 11).

The phosphorous loads have also decreased both point sources and diffuse sources. The point sources
have properly decreased more than shown in Figure 12 due to measures taken on sewage before 1990.
The shown decrease in diffuse sources (Figure 12) can be biased by the change in sample frequency
(Figure 8). The sample frequency in Odense A has been changed several times since 1989 and more
substantial work must be done to get a better timeline of P-loads to the fjord. Due to relatively low
sample frequency in recent years, it is expected that the P-loads and N-loads today are underestimated.
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In winter months the diffuse contribution is up to 70 % of the total TP loads but that changes and in
the summer months diffuse loads decrease to be half the level of point sources (Figure 13). In reality
point sources also vary over time with the highest discharge in winter but not to the same extent as
diffuse sources. The point here is that point source contributes significantly to the total loads in the
summer period both regarding nitrogen and phosphorous.

The discharge of water from the catchment varies from year to year but there seems to be no overall
trend.
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Figure 10. Total, annual nitrogen loads to Odense Fjord, distributed between diffuse sources and point sources. Water
transport is marked with a blue line and unit on the right y-axis. Data from Aarhus University.
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Figure 11. Monthly nitrogen supply to Odense Fjord, distributed between diffuse sources and point sources. Average for
the years 2010-2019. Data from Aarhus University.
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Figure 12. Total, annual phosphorous loads to Odense Fjord, distributed between diffuse sources and point sources. Water
transport is marked with a blue line and unit on the right y-axis. Diffuse phosphorous data properly biased by change in
samples frequency in Odense Fjord (Figure 8). Data from Aarhus University.
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Figure 13. Monthly phosphorous loads to Odense Fjord, distributed between diffuse sources and point sources. Average
for the years 2010-2019. Data from Aarhus University.
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Hotspotanalyse (AP 2.3)

Note regarding the hotspot-analysis of nutrient transport
Sgren K. Licking, Anders Barnewitz, Theis Kragh & Paula Canal-Vergés

Resumé

Der er udviklet et GIS-varktgj baseret pa faktorerne heeldningsgrader, jordtype og nitrogen-
gedskningsnorm som valideres via en hotspot-analyse i det ca. 42 km? store opland til Egensedybet
vest for Odense Fjord. Hver anden uge tages 62 vandprgver fordelt over de to vandlgb der gar ud i
oplandet, samtidig med at to automatiske vandprgvetagere tager kontinuerlige vandfgringsbetingede
vandprgver samt maler vandfering ved udlgbene til fjorden. Der analyseres for DIN, DIP, TOC, TN,
TP mm., som benyttes til at beregne naringsstoftransporten fra delomraderne.

Background

The development of a new method for monitoring the nutrient transport from the catchment areas to
the fjord- and coastal areas was initiated due to the limitations of the current knowledge and data,
which is especially apparent in certain sections of the country. The current calculations for the nutrient
load to Odense Fjord is based on SWAT-models based on “type catchment areas”, together with
monitoring stations at the mouth of the bigger streams, such as Odense A (Fig. 1). The monitoring
stations consists of continuous flow measurements combined with approximately 16 yearly water
samples, which is used to calculate the yearly mass balance by interpolating the concentrations
between the stations. By using this method, we identify these problems:

e Many catchment areas are not included and are therefore estimated based on models for
similar areas. In Odense Fjord, 22% (229 km?) g
of the catchment area is modelled without
measurements in the areas. These areas are
primarily the areas closest to the fjord (marked
in light green in fig. 1).

e The few water samples across the year fail to
capture extreme events, which may heavily
impact the nutrient load.

e The catchment areas to the monitoring stations
are huge, and their use is therefore limited to
monitoring masses, as they cannot give a
nuanced perspective on where the nutrients are
coming from.

e The catchment areas are usually quite
heterogeneous in their contribution to the
nutrient load, with some areas contributing .
much more than others, especially i extreme PO 1 Ocere ores cabent e, e

events of high precipitation. green area has no monitoring station accounting for its
nutrient contribution (Aarhus University, 2022).
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The new method will be utilized to give the necessary background knowledge in order to construct a
GIS-based tool to identify areas of high/low nutrient loading, which can then be applied to other areas.
The tool/model will be based on the catchment characteristics such as soil type, topology, agricultural
utilization, point sources, nature and area coverage. The area which the analysis is based upon is the
catchment to Egensedybet, in the northwest part of the outer fjord.

Pilot area

The catchment area of Egensedybet was chosen as pilot area due to various factors. It has a
combination of nature areas, such as the swamp/marsh of Hasmarkmosen, as well as Fjordmarken,
which is classified as a coastal meadow right behind the dike which shields the 605 hectares of soil
which used to be fjord prior to 1818. The dike, which was built between Bgttingers-Holm (now
Hofmansgave) and Bogg (through Ramsg), along with a dike built further south, opened up for the
possibility of cultivating large new areas. The new soil was primarily sandy, as it was old fjord, and
still today large mussles are visible more than 5 km inland. Fig. 2 shows a map from before the dikes
were built (Videnskabernes Selskab, 1776) overlayed with an orthophoto from 2022
(Detektorkort.dk, 2023), with the two channels draining the catchment area marked in red (Northern
and Southern channels). The geological and topographic homogeneity (flat, sandy soil) in the
catchment area makes it difficult to locate differences in the nutrient load. The observed differences
are expected to be largely due to agricultural practices, hence diffuse sources, and point sources. Our
aim it to create a model that can locate hotspots for high nutrient loads within this catchment area.

o

i Ny
~
) 4

:&.Nﬁg, <% X
skabernes Selskab, 1776) overlayed with an orthophoto from

Figure 2 — Historical map (Viden
2022 (Detektorkort.dk, 2023)

This model needs to be applicable other catchment areas even those with greater geological and
topographic variety.

The catchment area to Egensedybet of 43,68 km? (fig. 3) is drained to the outer Odense Fjord through
two drainage channels. Both channels are created to drain the surrounding fields and has a highly
unnatural course. The Northern channel drains 12.68 km? through a tide-controlled lock, while the
Southern channel drains 31.00 km? through a pumping station near Bogg Mglle, a mill which was
utilized to drain the area until the pumping station was established. The two channels are connected
through the coastal meadow, and an overflow mechanism 4 km away from the mouth of the streams,
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which permits water to flow from the northern channel to the southern channel in events of high-
water levels. Hofmansgave also have two pumping stations draining their own fields, which are also
included in this project, adding 3.6 km?2. Egensedybets catchment area is highly cultivated, about 73
% of the total area is dedicated to agriculture. The main city, Otterup, with its 5250 inhabitants and

Figure 3 — The catchment area ohe project (yellow) with the open drainage channels
overlayed (blue), as well as piped drains (orange).

several smaller towns along with farms and housings spread across the area form the urban area of
the catchment.

GIS-model

We have developed a GIS tool that incorporated a diverse point sources and diffuse sources to locate
potential hotspots in the catchment are with high nutrient loading towards the river. Regarding the
point sources, the tool collects all GIS available information in the catchment area which affect the
nitrogen and phosphorus load of the catchment. For this catchment area those layers were relevant
the location of waste water treatment plants, rainwater ponds, drainage from separated cloak systems
or similar (collecting non treated surficial rain water) and diverse industry. Aquaculture facilities
which are abundant in other catchment areas in Denmark, were not present in the catchment of
Egensedybet.

The estimated diffuse contributions are modeled based on three parameters: Digital Elevation Model
(40x40 cm) converted to slope (%), soil type classified into six types (estimated in relation to
leaching), and agricultural norms normalized to a four-year average (fig. 4 B, C, and D). The
calculation of agricultural norms depends on both field management and soil type, causing this
parameter to evolve each year. Nature areas were registered as part of the diffuse contribution,
however it was expected they would have a zero or negative contribution. The resolution of the model
is seen on fig. 5.
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Figure 4 - GIS screening tool for the Egensedybet sub-catchment. A, Provisional hotspot map. B, Soil
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Figure 5 — Examples of the current status of the GIS-model, ranging like 1 (green) to 5 (red).

Using our GIS screening tool, we can generate a provisional hotspot map, allowing us to focus on
specific sub-areas that could potentially prove problematic (fig. 4). Using the provisional hotspot
map, we selected 62 stations for monitoring within the catchment of Egensedybet.

The model is expected to require calibration in catchment areas other than the catchment of
Egensedybet, as the soil type here is very sandy, and the topography is very flat. Therefore, the
primary differences are expected to be in nutrient supply and subsequent leaching affecting nutrient
load to the streams in this area. The anticipated leaching in sandy soil is higher than in clay-rich soil
(Kronvang et al., 1995), and this is also reflected in the model setup. This is mainly applicable to
baseflow during regular precipitation patterns or drought. During extreme events, the effect on a
sandy catchment should be reduced compared to a clayey catchment, as sand allows for a larger
volume of water to be absorbed over a shorter period than clay, resulting in less surface runoff. This
applies to flat catchments as well, where infiltration will be more effective, and there is potential for
more depressions to collect water, which may not immediately flush into the channels but percolate
through the soil. The most significant change in nitrate quantity during extreme events should be due
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to particulate matter. Therefore, the increased surface runoff in clayey catchments is expected to have
a greater impact on leaching during these events. A similar tendency is expected, in part, for
phosphorus. However, in general, the most significant impact of extreme events or heavy rain is
anticipated to be seen in discharges from rain-induced discharges.

Monitoring stations

The 62 chosen stations were selected to calibrate our hotspot model. These stations were placed both
before and after various measures, specific fields, and point sources, such as wetlands, mini-wetlands,
non-sewered inflows, and before and after parcels identified in the provisional hotspot map (with low
or high expected discharge) (fig. 6).

Figure 6 — Placement of the sampling stations in Egensedybets catchment area (black dot with
green outline)

The northern and the southern channel in the catchment area stretches 9.5 km and 12 km, respectively.
In total, there are 62 stations in the catchment area, including 2 stations at Hofmansgave (fig. 6). Each
station has been carefully chosen in order to calibrate our GIS model, following various factors (see
below). The maximum distance between stations was 750 meters, except for a few cases where this
was not possible due to access limitations.

The stations were placed to represent sub-catchment areas with different characteristics, ex.
Accumulation of agricultural land estimated to have a high nutrient load, or drainage from a paved
area, main outlet of a wetland.

The station set up was decided under the following considerations:

To investigate the nutrient load from cultivated areas, a sampling station is placed at the beginning of
the field and at the end of the field. It is important to pay notice to drained soil, as it may be drained
in a different direction than apparent, and for undrained soil, the slope of the given area. In the case
of the cultivated area being drained into the channel directly, the method of fig. 7a is used. If multiple
cultivated areas are drained into a collector drainage system, method of fig. 7b is used.
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Eigure 7a - Afield with runoff directly into the channel. Stations placFigure 7b — A field with runoff into a collecting drain, which
before and after the field. Arrows indicate runoff direction. then leads into the channel. Stations are placed before, in and
after the drain. Arrows indicate runoff direction.

When two branches merge, stations are placed in a
triangle configuration (fig. 8), with one station in
each of the incoming branches and one after the
confluence. It is important that the station after the
confluence is placed far enough from the confluence
to allow for complete mixing of the water. With a
triangle arrangement, it is possible to estimate the
percentage of water coming from each inlet.
Rain-induced discharges and drains can be monitored
using both methods mentioned above. For discharges
without a visible or accessible outlet, two stations are
set up using the before-after method. For discharges
with a clear outlet (where measurement at the outlet
is desired), the triangle method can be employed (9b).
In fig. 9a, under the path, there is an outlet from a
separate rainwater discharge with a basin (black
circle), which is inaccessible. Stations are set up on
each side of the outlet here, allowing measurement
before and after.

Figure 8 — The triangle format on of stations at the confluence
of two streams.

Figure 9a — Inaccessible rain-induced discharge (big dot) with  8Figure 9b — Rain-induced discharge (piped, orange line) with
stations before and after (small dots). stations before, inside, and after.



Data collection

The area is monitored by utilizing two methods — at the mouths of the two streams is a continuous
flow measurement station which takes regular water samples based on the flow in each channel, and
a citizen science part where volunteers collect biweekly water samples from various stations
throughout the catchment area, supplied with water samples at extreme events (e.g., cloudburst). To
optimize the water collection, the water samples are taken using a telescopic rod mounted with a
plastic vial, allowing for water sampling without disturbing the sediment, and without getting into the
water. The water samples are frozen after collection and brought to the laboratory at SDU for analysis.
For continuous flow measurement and automatic water sampling, a Teledyne ISCO 2150 Area
Velocity Flow Module is placed in the stream measuring the water flow by utilizing water velocity,
water depth, and a specified area per depth. The measured flow is sent to a Teledyne ISCO 6700
Portable Autosampler which collects water samples into one of 24 bottles. To get an accurate
representation of the total mass, smaller water samples are collected into the same bottle, filling
approximately 1 bottle (of 8 samples) per day based on the flow. Therefore, fewer water samples are
collected in periods of low flow, but in periods of high flow, the sampling frequency increases.

Water sample analysis:

The following parameters are analyzed for further use in catchment analyses and substance transport
analyses for the total and specific catchment:

DIN (Dissolved Inorganic Nitrogen):

Individual analyses of nitrate (NOs-N), nitrite (NO2-N), and ammonium (NH4-N) in dissolved form.
The analysis indicates the proportion of each type of dissolved nitrogen in the water, which can be
used to identify potential sources.

DIP (Dissolved Inorganic Phosphorous):

Analysis of dissolved phosphorus, primarily phosphate (POa), in the water. Used to assess the load
from primarily wastewater.

TN (Total Nitrogen):

The total concentration of nitrogen in dissolved and particulate forms. Provides an overall figure for
the total discharge from specific areas and is used to calculate the mass of substances discharged into
the fjord.

TP (Total Phosphorous):

The total concentration of phosphorus in dissolved and particulate forms. Used similarly to TN for
phosphorus.

TOC (Total Organic Carbon):

The total concentration of organic carbon in the water. Used similarly to TN and TP.

POC (Particulate Organic Carbon):

The particulate portion of carbon. Used to assess the proportion of particulate carbon relative to the
total carbon amount (TOC), which can vary significantly during extreme events.

TDN (Total Dissolved Nitrogen):

The total concentration of dissolved nitrogen, both organic and inorganic.

TDP (Total Dissolved Phosphorous):

The total concentration of dissolved phosphorus, both organic and inorganic.

TDP (Total dissolved phosphorous)

Since different forms of nitrogen and phosphorus serve as indicators for different sources, it is useful
to conduct multiple analyses of the specific forms for each sample. Additionally, it is highly relevant
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to investigate whether different events (e.g., drought or cloudburst) affect the ratio between, for
example, DIN and TN or TOC and POC, to observe how the relationships between dissolved and
particulate forms change.

Conclusion

We expect that the model developed based on this project can be utilized for analyses of expected
nutrient discharges from large areas, down to the field level. The model is initially set up with three
factors: slope, soil type, and nitrate norm. However, in the long term, other supporting parameters are
expected to be added. The sampling interval is highly intensive, with many samples per year
(approximately 1500 biweekly and 700 continous samples) and will also be used to assess the optimal
sampling interval for a potential similar project. The first step is to identify the major sources in
specific catchment areas, enabling a focused effort when implementing nutrient reduction measures.
This will require adaptation and validation in other catchment areas to conclude that the model is
effective, especially in topographically different catchments and those with different soil type
distributions.
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Dataoverfgrsel til SWAT model (AP 2.6 — farste del)

Wastewater data transferred to Odense Fjord SWAT catchment model.

Technical note.

Author: Flemming Gertz, SEGES Innovation
Cites: Gertz F, 2023. Wastewater data transferred to Odense Fjord SWAT catchment model. Technical note from SEGES Innovation.

Resumé

Oplandsmodellen for Odense Fjord opland (SWAT+) karer med daglige tidsskridt. Det har derfor
veeret gnsket at fa datainput af kveelstof fra spildevand i daglige tidsskridt. Dette er gjort for i alt 6
renseanlaeg, der samlet deekker 94 % af rensekapaciteten i oplandet. Der er udviklet linezere modeller
for sammenhang mellem flow og udledning af total kvealstof for hver af anleeggende. Modellerne har
hver en korrelation med R? p& mellem 0,67 og 0,87.

Pa arsniveau giver modellerne omtrent de samme resultater, som en simpel beregning. Pa
manedsbasis ser modellerne ud til at overestimere udledning i sommerperioden og underestimere om
vinteren. Denne sommer/vinter bias i modellerne pavirker ikke beregninger for tilstanden i fjord. Til
det videre arbejde med at forbedre modellerne foreslas at lave separate modeller til vinter- og
sommerperioder.

The Odense Fjord SWAT catchment model runs in daily time steps, and it has therefore been the
ambition to deliver daily wastewater loads of nitrogen to the model.

Data have been delivered by Annette Brink-kjeer from VandCenter Syd.

Discharge from treatments plants

It has been possible to make models delivering daily loads for the 5 largest treatment plants and in all
6 out of 14 treatment plants covering 94% of the treatment plant capacity in the catchment.
The 6 treatment plants are “Ejby Mglle Renseanlaeg” (72 % of total capacity in the catchment),

“Nordvest Renseanlaeg”, “Nordest Renseanleg”, “Seonderse By Renseanlaeg”, “Otterup Renseanlaeg”
og “Hofmansgave Renseanlaeg”

For each of the 6 treatment plants, it has been possible to establish a linear statistic model based on a
correlation between flow and TN discharge. Nutrient concentration samples have been taken
approximately 25-30 times per year from the outlet while flow data are available daily. The
correlation (Figure 39) demonstrates that there is a significant input of “outside” water entering the
sewer system and that decreases the effectiveness of treatment processes Figure 40.
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Discharge of TN in relation to Flow - Ejby Mglle
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Figure 39. Discharge TN correlation with flow from Ejby Mglle Treatment Plant. Data Oct. 2013 to May 2023
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Figure 40. Degree of purification TN in relation to flow. Ejby Mglle Treatment Plant. Data Oct. 2013 to May 2023.

It has been possible to make linear models for all 6 treatment plants with a R? correlation between
0,67 and 0,87 (Tabel 3)

Tabel 3: Models for daily TN loads from 6 treatments planets

Treatment Plant Model R?
Ejby Mglle Renseanleeg Y=0,0075x — 134,9 0,80
Nordvest Renseanlaeg y =0,0053x - 25,9 0,67
Nordgst Renseanlaeg y =0,0106x - 30,8 0,87
Sgndersg By Renseanlaeg y =0,0034x - 2,2 0,72
Otterup Renseanlaeg y =0,0056x - 5,1 0,62
Hofmansgave Renseanleeg y =0,0052x - 1,9 0,76

Results
Using models to estimate daily TN discharge gives a more dynamic picture. With a limited number
of samples taken every year periodically high flow events are not covered with samples. Comparing
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the model with samples demonstrated a good correlation between models and samples for all models.
Model comparisons made for a period at the Otterup treatment plant with extra sampling are shown
in Figure 41.

At a yearly level, the model delivers approximately the same results as a simple calculation (Figure
42). While “data only” is based on 25-30 samples per year the model delivers daily loads.

On a monthly basis the model seems to overestimate in the summer period and underestimate in
winter (Figure 43) It is not clear to what extent it is the one or the other calculations that are most
correct concerning the over and underestimation. This summer/winter bias in the models does not
affect the fjord modeling because the changes in the fjord model are relative.

For further work to improve the models, it could be an idea to make separate models for winter and
summer periods.
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Figure 41. Comparing model (orange) with internal (green) and external sampling (blue). Otterup treatment plant.
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Figure 42. Yearly TN discharge from Ejby Mglle based on data only and from model.
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Monthly average (2014-2022) discharge - Ejby Mglle
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Figure 43. Monthly average TN discharge from Ejby Mglle. Data average data from 2014-2022.

Overflow data

Daily overflow data from 109 points were examined in the catchment of Odense Fjord. These data
include daily loads of NH4 and COD in the period from January 2011 to December 2023. First, the
daily loads of NH4 were summed and ranked in magnitude in order to evaluate the significance of
each data point. Figure 6 shows the 20 largest summed daily loads of NH4 out of the 109 data
points, and they are ranked in size in descending order. It shows that the most significant
contributions of NH4 come from very few data points, where the largest contribution is more than
18000 kg NH4 over the 13-year period, while many of the data points contribute with less than
1000 kg NH4. Only 8 overflow data points contribute to more than 1000 kg NH4. In the end, only
these 8 overflow data points are used.
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Figure 44. Summed daily loads of NH4 for the period 2011 to 2023 ranked in size. Note that only the 20 greatest overflow
data points of the 109 were included.

The overflow data needs to be converted to organic N, NO3, and NH3. First, the TN is calculated by
adding 3% of COD (including both COD_part and COD_sol) to NH4. Approximately 50% of TN is
constituted by NH4 while the remaining part is divided into 90% organic N and 10% NO3.
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Oplandsmodellering oqg scenarier (AP 2.4 —-25+2.7—-29+ 2.11)

Modelling of nitrogen load reduction scenarios in the Odense Fjord Catchment
using SWAT+

Forfattere: Katrin Bieger, Aarhus Universitet, Mathias Larsen, SEGES Innovation,

Resume

| dette projekt er der af Aarhus Universitet og SEGES Innovation opsat en SWAT+ model over
Odense Fjord oplandet for at undersgge udvaskningen til Odense Fjord ved forskellige scenarier.
SWAT+ er en open source-model, som er blevet anvendt til at beregne oplandsbaserede simulationer
af vandstremninger og naringsstoftransporter. Modellen er opsat og kalibreret med inputdata om
topografi, arealanvendelse, jorddata, markkort, klimadata samt punktdata fra vandlgb og
malestationer. Hertil er der ogsa udviklet typesadskifter, som reprasenterer de mest typiske
bedriftstyper i Odense Fjord oplandet. Modellen er kalibreret og valideret med malte afstramninger
0g naringsstoftransporter fra flere stationer placeret i oplandet. Til modelkalibreringen er der benyttet
statistiske metoder sasom Nash-Sutcliffe Efficiency (NSE), procent bias (pbias) og Kling-Gupta
Efficiency (KGE) til at udveelge den endelige, kalibrerede model. Efter modelopsatning og
kalibrering er der lavet en sensitivitetsanalyse af modellen. Hertil er der opsat 3 ekstremscenarier: et
greesmarkscenarie, hvor alle marker er omlagt til permanent graes; et vadomradescenarie, hvor der
genoprettes vadomrader pd hele arealet indenfor adale undtagen by- og beboelsesomrader; et
kombineret scenarie, som kombinerer de to forrige ekstremscenarier. Analysen er lavet for at
undersgge det fulde reduktionspotentiale i modellen. Resultaterne af ekstremscenarierne gav omtrent
det samme udfald i reduktionspotentialet. Til sidst er der kart et realistisk scenarie, hvor der kun
indseettes potentielle vadomrader, hvor det er muligt i oplandet. Ved en workshop, afholdt sammen
med Kystvandradet og Odense Fjord Samarbejdet, er der i faellesskab udarbejdet et realistisk kort
over potentielle vadomrade i oplandet. Da det er vanskeligt at opgere, hvad der reelt udger et
vadomrade i Odense Fjord oplandet i dag, er der lavet to udgaver af potentialekortet. Arealet af
vadomraderne i to scenarier udger 11533 ha og 9188 ha, svarende til en arealforggelse pa hhv. 7871
ha og 5526 ha i forhold til baseline. Gennemsnittet af scenariernes resultater er efterfglgende blevet
indsendt til DHI, som har kart fjordmodellen.

Introduction to SWAT+

The Soil and Water Assessment Tool (SWAT; Arnold et al. 1998) model is a river basin scale model
specifically developed for predicting the effect of land use and management practices on variables
such as flow, sediment, and nutrients under varying soil, land use, and management conditions. It is
physically based, computationally efficient, and enables users to study long-term impacts (Neitsch et.
al, 2011).

In this study, we used SWAT+, a completely restructured version of SWAT that features several
advances in the representation of processes and the configuration of catchments within the model.
The most important change is the implementation of landscape units, which allow for routing of flow
and pollutants across the landscape. Also, SWAT+ offers more flexibility than SWAT in defining
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management schedules, routing constituents, and connecting managed flow systems to the natural
stream network (Bieger et al., 2017).

The basic computational unit in SWAT+ is the Hydrologic Response Unit (HRU), which is a unique
combination of subbasin, soil type, land use and slope class. The water, sediment, and nutrient losses
from each HRU are calculated on a daily time step. Nutrients can be transported to the aquatic
environment by surface runoff, lateral flow, tile flow, and groundwater flow (Neitsch et al. 2011).

Input data

The main input data required for setting up a SWAT+ model are topography, a soil map and physical
soil properties, a land use map and information about crop rotations and agricultural management,
maps of lakes and streams, and time series of climate data (precipitation, minimum and maximum air
temperature, solar radiation, relative humidity, and wind speed). For this project, we used the input
data listed in Table 1.

Table 1. Input data for SWAT+ model setup.

Input data Description

Topography National Digital Elevation Model (32 m x 32 m)

Landuse Combination of Landuse Map downloaded from MiljgGIS and Field Map
downloaded from LandbrugsGIS (10 m x 10 m)

Soils National Topsoil Texture Map (250 m x 250 m)

Crop rotations and 2020 farm data from Landbrugsstyrelsen

management

Streams Map of streams downloaded from MiljgGIS

Lakes Map of lakes downloaded from MiljgGIS

Weather data Corrected DMI precipitation data (10 km grid); temperature and relative

humidity at station-level; DMI solar radiation and wind speed (20 km grid)

Each year, the Ministry of Agriculture collects data on field-level crop coverage. In addition, data on
farm-level fertilizer and manure N use are collected annually by the Danish authorities for cross-
compliance control of farmers. The data from the year 2020 were utilized to derive representative
crop rotations and fertilizer and manure application rates for the Odense Fjord Catchment.
Subsequently, the agricultural area was divided into farm types, including arable (plant) farms, pig
farms, and dairy farms. These farm types were further subdivided based on specific plant type,
livestock groups according to the reported usage of nitrogen in organic manure, and
conventional/organic production, resulting in a total of 13 unique farm types with one to three unique
five to eight-year crop rotations each. The same approach was used by Thodsen et al. (2015). Finally,
a farm type was assigned to each field in the Field Map, a map of all agricultural fields in the Odense
Fjord Catchment, to obtain a coherent spatial dataset of crop distributions and fertilizer applications
at field level for all agricultural areas in the catchment.
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CR1 Seed production conv

CR2 Seed production conv

CR3 Vegetables conv

Year |Main crop Catch crop IMain crop Catch crop Main crop Catch crop
1 | Spring barley Undersown grass Spring barley Undersown grass Peas Catch crop
2 _|Rye grass Catch crop Rye grass Onion Catch crop
3 |Spring barley Rye grass Catch crop intermediate |Peas Catch crop
4 |Winter rape Winter wheat Spring barley Catch crop
5 |Winter wheat Catch crop intermediate | Spring barley Undersown grass Winter wheat
6 |Winter wheat Catch crop Rye grass Catch crop intermediate | Spring barley Catch crop
7 Winter wheat Catch crop Peas Catch crop
CR4 Potatos conv CRS5 Cattle >20%roughage conv CR6 Cattle >20% roughage conv
Year |Main crop Catch crop Main crop Catch crop Main crop Catch crop
1 |Winter wheat Catch crop Spring barley Maize Catch crop
2 |Potatos Grass with legume Maize Catch crop
3 |Spring barley Undersown grass Grass with legume Spring barley Undersown grass
4 |Rye grass Maize Catch crop Rye grass
5 |Winter wheat Catch crop Maize Catch crop Winter wheat
6 |Potatos Maize Catch crop Winter wheat
7 |Spring barley Maize Catch crop Spring barley Catch crop
8
CR7 Cattle >20% roughage conv CRB8 Cattle <20%roughage conv CR9 Cattle <20% roughage conv
Year|Main crop Catch crop Main crop Catch crop Main crop Catch crop
1 |Winter wheat Catch crop intermediate | Spring barley Undersown grass Spring barley Undersown grass
2 |Winter wheat Catch crop Grass with clover Rye grass
3 |Spring barley Undersown grass Maize Catch crop Rye grass
4 |Rye grass Maize Catch crop Winter wheat
5 |Winter barley Spring barley Undersown grass Winter barley
6 |Winter rape Rye grass Catch crop Winter rape
7 Winter wheat Catch crop intermediate |Winter wheat Catch crop
8 Winter wheat Spring barley Catch crop
CR10 Oil seeds and legumes conv CR11 0il seeds and legumes conv CR12 Pigs >80 kg N conv
Year |Main crop Catch crop Main crop Catch crop Main crop Catch crop
1 |Winter barley Spring barley Winter barley
2 |Winter rape Winter rape Winter rape
3 |Winter wheat Catch crop intermediate | Winter wheat Catch crop Winter wheat Catch crop intermediate
4 |Winter wheat Catch crop Spring barley Catch crop intermediate |Winter wheat Catch crop
5 | Spring barley Undersown grass Winter wheat Catch crop Spring barley Undersown grass
6 _|Rye grass Catch crop intermediate | Spring barley Catch crop intermediate |Rye grass Catch crop intermediate
7 |Winter wheat Winter rye Catch crop
8
CR13 Pigs >80 kg N conv CR14 Cattle derogation conv CR15 Seed production organic
Year |Main crop Catch crop Main crop Catch crop Main crop Catch crop
1 | Spring barley Grass with clover Spring barley
2 |Winter rape Grass with clover Rye grass
3 |Winter wheat Catch crop intermediate  |Grass with clover Rye grass
4 |Winter wheat Catch crop Maize Catch crop Spring oats
5 | Spring barley Catch crop intermediate  |Maize Catch crop Horse beans
6 |Winter wheat Catch crop Maize Catch crop Spring oats
7 Maize Catch crop Horse beans
8 Spring barley Undersown grass Winter wheat
CR16 Cattle >20% roughage organic CRA17 Cattle <20% roughage organic CR20 Oil seed and legumes organic
Year |Main crop Catch crop Main crop Catch crop Main crop Catch crop
1 _|Grass with clover Grass with clover Horse beans
2 |Grass with clover Grass with clover Winter wheat
3 |Grass with clover Grass with clover Spring barley
4 | Spring oats Spring oats Peas
5 |Maze Rye grass Winter rye
6 |Spring oats Undersown grass Spring barley Horse beans
7 _|Rye grass Spring oats Spring oats
8 |Winter rye Catch crop Winter wheat Spring barley
CR21 Permanent grass
Year |Main crop Catch crop
1 |Grass
2 |Grass
3 |Grass
4 |Grass
5 |Spring Barley Catch crop

Figure 1. Main crops and catch crops for the most common crop rotations in the Odense Fjord Catchment.
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Since the Field Map only includes agricultural land, the land use map for the SWAT+ setup was
created by overlaying it with the general Landuse Map. First, both maps were converted to a raster
with a 10m x 10m resolution and it was ensured that the grid cells overlay each other exactly. Next,
unique grid codes were assigned to each land use type and crop rotation. Finally, the two maps were
combined using the raster calculator in ArcGIS. In the resulting combined map (Figure 2), the
information from the Field Map was used where available and the information from the Landuse Map
map was used for the remaining areas.

Representing all farm types and crop rotations in the SWAT+ setup for the Odense Fjord Catchment
would result in a very large number of HRUs, making the model impossible to calibrate due to the
direct impact of the number of HRUs on model runtime. Therefore, some of the minor farm types
were combined with others and only one crop rotation per farm type was implemented in the model
(Table 2).

Table 2. Crop rotations used in SWAT+ for the different farm types.

% of agri- Crop rotation
0,
Farm type Lt cultural land used in SWAT+
Potato farm with min. 15% potatoes (conventional) 1,45 2,4 4
1 1 0,
Vegetabl_es with  min  20%  vegetables 0,97 16 3
(conventional)
Seed production with min. 15% seed grass and < 80
. . 2,33 3.9 2

kg N (conventional and organic)
Pig farm < 80 kg N/ha (conventional) 2,00 3,3 13
Pig farm > 80 kg N/ha (conventional) 12,34 20,5 13
Cattle 80 — 170 kg N/ha and < 20% roughage

- . 2,27 3,8 5
(conventional and organic)

— 0,
Cattle SQ 170 kg N/ha_ and > 20% roughage (both 6.58 10,9 5
conventional and organic)

. o . .

Plant farm with > 75% rape + spring see_d + winter 19,99 332 10
seed + oilseeds (conventional and organic)
Grass in rotation 4,77 7,9 21
Permanent grassland 3,35 5,6 21
Not in agricultural production 0,23 0,4 n/a
Fixed _Ianduse (fruit orchards, berry farms, plant 2,53 42 10
nurseries)
Unknown 0,21 0,3 10
Other 1,17 19 10

The amount of fertilizer used for every crop was calculated using a spreadsheet developed at SEGES.
The spreadsheet required the average amounts of fertilizer used by the different farm types in the
Odense Fjord catchment, which were obtained from the farm-level fertilizer account, which is
distributed by the Ministry of Agriculture. The average usage of fertilizer was inserted into the
spreadsheet together with the previously defined crop rotations. Based on the farm type, type of
manure, crops, and catch crops, the spreadsheet calculated the amount of fertilizer that should be
applied to each crop in order to achieve the norm, which was then implemented in the SWAT+ model.
The dates for plowing, sowing, fertilizer applications, and harvesting were obtained from an internal
report from the StyrN project, which is available at SEGES.
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Model setup and parameterization

In this study, we used the QSWAT+ interface (version 2.4.6) for the spatial setup of the model and
the SWAT+ Editor (version 2.3.3) for writing the SWAT+ input files.

The first step in setting up a SWAT+ model for a catchment is the “Watershed Delineation”. Based
on the DEM, the interface divides the catchment into landscape units and calculates the stream
network. For the latter, the user can choose to “burn in" an existing stream network. By lowering the
elevation of grid cells that overlap the existing stream network, the burn-in function helps the
interface identify the correct location of streams, which is expedient in flat areas like the Odense
Fjord Catchment. QSWAT+ uses a user-defined threshold for the stream delineation, which
determines the minimum area required to form a channel. A small threshold will result in a very
detailed stream network, whereas a large threshold will result in a stream network that only includes
larger streams. After testing several thresholds, a value of 3 km? was found to be suitable for the
Odense Fjord Catchment. QSWAT+ then delineates the landscape units by calculating the drainage
area of each stream section. Several small landscape units within the Odense Fjord Catchment were
merged with the next downstream landscape unit to avoid unnecessary complexity in the model setup.
Next, the lake shapefile was loaded into QSWAT+ and the channels that were located within lakes
were removed. The interface can only include lakes in the setup that are located on the stream
network. This was not the case for nine of lakes in the Odense Fjord Catchment, which were therefore
removed from the lake shapefile. The final step of the watershed delineation was the division of the
landscape units into upland and floodplain areas. QSWAT+ offers different methods for delineating
floodplains. Based on visual comparison with the river valley bottom map by Sechu et al. (2021) and
a map of lowland soils in Denmark, the branch length method with a slope position threshold of 0.1
(Rathjens et al. 2016) was found to be most appropriate for the Odense Fjord Catchment.

The delineation algorithms used in QSWAT+ can only delineate areas that drain to a stream.
However, in coastal catchments, some areas do not drain to a stream, but rather directly to coastal
waters. To include these areas in the model setup for the Odense Fjord Catchment, the landscape unit
shapefile was edited manually in QGIS and then loaded into the interface as a pre-defined catchment.
The manual editing of the landscape units included modification of the outline of some landscape
units and addition of three landscape units, whose outline was derived from the 1D15 catchments and
the coastline of Odense Fjord. The final model setup included 420 landscape units, 197 streams, and
eight lakes (Figure 2).

The next step after the watershed delineation is the “HRU Definition”. A total of 20012 HRUs were
defined in the Odense Fjord Catchment by overlaying the land use map, the soil map (Figure 3), and
a slope class map created based on user-defined slope classes and the DEM.
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Figure 2. DEM for the Odense Fjord Catchment, Landscape Units (without division into uplands and floodplains) and
channel network delineated by QSWAT+, lakes included in the model setup, and gauging stations used for calibration of

discharge and nitrogen loads.
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Figure 3. Land use and soil maps used for the SWAT+ model setup

After HRU definition, the weather data was read into the model and all SWAT+ input files were
written using the SWAT+ Editor. The default values used by the SWAT+ Editor do not necessarily
reflect the specific characteristics of the study area, so some input files for the Odense Fjord
Catchment were edited manually before model calibration:

e Subsurface tile drains were implemented in all agricultural HRUs with a mean slope of less
than 5%, which resulted in approximately 80% of the agricultural land in the Odense Fjord
Catchment being tile-drained.

e The values of three parameters that control the runoff and leaching potential of the HRUs
were edited based on recommendations from the model development team as they are not
set correctly by the current version of the SWAT+ Editor.

e Management schedules were defined for the different crop rotations implemented in the
model. The schedules specify the timing of sowing, harvest, fertilizer and manure
applications, and tillage. For sowing and harvest, the user has to specify which crop to sow
and harvest. For fertilizer and manure applications, the type of fertilizer or manure, the
amount applied, and the application method have to be specified and for tillage operations
the type of tillage equipment.

e Point sources were implemented for the ten largest wastewater treatment plants in the
catchment and connected to the nearest stream.

e An outlet object was added to the model setup, which summarizes the discharge and nutrient
loads from all streams draining into Odense Fjord.

Model calibration and validation

The model was run and calibrated using SWAT+ revision 60.5.7 from October 30, 2023. Both soft
and hard data were used for calibration and validation of the SWAT+ model for the Odense Fjord
Catchment.

Before calibration, the simulated management schedules and plant growth were evaluated using
SWATdoctR, a SWAT+ verification tool developed in R by Svajunas Plunge
(https://biopsichas.qgithub.io/svatools/). SWATdoctR offers a collection of functions for model
diagnostics that are useful for identifying and eliminating input and structural errors in the early stages
of the model setup and calibration process. There can be errors in the management schedule file
containing the scheduled agricultural management operations that are not easily identified. These
errors can result in some of the scheduled management operations not being triggered. Once it was
ensured that all scheduled management operations were triggered as intended in the model, the
simulated crop yields were compared to the numbers published by Landbrugsstyrelsen (2023). It is
important to make sure the simulation of crop growth in SWAT+ is reasonable as it affects the
simulation of evapotranspiration, runoff processes, and nutrient transport. The simulated yield was
close to the yield norm for spring barley and peas, whereas it was slightly underestimated but still
reasonable for winter wheat and corn and overestimated for winter barley. In future modeling efforts,
these differences between the simulated yields and the yield norms can most likely be reduced by
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adjusting some crop parameters to better represent Danish conditions and the crop varieties grown in
Denmark.

After making sure that the simulated crop growth was acceptable, hard calibration of daily discharge
and nitrogen loads (nitrate + nitrite) was performed to achieve a good fit of simulated and observed
data. Daily discharge data was available for four stations: Odense A at Kratholm, Stavis A, Lindved
A, and Geels A. Daily nitrate loads were only available for Stavis A, Lindved A, and Geels A. The
simulation period from 2008 to 2022 was divided into a warm-up period from 2008 to 2010, a
calibration period from 2011 to 2016, and a validation period from 2017 to 2022.

Automatic calibration of discharge was performed using SWATrunR, a tool developed in R by
Christoph Schuerz (https://chrisschuerz.github.io/SWATrunR/). The SWATrunR allows for easy
control of essential parameters during simulation runs while also providing parallel processing, which
makes calibration of large models much more efficient. For each parameter, 280 values were sampled
within the range specified in Table 3 using Latin Hypercube Sampling and simulations were run using
the resulting 280 parameter sets.

Table 3. Calibrated parameters, their units, change type (absval = initial value is replaced, abschg = initial value is changed
by adding or subtracting an absolute value, relchg = initial value is increased or decreased by a relative value), minimum
and maximum value, and final value after calibration.

Parameter  Description Unit Change type Min Max Final

value value value

surg_lag Surface runoff lag coefficient none absval 0.05 5 0.32

esco Soil evaporation compensation none absval 0.1 0.5 0.25
factor

epco Plant uptake compensation none absval 0.1 0.5 0.48
factor

Ov_mann Overland roughness none abschg -0.3 0.3 0.28

(Manning's n value)

cn2 Curve Number for moisture none abschg -15 0 -8.24
condition 11

cn3_swf Soil water adjustment factor none abschg -0.5 0.5 0.15
for CN3

perco Percolation coefficient none abschg -0.5 0.5 -0.12

latg_co Lateral flow coefficient none abschg -0.5 0.5 0.07

lat_ttime Lateral flow travel time days absval 0.5 20 6.92

dp Depth of drain tube from the cm absval 800 1200 870.5
soil surface

t fc Time to drain soil to field hours absval 10 72 57.74
capacity

lag Drain tile lag time hours absval 10 100 54.33
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drain Drainage coefficient mm/day absval 10 51 33.39

z Depth of the soil layer mm relchg -0.5 1 0.18

awc Available water capacity ofthe ~ mm/mm relchg -0.1 0.1 -0.09
soil layer

k Hydraulic conductivity of the  mm/hour relchg -0.5 1 0.96
soil layer

alpha Alpha factor for groundwater 1/days absval 0.001 0.9 0.42
recession curve

sp_yld Specific yield of the aquifer m3/m3 absval 0 0.5 0.25

mann Channel roughness (Manning's none relchg -0.5 0.5 -0.03
n value)

It is recommended to use multiple model evaluation statistics to judge the performance of a model in
simulating a variable of interest. Therefore, the Nash-Sutcliffe Efficiency (NSE), the percent bias
(pbias), and the Kling-Gupta Efficiency (KGE) were used in this study to rank the 280 calibration
runs. The best runs according to the three statistics differed between the four discharge stations, so a
run was selected that ranked among the best 40 runs for all stations. In addition to NSE, pbias, and
KGE, the Coefficient of Determination (R2) was calculated for the selected run (Table 4). For more
information about the model evaluation statistics please refer to Nash & Sutcliffe (1970), Moriasi et
al. (2007), and Gupta et al. (2009). In addition to the statistical comparison, the observed and
simulated hydrographs were compared visually (Figures 4 to 7). It was also made sure that the
landscape water balance for the selected run was reasonable. On a catchment average, actual
evapotranspiration was slightly underestimated, but it was not possible to increase it without
underestimating discharge at three of the four gauging stations (see pbias values for calibration in
Table 4).

Table 4. Model evaluation statistics for daily discharge during the calibration period (Cal) and validation period (Val).

Gauging station R2 KGE pbias NSE

Cal Val Cal Val Cal Val Cal Val
Odense A at Kratholm 0,85 0,87 0,85 0,90 -12,7 -3,8 0,83 0,87
Stavis A 0,82 0,81 0,77 0,74 10,7 15,7 0,73 0,70
Lindved A 0,75 0,86 0,79 0,61 -1,3 15,0 0,66 0,65
Geels A 0,73 0,87 0,45 0,56 0,1 3,8 0,27 0,62
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Figure 4. Calibrated discharge for Odense A at Kratholm.
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Figure 5. Calibrated discharge for Stavis A.
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Figure 6. Calibrated discharge for Lindved A.
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Figure 7. Calibrated discharge for Geels A.
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The nitrogen loads were calibrated manually by adjusting the values of the parameters n_perc (nitrate
percolation coefficient), nperco_Ichtile (nitrogen concentration coefficient for tile flow and leaching
from bottom layer), and denit_frac (denitrification threshold water content). For the nitrogen loads,
the model was only evaluated by visual comparison of the observed and simulated data. Due to the
infrequent monitoring (roughly bi-weekly grab samples), there is considerable uncertainty in the
observed data, so it was considered most important to reproduce the seasonal variability, which was
accomplished as the time series in Figures 8 to 10 show.
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Figure 8. Comparison of observed and simulated loads of nitrate and nitrite for Stavis A
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Figure 9. Comparison of observed and simulated loads of nitrate and nitrite for Lindved A
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Figure 10. Comparison of observed and simulated loads of nitrate and nitrite for Geels A
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Extreme scenarios

A series of extreme scenarios were defined with the intention of evaluating the sensitivity of the
SWAT+ model to changes in land use. This analysis will help illuminate the full nitrate reduction
potential that is possible in the Odense Fjord catchment area while also ensuring that the SWAT+
model responds reasonably to changes in the model input.

In total, three extreme scenarios were simulated:
1. Conversion of all cropland to extensive grassland.

2. Conversion of all land uses except for urban land within the floodplain delineated by
QSWAT+ to wetlands.

3. A combination of 1. and 2., where all cropland in the upland areas of the catchment are
converted to grassland and all land uses except for urban land within the floodplain are converted
to wetlands.

The changes in land use were implemented in the calibrated model and the scenario results were
subsequently compared with the output from the baseline model, i.e., the calibrated SWAT+ model.
Results indicated that the overall reductions in nitrogen loads to Odense Fjord were quite similar for
the three extreme scenarios. The reductions in summer nitrogen loads were larger in the grassland
scenario than the wetland and the combined scenarios, for which an increase in nitrogen loads was
predicted during some summers. However, the reductions in nitrogen loads during the winter and
early spring season were larger in the wetland and the combined scenarios. The differences between
the three extreme scenarios were largest during the dry summers of 2013 and 2014. The year 2016
was characterized by relatively frequent small flood events, which resulted in relatively high nitrogen
reductions even during the summer.
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Figure 11. Reductions in daily nitrogen loads predicted by SWAT+ for the three extreme scenarios
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Wetland scenarios

Converting all non-urban areas within the floodplain to wetlands is not feasible in reality. To define
realistic wetland scenarios, a joint workshop was held together with Kystvandradet and Odense Fjord
Samarbejdet on the 91" of October 2023 in Odense. At the workshop, the SWAT+ floodplain map was
reviewed and areas that are not suitable for wetland restoration were removed (Figure 13). After the
workshop, the corrected map was used to identify those HRUs in the SWAT+ setup that should not
be changed to wetlands for the realistic scenarios.

Figure 13. Lively discussions during the workshop with Kystvandradet and Odense Fjord Samarbejdet

However, it was necessary to create two versions of the wetland restoration maps, where additional
features were excluded from the map. This is mainly due to the uncertainty concerning knowing what
areas are wetlands today. Some river valley areas that have been drained and used for farming are
slowly degrading as farmland and it is difficult to have the correct status of the land. In figure 14 and
15, the wetlands areas from VP3 are shown at two locations in Odense Fjord Catchment. At the
location southwest of Ringe, the VP3 indicates wetland areas on grass fields which might not actually

105



be wetland areas. Likewise, at a location northwest of Odense, there is an area which is not shown as
a wetland area in VVP3 even though the area appears very wet. Thus, there is a small uncertainty on
what is actually wetlands today, and this is important to know, since wetland restoration requires
knowledge on where the actual wetland areas are today.

Therefore, an “optimistic” and a “conservative” suggestion were made. Both wetland scenarios are
excluding the corrections from the workshop as well as areas with infrastructure and roads. However,
Scenario 1 excludes the areas that are already defined as wetland areas in SWAT+ while wetland
Scenario 2 excludes wetland areas from the VVP3 landuse map. The two wetland restoration maps can
be seen in Figure 16.

Figure 14. The blue color indicates wetland areas from VVP3 at a location southwest of Ringe. Here, some areas are shown
as wetland areas which might not be wetland areas today.
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Figure 15. The blue color indicates wetland areas from VP3 at a location northwest of Odense. Here, some areas that
might be wetlands areas today are not shown as wetlands areas in VP3.
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I Wetlands scenario 1
B Wetlands scenario 2
B SWAT+ Floodplains 5 km

Figure 16. Wetland restoration maps for wetland scenario 1 and 2. Note that the two layers are overlapping, and wetland
scenario 2 is slightly smaller than wetland scenario 1.
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Figure 17. Reductions in daily nitrogen loads predicted by SWAT+ for the two wetland scenarios
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Figure 18. Average monthly means of the wetland scenario reductions

As expected, SWAT+ predicted larger reductions in nitrogen loads to Odense Fjord for Scenario 1
than for Scenario 2. The differences between the two scenarios were smallest during the summer,
especially towards the end of and immediately after long dry periods. Similar to the extreme
scenarios, there were some periods during the summer where the nitrogen loads to Odense Fjord
increased, but the average reduction in August, the month with the lowest reduction, was still around
20 % in Scenario 1 and 15% in Scenario 2. With average values of around 68% and 49% for Scenarios
1 and 2, respectively, the largest reductions were predicted for December. Nitrogen loads during the
spring, which are particularly relevant for the nutrient levels in Odense Fjord, were between 20 and
40% depending on the month and scenario.

The final result of the wetland scenarios is an average of wetland scenario 1 and wetland scenario 2,
and this will be used for the modelling of Odense Fjord by DHI.
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Spildevandsscenarier (AP 2.6 — anden del)

Odense Fjord Kystvandrad - WWTP scenarios

Resume og konklusioner

Over de sidste 15 ar har VandCenter Syd gjort det til en hovedprioritet at begrense de negative
miljgeffekter af udledning og emissioner fra vores renseanlag. | dag ligger de gennemsnitlige, arlige
koncentrationer af organisk stof og naringsstoffer veaesentligt under kravene i udledningstilladelsen.
Rensegrader i stgrrelsesordenen 90-98% er typiske, hvilket er resultatet af en langsigtet
optimeringsindsats med brug af realtidsovervagning og dynamisk styring af renseanleggene.

Analyser fra Syddansk Universitet, SEGES og DHI viser dog et potentiale for at begraense
opportunistisk algevaekst i det tidlige forar som fglge af yderligere reduktioner af naringsstoffer i det
rensede spildevand.

Disse er mulige at opna, men omkostningstunge og til en vis grad uden for de juridiske og gkonomiske
ramme for forsyningsvirksomheder i Danmark. Ikke desto mindre kan forbedringer i skalaen pa 0-10
% opnas i den tidlige vaekstsaeson. Reduktioner i denne skala introduceres i scenarie 2, hvor DHI har
modelleret effekten af en ca. 10% reduktion fra de tidligere naevnte 3,32 mg/l til 3,0 mg/l TN og 0,22
mg/l til 0,2 mg /I TP.

Miljgpavirkningerne, naeringsstofreduktionerne medfarer, ber tages i betragtning, nar man overvejer
muligheden for reduktioner. Disse gelder gget kemikalieforbrug, ggede drivhusgasudledning og
suboptimal energiproduktion.

At reducere den indgaende belastning ved at sortere vandet ved kilden er en anden metode til at
begreense udledning af naringsstoffer. Volumenet af tilledt spildevand til renseanleeggene er ca. tre
gange hgjere end den vandmaengde, der betales for. Der eksisterer ydermere en negativ sammenhang
mellem rensegraden og det tilledte volumen pa grund af den belastning, som uvedkommende vand
paferer de biologiske renseprocesser. Ved at minimere belastningen fra denne fraktion, ville
udlgbsvolumenet ydermere falde, hvilket sammen med en mere effektiv retsproces vil resultere i
reduktioner i massen af naringsstoffer.

Introduction

In relation to the implementation of the EU Water Framework Directive in Denmark, the Danish
Environmental Ministry has selected 5 local coastal water committees — one concerns the Odense
Fjord Catchment. VandCenter Syd (VCS) is a part of this interdisciplinary committee and represents
water companies within the catchment area.

This document presents VCS’ documentation for the wastewater treatment plant (WWTP) scenarios
run in the Mike3 model of Odense Fjord. VCS has delivered data to SEGES, who has done initial
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analysis and forwarded relevant time series to DHI. VCS has approved the scenarios conducted by
DHI.

Please note, that a SWAT analysis was conducted by Aarhus University as well. Documentation for
the wastewater scenarios is presented in the material prepared by Aarhus University and is not
included in this document.

Resume and conclusions

Over a course of 15 years, VCS Denmark has made it a main priority to limit the adverse
environmental effects of discharge and emissions from our WWTPs. Today, the average annual
concentrations of effluent organic matter and nutrients are significantly below the requirements set
out in the discharge permit. Reductions in the order of 90-98% are typical, illustrating our efforts in
optimizing through real time monitoring and dynamic control of the wastewater treatment plants.

Nevertheless, the analysis from the University of Southern Denmark, SEGES and DHI demonstrate
a potential to limit opportunistic algae growth in the early spring as a consequence of a further
reduction of nutrients in the effluent from the WWTPs.

Further reductions at the treatment plant level are possible but costly and to some extend currently
outside the legal framework of utilities in Denmark. Nevertheless, improvements can be achieved in
the scale of 0-10% reductions in the early growth season. This is introduced in scenario 2, in which
DHI has modelled the effect of an approximate 10% reduction from the earlier mentioned 3,32 mg/I
to 3,0 mg/l TN and 0,22 mg/l to 0,2 mg/l TP.

To achieve a 0-10% reduction, that the environmental impacts in the form of increased chemical
consumption, increased GHG emissions and suboptimal energy production will need to be taken into
account when considering the option of onsite reductions in nutrient load.

Reducing the incoming load by sorting the water at the source is another worthwhile method to
mitigate nutrient discharge. Incoming flow volumes to the treatment plants are approximately three
times higher than the amount of water accounted for. A negative correlation exists between the
purification degree and incoming flow, due to the stress that extraneous water puts on the biological
treatment processes. Lower discharge volumes would follow from minimizing the load of this fraction
resulting in overall reductions in the mass of nutrients.
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Current wastewater treatment in the catchment and the challenges

Over the years VCS Denmark has made it a main priority to limit the adverse environmental effects
of discharge from our WWTPs. This has resulted in internal performance targets allowing for
advanced optimizations of the treatment process. Today discharge of organic matter and nutrients are
significantly below the requirements set out in the discharge permit as seen in figure 1, 2, and 3.
Reductions in the order of 90-98% are typical, illustrating that the potential for purification
improvements is limited.
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Figure 45 shows average total phosphorous concentrations in discharge across the eight WWTPs.
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The shown increase in TP concentrations is a result of a relative decrease in the dosage of precipitation
chemicals. The decision to allow for higher concentrations, which are still well below the legal limit,

Figure 3 shows average total nitrogen concentrations in discharge across the eight WWTPs.

is made with consideration to the energy balance and economic savings.

Table 4 shows the average concentrations of total nitrogen and total phosphorous as calculated by
DHI based on 2013-2023 data from VCS. Summer is defined as April 1% to September 30™.
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WWTP Annual Summer Annual Summer
EM (80%) 4,31 3,40 0,23 0,21
NV (10%) 3,27 2,50 0,26 0,31
NG (10%) 4,48 3,57 0,23 0,23

Based on effluent concentrations monitored over the past ten years at the three biggest WWTP owned

by VCS, DHI has calculated the averages shown in table 1. When a weighted average between the
plants is calculated, based on the shown percentages, a summer concentration of 3,32 mg/l TN and
0,22 mg/l TP is found.

All eight facilities are operationally optimized with the use of digital automation tools as well as
online monitoring. This ensures the best possible cleaning under the widely varying conditions. These
include seasonal and weather dependent changes in temperature, flow, and composition of the
incoming wastewater. The distinctly dynamic conditions pose great demands for control and real time
optimization at the WWTP level. Despite these optimizations, biological plants are naturally
challenged when the temperature is low, and the incoming flow is significantly increased as can be
seen from figure 4 and 5.
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Figure 4 (left) shows the correlation between precipitation and the degree of purification achieved calculated based on
discharge levels of total nitrogen at Ejby Mglle WWTP.

Figure 5 (right) shows the correlation between temperature variation and the degree of purification achieved calculated
based on discharge levels of total nitrogen at Ejby Malle WWTP.
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Scenario 2: WWTP nutrient reductions

Further reductions at the treatment plant level are possible but costly and to some extend currently
outside the legal framework of utilities in Denmark. Nevertheless, improvements can be achieved in
the scale of 0-10% reductions in the early growth season, where WWTP discharge has the biggest
relative impact on the fjord system. This is clear from scenario 2, in which DHI has modelled the
effect of an approximate 10% reduction from the earlier mentioned 3,32 mg/I to 3,0 mg/l TN and 0,22
mg/l to 0,2 mg/l TP, during the growth season defined as April through September.

To reduce phosphorus in the effluent in line with these targets will take a significant increase of the
precipitation chemical dosage. A higher consumption of these metal salts poses associated negative
environmental side effects and a noteworthy price increase.

Regarding nitrogen higher degrees of average purification will necessitate adding molasses as carbon
enrichment of the denitrification step under wet weather conditions. This will help the biological
conversion to nitrogen gas within the limitations that at any given time 1-2 mg/l of TN remains
nonbiodegradable. Dosing carbon will lead to a worse energy balance and increased greenhouse gas
(GHG) emissions as added molasses is converted to carbon dioxide. In addition, it will increase
treatment costs.

Among other options is the use of membrane technology for filtration of the effluent. Membrane
filtration is very expensive in terms of both establishment costs and operating costs. This is due to the
amount of chemicals applied in operation and maintenance of the technology coupled with a
substantial energy consumption. Plants with membranes typically leave a residual stream in the form
of brine consisting of 20-50% of the flow. This brine stream is a concentrate of the substances found
in the treated wastewater. Some of the nutrients can be reduced in subsequent advanced
biological/chemical purification, but other substances such as salts will pose a treatment problem.

At VCS’ main facility Ejby Malle WWTP, extensive consideration has been given to the production
of green energy. At the same time there has been a focus on reducing GHG emissions in the form of
nitrous oxide and methane. These measures have been carried out while respecting the internal goals
regarding the discharge quality. Space restrictions at the centrally located Ejby Mglle WWTP further
limits the implementation of additional treatment technologies. Alternatively large parts of the plant
will have to be moved, which is a financially unsound causing a major price increase for the
consumers.

In conclusion, it must be stated that the environmental impacts in the form of increased chemical
consumption, increased GHG emissions and suboptimal energy production will need to be taken into
account when considering the option of onsite reductions in nutrient load.

Reducing the inflow to the WWTP - Sorting water at the source

Even if a higher purification degree can be achieved through the abovementioned measures,
ultimately the question of mass nutrient load is at stake. As seen in figure 4 there exists a negative
correlation between precipitation and purification degree. If this relationship is to be mitigated
reducing the incoming load by sorting the water at the source may be a worthwhile effort. With a
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lower incoming load lower discharge volumes would follow as well resulting in overall reductions to
the mass of nutrients.

The amount of extraneous water that VCS” WWTPs receive stresses the treatment process. With
regards to the biological treatment processes the fraction is challenging, firstly because the carbon to
nitrogen ratio in the extraneous water is suboptimal compared to wastewater impairing the
denitrification process and secondly due to the changing flows and relatively low temperature which
decreases treatment efficiency as previously shown.

Despite attempts to remove rainwater from the wastewater sewer systems, the incoming flow to the
treatment plants is approximately three times higher than the amount of water accounted for. In a
2019 study EnviDan mapped the origin of extraneous water to VCS’ sewer system. From figure 6 it
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fractionation of the extraneous water (right) (Jensen et al., 2018).

becomes clear that rainwater comprises a smaller fraction than intruding groundwater. For the past
15 years increased sealing of the sewer system has had limited momentum due to legal and political
barriers. One such barrier being the possible local flooding in urban areas as a result of the existing
‘drainage’ being cut off.

With the national climate adaptation plan 1 published on October 23", 2023, the Danish government
has stated that legislation which allows for collective solutions to so called ‘high level groundwater’
will be proposed in 2024. So far, the focus in the plan is mainly on the adverse effects, which the
groundwater levels pose to human infrastructure. Considering the potential alleviation of incoming
extraneous water to the WWTPs which the possibility for drainage combined with better sealed
sewers allows, this legislation might as well play a part in stabilizing operation, which in turn will
decrease the nutrient load to the receiving water bodies.

When considering how to progress in bringing down the incoming load to WWTPs, it is also worth

keeping in mind that the nutrient load which is directed away from the treatment plant will need
decentralized treatment. The University of Sourthern Denmark conducted a study in 2022 —a MIKE3
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modelling effort carried out by Mikkel Lees and colleagues (Lees et al., 2022). When simulating a
limited decentralized treatment with separate sewer discharge concentrations of 1,5 mg/l TN and 0,3
mg/l TP the total nutrient load to Vejle inner fjord across the main contributors showed a total P load
from separated discharge on par with the load from the wastewater treatment plant and for total N the
load for separate sewers were more than three times the amount from combined sewer overflows
(CSO).

Tabel 5 shows the nutrient load from different sources to Vejle inner fjord. Table is adapted from Lees et al., 2022.

System Source TN [ton] TP[ton] % of Mike TN % of Mike TP
Agriculture 413,0 16,3 73 52
WWTP 61,9 3,8 11 12
Vejleriver  Separate sewer 19,2 2,8 3 12
CSO 57 0,9 1 3
Fish farming 63,0 6,5 11 21

Urban expansion of Odense is expected to double its size by 2045, however this is primarily in the
form housing and non-water intensive industries. This tendency can be seen in the volume of
incoming wastewater to the WWPT Ejby Mgalle, where we have seen a stagnation of incoming
water over the last 9 years.

On the other hand, the amount of extraneous water will further be exacerbated by the foreseen
future changes in precipitation patterns and rising sea levels. Wetter winters with high standing
ground water and frequent floods and cloudbursts will challenge the urban sewer system and
treatment plants, which are not dimensioned for these compound weather events. This development
makes for an even more compelling case to remove extraneous water from the sewer system to
reduce the effluent of nutrients to Odense Fjord.

Other initiatives to reduce nutrient effluent.

Besides optimizing the WWTP there are some other VandCenter Syd initiatives, which can be said
to bring reductions in nutrient discharge to Odense Fjord. VCS’ ground water protection schemes
are a noteworthy mention. Currently VCS is working towards realizing the Holmehaven project in
partnership with Assens Municipality and HedeDanmark A/S. The project aims at afforestation and
wetland creation on a 500 ha large area and has been estimated to alleviate the fjord of 20 tons of
nitrogen annually from 2026.
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Scenarier for reduktion af den diffuse fosfortilfgrsel

Scenarios for reducing diffuse phosphorus. Technical note.

Author: Flemming Gertz SEGES Innovation

This technical note is based on work from Aarhus University to Kystvandrad Odense Fjord. A report from Aarhus University will be published and
citations should be made to that report:

Andersen, H.E. 2023. Muligheder for reduktion af den diffuse fosfortilfarsel til Odense Fjord. Aarhus Universitet, DCE — Nationalt Center for Miljg
og Energi, xx s. - Teknisk rapport nr. xxx

Introduction
Odense Fjords' vulnerability to nutrients has been discussed in the technical group within the
Kystvandrad Odense Fjord including, SDU, DHI, and SEGES. Based on that it was decided to find
reductions in the catchment for both nitrogen and phosphorous to attain good ecological status in the
fjord. Hereafter Aarhus University was involved in the work of making scenarios for reducing diffuse
phosphorous.

Diffuse phosphorous

The project focuses on providing options for reducing diffuse phosphorus loss from risk areas in the
catchment area of Odense Fjord by combining detailed mapping of phosphorus loss with different
mitigation measures. Phosphorus loss primarily originates from five diffuse sources: erosion,
leaching, macropore loss, loss from cultivated organic soil, and bank erosion. The mapping shows
that these sources account for 94% of the total diffuse phosphorus loss at a national level.

The total phosphorus input to Odense Fjord averages 45.1 tons P over the period 2012-2021, of which
the diffuse contribution is 26 tons P. The most significant diffuse loss pathways for phosphorus are
bank erosion and loss via macropore to tile drains, which account for 39% and 26% of the total diffuse
input, respectively.

Diffuse phosphorous reduction scenarios

The project first calculates the effect of different measures when the potentials are fully utilized.
Different measures such as afforestation, riparian zones, trees on riverbanks, sand traps, minor reach-
based restorations, re-meandering of watercourses, mini-wetlands, integrated buffer zones, GLM 5,
and phosphorus wetlands were suggested, and the full potential was calculated. For further
information on this see the full report from AU.

Next, all possible measures were discussed at several meetings and a workshop with “kystvandrad”
and others. Based on a prioritization in the Kystvandrad the following scenarios were selected:

- Phosphorus wetlands
- Tree planting on riverbanks
- Mini-wetlands
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Phosphorus wetlands

It is assumed that 10% of the wetlands in the local scenario are established as actual phosphorus
wetlands. This means wetlands are designed in such a way that the watercourse is allowed to
periodically flood the watercourse's adjacent areas, thereby depositing sediment-bound phosphorus.
Calculating the effect requires local information on the minimum size of the flooded area and the
duration of the flooding. To calculate the effect, several assumptions have been made:

Based on a survey of the amount of suspended matter in Danish watercourses (Thodsen et al., 2019),
a phosphorus sedimentation rate of 1.0 kg P ha-1 day-1 is assumed for flooding. According to
Hoffmann et al. (2020), the size of the flooded watercourse adjacent area is assumed to be 25 m, 75
m, and 100 m on each side of small, medium-sized, and large watercourses, respectively. However,
based on empirical studies, these widths must be reduced by 25% because there may be high-lying
areas near the watercourse that are not flooded (B. Kronvang, pers. komm.). The duration of flooding
is set to 15 days, which is a conservative estimate relative to Hoffmann et al. (2020).

The length of the watercourse within the wetlands is found by an overlap analysis in GIS. The width
of the watercourses has already been mapped. Phosphorus retention by deposition during flooding is
first calculated for all wetlands. The final effect is then found as 10% of the total effect, as it is not
known which wetlands will be established as phosphorus wetlands.

Tree planting on riverbanks

A scenario has been set up with the placement of wetlands along a part of the watercourses in the
Odense Fjord catchment area. There is no desire to plant trees along the watercourses within the
wetlands. In addition, large watercourses (type 3, width greater than 10 m) are to be kept free of tree
planting. Therefore, the scenario with wetlands and tree planting includes tree planting on the small
(type 1, width less than 2 m) and medium-sized watercourses (type 2, width 2 - 10 m) outside the
wetlands. Tree planting is assumed to take place on 10% of these watercourses, where the areas with
the greatest brink erosion are prioritized.

Mini-wetlands

Based on work from SEGES (see other cap. On mini-wetlands) a potential of 127 mini-wetlands are
planned with a total catchment area for the mini-wetlands of 10761 ha (Figure 1). Based on the
calculations of the effect of the maximum potential for mini-wetlands (section 3.7), an average effect
per area unit is calculated by dividing the effect at full utilization of the potential by the area of the
full potential. The area effect is then multiplied by the catchment area of the 127 planned mini-
wetlands.

Results from local prioritized scenarios
- Effects from 10% of the planned wetlands are created as phosphorus wetlands with periodic
flooding: 5,4 tons P / year.
- Effects from tree planting along 10% of small and medium-sized streams outside wetlands:
0,6 ton P / year
- Effects from 127 mini-wetlands: 0.5 tons of P / year.
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Total effects of the prioritized measures to reduce phosphorous: 6,5 ton P / year
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Figure 48. Catchments to 127 potential mini-wetlands.
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Virkemiddelsplacering (AP 2.10)

Measures for reducing nutrients — I1D15 lists.
Authors: Flemming Gertz SEGES Innovation

Introduction

This document includes 3 measures:
- Wetlands
- Mini-wetlands/constructed wetlands
- Trees along streams

The geographical placement has been done with 3 different tools combined with dialogs with
catchment groups and the Kystvandrad. See specific chapters in the report for more information.

Concerning wetlands, the specific area is slightly overestimated in the below table. More precise
numbers can be delivered if requested.
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Table with wetland area in each 1ID15 and the percentage for each ID15. For scenario 1 (hrus2) and
scenario 2 (VP3). The average of these 2 scenarios has been used as in the fjord model.

1d15_opland -1|Areal (ha) | | SWAT hrus2 (ha) ~ Andel hrus2 (%) ~ | SWAT_VP3 (ha) |~ /Andel VP3 (%) |~
42310001 1824,1 172,8 9 168,0 €2
42310002 1708,3 168,5 10 156,6 9,2
42310003 2519,9 715,9 28 667,3 26,5
42310033 1093,6 108,5 10 104,2 9,5
42320001 1512,6 145,8 10 131,9 8,7
42320002 2389,5 576,5 24 566,5 23,7
42320003 2282,5 144,5 6 80,4 3,5
42320004 657,2 46,9 7 33,7 51
42320007 1396,1 272,3 20 222,5 15,9
42320016 2205,9 142,7 6 134,9 6,1
42320017 1794,5 259,5 14 252,9 14,1
42320018 1843,9 133,1 7 126,0 6,8
42320023 2155,0 152,6 7 140,2 6,5
42320026 1942,0 184,1 9 167,2 8,6
42320044 1266,4 176,9 14 165,3 13,1
42320053 161,3 2,8 2 2,8 1,7
42320119 2151,3 105,3 5 99,6 4,6
42320215 1820,6 129,9 7 122,5 6,7
42320221 1425,8 232,9 16 223,6 15,7
42320511 2827,7 210,7 7 174,3 6,2
42320648 2660,3 105,9 4 97,5 3,7
42320683 2871,1 51,2 2 50,7 1,8
42320687 2452,8 1154 5 99,3 4,0
42320708 510,9 26,5 5 8,5 17
42320715 2392,2 135,7 6 107,6 4,5
42320718 1458,8 167,6 11 131,6 9,0
42320719 1139,9 37,3 3 33,2 28
42320720 1729,6 99,3 6 96,0 5,6
42320721 1864,0 183,4 10 146,5 72
42320722 3032,7 245,2 8 217,2 7,2
42320723 2327,9 247,3 11 235,1 10,1
42320724 145,8 9,8 7 3,7 2,6
42320729 1455,2 103,5 7 98,0 6,7
42320744 2648,7 246,7 9 230,8 8,7
42320755 1920,1 170,0 9 142,6 7.4
42320761 2132,8 154,9 7 144,6 6,8
42320762 2714,6 184,6 7 156,7 5,8
42320765 2632,5 90,7 3 68,3 2,6
42320766 3080,1 238,9 8 230,2 7,5
42320788 1648,9 85,9 5 79,0 4,8
42320794 1965,9 183,6 9 178,4 9,1
42320799 2049,1 216,5 11 177,2 8,6
42320823 1493,1 156,9 11 139,8 9,4
42320824 38,1 1,1 3 1,1 2,8
42320825 336,8 12,0 4 11,3 3.3
42320830 1142,0 108,9 10 55,0 4,8
42320831 412,3 32,7 8 31,4 7,6
42320832 170,4 2,5 1 15 0,9
42320834 163,1 4,3 3 4,2 2,6
42320835 185,0 1,0 1 1,0 0,5
42320836 350,9 15,1 4 12,0 3.4
42320837 135,4 1,4 1 0,5 0,3
42320919 340,7 0,0 0 0,0 0,0
42321010 48,0 0,2 0 0,2 0,4
42321174 1276,2 40,7 3 39,5 3,1
42321178 246,4 1,3 1 1,4 0,5
42321192 51,8 17 3 1,0 19
42321869 1180,3 49,9 4 45,6 3,9
42330001 2763,9 75,4 3 69,4 2,5
42330002 1542,8 27,0 2 26,9 1,7
42330018 1745,3 35,9 2 25,2 1.4
42330023 2433,3 185,3 8 174,9 7,2
42330444 2201,7 208,3 9 194,5 8,8
42330452 2361,4 136,4 6 101,4 4,3
42330456 2658,2 249,9 &) 218,2 8,2
42330842 77,8 2,1 3 2,1 2,7
42330896 77,2 6,7 9 6,5 8,5
42330897 423,4 66,6 16 64,3 15,2
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Table with mini-wetlands/constructed wetlands

124

Ménedelig effekt af minividomréder summeret p& 1D15 niveau(kg N)
januar__[februar |marts april |maj juni juli august _|septembeloktober |novembeldecembelhele aret
P15 oplan{(kg N) (kg N) (kg N) (kg N) (kg N) (kg N) (kg N) (kg N) (kg N) (kg N) (kg N) (kg N) (kg N) 1D15 opla]anlal min
42310002 65,03 48,92 43,60 18,44 6,28 2,15 3,57 3,62 10,92 31,55 58,36 60,42 352,87 42310002 2
42310003 607,01 456,57 406,96 172,14 58,64 20,08 33,34 33,82 101,93 294,46 544,76 563,95| 3293,66 42310003 7
42310033 56,21 42,28 37,68 15,94 5,43 186 3,09 3,13 9,44 27,26 50,44 52,22 304,97 42310033 2
42320002 170,17 128,00 114,09 48,26 16,44 5,63 9,35 9,48 28,58 82,55 152,72 158,10 923,36 42320002 6
42320007 132,87 99,94 89,08 37,68 12,84 4,40 7,30 7,40 22,31 64,45 119,24 123,44 720,94 42320007 3
42320016 632,91 476,05 424,33 179,49 61,15 20,94 34,76 35,26 106,28 307,02 568,00 588,01 3434,21 42320016 5
42320017 460,12 346,08 308,48 130,49 44,45 15,22 25,27 25,64 77,27 223,20 412,93 427,48| 2496,64 42320017 2
42320018| 1188,70 894,09 796,95 337,10 114,84 39,32 65,29 66,23 199,61 576,63| 1066,79| 1104,38| 644994 42320018 6
42320023 910,86 685,11 610,68 258,31 88,00 30,13 50,03 50,75 152,96 441,85 817,44 846,24 4942,36 42320023 8
42320026 50,71 38,14 34,00 14,38 4,90 168 2,79 2,83 8,52 24,60 45,51 47,11 275,14 42320026 2
42320044 73,97 55,63 49,59 20,98 7,15 2,45 4,06 4,12 12,42 35,88 66,38 68,72 401,34 42320044 3
42320119 196,75 147,99 13191 55,80 19,01 6,51 10,81 10,96 33,04 95,44 176,57 182,80 1067,59 42320119 2
42320215 24,53 18,45 16,44 6,96 2,37 0,81 135 137 4,12 11,90 22,01 22,79 133,09 42320215 1
42320511 142,38 107,09 95,46 40,38 13,76 4,71 7,82 7,93 23,91 69,07 127,78 132,28 772,58 42320511 4
42320648 177,37 13341 118,92 50,30 17,14 5,87 9,74 9,88 29,79 86,04 159,18 164,79 962,44 42320648 4
42320683 227,73 171,29 152,68 64,58 22,00 7,53 12,51 12,69 38,24 11047 204,37 211,57[ 1235,65 42320683 3
42320687 64,46 48,48 43,22 18,28 6,23 2,13 3,54 3,59 10,82 31,27 57,85 59,89 349,76 42320687 1
42320708 24,34 18,30 16,32 6,90 2,35 0,81 134 136 4,09 1181 21,84 22,61 132,05 42320708 1
42320718 24,63 24,63 18,53 16,51 6,99 2,38 0,81 135 137 4,14 11,95 22,11 135,40 42320718 1
42320719 214,02 160,98 143,49 60,69 20,68 7,08 11,75 11,92 35,94 103,82 192,07 198,84 1161,27 42320719 4
42320720 48,86 36,75 32,75 13,85 4,72 162 2,68 2,72 8,20 23,70 43,84 45,39 265,09 42320720 2
42320721 316,29 237,90 212,05 89,70 30,56 10,46 17,37 17,62 53,11 153,43 283,85 293,85[ 1716,18 42320721 5
42320722 190,81 143,52 127,93 54,11 18,43 6,31 10,48 10,63 32,04 92,56 171,24 177,28[ 1035,35 42320722 2
42320723 319,11 240,02 213,94 90,49 30,83 10,56 17,53 17,78 53,59 154,80 286,38 296,47 1731,47 42320723 4
42320729 50,52 38,00 33,87 14,33 4,88 167 2,77 2,81 8,48 24,51 45,34 46,93 274,11 42320729 2
42320744 493,20 370,96 330,66 139,87 47,65 16,31 27,09 27,48 82,82 239,25 442,62 458,21 2676,12 42320744 5
42320755 179,09 134,70 120,07 50,79 17,30 5,92 9,84 9,98 30,07 86,87 160,72 166,38 971,74 42320755 2
42320761 176,72 132,92 11848 50,12 17,07 5,85 9,71 9,85 29,68 85,73 158,60 164,19 958,90 42320761 5
42320762 144,52 108,70 96,89 40,98 13,96 4,78 7,94 8,05 24,27 70,11 129,70 134,27 784,18 42320762 3
42320765 108,77 81,82 72,93 30,85 10,51 3,60 597 6,06 18,27 52,77 97,62 101,06 590,22 42320765 3
42320766 24,72 18,59 16,57 7,01 2,39 0,82 136 138 4,15 11,99 22,18 22,97 134,13 42320766 1
42320788 96,29 72,43 64,56 27,31 9,30 3,19 529 537 16,17 46,71 86,42 89,46 522,49 42320788 3
42320794 17,81 13,40 11,94 5,05 172 0,59 0,98 0,99 2,99 8,64 15,99 16,55 96,65 42320794 1
42320799 29,69 22,33 19,91 8,42 2,87 0,98 163 165 4,99 14,40 26,65 27,59 161,12 42320799 1
42321762 502,92 378,27 337,17 142,62 48,59 16,64 27,62 28,02 84,45 243,96 451,34 467,24] 272884 42321762 4
42321766 236,28 177,72 158,41 67,01 22,83 7,82 12,98 13,16 39,68 114,62 212,05 219,52 1282,09 42321766 4
42321869 101,75 76,53 68,22 28,85 9,83 3,37 5,59 567 17,09 49,36 91,31 94,53 552,08 42321869 1
42330452 71,63 53,87 48,02 20,31 6,92 2,37 3,93 3,99 12,03 34,75 64,28 66,55 388,65 42330452 2
42330456 805,83 606,11 540,26 228,52 77,85 26,66 44,26 44,90 135,32 390,90 723,18 748,66 4372,43 42330456 10
Total 9359,58| 7045,97| 6277,04)] 2663,79 908,83 311,16 513,54 521,46 1568,93| 453247| 8389,50| 8694,82| 50787,11 total 127

vadomrader



Table with threes along small and medium size streams

Type 1, bredde <2 m

Type 2, bredde 2- 10 m

ID15v. 2.4 meter vandlgb med traeer Effekt, kg P pr. ID15 ID15v. 2.4 meter vandlgb med traeer Effekt, kg P pr. ID15

42310001 750 2 42310001 504 8
42320002 114 0 42310002 686 7
42320003 647 1 42310003 480 6
42320004 291 1 42310033 459 6
42320007 950 2 42320001 190 2
42320023 111 0 42320002 1934 28
42320053 206 0 42320003 484 7
42320221 149 0 42320004 459 11
42320511 501 1 42320007 123 1
42320648 143 0 42320016 738 7
42320655 1134 4 42320017 1243 15
42320683 336 1 42320018 228 5
42320687 131 0 42320023 345 5
42320708 430 1 42320044 1079 15
42320715 105 0 42320053 91 1
42320718 146 0 42320119 1707 23
42320720 203 0 42320511 547 6
42320721 300 1 42320648 661 7
42320729 346 0 42320655 1060 29
42320755 206 0 42320683 850 14
42320788 87 0 42320687 708 17
42320799 365 1 42320708 374 7
42320825 176 1 42320715 253 5
42320831 197 1 42320718 358 3
42320919 56 0 42320719 487 10
42321766 143 0 42320720 367 4
42330001 1809 4 42320721 174 2
42330118 117 0 42320722 437 5
42330456 93 0 42320723 200 2
42330842 30 0 42320744 306 5
Grand Total 10271 22 42320755 177 2
42320761 244 2
42320762 535 7

42320765 1031 11
42320766 756 7
42320788 141 1
42320794 332 4
42320799 297 4
42320823 101 1
42320830 145 1
42320831 199 3
42320832 263 2
42320834 79 2
42321174 443 6
42321762 257 2

42321766 829 14
42321869 280 2

42330001 6536 123

42330002 1915 52
42330118 276 4

42330452 1030 13
42330456 363 5
42330842 128 1

Grand Total 33890 539
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Finansieringskilder og omkostninger ved kollektive virkemidler (AP

3.1093.3)

Wetland subsidy schemes and costs for wetland implementation
Authors: Flemming Gertz SEGES Innovation, Karsten Dollerup Mgller SEGES Innovation

Resumé
Der findes i dag 5 forskellige ordninger med 100 % tilskud til etablering af vadomrader. Hhv.
Kvelstofvadomrader, Fosforvadomrader, Lavbundsprojekter, Klima-lavbundsprojekter

og Minivadomrader.

Malet om etablering af 6700 ha vadomradet i oplandet til Odense Fjord, som foreslaet af
Kystvandradet, vil koste 637-833 Mio. kr., hvis man anvender standard middel referencetal for
etablering af vadomrader.

Introduction

Restoration of wetlands has been a part of Danish environmental protection since the implementation
of the first water plan in 1987. During this period, an increased environmental awareness led to a
prioritization of the protection and restoration of natural habitats, including wetlands. Environmental
legislation, research on the ecological benefits of wetlands, and an increasing understanding of their
role in nutrient cycle dynamics contributed to the initiation of restoration efforts.

Vandplan 1 was implemented in Denmark in 2009 and is also known as the Water Framework
Directive (WFD) River Basin Management Plans for the first planning cycle. The plans are a part of
the European Union's directive aimed at achieving good ecological and chemical status in water
bodies, including rivers, lakes, coastal waters, and groundwater. Given the focus on achieving good
ecological status in the waterbodies of Denmark, efforts related to wetland restoration only increased
in the years following Vandplan 1. With the implementation of Vandomradeplanerne in 2021 funding
options for several different wetland types have been expanded and currently, public funding is
available for 5 different wetland types:

Kvelstofvadomrader (Nitrogen wetlands)
Fosforvadomrader (Phosphorus wetlands)
Lavbundsprojekter (Carbon-rich wetlands)
Klima-lavbundsprojekter: Climate-wetlands)
Minivadomrader (Mini wetlands)

The subsidy schemes of all wetland types have been adjusted and updated regularly in line with an
increased knowledge and experience with implementation, and with the arrival of new research.
Klima-lavbundsprojekter are the most recent wetland subsidy scheme and funding is based
exclusively on national funds. Klima-lavbundsprojekter are currently the most popular of the wetland
subsidy schemes.
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Kvalstofvadomrader (N-wetlands)

The subsidy scheme for N-wetlands is administered by the Danish Agriculture Agency, while the
Danish Environmental Protection Agency is responsible for the assessment of nature and
environmental issues related to the applied projects. The subsidy scheme is co-financed by the EU
and covers 100 percent of the expenses for both technical and property-related preliminary
investigations, as well as the actual establishment of N-wetland projects.

Both Municipalities and the Danish Nature Agency can apply for funding for N-wetlands. Private
landowners participating in projects are compensated for the economic losses that arise due to the
extensification of agricultural operations.

Fosforvadomrader (P-wetlands)

The subsidy scheme for P-wetlands is administered by the Danish Agriculture Agency, while the
Danish Environmental Protection Agency is responsible for the assessment of nature and
environmental issues related to the applied projects. The subsidy scheme is co-financed by the EU
and covers 100 percent of the expenses for both technical and property-related preliminary
investigations, as well as the actual establishment of lowland projects.

Both Municipalities and the Danish Nature Agency can apply for funding for P-wetlands. Private
landowners participating in projects are compensated for the economic losses that arise due to the
extensification of agricultural operations.

Lavbundsprojekter (Lowland wetlands)

Lavbundsprojekter are focused on restoration of the carbon-rich lowland soils with the aim of
minimizing greenhouse gas emissions from agriculture. The subsidy scheme is administered by the
Danish Agriculture Agency, while the Danish Environmental Protection Agency is responsible for
the assessment of nature and environmental issues related to the applied projects.

The subsidy scheme is co-financed by the EU and covers 100 percent of the expenses for both
technical and property-related preliminary investigations, as well as the actual establishment of
lowland projects.

Both Municipalities and the Danish Nature Agency can apply for funding for lowland projects.
Private landowners participating in projects are compensated for the economic losses that arise due
to the extensification of agricultural operations.

Klima-lavbundsprojekter

Klima-lavbundsprojekter are focused on the restoration of the carbon-rich lowland soils with the aim
of minimizing greenhouse gas emissions from agriculture. The subsidy scheme is managed by the
Danish Environmental Protection Agency and is open to applications from municipalities,
landowners, and foundations. In addition to CO> -reduction, the scheme aims to support nature, water
environment, and other climate-related objectives. Large projects with a high proportion of carbon-
rich soil are given priority. This means that the subsidy scheme has a broad perspective and focuses
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on synergy in the extraction of lowland soils. Synergy is directed towards the Water Framework
Directive, Birds and Habitats Directives, biodiversity, protected natural types, clean drinking water,
outdoor recreation, organic farming, and climate adaptation.

Mini wetlands (Constructed Wetlands)

The primary purpose of the Mini wetland subsidy scheme is to enhance water quality by reducing
nitrogen loading from drainage water into the surrounding water environment. As a secondary effect,
mini wetlands also retain phosphorus (P) from the drainage water. The subsidy scheme is
administered by the Danish Agriculture Agency and is financed by the EU. Funding covers 100
percent of the expenses related to preliminary investigations, as well as the actual establishment.
Funding is available to private landowners who want to establish a Mini wetland on their property,
provided the project meets the requirements of the subsidy scheme.

Costs for establishing wetlands in the Catchment of Odene Fjord

The indicative average reference value for the establishment of N-wetland projects has been adjusted
from DKK 1,300 per kg N to DKK 1,700 per kg N
(https://edit.mst.dk/media/xieb2p13/vejledning_til vand-_og_klimaprojekter 2023.pdf)

Using the above values, the cost of removing 490 tons of nitrogen by implementing 6700 ha of
wetland as suggested by the Kystvandrad will summarize to 637-833 Mio. DDK.
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Resume

Analysens formal er at vise omkostningerne ved at lave kvealstofreduktion pa dyrkningsfladen.

Helt grundleeggende er potentialet for kollektive virkemidler, vddomrader og minivadomrader,
tilstreekkeligt stor til at yderligere indsats pa dyrkningsfladen ikke er ngdvendig. Men da der endnu
er tale om et potentiale, og ikke reelt projekterede eller gennemfarte projekter, er der lavet en reekke
scenarier, der viser omkostningen ved at foretage en del af reduktionen pa dyrkningsfladen.
Basisscenariet fastleegges som en situation hvor der ikke er krav til malrettede efterafgrader, og der
laves 4 scenarier med varierende forhold mellem kollektiv indsats og indsats pa dyrkningsfladen.
Indsatsen malt i tons N pr. ar er opgjort ved kysten, dvs. retentionen i landskabet er indregnet.
Omkostninger til kvalstofreduktionsindsats pa dyrkningsfladen stiger med indsatsen. Nar der tages
hgjde for arstidsvariation og dermed pa reduktioner i perioden april-juli, er effekten af indsats pa
dyrkningsfladen forholdsvis begraenset. Omkostningen til kvalstofreduktion pa dyrkningsfladen er
dermed forholdsvis dyr.

Den gennemsnitlige meromkostning, i forhold til en situation hvor der ikke er malrettet regulering,
er 968 kr. pr. kg N reduceret pa dyrkningsfladen i scenarie 1, hvor 88 pct. af potentialet for kollektive
virkemidler etableres. Den gennemsnitlige meromkostning stiger til 3.148 kr. pr. kg N reduceret pa

129



dyrkningsfladen i scenarie 4, hvor 68 pct. af kollektive virkemidler etableres. Til sammenligning kan
omkostningen til vadomrade beregnes til ca. 480 kr. pr. kg N reduceret i perioden april-juli.
Omkostningerne er beregnet med Virkemiddelvaelgeren, der laver en gkonomisk optimeret lgsning
af indsatskrav i kveelstofreguleringen pa bedriftsniveau. Virkemiddelvaelgeren er baseret pa den
nuvaerende reguleringsmodel, og er blevet tilpasset til at handtere effekterne af
efterafgradevirkemidler og alternativer, nar der tages hgjde for arstidsvariation.

Purpose and background

The purpose of the analysis is to show the costs of nitrogen reduction on the cultivation surface. Basically,
the potential for collective instruments, wetlands and constructed wetlands, is sufficient, which means
that further efforts on the cultivation surface are not necessary. However, as there is still a potential, and
not actually planned or implemented projects, a number of scenarios have been made that show the cost
of solving part of the reduction on the cultivation surface. The baseline scenario is defined as a situation
where there are no requirements for targeted catch crops, and 4 scenarios are made with varying ratios
between collective effort and effort on the cultivation surface. The effort measured in tones N per year is
calculated at the coast, i.e. the retention in the landscape is factored in. The result shows, on the one hand,
which instruments are to be used on the farms in the catchment area and, on the other hand, the cost for
each individual farm meeting a given effort requirement. Calculation of costs for nitrogen effort on the
cultivation surface is based on the algorithm of the Instrument Selector. For each farm, it is calculated
which instruments are possible to apply to the cultivation surface in the form of catch crops, intermediate
crops, early sowing, precision agriculture, reduction of standards and fallow. The instruments are allocated
according to an economic optimization ensuring the cheapest solution proposed for each farm. The
calculations are thus based on the normal crop selection and order of each holding at field level. The
method for the calculations is described in Appendix 1 "Documentation for the Instrument Selector". For
the calculation of effort requirements on the cultivation surface, the Instrument Selector has been adapted
so that it can handle the changed relative effect of catch crops when seasonal variation is taken into
account, and thus aims to cover the effort requirement in the period April-July. This is described in
Appendix 2. "Adapting the Instrument Selector to handle seasonal variation".
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Summary

Costs for nitrogen reduction efforts on the cultivation surface increase with the effort. When seasonal
variation and reductions in the period April-July are taken into account, the effect of efforts on the
cultivation surface is relatively limited. The cost of nitrogen reduction on the cultivation surface is thus
relatively expensive. This can be seen in the average additional cost, compared to a situation where there
is no targeted regulation, increases from DKK 968 to DKK 3,148 per kg N reduced on the cultivation
surface from scenario 1 to scenario 4. In comparison, the cost of wetland can be calculated at approx.
DKK 480 per kg N reduced in the period April-July.

Calculated per hectare in rotation, the additional cost is DKK 127 in scenario 1, while it reaches DKK 1,141
in scenario 4. In comparison, arable farms achieved an average profit after owner's salary of DKK 555 per
hectare in the period 2011-2020. The costs to the farmer are calculated without taking into account
support for targeted catch crops, as it shows the real cost. No decision has been made on how the cost
of the cultivation surface can be divided between the farmer and the state. Instead of comparing each
scenario with the baseline, the marginal cost between each scenario has been calculated on the far-right
column of Table 1. The marginal cost shows the additional cost of moving from one scenario to another,
for example, the marginal cost of increasing the effort from scenario 3 to scenario 4 of DKK 5,800 per kg
N is reduced.

Table 1. Additional cost and marginal cost on the cultivation surface in 4 scenarios

Tons N Additional cost | Marginal cost
Tons N ' removed per Additional cost, DKK per kg N DKK per kg N
removed with year on the reduced on the | reduced on the
. o DKK/hectare L L
collective efforts cultivation cultivation cultivation
surface surface surface
Scenario 47,7 6,1 968 968
1 127
Scenario 45 8,8 1.475 2.623
2 280
Scenario 41 12,8 2.319 4.174
3 641
Scenario 37 16,8 3.148 5.800
4 1.141
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Basis for scenarios in calculation for Odense Fjord

The starting point is Vandomradeplan 2021-27. The baseline for Odense Fjord, Seden Strand is 1182.5
tons N per year. The distributed effort requirement for Odense Fjord, Seden Strand is stated at 401.9 tons
N, corresponding to 34%.

To account for the variation over the year in the best possible way, and not just implement a reduction in
the winter period, the effort is divided into a summer period (April-July) and the rest of the year (August-
March). DCE (2021) has estimated that approx. 15 per cent of the effect of the effect is found during the
summer period (April-July). This results in a baseline load in the summer period of 177.4 tons of N. When
this is reduced by 34%, there will be a distributed effort requirement for the summer period of 60.3 tons
of N. The summer period is the part of the year where it is most difficult to make nitrogen reductions,
therefore the annual emissions will actually be reduced by more than 401.9 tons of N.

It is expected that part of the effort on wastewater management can be delivered. However, it has only
been calculated with 0.1 tons on an annual basis, corresponding to the extent specified in the river basin
management plan. The wetlands in the local plan for Odense Fjord, Seden Strand, are calculated to have
a total effect of 544 tons N on an annual basis. 50.3 tons are delivered between April and July. The
constructed wetlands are estimated at 3.8 tons during the summer period and 37.7 tons as a sum over
the whole year. In the calculation of the theoretical effect of the constructed wetlands, possible overlap
with effects calculated in wetlands have not been taken into account. Therefore, reservations are made
for any deviations as a result of this. The CAP (Common Agricultural Policy) without climate lowland soils,
afforestation and extensification is set in the river basin management plan at 43.2 tons on an annual basis,
corresponding to a summer effect of 6.5 tons. The effects from climate lowland, afforestation and
extensification from the river basin management plan are expected to overlap with the proposals made
for wetlands in the local action plan. Therefore, these expected impacts from the national river basin
management plan have been omitted from this calculation. The above effects result in a total reduction
of 60.7 tons of N in the period April-July. This exceeds the effort requirement by 0.4 tons of N, and thus
no need to make an additional effort on the cultivation surface.

Table 2. Distribution of effort between summer and other parts of the year

Tons N April-July

Share of annual effect 15%
Baseline 177,4
Distributed requirement 60,3
Wastewater 0,0
Wetlands 50,4
Constructed wetlands 3,8
CAP 6,5
Total reduction 60,7

If the full potential of wetland and mini-wetland is exploited, the total effect will be 54.2 tons of N in the
period April-July. Since it is not a given that all locations can be established, a number of scenarios have
been made that show the amount of effort needed to be handled on the cultivation surface if the
collective effort is not fully implemented. This is shown in Table 3 and Figure 1.

Table 3. Scenarios for action on the cultivation surface.
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Basis Scenario 1 | Scenario 2 | Scenario 3 | Scenario 4
Share of collective instruments established | pct. 100 88 83 76 68
Wetland and constructed wetlands | Tons N 54,20 47,7 45,0 41,0 37,0
Residual for cultivation surface | Tons N 0 6,1 8,8 12,8 16,8
CAP | Tons N 6,5 6,5 6,5 6,5 6,5
Total reduction April-July | Tons N 60,7 60,3 60,3 60,3 60,3
Targeted catch crops | pct. 0 31 44 64 84

Odense Fjord, Seden Strand
60,0

50.0

N per

Tons
year

Basis: O pct. Scenarie 1: 31 pct. Scenarie 2: 44 pct. Scenarie 3: 64 pct. Scenarie 4: 84 pct.

m Collective effort m Efforton the cultivation surface

Figure 1. Distribution between collective effort and effort on the cultivation surface

Effect of catch crops

One hectare of catch crop on clay soil (destroyed in November) has an effect in April-July of 0.53 kg N
per hectare. The basis for catch crop effect is given in Appendix 2. As an example, the reduction of 8.8
tons in scenario 2 requires an effort equivalent to 16,604 hectares of catch crops. In 2021, the catchment
area of Odense Fjord, Seden Strand had a cultivated area of 57,014 ha and a catch crop plot area of 38,446
ha. It is assumed that the total potential for wetlands and constructed wetlands will cover 6,000 hectares
in total.

If a total effect of 45 tons is to be achieved, as scenario 2 shows, it will occupy an area of approx. 5,000
ha, of which it is assumed that approx. one third (1,420 ha) is on the cultivation surface. The catch crop
base area accounts for an average of 67 per cent of the rotational area in the catchment area. The catch
crop base area is therefore reduced by 955 ha to 37,491 ha. When 16,604 hectares of catch crops are
distributed over the catch crop base area, this corresponds to 44 per cent targeted catch crops. It is
assumed that one third of the wetland's area is rotational land, while the remainder is outside the current
rotational area. The calculation of land use for wetlands is estimated, and in order to address some of the
uncertainty, a sensitivity analysis of the area use for wetlands has been made in relation to the effort
requirement on the cultivation surface. If half of the wetland takes up rotational area instead of a third,
the effort requirement calculated as a percentage of catch crops of the catch crop base area will increase
by approx. 3 percentage points. Similarly, it is uncertain whether the share of the catch crop base area in
the rotation area is also 67 per cent in the areas that are actually to be used for wetlands. However, it is
an uncertainty that is of a manageable nature and does not change the conclusion.
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Calculation at farm level

Consequences have been calculated for all farms throughout the catchment area. The solution appears
as a combination of possible instruments on the cultivation surface for each individual farm. The potential
calculation for instruments is based on each farm's crop distribution on all fields in 2018-2023. The
common catch crop on clay soils is the unit used in the calculation. There is a difference in the effect of
the instruments: Some instruments have a lower effect than catch crops and thus a larger area is needed
to achieve the effect of 1 ha of catch crops, while other instruments are more effective than catch crops.
The effort requirement measured in "per cent targeted catch crops" is a conversion from the effort
requirement in the recipient to how many hectares of catch crops are needed to achieve the requirement
and how much it constitutes of the available catch crop base area. Therefore, there is no automatic upper
limit of 100 per cent. If the effort requirement in the recipient is high and the effect of catch crops low,
then the effort requirement may exceed 100 per cent targeted catch crops. However, requirements above
100 per cent will lead to the need for set-aside as an essential part of the solution. For all 4 scenarios, the
cheapest and regulatory accepted instruments are chosen to meet the requirement. It has been taken
into account that some instruments overlap with others. For example, if you have catch crops on a farm
where there is also a quota reduction, the effect of the quota reduction will be smaller.

Consequence of effort levels on the cultivation surface

In order to meet the effort requirement, a combination of different means is used on the cultivation
surface. In Figure 2 below, the area with each instrument is sorted by increasing price for the four
scenarios. Intermediate crops after seed grass and early sowing are the cheapest, while catch crops
causing a change in crop rotation and fallow are the most expensive. The quota reduction stands for itself,
as the price of the quota reduction varies with the application: The first 5 per cent reduction is significantly
cheaper than a reduction from 15 to 20 per cent.

Distribution of instruments in various scenarios, coastal
~ water Odense Fjord, Seden Strand
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Figure 2: Distribution of instruments in the baseline scenario and the 4 scenarios.

Although the requirement for catch crops increases in the calculated scenarios, it is noteworthy that the
area with ordinary catch crops only increases in real terms until scenario 2, when the effort requirement
is 44% targeted catch crops. And the increase in common catch crops from scenario 1 to 2 is extremely
limited because scenario 1 already occupies almost all the-potential of common catch crops.

This is illustrated very clearly by the fact that the solution in scenario 2 includes an increase in more
expensive instruments such as intermediate crop after cereals, fallow along lakes and streams, catch crops
causing change in crop rotation and N quota reduction. The N quota reduction increases from covering
8% of the solution in scenario 1 to covering 16% in scenario 2.

The overall conclusion on the choice of instruments in scenario 2 is that an average effort requirement of
44% can be solved at DKK 280 per hectare in rotation. However, one third of the farms have additional
costs compared to the starting point without targeted regulation of DKK 350-850 per hectare.

Scenarios 3 and 4 clearly show that only expensive instruments remain in the form of crop rotation
changes, large N quota reductions and set-aside when the effort requirement reaches 64-84 per cent.
These levels are both very intrusive in operations and extremely costly to implement as targeted
regulation. Fallow in scenario 4 means that there is no longer room for the same amount of common
catch crops.

The instruments vary greatly in price. The cheap instruments on the cultivation surface are even precision
farming on farms that do not yet use it, which is priced at DKK 770 per hectare of catch crop requirements.
Basically, the entire effort has been solved with cheap instruments on the cultivation surface, and the
applied N quota reduction is at the cheap part. The share of the solution that is fulfilled with cheap
instruments on the cultivation surface is reduced to 82% in scenario 1 and 65% in scenario 2, where
ordinary catch crops only solve 48% of the total requirement. In scenarios 3 and 4, the low-cost
instruments are reduced to 49% and 41% of the total solution, respectively.

Share of different catch crop instruments in the total solution, Odense Fjord, Seden Strand
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Efterafgradevirkemidlers andel af det samlede efterafgredekrav, Odense Fjord, Sede
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Figure 3. Share of different catch crop instruments in the total solution

Additional costs for different effort levels

When the effort requirement on the cultivation surface increases, the additional cost increases drastically
(Table 4). In scenario 4, where 16.8 tons of N are to be found with effort on the cultivation surface, the
total additional cost for the catchment area is DKK 53 million, which is DKK 1,141 per hectare. This
additional cost has been calculated in relation to a situation without effort requirements on the cultivation
surface.

Table 4: Additional costs compared to a situation without effort requirements on the cultivation surface.

. A Catch crops of Additional cost Additional cost Additional cost
Collective Cultivation
catch crop base compared tono | comparedtono | compared to no
efforts surface - . -
area requirement requirement requirement
Tons N pr.
year Tons N pr. year Pct. tDKK DKK/hectare DKK/kg N
Scenario 1 47,7 6,1 31 5.903 127 968
Scenario 2 45 8,8 44 12.984 280 1.475
Scenario 3 41 12,8 64 29.681 641 2.319
Scenario 4 37 16,8 84 52.882 1.141 3.148

The development in the additional cost can also be seen in Figure 4, where a dotted line has been drawn
between the calculated effort levels, indicated by percentages of catch crops of the catch crop base area.
The dotted line shows how the additional costs compared to a situation without wagering requirements
develop for the average farm in the catchment area of Odense Fjord, Seden Strand.

When the targeted effort increases from 0 to 31 per cent, there is an additional cost of DKK 127 per

hectare in rotation. The additional cost is up to DKK 280 for a targeted effort of 44 per cent and DKK 641
per hectare for 64 per cent. This is a very clear sign that the cheap instruments have been exhausted and
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that increased efforts must be solved with instruments that are significantly more expensive than those
already in use.

For comparison of the cost level, the average result after owner's salary for a crop farm in the period
2011-2020 is DKK 555 per hectare.

Cost of varying effort requirements in targeted regulation, DKK per hectare in rotation
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Figure 4. Cost of varying effort requirements in targeted regulation, DKK per hectare in rotation.

If the additional cost is not simply compared with the situation without effort requirements, but instead
as the marginal change between scenarios, it becomes clear that an increased effort is made each time
with even more expensive means.

Marginal Marginal cost | Marginal cost

reduction, tons N | tDKK per year DKK per kg N

per year
Scenario 1 relative to basis 6,1 5.903 968
Scenario 2 relative to scenario 1 2,7 7.081 2.623
Scenario 3 relative to scenario 2 4 16.697 4174
Scenario 4 relative to scenario 3 4 23.201 5.800

To put these marginal costs into perspective, the budget-economic price of a wetland on clay soil in the
instrument catalogue (Eriksen et.al 2020) has been calculated at DKK 34 per kg N. This price is at a
reduction of 190 kg N per ha, and with an expected effect of approx. 90 kg N per ha for wetlands in the
catchment area of Odense Fjord, Seden Strand, an adjusted price will be DKK 72 per kg N reduced on an
annual basis. If further correction is made for approx. 15% of the effect from the wetlands to be achieved
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in the period April-July, cost of a wetland can be estimated at approx. DKK 480 per kg N reduced in the
period April-July.

Overall, the calculations show that the regulation on the cultivation surface is significantly more expensive
than collective efforts when a reduction is to be achieved in the period April-July.

Large difference in costs between farms

There is a wide variation in costs between farms. Figure 5 shows an overview of the additional costs for
the 10 largest farms in the catchment area of Odense Fjord, Seden Strand. The brown part at the bottom
shows each farm's additional cost of switching from current 0% targeted catch crops to 31% targeted
catch crops. In the first scenario “31 pct.”, a large difference in additional costs can be seen between farms.
And the difference in economic consequences between farms is increasing, as can be seen with increasing
effort requirements on the cultivation surface.

Additional costs per hectare, compared with a situation without targeted effort on the cultivation surface
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Figure 5. Spread in additional costs per hectare for the 10 largest farms in the catchment area

Differences in costs across catchment areas

Another way to show the difference in costs of regulation on the cultivation surface is the regional
difference in the additional cost. Figure 6 shows how the additional cost is distributed between the
different ID15 areas when 88% of the potential for collective efforts is established instead of full utilization,
which would make further efforts on the cultivation surface superfluous. The calculation of costs at ID15
level is based on the calculated cost of each farm, which is allocated to all agricultural parcels of the
holding. Next, an area-weighted average of the cost for each ID15 area is taken, as shown in the figure.
Areas with less than 3 holdings as a data basis are white, as it has been assessed as an insufficient data
basis.
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Additional costs of targeted catch crops if 88% of the potential
for collective efforts is established instead of 100%
DKK per hectare in rotation

[ 50 - 100

[ 100 - 150
[ 150 - 200
I 200 - 300

[ Kystvandsopland 93
(Odense Fjord, Seden Strand)

Figure 6. Additional costs if 88% of the potential for collective efforts is established instead of 100%

Figure 7 shows the additional cost if only 83% of the potential for collective efforts is implemented. In
comparison with Figure 6, the map shows that the spread in additional costs increases when the effort
requirement on the cultivation surface increases. And the same applies to Figure 8 and Figure 9, which
respectively show 76% and 68% utilization of the potential for collective instruments in the catchment
area of Odense Fjord, Seden Strand.
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Additional costs of targeted catch crops if 83% of the potential
for collective efforts is established instead of 100%

DKK per hectare in rotation

[ 150 - 200
[ 200 - 250
[ 250 - 300
[ 300 - 350
Il 350 - 450

[ Kystvandsopland 93
(Odense Fjord, Seden Strand)

Figure 7. Additional costs if 83% of the potential for collective efforts is established instead of 100%
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Additional costs of targeted catch crops if 76 % of the potential
for collective efforts is established instead of 100%

DKK per hectare in rotation

[ 350 - 500
[ 500 - 600
[ 600 - 700
[ 700 - 800
[ 800 - 900

[ Kystvandsopland 93
(Odense Fjord, Seden Strand)

Figure 8. Additional costs if 76% of the potential for collective efforts is established instead of 100%
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Additional costs of targeted catch crops if 68 % of the potential
for collective efforts is established instead of 100%

DKK per hectare in rotation B
[ 600 - 800

[ 800 - 1000

1000 - 1200

[ 1200 - 1400

I 1400 - 1600

I 1600 - 1800

[ Kystvandsopland 93
(Odense Fjord, Seden Strand)

Figure 9. Additional costs if 68% of the potential for collective efforts is established instead of 100%

Distribution of costs between state and farms

The costs of the current targeted regulation will, to some extent, be covered by a subsidy to farms that
register instruments on the cultivation surface in the voluntary scheme. In 2023, the subsidy was DKK 500
per hectare of catch crop, and it is not possible to get subsidies for N quota reduction. The subsidy rate
has been calculated on the basis of averages, resulting in farms that are overcompensated while others
are undercompensated.

With increased effort requirements, the difference in price between the instruments used on farms

becomes even greater, making it even more difficult to create a compensation model for sharing costs
between agriculture and the state.
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Prices of instruments used
The prices of the instruments used are based on prices corresponding to the level from 2011-2020.

Wheat 130 DKK pr. hkg
Barley 125 DKK pr. hkg
Rye 115 DKK pr. hkg
Rapeseed 310 DKK pr. hkg
Oats 115 DKK pr. hkg
Corn silage 107 gre pr. FEN
Clover grass silage 128 gre pr. FEN
Ryegrass 900 DKK pr. hkg
Starch potatoes 65 DKK pr. hkg
Sugar beet 22 DKK pr. hkg
N 7 DKK pr. kg N
P 14 DKK pr. kg P
K 6,5 DKK pr. kg K
Straw 0,55 DKK pr. kg
Value of  supplement | 3,8 DKK pr. kg
protein

Converted into prices per hectare of catch crop requirements that are solved with the instruments on the
cultivation surface are shown in Figure 10. In order to preserve clarity in the figure, set-aside costs are not
included in the figure. The cost of set-aside is calculated at prices between DKK 5,300 and DKK 8,400 per
hectare. The lowest costs are for crop production on unirrigated JB1&3, while the highest costs are for
livestock producers on JB2&4. The price of set-aside has been calculated on the assumption of the short
term without capacity adjustment.
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Cost per hectare catch crop

Precision farming (established)

Catch crops after seed grass clay

Catch crops after seed grass sandy

Energy crops

Intermediate crops after seed grass

Early sowing

Catch crops after spring seed sandy

Catch crops after winter seed sandy

Catch crops in maize sandy

Catch crops in maize clay

Catch crops after spring seed clay

Catch crops after winter seed

Precision farming (not established)

Catch crops causing change in crop rotation JB1-4 irrigated
N quota reduction winter wheat after cereals 0-5 % JB5-6
Catch crops causing change in crop rotation JB2+4

Catch crops causing change in crop rotation JB11

Catch crops causing change in crop rotation JB1+3
Intermediate crops after cereals

Fallow along lakes and streams JB1+3

N quota reduction winter wheat after cereals 5-10 % JB5-6
Fallow along lakes and streams JB1-4 irrigated

Fallow along lakes and streams JB2+4

Fallow along lakes and streams JB11

Catch crops causing change in crop rotation JB5-6

Catch crops causing change in crop rotation JB7-9

Fallow along lakes and streams JB5-6

N quota reduction winter wheat after cereals 10-15 % JB5-6
Fallow along lakes and streams JB7-9

N quota reduction winter wheat after cereals 15-20 % JB5-6

-1000

1000 2000 3000
Price DKK per hectare

o

Figure 10. Cost per hectare catch crop requirements
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Validering af effekt af alternative virkemidler (AP 4.1)

Nutrient retention and carbon storage in the collective mitigation tools - A review.
Anders Barnewitz, Theis Kragh, Sara Egemose, Kasper Reitzel & Paula Canal-Vergés

Opsummering

| projektet er der blevet lavet et litteraturreview som samler massebalancerne for kveaelstof (N), fosfor
(P), og kulstof (C) for diverse anvendte vade virkemidler som har en effekt pa en af de tre
grundstoffer. | den sammenlignet litteratur fremgar det at mini-vadomrader med en filtermatrice har
en stgrre fjernende effekt end traditionelle mini-vadomrader, men samtidigt et hgjere globalt
opvarmningspotentiale (GWP). Det ses dog ogsa, at den fjernende effekt er proportionalt stgrre end
stigningen i GWP, og derfor et bedre veerktgj, i den periode at veerktgjet bliver vedligeholdt (som
burde veere i leengere end 10 ar). Vadomrader er mindre effektive i N fjernelse end mini-vadomrader,
men kan ogsa rumme et stgrre opland, og har i modsetning til mini-vadomraderne et negativt GWP,
samtidigt med en hgj kulstofbegravelse. Vadlegning af lavbundsjorde tilbageholder ikke
ngdvendigvis naeringsstoffer, men har en evne til at holde pa det kulstof der allerede er i jorden, og
som vadomrader bade evnen til at lagre kulstof og have et negativt GWP. Det ses dog ogsa at der er
ekstremt stor variation i de tal som kan findes for lavbundsjorde (inkl. vadomrader), hvilket skyldes
vandspejlets store indflydelse pa drivhusgasproduktionen. Regnvandsbassiner og separatkloakering
er bade effektive metoder til at handtere den regn som falder i byerne, sa leenge regnvandsbassiner
designes med moderne metoder.

Introduction

As a part of this project, we made an in-depth literature review for the currently applied measures
which targets the freshwater (and associated nutrient balances) input at the source. The purpose is
hence, to gather the in-literature numbers for nitrogen (N), phosphorus (P), and carbon (C),
contextualize them and make them comparable.

For comparison, the carbon cycle was split into C/N/P sequestration and global warming potential
(GWP). However, it should be considered that GWP is a measure which is not directly coupled to C,
but rather the effect of the greenhouse gasses (GHG) carbon dioxide, methane, and nitrous oxide. The
included measures selected come from river basin management plans (RBMPs) and climate adaption
plans (CAPs).

Mass balances

The RBMPs and CAPs focus on different success criteria and implementation targets. While the
RBMP has a strong focus on the reduction of nitrogen and phosphorus to improve water quality
(measured by the improvement of key parameters, e.g., phytoplankton, fauna indices, or eelgrass
presence/distribution), the CAPs focus on the economic aspect to the protection of human
infrastructure, although there are restrictions on the water quality. In the CAPs, climate mitigation
actions, which aim to reduce GHG emissions or improve the storage capacity of carbon, are not
fully applied or implemented and are partly dislodged from the actions planned to target climate
adaptation. However, when planning mitigation action which involves nature (NBS), carbon,
nitrogen, and phosphorus cycles cannot/should not be separated.
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Nitrogen is especially important in the brackish and marine habitats, as it is often the nutrient
regulating phytoplankton and macroalgae growth in those environments. Multiple factors are
essential for maximizing N removal. Denitrification is the primary N removal pathway in many
marine and freshwater systems. Denitrification is the step-by-step reduction of nitrate through the
intermediate products nitrite, nitric oxide, and nitrous oxide to dinitrogen, which is then
permanently removed from the system. Efficient denitrification is dependent on several factors,
such as a steady supply of nitrate and labile organic matter, sufficient temperature to drive the
microbial process, and conditions suitable for anaerobic respiration (Chandrasoma et al., 2019).
These parameters are often found in systems with high water retention time, and a steady supply of
organic matter (either through plant matter or artificially supplied), although denitrification may
also occur in “hotspots” where plentiful organic matter results in area specific anaerobic zones
(Christensen et al., 1990). A consequence of the nitrogen cycle is the production of nitrous oxide as
a by-product. Nitrous oxide may either be produced through incomplete denitrification (as it is an
intermediate product) or as a by-product of nitrification (the oxidation of ammonia through
hydroxylamine and nitrite). In soil systems, nitrification is often linked as the process most
responsible for nitrous oxide emissions, whereas drained peat soils account for >80% of the
anthropogenic source, as they are already rich in organic matter, and are through fertilization
supplied with an abundance of N (Davidson, 2012). Like most microbial processes, denitrification
is thermosensitive, hence during periods of higher temperatures, N removal will be greater than
during periods of low temperatures (Audet et al., 2021; Hoffmann et al., 2019; Ranalli & Macalady,
2010).

Phosphorus is usually the key nutrient to regulate in freshwater ecosystems, as many lakes suffer
from a high P loading, which internalizes within the lakes, releasing P every summer when anoxia
occurs. P cannot be removed from the system in the way that N may be; however, it binds to
various compounds in the soil, e.g., humus and oxidized iron compounds (Parfitt et al., 1975). As it
binds to soil compounds, an effective way of retaining the bound portion of P is sedimentation
basins, where stagnant water allows particulate P to settle. To capture the dissolved P, it may be
necessary to either increase the sediments capacity to bind P or create conditions where it can be
incorporated into biomass. The sediment conditions which favor binding of P is a well oxygenated
sediment, and the conditions which P is bound is therefore the opposite of the conditions which
favor N removal.

The carbon cycle is slightly more complex, as carbon may be permanently removed from the
system but primarily do so in two gaseous forms: carbon dioxide or methane, the two most
important anthropogenic greenhouse gasses. To establish a desired climate benefit of the carbon
cycle, containing carbon is necessary. Carbon buried in the sediment under reduced oxygen supply
(similar conditions which favor denitrification) may result in hampered microbial activity due to the
absence of oxygen (Keddy, 2010). These conditions will allow the stable organic matter (such as
lignin and phenols) to remain in the soil for decades or centuries, contributing to a permanent
removal. This burial of organic matter also contributes to the burial of N and P as they constitute
organic matter.

To get a full overview of the effectiveness of an implemented measure it is necessary to account for
the overall mass balance. This means a reduction in concentration is insufficient to prove
alterations, as it is needed to account for the volume of water affected by a given concentration.

Traditionally, an applied measure, e.g., to reduce nutrient leaching to the coastal waters, is
evaluated based on the mass balance of N, P, and C at the site of implementation, and in doing so,
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may fail to capture potential effects at recipients. If nutrients are reduced at the source, reducing the
load on the coastal environment, it may, as a result, increase the capability of seagrass meadows to
form (which has receded rapidly due to eutrophication, (Hauxwell et al., 2003; Short & Burdick,
1996)). Seagrass, being a part of blue carbon, has the capacity to sequester carbon permanently
(Mcleod et al., 2011). A reduction in nutrient leaching from terrestrial sources, if combined with
focused efforts in the coastal environment, may have an additional climate impact by increasing the
distribution possibilities of blue carbon measures.

Methods
Table 4 Different measures included in the review, and which of the River Basin Management Plan
or Climate Adaptation Plan the measure is included within.

In this review, the results will include all the
official applied measures utilized in
Denmark, focusing on the wet measures

Measure Plan
Edge-of-field measures

(table 1). There are many dry measures Surface flow constructed wetland RBMP
which could mitigate the need for wet Subsurface flow constructed wetland ~ RBMP
meai_ures ((;.g., chan?hed agrlcuI]'EutLa}l _ Nature restoration

prac ices), however the scope of this review Wetlands RMBP
will exclude these, and focus on measures

dealing with the water after it has been Re-wetted lowland RMBP
through either urban or agricultural areas, but ~ Locally managed stormwater

before it reaches the recipient water body. Stormwater pond CAP

These measures are for the non-urban areas
are surface flow constructed wetlands,
subsurface flow constructed wetlands, wetlands, and re-wetting of lowland areas. For the urban
measures, there are many implementations within the urban area, and this review will focus on the
water just before it reaches the recipient streams, and therefore includes stormwater ponds and
separating wastewater from stormwater within the sewage system.

Sewer separation

The literature search was conducted using Google Scholar. The search terms were constructed using
Boolean strings to search using multiple names for each measure, while also including multiple
terms for e.g., nutrient retention. First the titles were screened for exclusion, then the abstract, and
then the full text. Inclusion criteria were that it had to be in the temperate region within Europe. For
the edge-of-field measures, they had to clean agricultural runoff and not wastewater (which is
another common application of these type of wetlands). To get a general overview, a search
combining the search terms seen in table X was done, and the first 100 papers were screened for
inclusion / exclusion. Due to the proportion of wastewater papers published on SSF-CW, an
operator was included to exclude papers on wastewater.

Due to the nature of grey literature being dominant within these project-based measures, the grey
literature may be included from official Danish reports where it is relevant.

To create a holistic view to be utilized in both water quality, but also climate contexts, this review
has a focus on each measure effect on nutrients (N and P), along with carbon, in which
sequestration and global warming potential is considered. The global warming potential (GWP) is
calculated for the different measures based on IPCC (2014), where methane attributes has a 28
times higher global warming potential than carbon dioxide over a 100-year period, and nitrous
oxide has a 273 times higher global warming potential than carbon dioxide over a 100-year period.
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To enable a direct comparison between GWP and carbon sequestration rates, GWP is listed in C-eq
rather than the common COz-equivalent (CO2-eq).

In this review, literature has been reviewed for quantification of nutrient retention, carbon
accumulation, and greenhouse gas emissions where relevant for different measures of CAPs and
RBMPs, with a focus on results from Danish studies, although international studies have been
included where applicable, or where Danish studies are lacking. Within this study, the measures
included are shown in Table 1. The measures are categorized into three categories: those contained
within the RBMPs, those contained within the CAPs, and some which are not officially included in
either silo.

Results

Table 2 The TN retention, TP retention, carbon sequestration and global warming potential (GWP)
of each of the measures included in this review. The GWP is listed as kg C-eq, to make it directly
comparable to the carbon sequestration rates.

Measure TN retention TP retention Carbon sequestration GWP
kg N hatyrt % kg P hatyrt! % kg C halyr? kg C-eq. hatyrt
() (n (n) (n) () (nCO,, N"CH4, NN;0)
SF-CW 422+263 40.7424.6 84.4+122.7 20.1+37.3 i 4884+1166
(6) M M U] (2,34
SSE-CW 11405+5139 35.2+13.0 —1200+1745 -466+841 ) 81351+42271
@ @ @ (©) @
Wetlands 137455 32.7£14.7 0.0+8.1 10.0+15.6 501+194 -1411+6370
(®) @ 4) @ (©) (5,5,4)
3185+1875 -528+5145
Re-wetted lowland @) 8.8, 4)
Stormwater pond 45.5+31.7 44.4+36.6 524+331 2974+2233
(wet) ©) (©) @ (5.5,1)

Sewer separation - - - - . R

SF-CW: (Braskerud et al., 2005; Hoffmann et al., 2020; Kasak et al., 2022; Kynkaanniemi et al., 2013; Lavrni¢ et al., 2020; Mander et al., 2021;
Mendes & Renato, 2020; Mendes, 2021; Mendes et al., 2018; Stadmark & Leonardson, 2005; Steidl et al., 2019; Sgvik et al., 2006; Tolomio et al.,
2019; Vymazal, 2017)

SSF-CW: (Bruun et al., 2017; Hoffmann et al., 2020; Plauborg et al., 2023)

Wetland: (Audet et al., 2020a; Audet et al., 2013; Bianchi et al., 2021; Burden et al., 2019; Fortuniak et al., 2021; Herbst et al., 2011; Herbst et
al., 2013; Hoffmann & Baattrup-Pedersen, 2007; Hoffmann et al., 2020; Kandel et al., 2019; Kieckbusch & Schrautzer, 2007; Taillardat et al.,
2020; Walton et al., 2020)

Rewetted lowland soil: (Bianchi et al., 2021; Brown, 2017; Gyldenkerne, 2020; Huth et al., 2020; Kandel et al., 2020; Mrotzek et al., 2020;
Peacock et al., 2019; Schrier-Uijl et al., 2014; Schwieger et al., 2021; Tiemeyer et al., 2020; Wilson et al., 2022)
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Stormwater pond: (Audet et al., 2020a; Isteni¢ et al., 2012; Li et al., 2020; Merriman et al., 2017; Peacock et al., 2019; Senderup et al., 2016; van
Bergen et al., 2019)

Edge-of-field measures

In Denmark, the edge-of-field measures were included in the 2" round of RBMPs, as a way to
reduce the nutrient loading coming from agriculture directly at the source. Edge-of-field measures
are locally implemented and function by targeting the diffuse nutrient leaching from agricultural
land, where drainpipes traditionally go through buffer zones and dispose the drain water directly to
the recipient streams. Edge-of-field measures works implementing a method of water detention by
intersecting the drainpipes. This intersection allows to enhance conditions which favor N removal
or P retention. The intersection of the drainpipes limits their implementation to drained soil, which
in Denmark accounts for ~50% of the total cultivated area (Mgller et al., 2018). There are two
measures currently being implemented in Denmark (mini-wetlands with an open filter matrix and
with a closed filter matrix, although internationally, they are similar to the surface- and subsurface
flow-constructed wetlands (SF-CW & SSF-CW)), but there are other methods either in
development or that are actively being implemented globally (Jaynes & Isenhart, 2018; Wesstrom
& Messing, 2007; Zak et al., 2018). While different in their execution, they typically follow similar
setups; a phosphorous retention basin to trap particulate phosphorous, and water-saturated soil
which enhance conditions suitable for denitrification (Audet et al., 2021; Carstensen et al., 2019a).
There may be additional attempts to increase the amount of organic matter (by actively promoting
vegetation), supplying the denitrifiers with electron donors, and thereby enhancing denitrification
and nitrogen removal.

Surface flow constructed wetland (SF-CW)

The SF-CW is the primary measure being implemented in Denmark to reduce N load from
agricultural land. Official requirements to ensure sufficient HRT and N removal is a size of 1-1.5 %
of catchment area, and it must be constructed consisting of a sedimentation basin, followed by three
basins (deep zones) separated by shallow zones. Additionally, the minimum size of the catchment
area for implementation is 20 ha, and in order to get funding, the minimum estimated N removal
must be 300 kg N ha* yr! (Danish Agricultural Agency, 2022). In the 6 studies included in this
review on SF-CW, they found a mean retention of 4224263 kg N ha* yr! (n = 6), and in 7 studies
there were a mean efficiency of 40.7+24.6 % (n = 7) removal of N (Table 2). On the phosphorous
side, there were a retention of 84.4+122.7 kg P ha yr! (n = 5), with a mean efficiency of 20.1+37.3
% (n = 8)(Table 2). The retention for N ranges between 87 and 856 kg N ha* yr?, so although
variable, has a definite effect on the N concentration, and may effectively reduce the N
concentration when established. N retention occurs primarily through plant uptake and removal by
denitrification, and plant uptake should reach an equilibrium, making denitrification the primary
cause.

The P retention is more variable, and ranges from 0 to 321 kg P ha yr?, although the high retention
is unlikely to occur. P retention occurs primarily through sedimentation, and optimizing the
sedimentation basin is therefore of importance to ensure retention. The P retention is highly
dependent on the P load and the hydraulic residence time, as higher loads and HRT increases the
overall P retention (Mendes et al., 2018). There are also reports of P leaching occurring following
establishment of SF-CW, increasing P by >200% (Sukias & Tanner, 2011; Ulén et al., 2019). The
high variability makes the measure less effective at targeting P, and it should be used primarily as
an N retention tool.
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The GWP from SF-CW determined from the studies is 4884+1166 kg C-eq. ha yr! (n = (CO: 2,
CHa: 3, N2O: 4))(Table 2). Carbon dioxide and methane accounts for most of the emissions, while
nitrous oxide only accounts for ~12% of the GWP. High methane emissions from a shallow lake
system is inevitable, especially one supplied with plenty labile carbon and nutrients which may
result in an additional supply of labile carbon.

Sub-surface flow constructed wetland (SSF-CW)

The SSF-CW is an alteration of the SF-CW, consisting of a single basin (often also including a
sedimentation pond), which is filled in with an organic substrate to fuel denitrification, and an
inorganic material which supplies the microbes with surface area to grow and create a biofilm. In
the Danish measure, the basin is filled with a combination of woodchips and seashells (some
international variations may use another inorganic material, e.g., gravel (Bruun et al., 2016;
Vymazal et al., 2020)). When the organic material is decomposed with time, replenishment will be
necessary, and it has been suggested to add 0.5m of substrate every 6 years (Plauborg et al., 2023).
As the measure has been reported to leach P following establishment (see section below), this
renewal will likely be an additional source of P every few years. Some studies suggest that by
allowing plant cover on top of the woodchips, the roots will supply the SSF-CW with additional
source of organic matter, which could potentially extend the lifetime of the measure, or delay the
addition of more woodchips (Zhai et al., 2013). Although the official size constraints of the SSF-
CW is 0.2-0.25% of the catchment area, most of the Danish reported figures of TN and TP removal,
along with GHG emissions, stem from a pilot study in which the SSF-CW was just 0.07% of the
catchment (Carstensen et al., 2019b). Only a single study reports on the established measure which
is not exclusively a pilot study.

The studies included report a N retention rate of 11405+5139 kg N ha! yr? (n = 2), with an
efficiency of 40.3+13.8% (n = 2)(Table 2). The same studies report a P retention rate of -
1200+1745 kg P ha! yr! (n = 2) with an efficiency of -466+841% (n = 2)(Table 2). The added
organic matter from woodchips may leach P (Carstensen et al., 2019b), increasing the organic
matter concentration in the drain water to the recipient stream, with a study in the Czech Republic
finding a potential increase of ~80-330%, which was highest during the weeks immediately after
establishment, but still showed elevated concentrations after a year (Vymazal et al., 2020). SSF-
CW are therefore highly effective at removing N, but the P retention may vary greatly, and it should
be considered if the tool should be implemented upstream of a waterbody sensitive to P.

The added organic matter to increase N removal comes with a drawback, however, as the organic
matter stimulates methane production when kept under anoxic conditions. Due to this stimulated
microbial activity of SSF-CW, the method has a higher GWP of 81351+42271 C-eq hal yr! (n =
2)(Table 2). The HRT is the primary controlling factor of the GHG emissions, as a high HRT
increases methane emissions, while a low HRT increases nitrous oxide and carbon dioxide
emissions due to present oxygen (Audet et al., 2021; Bruun et al., 2017; Carstensen et al., 2019b;
Davis et al., 2019). A lower HRT should reduce the GWP, as methane emissions account for 79%
of the GWP in the studies included within this review. A lower HRT has been suggested as a
method to circumvent the high emissions of the SSF-CW, but studies testing this also found that the
efficiency in N removal was reduced from 98-100% to 27-32% by doing so (Carstensen et al.,
2019a). Another method to reduce the GWP which has been suggested, is to not utilize the SSF-CW
during the summer, when emissions are greatest (Eriksen et al., 2020).

Nature restoration / Area decommission
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Nature restoration or area decommissioning covers two measures which, rather than being an edge-
of-field measure, targets agricultural drain water, functioning by taking larger areas and restoring a
natural hydrology. Wetlands have been drained to increase the area available for agricultural
practices throughout time, which has reduced the total coverage of wetlands globally by 54-57%
since 1900 (Davidson, 2014). Globally it has been estimated in the Global Wetland Outlook (2018)
that there has been an 87% reduction in wetland distribution since the 1700s and a similar estimated
reduction in Denmark since the 1800s. Wetland soils are unique in that they accumulate large
quantities of carbon, and it is estimated that peatlands (a type of wetland) contain twice the amount
of carbon of the global forests, despite covering just 3% of the worlds terrestrial area Global
Wetland Outlook (2018).

There are many reasons for restoring the original wetland hydrology, although the one which gets
the most attention is for the climate. The accumulation of carbon has turned the soil into large
carbon stocks, which was exposed to oxygen when the soil was drained, increasing the
decomposition which started “burning” this carbon stock off. Ceasing draining wetlands is in part
an attempt to stop or slow this process, reducing the carbon dioxide emissions, and in part a hope to
restore the conditions which can start accumulating carbon once more, turning the areas into a
carbon sink. Another reason to restore or establish wetlands in recent years has been to use them as
nutrient removal zones, as the saturated soil rich in organic matter provides excellent conditions for
denitrification. Denmark has two measures, each targeting one aspect: Re-establishment of wetlands
with the primary purpose to reduce nutrient leaching, and re-wetting organic lowland soil to stop the
release of carbon dioxide.

Rewetting of lowland soil

Re-wetting lowland soil is a measure which ceases cultivation and ceases the practice of tile drain in
the area, allowing the water table to rise to natural levels. The organogenic (defined as >12% organic
carbon content) soils has been estimated to be responsible for GHG emissions in the range of ~10900-
13600 kg C-eq ha yr! when drained to agricultural norms (Gyldenkarne, 2020). When draining is
ceased and the water table returned to near the surface, the decomposition slows down, restoring the
soil carbon as a permanent stock.

Lowland soil are often independent of riverine systems, and therefore do not functionally have any
retention of nutrients, as there is no input. However, Danish reports estimate previously cultivated
land fertilized at high- and moderate intensity leach 22-25 kg N ha* yr! and 2-5 kg N ha* yr?
respectively, with a national average of 12 kg N ha* yr (Eriksen et al., 2020). This corresponds to
an 80% reduction relative to the Danish mean leaching from agricultural soil of 59 kg N hat yr*
(Blicher-Mathiesen, 2020). If established with a higher water level, denitrification within the soil
should make leaching negligible in the long term. Re-wetting soil results in a rapid change in redox
conditions, reducing iron which may release the iron-bound P. This results in a potential P leaching
from the soil after establishment. It has been suggested that prior to rewetting, removing the topsoil
(25 cm) reduces N and P leaching by 80% and 93% respectively (Harpenslager et al., 2015). This
treatment, however, removes bound carbon from the site, which re-wetting is intended to
permanently trap, potentially allowing it to decompose and emit GHG elsewhere. Danish reports
suggest that by re-wetting organogenic soil, phosphorous leaching will be reduced by erosion-
leaching ceasing (Andersen et al., 2020).

The measure is primarily intended to reduce GHG emissions from the degrading organogenic soils.
Multiple studies have found that the primary controlling factor on GHG emissions from lowland
organogenic soils is the water table (Abdalla et al., 2016; Eickenscheidt et al., 2015; Evans et al.,
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2021; Kandel et al., 2020; Tiemeyer 800
et al., 2016; Tiemeyer et al., 2020;
Wilson et al., 2016). When lowland
soil is converted to agricultural use, it
is typically drained to >50-80 cm
below the surface. Methane-, carbon
dioxide-, and nitrous oxide emissions
are all regulated by the water table.
When the water table is low, the soil
is exposed to oxygen, resulting in
higher carbon dioxide and nitrous
oxide emissions (Evans et al., 2021;
Tiemeyer et al., 2020). When the
water table is high (especially if it is
above the surface), carbon dioxide
and nitrous oxide emissions are
reduced, but the methane emissions 0 . . .
rise (Gyldenkerne, 2020; Tiemeyer et -6000 -4000 -2000 0 2000
al., 2016; Tiemeyer et al., 2020). This .
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In Denmark, emissions from organogenic soil are calculated on the assumption that soil with 6-12%
OC emits half as much GHG as soils with >12% OC. These assumptions are in contrast to findings
in German studies on organogenic soil, which found no difference in GHG emissions between the
soil of 5-10% and 16-18% OC (Eickenscheidt et al., 2015; Tiemeyer et al., 2016; Tiemeyer et al.,
2020). This is likely due to soil with lower organic content having a higher carbon density, resulting
in more carbon exposed per area drained, making a direct correlation challenging (Gyldenkarne,
2020). This could result in a potential underestimation of emissions from soils with 6-12% OC but
also an underestimation of the reduction when reintroducing natural hydrological conditions to
these soils. By raising the water table, the emissions from lowland soils become negligible,
especially if kept at ~10 cm below the surface, which reduces carbon dioxide emissions while
keeping the methane emissions low (Evans et al., 2021). When re-wetting lowland soil, a reduction
in GWP of ~86% is expected (Tiemeyer et al., 2020). Although re-wetted lowland soil may
potentially still be positive GWP emitters, it is important to consider the reduced emissions by
raising the water table. Using the lower boundary of the estimated emissions from drained lowland
soil, a 86% reduction in emission would be equivalent to ~9400 kg C-eq hat yr?, far outweighing
the sequestration of any other measure (Gyldenkarne, 2020; Tiemeyer et al., 2020). The studies
included in this review found a carbon sequestration of 3185+1875 kg C hat yr! (n=3),and a
GWP of -528+5145 kg C-eq ha™ yr! (n = (COz: 8, CHa: 8, N2O: 4)) (Table 2). The added carbon
sequestration on top of the reduced emissions makes the organogenic lowland soils an effective
measure to dampen the rising greenhouse gas emissions. It is clear from the studies on GWP that
there is great variability, especially in the carbon dioxide and methane emissions, which are tightly
linked to the water table. It is therefore not possible to determine the GWP of an organogenic soil
with a simple number, as the soil conditions and water table are key determining parameters. It
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would appear that if the water table is managed to levels where methane production remains low,
the GWP should also remain low.

Wetlands

Wetlands differentiate themselves from the re-wetting of lowland soil, in that they are typically
established as riverine wetlands, in direct connection to flowing water. They are typically in
combination with other re-establishment measures such as meandering of the stream (which permits
periodic inundation during periods of high hydraulic load), and drain irrigation, where the nearby
drains are redirected onto the wetland for N removal through denitrification (Hoffmann & Baattrup-
Pedersen, 2007). It is a measure that has been utilized in Denmark to target nutrient removal since
1998, with many Danish sites having been established. Often, the followed monitoring occurs only
within the first year after establishment, resulting in lackluster verification of the long-term
effectiveness (Eriksen et al., 2020). Concerns has been raised that when utilizing wetlands as this
kind of nutrient filter, the increased nutrient flow through the wetlands fail to mimic historically
nutrient-poor wetlands, and therefore the biodiversity within the wetlands remain limited (Hambéack
etal., 2023).

In a Danish study of 13 wetlands, they found a TN removal of 156.3+103.4 kg N ha yr (Eriksen
et al., 2020). This is within the same interval as the studies included in this review which found a
TN removal of 137455 kg N ha yr (n = 5), with an efficiency of 32.6+14.7% (n = 2) (Table 2).
The TP retention is more uncertain, with a removal rate of 0.04+8.10 kg P ha! yr? (n = 4), and an
efficiency of 10.0+15.6% (n = 2) (Table 2). P is expected to leach when the wetland is established
on previously agricultural fields, as like re-wetted lowland soil, a re-introduction of a higher water
table causes a change in the redox conditions, reducing iron and releasing P (Kieckbusch &
Schrautzer, 2007). An equilibrium is expected to form, however, the time frame for this equilibrium
is uncertain, although the period is likely >5 years (Audet et al., 2020b). The primary P retention
mechanism is sedimentation during periods of inundation (Kronvang et al., 2007).

Overall, wetlands have a carbon sequestration rate of 501+194 kg C ha yr! (n = 3), and a GWP of
-141146370 (n = (CO2: 4, CH4: 6, N20O: 4)) (Table 2). The GWP is very dependent on the water
table, similar to lowland areas, as a high water table (either at or above the surface) results in higher
methane emissions, whereas a lower water table (~20-30 cm below the surface) mitigates much of
the methane emissions, but has higher carbon dioxide and nitrous oxide emissions (Audet et al.,
2013). A study of a temperate wetland demonstrated that during wet years, wetlands might be a
GWP sink, whereas during dry years, they may act as a source due to the decreased water table
(Fortuniak et al., 2021). Globally, wetlands represent >50% of the natural methane emissions and
~25% of the total methane emissions (IPCC, 2014). Despite their GWP, wetlands are utilized as a
climate mitigation tool due to their ability to sequester carbon due to their water-saturated, reduced
conditions, and it is estimated that wetlands contain 12-35% of the worlds soil C stock, despite only
covering 5-8% of the area (Villa & Bernal, 2018). Furthermore, the popularity of wetlands
restoration has as well been promoted to compensate for their area reduction in the past decades
(Davidson, 2014; Were et al., 2019). Carbon sequestration in wetlands occurs as a combination of
biomass production being buried under reduced conditions, preventing full mineralization, and by
accretion of the wetland during inundation (Villa & Bernal, 2018). And although there are high
emissions from wetlands on a global scale, there is a large variability on the definition of a wetland,
where certain types produce disproportionately more methane than others, such as shallow lakes, as
the water table is permanently above the surface, but the water column is too shallow to oxidize the
methane (Petersen et al., 2022).
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Stormwater Management

With increasing urbanization throughout the world, there has been a rising need for managing
stormwater. The urban environment is characterized by paved roads, great parking lots, and roofed
buildings. The introduction of many urban structures introduces impermeable surface area. The
impermeable surface area thus results in a quick discharge of stormwater. During a rain event,
stormwater is usually captured, stored, or delayed by vegetation and soil, which causes a delay and
reduction in the water at the recipient, e.g., a nearby stream. When water is discharged quickly,
there is no retention, and no delay, resulting in high water loads in streams, of which there are two
outcomes: the stream can contain the water, but the water velocity causes significant erosion, or the
stream cannot handle the water, causing local flooding. Streams coming out of urban areas has been
characterized by the “urban stream syndrome”, which describes a stream with quickly altering water
flow, high nutrients, erosion which can alter the stream morphology, and a higher content of
tolerant and invasive species (Walsh et al., 2005). This results in either ecological or economic
damage. To mitigate those, climate adaptation tools have been developed to retain and delay urban
runoff.

Stormwater ponds

Stormwater ponds are common in urban areas and have been utilized for decades to manage the
high urban runoff, which occurs as a result of the high proportion of impermeable surfaces. The
runoff has been increasing due to climate change, and stormwater ponds therefore function as a
climate adaptation measure to protect against flooding, pollution, and erosion. In recent years,
increasing attention has been brought to the potential multifunctionality that stormwater ponds may
serve, such as increasing biodiversity and the ability to retain nutrients. This has created a shift in
the type of stormwater ponds being established, whereas previously, the most common were
simplistic dry or wet ponds. The recent development has expanded the possibilities of adding filters
in wet ponds to remove particles and having an overflow mechanism that re-directs incoming water
to the recipient, capturing only the most nutrient-rich “first flush” within the pond for treatment
(Egemose, 2018; Egemose et al., 2020). These are additions that enhance the nutrient retention
capacity by either increasing the retention within the pond or maximizing the nutrient mass
withheld in the pond.

For nutrients, the primary focus is on P in stormwater ponds, as 40-80% of the N leaching from
urban areas are coming from atmospheric deposition, and the anthropogenic contribution is
therefore limited (Troitsky et al., 2019). Urban P comes from many sources, such as erosion of
building materials, vehicle pollution etc. (Egodawatta et al., 2012; Indris et al., 2020). Nutrients are
retained within stormwater ponds through both removal (denitrification) and retention
(sedimentation). Both processes are enhanced by increasing water residence time, making wet
ponds more effective than dry ponds (Koch et al., 2014). The effectiveness may be improved by
utilizing filters at the outlet (e.g., sand), which increases the retention of particulates. The
effectiveness of the filters is reduced over time (within 5-10 years) due to clogging of the filter
(Egemose, 2018; Sgnderup et al., 2016). If maintained, such a filter may result in higher particulate
nutrient retention (Egemose, 2018). Stormwater ponds can be efficient in retaining nutrients;
however, many factors influence the retention capacity, such as type, catchment area, nutrient
loading, retention time, and age (Koch et al., 2014; Sgnderup et al., 2016). Within the stormwater
literature, it appears that mass retention is not utilized, and the efficiency at retaining N and P is the
focus. The overall retention efficiency in the included studies is 45.5£31.7% for TN (n = 3) and
44.4+36.6% (n = 3) for TP (Table 2). In order to maximize retention, the residence time has to be
sufficient to allow particles to sediment (Janke et al., 2022). Generally, the suggested dimensions
are greater than 150-250 m? reduced hectare™® (the reduced area is the impermeable surface area
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within the catchment) for the permanently wet proportion of the stormwater pond, with a distance
between inlet and outlet of >80 meters (Hvitved-Jacobsen et al., 2010; Sgnderup et al., 2016).

Due to the high sedimentation rates found in stormwater basins combined with the potential for
vegetative growth, carbon sequestration/accumulation may occur. Carbon sequestration
(accumulation) in the sediment of vegetated stormwater ponds was found to be 524+331 kg C ha*
yr! (Table 2). There are multiple American studies which report accumulation rates of ~800 kg C
ha* yr?, which is in the same order of magnitude (Kavehei et al., 2018; Merriman et al., 2017;
Moore & Hunt, 2012; Schroer et al., 2018). As stormwater ponds require regular maintenance to
sustain their function, removal of sediment is a necessary element, and depending on how the
sediment is stored, would have an impact on fate of the carbon.

Stormwater ponds are frequently permanently inundated for a portion of the covered area, which
like wetlands, creates conditions favorable for greenhouse gasses to be produced and emitted. There
is a high variability in the GWP potential reported, although a mean GWP of 297442233 kg C hat
yr! (n=(CO: 5, CHa: 5, N2O: 1) (Table 2). One study in Sweden found that when upscaling the
GWP to the total stormwater pond area cover in Sweden, stormwater ponds would account for 0.1%
of the agricultural GWP, making them negligible in comparison (Peacock et al., 2019).

Sewer separation

Sewer separation functions by separating the wastewater portion of the sewage from the stormwater
portion, re-directing the stormwater to a recipient waterbody, whereas the wastewater flows to
wastewater treatment plants. Separate sewers have been increasingly implemented in Denmark,
although limitations in implementation exist in older urban areas, e.g., areas of Copenhagen cannot
be converted. Combined sewers have multiple negative effects during high precipitation events. If
high precipitation occurs, there is an increased risk of overflow from the sewers, which would, in
the case of combined sewers, include sewage waste and could potentially pose a health risk (Balasa
et al., 2021; Donovan et al., 2008; Rodriguez et al., 2012). Another issue arises when the
wastewater treatment plants receive a higher volume of water than they can handle, which results in
overflow directly to streams. Untreated wastewater may contain concentrations of TN and TP in the
ranges of 35-100 mg/L and 18-29 mg/L, respectively (Rout et al., 2021). Wastewater treatment has
been increasingly effective in the past decades, and separate sewers ensure that overflow events do
not occur, and increasing the retention time within the wastewater treatment plant, ensures more
efficient treatment (Frank-Gopolos, 2020). In Denmark, in 2020, 95% of wastewater treatment
plants were of the MBNDK type (mechanical-, biological-, nitrifying-, denitrifying-, and chemical
removal), which has a removal efficiency of 90% of TN, and 94% of TP (COWI, 2019; Frank-
Gopolos, 2020).

The Danish point source report found that in 2020, although combined sewers only accounted for
10.8% of the point source water, they contributed 44.2% and 50.4% of the TN and TP emissions
(Frank-Gopolos, 2020). Using these reported emission numbers, changing from combined sewers to
separate sewers would result in a reduction in TN and TP point source emissions of 85% and 88%,
respectively (Frank-Gopolos, 2020). A note has been made, however, that although separate sewers
are effective in reducing nutrient loads, they result in increased pollution of heavy metals, as the
urban runoff contains high concentrations of these, and are directly discharged to the recipient
without treatment (Brombach et al., 2005; Gasperi et al., 2010).
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Discussion

After many years of environmental decline in the coastal areas, it has become apparent that the
restoration of certain native habitats such as eelgrass meadows, is difficult, due to fjords
environmental conditions at the fjord have changed significantly during their years of absence
(Flindt et al., 2023; Valdemarsen et al., 2010). After the many years of eutrophication, one of the
significant alterations is the increment of organic reach muddy sediments, low light conditions and
high levels of inorganic nutrients etc., preventing transplantation or natural formation in large areas
(Flindt et al., 2023; Valdemarsen et al., 2010). Eelgrass is as well a key indicator for good quality
status in the Danish water framework directive (WFD), hence has extensive national focus.
Eutrophication is as stated the underlaying cause of this species lack of recovery hence keeping
most Danish water bodies as bad to very bad water quality in the WFD. Hence, it is crucial that the
nutrient load to the fjords is decreased further before restoration should be initiated. The Danish
government is hoping to improve water quality status by a volunteer program, in which field owners
sign up to projects, implementing measures. The effectiveness of the measures is therefore
extremely important.

The edge-of-field measures are highly targeted, and therefore can reduce high N load straight at the
source where the concentration is highest, and the microbial processes should be the most efficient.
However, in the volunteer arrangement, it is listed as necessary to maintain the measures for a
period of 10 years, after which it is voluntary. This makes the measure extremely short-term, and
therefore highly questionable to implement big scale, as the effectiveness may then run out
eventually. The efficiency is reflected in the numbers from the literature, and TN is removed
efficiently by both measures (422+263 and 11405+5139 kg N ha* yr for SF-CW and SSF-CW
respectively). Although SSF-CW is 27 times more efficient at removing TN, it is also accompanied
by a significantly higher GWP, which is 16 times higher than SF-CW. It is therefore more
climatically efficient, as the TN removal per GWP is higher. There is overall a lack of published
studies on SSF-CW that treats agricultural drainage water in the temperate region, but as the
measure is widely implemented to treat wastewater (Vymazal, 2007), it is likely a robust method.
The biggest drawback is the maintenance requirements, as this requires additional woodchips after a
set cycle (6 years, Plauborg et al. (2023)). Due to the SSF-CW being a bioreactor, there are studies
which suggest improvements, such as altering the microbial composition to favor microbes which
are more efficient during the winter period (Jéglot et al., 2021). It has potential but is held back by
the upkeep requirements.

Due to the high demand of nutrient reduction, there are a bunch of alternative edge-of-field
measures in development. The ones receiving the most attention are saturated buffer zones,
integrated/intelligent buffer zones. Saturated buffer zones and integrated/intelligent buffer zones
optimize the saturation of soil by being an elongated measure stretching along the streams, forcing
the water to infiltrate the soil, utilizing vegetation for organic carbon (Jaynes & Isenhart, 2018; Zak
et al., 2018). Saturated buffer zones do this by utilizing perforated drainpipes which run along the
streams, while integrated/intelligent buffer zones are essentially elongated SF-CW which is drained
by infiltration. The literature on saturated buffer zones is limited, although it is potentially equal to
SF-CW in terms of TN retention (Jaynes & Isenhart, 2018). Integrated/intelligent buffer zones are
studied in Denmark, and the studies so far suggests a TN retention of 1683+670 kg N ha* yr?,
while being equal to SF-CW in GWP (Carstensen et al., 2021; Zak et al., 2018; Zak et al., 2019).
Overall, the elongated design could prove to be an improvement, while at the same time functioning
as a widened buffer zone, although more studies would be beneficial. For all measures, it is
common that phosphorous retention is highly variable, and in general the edge-of-field measures are
not good as a phosphorous trap (Table 2).
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The wetland- and rewetting of lowland soil measure primarily function on the principle of restoring
natural hydrology. Natural hydrology on its own brings along multiple benefits, as permanently
water saturated soil is one of the few permanent carbon storage solutions we can utilize. The
extensive drainage of our soil has enabled the carbon within the soil to be released into the
atmosphere, degrading the soils utility for cultivation, adding to the increasing greenhouse gasses,
and reducing the ability of the soil to be the efficient N filter that it can be. Restoring natural
hydrology will start the process of carbon built-up in the soil once more, but it is not a rapid
process. It is very clear that both of these measures are immensely affected by the water table, and
managing the water table is essential to optimize the climate benefits (Tiemeyer et al., 2020). There
is high variability in the results, and the high variability can be attributed to differences in water
table conditions in each study, which causes high variation in carbon dioxide and methane
emissions (Appendix fig. 1). The wetlands have the added purpose of being a TN retention tool, as
it is often combined with drain irrigation, and it is effective at doing, as it does not target the source
in the same way the edge-of-field measures do. Phosphorous retention is highly variable, and
especially in the years following establishment, high leaching of P may occur, although it may leach
less once an equilibrium is formed (Audet et al., 2020a). It should be expected that when the carbon
content within the soil increases, so does the ability to denitrify N, and the retention could increase
long-term.

Although a lot of conclusions are drawn on the extensive study of Tiemeyer et al. (2020), their
findings on methane emissions increasing when the water table is high, and carbon dioxide
increasing the water table is low, is consistent with the studies included in this review (Figure 1).
Overall wetlands (Rewetted lowland soil and wetlands) are an effective and necessary measure to
reverse the trend of global wetland coverage in recent decades, and to cease the loss of bound
carbon in the soil. Care should be taken when establishing it, ensuring the optimal GWP by
preventing a constantly high water table, preferably it should remain around ~10 cm below the
surface (Tiemeyer et al., 2020).

The two of the most important stormwater management measures stormwater ponds and sewer
separation are heavily implemented already, and a lot of development has been done over the years.
Especially stormwater ponds have been through many modifications, which may vastly improve the
nutrient retention (Sgnderup et al., 2016). On carbon it is much more difficult to assess, but it is
expected that it would have a moderate GWP as it is a lake receiving polluted water, however
considering the benefits of stormwater ponds, it should not be a limiting factor. Although there are
studies which have shown carbon sequestration rates, the concept in a measure which requires
regular cleaning to maintain its function becomes redundant, and it should not be included in
considerations. Sewer separation ensures efficient cleaning of the water directed to the wastewater
treatment plants, however, concerns has been raised that due to the frequency of overflows (if they
do not occur often), recipients may have a higher nutrient load (especially P) after separation, if the
rainwater is not going through the wastewater facility anymore, but is directly emitted to the
streams (Egemose, pers. comm.). This could potentially be minimized by ensuring that sewer
separation is combined with an appropriately built stormwater pond. As it is the municipalities
responsibility to emit clean water to the recipients, and in their best interest, the stormwater pond is
more likely to be efficient or optimized after a period, differentiating it from e.g., SF-CW.

There are many studies on the blue carbon aspect of seagrasses, with one of the most cited
references showing burial rates of 1380+380 kg C ha yr (Duarte et al., 2013). A thorough study
of the Danish Zostera marina is currently in work which challenges these high figures for carbon
burial (Flindt et al., in prep). It can be consider that the potential of eelgrass storage lays on the
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living biomass (winter biomass), whereas the storage in sediments is highly affected by the beds
morphology and the area hydrodynamic. Specific rates, and consideration will be shown in Flindt et
al in Prep. However, the carbon storage capacity likely will be reduced compared to Duarte et al
2013. Odense Fjord has lost 2490 ha of its historical eelgrass distribution (de los Santos et al.,
2019). In 1908 it was estimated that eelgrass could grow as deep as 6.7 meters of depth, which may
now be considered pristine conditions. Now, that range has been reduced to <2.5 meters a decade
later (Ostenfeld, 1908; Riisgard et al., 2008). Hence the system have lost a large standing stock,
which have reduce the system capacity to store both Carbon, Nitrogen and Phosphorus for at least a
full season.

Even if we disregard carbon, extensive eelgrass coverage has nutrient benefits, as it has been well
demonstrated that within eelgrass beds, denitrification is highly efficient, as they create a big
surface area for biofilm to adhere to while providing the organic matter to fuel denitrification
(Zarnoch et al., 2017). A big effort to reduce nutrient loading in the catchment areas would
therefore lead to greater reductions due to the added reduction in the coastal areas, giving the
coastal areas a greater capacity to deal with years of higher loading and fluctuations. Focusing on
measures which are going to be effective long-term will be the optimal way to restore the natural
function of the elemental cycling, where the coastal areas can thrive.
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Appendix

Supplement table 1 — The greenhouse gas emissions from the studies on the
measures included in this review, summarizing carbon dioxide, methane, and
nitrous oxide as well as the GWP potential including them all. Sources and n

present in table 2.

Cco, CH, N,O GWP
Measure . 1 Ly ERye . . . -
;glcoz C-eq ha kg C ha'lyr? I1<g CO,-C-eq ha*t yr kg N ha' yr Ifg}]/rgoz C-eq ha I1<g CO,-C-eq ha™ yr
SF-CW 257341101 167435 1706358 2.58£0.60 605+141 4884+1166
SSF-CW 170937591 629744075 6425741584 0.00£0.10 0.0423.9 81351442271
Wetlands -2993+6201 1264142 1286+1444 1.26+0.73 296+172 -141146370
Lowland soil -2776+4576 1954229 1993+2339 1.08+1.09 254+256 5285145
(SJVZETW“” pond 1430+1408 1352170 138241733 0.692.30 1624538 297422297
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Resume

Der er foreslaet etablering af 127 minivadomrader i oplandet til Odense Fjord. Placeringen af
minivadomraderne er baseret pa brug af vearktgjet Scalgo vedrgrende overfladevandets
stramningsveje, kombineret med det officielle kort for potentiel placering af minivadomrader.
Outputdata fra den indledende analyse for steder til etablering af minivadomrader blev derefter
filtreret baseret pa falgende betingelser; omrader udpeget som adale eller i det direkte dreenopland til
adale fra sorteres, mindst 80% af oplandet til et minivadomrade skal vare dyrket landbrugsarealer,
og oplandet til et minivddomrade skal vaere mindst 20 ha. Den potentielle kvelstoffjernelse i
minivadomrader blev estimeret under fglgende antagelser: stgrrelsen af et minivadomrade svarer til
1% af minivddomradets opland, og et minivadomrade har en arlig effekt pd 472 kg N/ha
minivadomrade-vandflade. Data fra Aarhus Universitets NLES5-model og GEUS’s DK-model er
blevet brugt til at estimere den samlede N-belastning fra hver ID15-opfangsomrade inden for oplandet
til Odense Fjord. En opdelt nggle leveret af Aarhus Universitet og produceret med DAISY-modellen,
blev brugt til at bestemme, hvordan det arlige N-tab beregnet med NLES5-modellen er fordelt
manedligt. Den samme opdelte nggle blev brugt til at bestemme den manedlige N-effekt af
minivadomrader. Baseret pa GIS-analysen blev hvert minivddomrade placeret inden for et 1D15-
opland. Analysen viste, at etableringen af de 127 mini-vadomrader kunne reducere det arlige N-tab
fra oplandet med 44 tons. Manedsfordeling fremgar af tabel 4.

The potential for constructed subsurface mini wetlands in the catchment of Odense Fjord

Currently, an assessment of the retention potential in the catchment of Odense Fjord is ongoing. As
part of this progress, SEGES Innovation has analyzed the prospective of constructed subsurface mini
wetlands in the catchment. The following data has been utilized to determine the possible placements
of mini wetlands:

e The official government map for the potential placement of mini wetlands
e SEGES Innovations map layer Green Crossing which is developed by Scalgo.

The map layer Green Crossings identifies areas, which could be suitable for the establishment of a

mini wetland. The layer is based on a national mapping of flow pathways, and the following criteria
have been applied in the analysis:
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e All streams and rivers have been modeled to be at sea level. This is done to ensure that a flow
pathway can return to ground level in flat areas. There are some uncertainties, especially at road
underpasses which are considered a barrier.

e There is placed a point at each flow pathway 10 meters before the pathway leaves the field. This
is done based on SEGES Innovations internal Field layer (GIS layer containing all agricultural
fields in Denmark). This buffer 10 meters before the edge of the field serves to minimize the
number of flow pathways that leave trenches in flat terrain and serves to lower the number of
false locations for mini wetlands.

e Flow pathways entering depressions are in some cases miscalculated, while pathways through
landscapes below sea level consistently are miscalculated.

e There are designated up to 6 potential locations suitable for mini wetlands along a single flow
pathway. The use of any of these locations automatically leads to an elimination of the
remaining locations, as the Danish regulation states that subsidies can only be allocated once for
the decontamination of nutrients from drainage water.

It is important to note that the Green Crossing analysis may skip some areas suitable for the
establishment of mini wetlands. Likewise, some areas might appear suitable at first glance but might
not be realizable due to other interests in the area. This is largely caused by the fact that the analysis
is based on the terrain flow of water and thus neglects to consider the actual drainage conditions in
the area. Hence the drainage system can be both larger and smaller than the run of area estimated by
the model. Additionally, this also means that the map can show potential locations for mini wetlands
in areas where the is no tile drainage.

estimated

In the analysis of potential locations for mini wetlands in the catchment of Odense Fjord, only the
most downstream location along a flow pathway has been applied. This ensures that the analysis
estimates the maximum nitrate retention potential for the mini wetlands.

In addition, the following criteria have been applied for the mapping of potential mini wetlands
locations in the Odense Fjord catchment:

e Areas appointed as river valleys or direct catchments to river valleys in the official government map
for the potential placement of mini wetlands are passed over.

o Atleast 80% of the catchment area to a mini wetland must be active agricultural fields.

e The catchment area of a mini wetland must be at least 20 ha.

The analysis does not consider other potential interests in the areas such as urban development, and
nature conservation among others. Particularly the nature protection zones could hinder the
establishment of a mini wetland, but in many of the locations, it will be possible to establish the mini
wetland a bit further upstream, ensuring that the project area does not intersect with potential nature
protection zones.

The potential effect of the mini wetlands is calculated at the ID15 catchment scale (a sub-division of
Denmark into a catchment resolution of approximately 1500 ha). However, the results are only
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presented for the entire Odense Fjord catchment and at the sub-level for “farvand 4 catchments.
Odense Fjord catchment consists of three “farvand 4 catchments (4231, 4232, 4233) which can be
seen in Figure 1.

The placement analysis for mini wetlands in the Odense Fjord Catchment indicates that there are 127
potential locations suitable for the establishment of a mini wetland (Figure 1).

¢ Placering af minivddomrade

B Maximalt minivddomrade opland
[_] Farvand4 opland 4232

I Farvand4 opland 4233

[ Farvand4 opland 4231

Figure 14: Overview of “farvand 4 oplande and the potential mini wetland’s locations (red dots) across the Odense Fjord catchment.
Blue areas indicate the catchment area for each mini wetland.

Based on the catchment area of each mini wetland SEGES Innovation has calculated the potential N-
retention effect of each mini wetland. This calculation is based on the following assumptions:

e The size of a mini wetland equals 1% of the mini wetland’s catchment area.
e A mini wetland has an annual effect of 472 kg N/ha mini wetland area *

The annual effect of the mini wetlands is calculated based on equation 1:

(1) Mini wetland ef fectsiream eage (kg N/&r) = mini wetland area (ha)
* 472 kg N/ha/ar)

Table 1 shows an overview of the annual maximum retention potential for the mini wetlands in the
Odense Fjord Catchment:
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Table 6: Distribution of mini wetlands in each of the tree “farvand 4” catchments in the Odense Fjord catchment and the maximum

annual N-retention that the mini wetlands can obtain if all 127 mini wetlands are established.

Catchment Number of mini wetlands Effect (tons N pr. year)
All of Odense Fjord 127 50,79
catchment
4231 11 3,95
4232 104 42,07
4233 12 4,76

It should be noted that Table 1 only shows the reduction potential for the mini wetlands. Thus, the
numbers do not show the actual N-loss to the stream edge but only how much the N-loss at the stream
edge can be reduced by the establishment of the mini  wetlands.

Furthermore, SEGES Innovation has calculated the effect that the establishment of the mini wetlands
will have on the Odense estuary. This calculation is based on data from Aarhus University’s NLESS
model. The NLES5 data provided by Aarhus University gives an estimate of the monthly N-leaching
out of the root zone for each ID15 catchment. The NLES5 model provides data on an annual scale
and consequently, Aarhus University has used the DAISY model from Copenhagen University to
split the root zone leaching to a monthly time unit. The data from Aarhus University is calculated
based on input data from the period 1990-2010, and the numbers indicate average values. Besides the
data concerning N-leaching from the root zone, data regarding the average surface retention in each
ID15 catchment has also been provided by Aarhus University

Additional data related to the drainage fractions in each of the ID15 catchments has been provided
from GESUS DK-Model. These numbers indicate the average drainage fraction on a monthly scale
for the period 1990-2010.

The total monthly N-transport from each ID15 catchment to Odense Fjord had been calculated based
on the data provided by Aarhus University and GEUS. This calculation assumes the existence of no
retention-enhancing mitigation tools in the catchments (mini wetlands, wetlands, intelligent buffer
zones, and so on.). The total N-loss from the Odense Fjord catchment to the estuary can be seen in
Table 2.

Table 7: Calculated monthly average N-loss from the Odense Fjord catchment to the estuary for the period 1990-2010, when assuming
that there has not been established any retention enhancing mitigation tools in the catchment.

All of Odense Fjord 4231 (tons | 4232 (tons | 4233 (tons

Month catchment (tons N) N) N) N)

January 269,41 14,53 224,66 30,22
Febuary 136,13 8,11 112,55 15,47
Mach 81,01 5,15 66,24 9,59
April 33,20 1,59 27,53 4,08
May 16,09 0,66 13,71 1,72
June 15,13 0,60 12,94 1,59
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July 15,48 0,64 13,21 1,63
August 16,63 0,67 14,10 1,87
September 23,09 0,94 19,39 2,75
October 59,99 2,80 48,70 7,49
November 181,68 8,60 151,20 21,89
December 259,52 13,57 216,42 29,63
All year 1106,47 57,90 920,64 127,93

Note that the N-loss calculated in this analysis only relates to N-loss from nature and agricultural
land. This makes it difficult to directly compare the number in Table 2 and the values from VVP3 since
the baseline scenario for VP3 also includes N-loss from wastewater. It should also be noted the data
used for the development of VP3 originates from another period compared to the one used for this
analysis.

Figure 2 and 3 shows the annual N-loss from Table 2 for each ID15 catchment in the Odense Fjord
catchment divided into half-annual N-losses for the summer (April- September) and winter (October-
March) months.

Baseline udledning til kyst april til september

Tons N

[J10-0,028
[710,028-0,383
[10,383-0,972

[ 0,972 - 1,841

[ 1,841 - 2,843

Il 2,843 - 9,302

3] odense Fjord Opland

Figure 15: Calculated half-annual (April-September) N-loss from the Odense Fjord catchment to the estuary for each ID15 catchment
during the period 1990-2010, when assuming that there has not been established any retention enhancing mitigation tools in the
catchment.
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Baseline udledning til kyst oktober-marts

Tons N

[Jo0-043
[10,43-3,62
[13,62-11,82

[ 11,82- 17,74

B 17,74 - 22,66

B 22,66 - 48,21

[ odense Fjord Opland

Figure 16: Calculated half-annual (October-March) N-loss from the Odense Fjord catchment to the estuary for each D15 catchment
during the period 1990-2010, when assuming that there has not been established any retention enhancing mitigation tools in the
catchment.

A comparison between Figures 2 and 3 shows that there is a higher N-loss from Odense Fjord
Catchment during the winter months (October- March) compared to the summer months (April-
September). Furthermore, the comparison highlights that the primary N-loss originates from different
ID15 catchments depending on the season. This is likely caused by differences related to soil type,
drainage fractions, and surface retention between the different ID15 catchments. Thus, an 1D15
catchment with clay soil and a high fraction of drainage might have a low N-loss during the summer
when there is little transport of N through the drains, while it might have a high N-loss during winter
when lots of water is transported through the drains. Likewise, a sandy D15 catchment could appear
to have a high N-loss during the summer as water is transported continuously through the soil all
year. However, during the winter this transportation might appear small compared to the
transportation of N through drains in the clay catchments.

SEGES Innovation has calculated how much the N-loss could be reduced if the 127 mini wetlands
from Figure 1 are established in the Odense Fjord catchments.

This calculation is based on several sub-calculations:

Determination of the monthly effect of the mini wetlands until the stream edge. This is based on the same
split kay as Aarhus University used to split the annual N-loss from the root zone.
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Summation of the mini wetlands monthly effect at ID15 catchment scale.

Calculation of the monthly N-loss through drains until the stream edge when the effect of the mini wetlands
is deducted for each ID15 catchment.

Calculation of the monthly groundwater N-loss until the stream edge for each ID15 catchment

Calculation of the total monthly N-loss until the stream edge for each ID15 catchment (drainage N-loss when
the effect of mini wetlands is deducted + groundwater N-loss).

Calculate the total monthly N-loss to the estuary for each ID15 catchment (drainage N-loss when the effect of
mini wetlands is deducted + groundwater N-loss) by multiplying the N-loss at the river edge by the
surface retention.

Following steps 1-6 SEGES Innovations has calculated how much the monthly N-loss to the estuary
is if the 127 mini wetlands are established. The results can be seen in Table 3.

Table 8: Calculated N-loss from the Odense Fjord catchment to the estuary if the 127 mini wetlands shown in Figure 1 are established.

All of

Odense
Month Fjord 4231 (tons N) 423%\|§tons 4233|’\l§tons

catchment

(tons N)
January 259,87 14,03 216,15 29,68
February 129,50 7,74 106,70 15,06
March 76,49 491 62,25 9,32
April 31,06 1,47 25,62 3,98
May 15,06 0,61 12,79 1,66
June 14,78 0,58 12,63 1,57
July 14,92 0,61 12,71 1,59
August 16,14 0,64 13,64 1,85
September 21,69 0,87 18,13 2,70
October 55,45 2,60 45,46 7,39
November 175,66 8,26 145,67 22,13
December 251,90 13,16 209,47 29,26
All year 1063,21 55,48 881,23 125,80

A comparison of the numbers in Tables 2 and 3 shows that the establishment of the 127 mini wetlands
has the potential to reduce the annual N-loss of the Odense Fjord by approximately 44 tons. This is
less than the 51 tons previously indicated in Table 1. This is a consequence of the fact that the
calculated reduction potential of mini wetlands (see equation 1) in some 1D15 catchments is higher
than the actual amount of N-leached through the drains. However, since it is impossible to have a
negative N-loss, the net loss of N through these mini wetlands has been set to 0 in the final calculation
of the mini wetlands' N-loss to the estuary.

Figures 4 and 5 show the half-annual N-loss from the Odense Fjord catchment to the estuary for each

ID15 catchment when the 127 mini wetlands are established. Figure 4 shows the N-loss during the
summer (April-September) while figure 5 shows the N-loss during the winter (October-March).
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Udledning til kyst ved etablering af
minivddomr&der april-september

Tons N

[Jo0-0,028

[10,028 - 0,382
[10,382-0,972

[ 0,972 - 1,841

I 1,841 - 2,843

Il 2,843 - 9,302

[ odense Fjord Opland

Figure 17: Calculated half-annual (April-September) N-loss from the Odense Fjord catchment to the estuary for each 1D15 catchment,
if the 127 mini wetlands from Figure 1 are established.

Udledning til kyst ved etablering af
minivddomréder oktober-marts

Tons N

[Jo-043
[]0,43-3,62
[13,62-11,82

[ 11,82 - 17,74

B 17,74 - 22,66

Il 22,66 - 47,46

[ odense Fjord Opland

Figure 18: Calculated half-annual (October-March) N-loss from the Odense Fjord catchment to the estuary for each 1D15 catchment,
if the 127 mini wetlands from Figure 1 are established.
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A comparison of figures 4 and 5 once again shows that the half-annual N-loss is highest during the
winter months. Likewise, previously shown in Figures 2 and 3, the comparison also indicates that the
primary N-loss occurs in different ID15 catchments depending on the different seasons.

The total N-reduction which can be achieved with the establishment of the 127 mini wetlands can be
seen in Table 4.

Table 9: Calculated total N-reduction to the estuary which can be achieved in the Odense Fjord catchment by the establishment of the
127 mini wetlands.

All of

Odense

Month Fjord 4231 (tons N) 423|2\I(tons 423|3\|(t0ns
catchment ) )

(tons N)
January 9,54 0,50 8,50 0,54
February 6,64 0,37 5,85 0,41
March 4,52 0,27 3,98 0,27
April 2,14 0,13 1,91 0,10
May 1,03 0,05 0,91 0,06
June 0,35 0,02 0,31 0,02
July 0,56 0,03 0,50 0,03
August 0,49 0,03 0,45 0,02
September 1,39 0,08 1,27 0,05
October 3,54 0,19 3,25 0,10
November 6,03 0,34 5,53 0,16
December 7,73 0,41 6,95 0,37
All year 43,96 2,42 39,40 2,13

As shown in Table 4, the establishment of the mini wetlands only results in modest reductions of the
N-loss to the estuary in some areas. This is further supported when comparing the N-loss to the
estuary for the scenarios summer (April-September) with and without mini wetlands (Figures 2 and
4), as well as the winter (October-March) with and without mini wetlands (figures 3 and 5). The two
winter and summer maps appear to be identical at first glance. However, a thorough comparison will
show that some ID15 catchment enters a lower N-leaching class when mini wetlands are established.
Thus, though the total effect of the mini wetlands in the Odense Fjord catchment can be considered
limited the establishment of mini wetlands can be of high importance for the local conditions.
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Customizing the instrument selector to handle seasonal variation

RESUME

Virkemiddelveelgeren laver en bedriftsspecifik gkonomisk optimering af tilgengelige
efterafgradevirkemidler. Grundlaget for beregningen baseres pa hver enkelt bedrifts afgradevalg i de
foregaende 5 ar. Indsatskravet der beregnes pa, er enten det kommende ars indsatskrav, eller en raekke
af scenarier med frit valgte indsatskrav. Der er sdledes altid tale om en beregning pa fremtidige valg
af efterafgradevirkemidler, baseret pa en forventning om at de seneste 5 ars afgredevalg er
repraesentative for bedriftens fremtidige drift.

Bedriftens afgredevalg anvendes til at kortlegge potentialet for efterafgreder og alternative
virkemidler som kan anvendes til at lgse efterafgradekrav. Pa baggrund af potentialet foretages en
gkonomisk optimering, som giver et forslag til den billigste lgsning af efterafgradekrav pa hver enkelt
bedrift.

Tilpasning af Virkemiddelvaelgeren til handtering af arstidsvariation

Virkemiddelvelgeren er blevet tilpasset, sa den ogsa kan handtere optimering nar der skal tages hgjde
for arstidsvariation i kvalstofudledning til kyst. Dette notat beskriver datameessig baggrund for
endring i virkemidlernes relative effekt, og giver eksempler pa hvordan korrektionen pavirker
beregningerne af den optimale lgsning.

Farst er der lavet en beregning af den gennemsnitlige arlige reduktion i kg N udledt til kyst for hvert
virkemiddel. Effekten pa kvealstofudledningen til kyst afhanger af virkemidlernes effekt pa
kveelstofudvaskningen fra rodzonen og kvelstofretentionen mellem rodzone og kyst. Data vist i tabel
1 er baseret pa beregninger pa ID15-niveau, der efterfalgende er aggregeret til et arealvaegtet
gennemsnit for hvert kystvandopland. Virkemidlernes effekt pa udvaskningen fra rodzonen er
beregnet ud fra relative effekter af virkemidlerne i forhold til den beregnede udvaskning fra rodzonen
uden virkemidlerne. De relative effekter er fastsat ud fra forsag med sugecellemalinger. I disse forsgg
er det muligt at sammenholde forsggsled med og uden et virkemiddel. | forsggene kan udvaskningen
fra rodzonen opgeres bade pa manedlig og arlig basis. Derfor har det veeret muligt at opgere
virkemidlernes relative effekter bade maned for maned og samlet for hele aret.

Slutteligt er der lavet en beregning af forholdstal for reduktionen i perioden april-juli, hvor
efterafgrade destrueret i november er sat til at vaere lig med 1. Dette anvendes som den nye basisenhed
i beregningerne af potentialer og priser for efterafgradeenheder.

Forholdstallene for virkemidlernes effekt er anderledes for perioden april-juli end for hele aret, fordi
de forskellige virkemidler ikke virker ens ind pa udvaskningen hen over aret.

Priserne pa virkemidlerne opgares som kr. pr. hektar efterafgradevirkemiddel. Dermed betyder en
andring i virkemidlernes indbyrdes veegtning at prisforholdet mellem virkemidlerne ogsa &ndres.
For at kunne skifte fra en almindelig” efterafgrade til en efterafgrade destrueret i november, som
basisenhed, tages der i beregningsgrundlaget hgjde for, hvilken effekt der opnas med den valgte
efterafgrede.

The instrument selector — an algorithm for economic optimization of catch crop measures
The instrument selector makes a farm-specific economic optimization of available catch crop measures.
The basis for the calculation is based on the crop choices of each holding over the previous 5 years. The
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wagering requirement is either the coming year's wagering requirements, or a series of scenarios with
freely chosen wagering requirements. Thus, it is a calculation of future choices of catch crop measures,
based on the expectation that the last 5 years of crop choices are representative of the farm's future
operation. The farm's crop choices are used to map the potential for catch crops and alternative measures
that can be used to meet catch crop requirements. Based on the potential, an economic optimization is
carried out, which provides a proposal for the cheapest solution of catch crop requirements on each
individual farm.

Data basis and data purification

The data basis for the calculations is based on crop selection registered when applying for basic payment.
This dataset basically contains information about each field's size, crop selection and the CVR number
applying for the basic payment. With the help of GIS, the dataset is enriched with information about
previous years' crop at field level, soil quality (JB no.), postal code, municipality, ID15, coastal water
catchment, organic/conventional, possibility of irrigation, proportion of field lying as a 20 m strip to lakes
and streams, effort requirements for livestock catch crops, effort requirements for targeted regulation.
Catch crop requirements at farm level depend on the amount of organic fertilizer applied. The information
on the amount of organic fertilizer used is taken from the fertilizer accounts. Access to fertilizer accounting
has been obtained through an application for access to documents. In addition, the fertilizer accounts are
used as a data source to identify cattle exemption farms that have specific requirements for grass catch
crops. The data cleanup involves transforming the Excel data source into RDS file and standardizing names
from columns.

The field dataset consists of several years of extraction. This is because the parcels' affiliation with CVR
number only applies for a single year at a time. Therefore, datasets are available for each year from 2016
up to and including the recently completed extractions. In the datasets for 2016 onwards, crop
information on previous years has been included and, to the extent possible, also in a subsequent year.
This is used in the calculation of catch crop potential, looking at current crop and in some cases
subsequent year crop, and previous crop in other cases.

The calculation of potentials
The purpose of the potential calculation is to map the instrument potentials possible to apply to each
individual field. Potentials for measures are calculated on the cultivation surface:
- Catch crop after seed grass
- Catch crop after spring seed
- Catch crop after winter seed
- Early sowing
- Intermediate crop after seed grass
- Intermediate crop after cereals
- Catch crops with crop rotation changes
- Precision agriculture
- Energy crops
- N quota reduction
- Fallow along lakes and streams
- Fallow

The potential for catch crops after seed grass is identified by a seedgrass field being followed by a spring
sown crop. Technically, this is done by examining whether the crop code of a field in the current year is
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seed grass and whether the crop code of subsequent years is within the group of spring sown crops. Thus,
it is the farmer's usual crop choice as successor to seed grass that determines whether there is a potential
for catch crop or intermediate crop after seed grass. Catch crop after spring seed is identified by a spring
sown cereal crop being followed by spring sown crop. Similarly, catch crop after winter seed is identified
by a winter seed followed by a spring sown crop. The difference between catch crop after spring seed
and winter seed is that the costs in catch crop after winter seed are higher, as it must be sown just before
or just after harvest. Catch crops after spring seed can be established as grass same time as the spring
seed is sown.

Early sowing of winter seeds is used as a starting point for all first-year wheat. In this context, first-year
wheat is defined as wheat established after rapeseed, field pea and spinach. Wheat after seed grass is
used in the potential for intermediate crop after seed grass. First-year wheat after other crops, such as
potatoes, maize and beets, is not assumed to be established before 7 September and is therefore not
recognized as potential for early sowing. On Lolland, Falster and Mgn, early sowing is not used at all,
therefore the potential is reset using postal codes for these areas. In Southern Jutland, on Funen and
Zealand, there are challenges in dealing with resistant grass weeds, therefore the potential for early
sowing in these areas is halved. There is no specific knowledge of which farms have these challenges,
therefore the halving is a general consideration for all farms in the area.

Intermediate crop after seed grass is identified by a seedgrass field followed by a winter seed.
Intermediate crop after grain is basically a total potential of cereal fields, followed by winter seeds. This is
referred to as the "total potential of intermediate crop”. When using the medium-crop measure, the winter
seed may not be sown until after September 20th at the earliest. In order not to exaggerate the potential
for intermediate crops, the potential for intermediate crops is limited to a maximum of 20% of the total
area under winter seeds, as this creates a balanced use of late sowing. The remainder of the total potential
for intermediate crops is used for early sowing of winter seeds after cereals and catch crops with crop
rotation changes, respectively. Early sowing of winter seeds after cereals is a measure primarily used in
the northwestern part of Jutland. Therefore, this potential is built with a parameter, which is adjusted at
postcode level. The parameter is calibrated based on actual use of early sowing.

Catch crops with crop rotation changes are a relatively expensive measure as, in addition to the
establishment of a catch crop, there is also a loss when a winter seed is replaced by spring seed. The
instrument is used when cheaper measures are used up. The crop rotation change occurs exclusively for
winter crops after grain. Thus, areas with first-year wheat are not affected. The basic consideration of this
is to maintain each farm's share of crop rotation.

Precision farming serves as an alternative to catch crops. The potential for the instrument is made up of
areas cultivated with cereals and rapeseed. 11 ha of precision farming can replace 1 ha of catch crop. The
potential is handled in two groups. One group is the holdings that have already been registered for the
scheme in previous years. These farms are expected to continue to use the instrument. The cost is
recognized without interest and depreciation of precision equipment, since it has already been purchased.
The second group is farms with more than 150 hectares, which are generally considered to be of a size
that justifies investment in precision equipment. Costs for the instrument are included along with interest
and depreciation.

Energy crops serve as an alternative to targeted catch crops. Theoretically, there is a potential

corresponding to the rotational area, but as the establishment of energy crops is limited in its actual
distribution, it has been chosen to simply suggest current area with energy crop as potential that may
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continue at a price of DKK 0 per hectare. Thus, the scope of energy crops does not change in the
calculation.

N quota reduction is a measure where a smaller amount of N fertilizer is applied to the farm than the
overall norm. The cost of N quota reduction varies greatly depending on the scale used. In the model, N
quota reduction is calculated in portions of 5%. This distinguishes between N quota reduction in the 0-
5%, 5-10%, 10-15% and 15-20% ranges. The potential for N quota reduction is calculated crop- and soil
quality-specific. The calculation of the cost of N-quota reduction is carried out for the 13 crops with the
highest distribution, covering approximately 1.9 million hectares in 2022. The crops are shown below
sorted by extent:

- Spring barley

- Winter wheat (counted separately for first-year wheat and wheat after cereals)

- Winter rapeseed

- Corn

- Clover grass for feed

- Winter hybrid rye

- Winter barley

- Oats

- Grass without clover for feed

- Ryegrass seed

- Starch potatoes

- Sugar beet for factory

In terms of distribution, three crops are excluded from the list, the largest being "permanent grass with
normal yield" that is handled as grass without clover. In addition, there are "environmental grass MV)J
commitments without N quota" and "MVJ not set-aside, not agricultural area". The two MVJ grasses do
not have N quota and are therefore not relevant in the calculation. In general, all legumes and other crops
without N quota are not included in the calculation. The remaining crop codes together make up about
20 per cent of the agricultural area, but separately they occupy less than 1 per cent. Therefore, remaining
crops are handled as the one of the above 13 that fits best when looking at the economic loss from
reducing the N quota.

Spring rape and grouse are handled like winter rape.

Bread wheat is handled like second-year wheat.

Winter rye is handled as winter hybrid rye.

Maize to maturity is handled like corn for whole seed.

Forage grass with clover and normal yield is handled as clover grass for feed.

Seed grasses are handled according to the same calculation as ordinary ryegrass.

All potatoes are handled like starch potatoes.

Other crops with N quota not mentioned above are allocated a cost corresponding to N-reduction for
spring barley.

The loss calculation in “Kalkule Mark” has been carried out by making two crop sequences, one with
rapeseed and cereal crops, where wheat after rapeseed is automatically handled as first-year wheat, and
wheat after grain as second-year wheat. In addition, the model does not provide effects of crop order. It
is the values of each individual crop that are used as the basis for the calculations. The crops that are not
cereals are gathered in a crop order of their own.

Using a macro, yields for cereals in quintals of kernel and kg protein per hectare are calculated at N-levels
corresponding to full N quota and additionally in 5% increments down to 80% of full-N quota. The loss
in quintals of kernel and kg protein are the most important elements of changed yield by N-quota
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reduction, but at the same time there is a decrease in straw quantity that reduces earnings and savings
on P, K and drying. This is also taken into account in the calculation. The percentage reduction in straw
yield follows the 1:1 reduction in core yield. For crops other than cereals, yields shall be calculated in
appropriate units and protein losses shall be calculated only in the crops used for animal feed.

The yield is calculated on each soil quality group (JB1+3, JB2+4+10-12, JB1-4 with irrigation, JB5-6, JB7-
9) and data are collected in tables. Losses and savings are imported into the Instrument Selector's R-code,
where it is converted into total losses based on value of kernel, protein, straw and saved costs for N, P, K
and drying per hectare with the crop.

For farms using less than 80 kg of total N from organic fertilizers, 110 kg of N will have to be reduced
from 2024 to achieve an effect equivalent to one hectare of catch crop. Farms using more than 80 kg of
total N from organic fertilizers must reduce 175 kg of N to achieve the equivalent of one hectare of catch
crop. Previously, the rates have been 93 and 150 kg N for below and above 80 kg N respectively.

Fallow along lakes and streams is a relatively attractive alternative to targeted catch crops, as the remedy
has a 4:1 effect compared to catch crops. Thus, 1 ha of fallow along lakes and streams can solve 4 ha of
catch crop requirements. The potential for fallow land along lakes and streams is calculated on the basis
of the most recently known areas and their location in relation to possible strip areas down to lakes and
streams.

Fallow is defined as the last (and most expensive) resort when it is not possible to solve the effort
requirement with other alternatives. The fallow potential is the rotational area less the area used as fallow
potential along lakes and streams. In the same way as fallow along lakes and streams, the last known
rotational area is used as the basis for calculating the total potential for fallow.

5 years data basis and farm type

Since knowledge about future crop choices are not available at the time of calculating, the starting point
is historical crop choices. At present, crop selection in 2023 is the latest dataset available. The calculation
of the potential for catch crops can thus only be made up to and including the crop in 2022, which is
followed by a spring sown crop in 2023. To provide a more stable data basis, calculations are made for
2022-23, 2021-22, 2020-21, 2019-20 and 2018-19. Each year's potential for the catch crop instrument is
converted into the proportion of the rotational area that can be used for a given catch crop potential.
Subsequently, an average of these shares is multiplied by the rotational area for 2023. In this way, it is
the farm's crop selection over a 5-year period that forms the basis for which catch crop measures will
typically be available on the individual farm. It has been taken into account that the rotation area may
have changed during the period.

The 5-year average is only used for catch crop measures that depend on cultivation history. Fallow along
lakes and streams does not depend on what has been cultivated, but on which fields are available here
and now. Therefore, the potential for fallow along lakes and streams is calculated solely on the basis of
the latest available field data. The N quota reduction, which is crop and soil quality specific, is calculated
on the basis of the distribution of crops that has occurred in the latest available year. This implicitly
assumes that the composition of crops and the distribution by soil quality will be equal to the most recent
observation.

As a starting point, it is required that there is a 5-year cultivation history for all farms. It is taken into

account whether the farm has the same type throughout the period. This is specially designed to cater
for farms that may switch to or from the application of the cattle exemption. Farms using the cattle
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exemption have a relatively simple crop rotation and therefore only 3 years of data are required for these.
For all other holdings, it is verified whether the type of holding is the same during the period of the last
5 years. The type of farm is determined on the basis of information from the fertilizer accounts. Cattle
exemption farms have a specific marking in the fertilizer accounting. Other cattle farmers are defined on
the basis that more than half of the phosphorus content in their own manure must come from cattle, and
at the same time the amount of phosphorus must be higher than the amount from 40 dairy cattle with
reared cattle. To be defined as a pig producer, more than half of the phosphorus content in own manure
must come from pigs. Other livestock farms consist of remaining farms using their own manure exceeding
100 kg phosphorus per year. Arable farms are defined as the remaining group of farms, and significant
amounts of manure can easily be used on these farms but does not come from own production.

Corrections to the potential calculation

The potential calculation is based on the actual crop choices in each field. This is a very good basis for the
calculation, as it is precisely the choice of each farm that is the basis for the optimization. However, it has
the inexpediency that the entire planned area of winter seed cannot be established every year. In Years
where the weather limits the area with winter seeds, spring sown crops will take up more space than
planned. If this is not corrected, the potential for catch crops will be calculated to be greater than what is
realized. An area that was planned with winter seed is not used for a catch crop, as winter seeds are
planned, and it is only the weather in the autumn that ends up changing the crop to a spring sown. A
correction is made for this by calculating the ratio of each farm between winter and spring sown crops
each year. In the years when the winter crop area is lower than normal, the potentials for catch crops are
corrected. The correction is made at farm level.

In addition, a correction can be made to the potential for N-quota reduction. The basis for this correction
is that farms on clay soils with a large amount of manure may have difficulty achieving the calculated
statutory nitrogen utilization. As a result, crops are already under-fertilized, and the lowest levels of N
quota reduction have already been applied. This is handled by postcode and can indicate which soil
quality groups, and which amount of total N in organic fertilizer should have a correction on available N
quota reductions. Thus, JB5-9 can be individually taken into account, with more than 140 kg total N from
organic fertilizer, and remove, for example, 4 percentage points of the potential for N quota reduction
between 0 and 5 per cent on these farms. In the optimization, there will then be 1 percentage point left
of the potential, 0-5 percent, and the farm will experience that the cheap part of the N-quota reduction
runs out faster in the optimization.

Handling GLM-8 and the biodiversity bioscheme

The requirement of 4 per cent non-productive land is dealt with by looking at how much fallow land there
is on each farm. Any difference between claims and actual fallow shall be calculated and this area shall be
withdrawn from the rotation area. A set-aside cost of 60 % of the calculated set-aside price is included in
GLM, since it is assumed that with planned set-aside of small areas marginal areas can be chosen and
thus a smaller cost than ordinary fallow out of rotation.

The biodiversity bioscheme offers the possibility of getting a 1% discount on the 4% set-aside
requirement by having at least 7% fallow.

The choice between 4 and 7 % set-aside is made in the model by calculating both scenarios throughout
the model, and finally comparing the total cost of 4 and 7 % fallow, respectively. The subsidy for the
bioscheme is deducted from the cost of set-aside.
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The reason for calculating the entire model with 4 and 7 % fallow, respectively, is to be able to handle
varying effort requirements in the targeted regulation. With 7% fallow, there are fewer areas to supply
efforts for the targeted regulation, and thus the model will show that with increased effort requirements
in the targeted regulation, there will be fewer farms that choose 7% fallow.

Cost of the individual instruments

The cost of each instrument is calculated as a starting point in DKK per hectare. Subsequently, the cost is
converted to DKK per catch crop unit "EA".

The price assumptions for the calculations depend on the application of the model. When calculations
are made for use in the coming season's choice of instruments, prices are used based on the latest price
forecast from SEGES Innovation. A price vector is used with prices for "current year" and prices for
"subsequent year". This is due to the fact that the catch crop schemes have different year of belonging.
The N quota reduction applied in this year by targeted regulation is a real reduction in this year, while the
N quota reduction used in mandatory and livestock catch crops will only be deducted from the fertilizer
quota in subsequent years. Other instruments belong to the same year. For crop rotation change, the
following year's price for winter seed is lost and next year's price for spring seed is obtained.

Calculations for scenarios with increasing effort requirements, on the other hand, are based on long-term

prices, and in this situation the price is the same for “current year" and "subsequent year". In the examples
shown below, long-term pricing assumptions have been selected as shown in Table 1.
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Table 1. Long-term price assumptions used for scenario calculations

Wheat 130 DKK pr. hkg
Barley 125 DKK pr. hkg
Rye 115 DKK pr. hkg
Rapeseed 310 DKK pr. hkg
Oats 115 DKK pr. hkg
Corn silage 107 gre pr. FEN
Clover grass silage 128 gre pr. FEN
Ryegrass 900 DKK pr. hkg
Starch potatoes 65 DKK pr. hkg
Sugar beet 22 DKK pr. hkg
N 7 DKK pr. kg N
P 14 DKK pr. kg P
K 6,5 DKK pr. kg K
Straw 0,55 DKK pr. kg
Value of supplement | 3,8 DKK pr. kg
protein

The calculation of the price of catch crop after winter sowing is made as shown in Table 2.

Table 2. Calculation of the price of catch crop after winter sowing.

Catch crop after winter seed Sandy soil Clay soil

DKK per hectare <80 kgN | >80kgN | <80 kg N | >80 kg N
Seeds 240 240 240 240
Sowing 180 180 180 180
After effect N (mandatory) -119 -175 -119 -175
Yield effect -125 -125 0 0
Success rate establishment 21 21 21 21
Subsidy -637 -637 -637 -637
Cost without subsidy 197 141 322 266
Cost incl. subsidy -440 -496 -315 -371
DKK per hectare EA (catch crop)

Cost per hectare EA without 197 141 322 266
subsidy

Cost per hectare EA incl. subsidy -440 -496 -315 -371
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The calculation is made with the following assumptions:

Catch crop after winter seed

catch crop

Seed Type Oil radish
Amount 10 kg
Price 24 DKK per kg
Sowing Method Row
sowing
Price 180 DKK per hectare
After effect N (mandatory) <80kgN 17 kg N
>80kgN 25 kg N
<80kgN -119 DKK per hectare
>80 kg N -175 DKK per hectare
Yield effect Sandy 1 quintal per ha
changed yield in subsequent spring crop Clay 0 quintal per ha
Yield effect Sandy -125 DKK per hectare
starting point in spring barley price Clay 0 DKK per hectare
Success rate establishment 5 pct. is established, but
the catch crop does not
succeed
Loss from unsuccessful establishment of 21 DKK per hectare

Similarly, calculations have been made for the other catch crops and intermediate crops.

Catch crop after seed grass is special because it does not require the establishment of a crop, but simply

the value of the after effect.

Catch crops with changed crop rotation are calculated as catch crops after winter seeds, as it is usually a
second-year wheat field that is replaced by catch crops and subsequent spring seeds. However, the main
part of the costs is the difference in gross margin between winter and spring seeds. The calculation is
made as shown in Table 3. The calculation is based on contribution margin | (DB) for spring barley.
Adjustments are made by 30% of the machine costs, corresponding to the variable part of the machine
costs for diesel and maintenance. Salary, remuneration and depreciation are assumed unchanged as no
capacity adjustment is made. This is compared with DB for winter seed (second-year winter wheat), where

30 % of machine costs are also adjusted.
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Table 3. Calculation of lost earnings when switching from winter to spring seed

JB5-6

<80 kg N >80 kg N
DB spring seed 8.127 9.117
Machine cost spring seed 4.720 4.998
30 % of machine costs, spring seed 1.416 1.499
DB spring seed, corrected for machine | 6.711 7.618
cost
DB winter seed 10.432 11.545
Machine cost winter seed 5.646 6.005
30 % of machine cost 1.694 1.802
DB winter seed, corrected for machine | 8.739 9.744
cost
Lost DB by change in crop rotation 2.027 2.126

The contribution calculations are made so that changes in transfer prices can be handled by entering a
total price list. When calculating next year's proposal for catch crop composition, it is taken into account
that the economic consequences of change in crop rotation will only take effect with the following year's
harvest. Therefore, there is a price set for the current year's crop prices, and one for next year's prices. The
current year's prices are used as the basis for the cost of N quota reduction, as it is the current year's crop
volume that is reduced. In addition, the current year's price is used to calculate the cost of yield reduction
in spring barley with grass seed as catch crop, because a small yield loss is experienced in spring barley
with grass outlay on clay soil. If the cost of catch crops is calculated in general, prices are set at the same
level in "this year" and "subsequent years".

Early sowing is set at DKK O per hectare. There is a small saving on the amount of seed from early sowing,
which is expected to equal additional costs for handling an increased risk of lice.

Fallow is intended as the set-aside of land in rotation with a short time horizon without capacity
adjustment. The contribution margin loss is calculated on the basis of a typical crop rotation with winter
barley, winter rapeseed, winter wheat, winter wheat, spring barley. The calculation is shown in Table 4. On
farms using more than 80 kg total N from organic fertilizer, additional costs for replacement grain of DKK
10 per quintal are included, as the grain that is no longer bred on the farm must be purchased and thus
transported to the farm. An additional cost of increased transport distances for manure to be applied to
areas further away than current areas is also included.
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Table 4. Calculation of set-aside costs

Calculation of lost contribution margin JB 5-6

<80 kg N | >80 kg N
Avg. cereal yield quintals per hectare 74
Lost contribution margin 9.985 11.076
Machine cost 5.209 5.565
30 % of machine cost 1.563 1.669
Lost contribution margin corrected for machine | 8.422 9.406
cost
Care of fallow land 250 250
Rescheduling every 5 years 200 200
Replacement cereals, additional price 740
Manure transport (extra) 300
Subsidy -637 -637
Cost without subsidy 8.872 10.896
Cost incl. subsidy 8.235 10.259
DKK per hectare EA
Cost per hectare EA without subsidy 8.872 10.896
Cost per hectare EA incl. subsidy 8.235 10.259

In the targeted regulation, fallow along streams and lakes has an effect of 4:1, i.e. 1 hectare set aside in
20 metres of strips along lakes and streams counts as 4 hectares of catch crop. The calculation of the cost
of fallow along lakes and streams follows the above calculation of fallow, but the subsidy per hectare will
be 4 times as large because the subsidy is given per hectare of catch crop.

Precision farming can be used as a catch crop instrument with a factor of 11:1, i.e. precision farming of 11
ha with cereals or rapeseed can replace 1 ha of catch crop. The cost of using precision farming is highly
dependent on the starting point of the individual farm, including whether the necessary equipment has
already been invested. Since it is not possible to have knowledge of these different starting points, an
estimate of low and high costs has been made, and subsequently a medium level of these has been used.
This is shown in Table 5.
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Table 5. Calculation of precision farming costs

Precision farming costs

Per 100 hectares Low High Average
Yield 1-3 quintals | -10.000 -30.000 -20.000
Slurry analyses 0 6.000 3.000
Consultancy 0 10.000 5.000
Operational management 2.000 6.000 4.000
Interest and depreciation 5.000 25.000 15.000
Total per 100 hectares 7.000
Total per hectare 70
Total cost per hectare catch crop requirements (11 ha) 770
without subsidies

Subsidy | | -637
Cost per hectare catch crop requirements incl. subsidy 133

For farms that have already invested in precision farming equipment, the decision to use it will depend
on the marginal cost. Thus, the interest and depreciation of the equipment can be withdrawn from the
calculation. Thus, precision agriculture is recognized as an ongoing gain of DKK 1,517 per hectare for
farms that have already invested in the equipment.

Effort requirements at farm level

The effort requirement for each scheme shall be calculated at farm level. The basis is each individual field's
effort requirements. The effort requirement at field level is summed up to farm level. Compulsory and
livestock catch crops are effectively solved at farm level. Targeted catch crops must be located in the
coastal catchment area to which the requirement belongs. In the first years, the instrument selector has
been designed to solve all the requirements at farm level. Later, a function has been developed that
identifies the effort requirement at catchment area level, and subsequently solves the requirement at
catchment area level. For calculations made in the long term, the solution has been to calculate at farm
level, as the division at catchment area level, places greater demands on the data basis than it has been
possible to provide so far. This applies specifically to knowledge of crop selection in the following year.
Since the model is based on information from the application for basic payment, information about
planned crops is not available.

The possibilities in the catchment model are primarily to be able to provide a proposal to the individual
farm about the coming year's specific choice of catch crop measures, on farms that have land in several
catchment areas. Work is underway to develop a crop forecast at field level, which can provide a qualified
guess as to which crop is expected to be grown in each field. This makes it possible to create a data basis
that can exploit the function of catchment area with different effort requirements in targeted regulation
in the following year of cultivation.

In its current form, the model can calculate on effort requirements divided at catchment area level for

historical years. In terms of calculation, it only makes sense to make catchment calculations on a single
year at a time, as it is precisely the actual crop choice in the year that determines the potential of the
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specific catchment area for each individual year. Therefore, a balanced potential calculation with 5 years
of data basis is not made when calculating the effort requirements divided by catchment areas.

Optimization using linear programming

When both effort requirements and potentials have been mapped at farm level, an optimization is carried
out that ensures that the cheapest available solution is used on each individual farm. The optimization is
built as linear programming where the yield is maximized. When maximization is chosen, positive yield
values can be interpreted as a situation where the use of the instruments gives a positive yield for the
farm, while negative values are interpreted as a cost.

The object function for an example of a farm with three instruments is as follows:
X1V1 + XU, + x3v3 = yield

Subject to:
X + x, + x3 = catch crop requirements
x; < potential x;
x, < potential x,
x3 < potential x;

xj is the amount of instrument No j, which corresponds to one ha catch crop requirement

vj is the cost in DKK. for the quantity of instrument No j corresponding to one hectare catch crop
requirements. Some instruments have "positive costs" because the subsidy to use the instrument exceeds
the actual costs. This applies, for example, to catch crops after seed grass, where there are no costs for
establishment, but simply a subsidy for using the instrument in the targeted regulation. The actual object
function is significantly longer, as there are many instruments in the model. Therefore, the matrix of
conditions is correspondingly larger. Below is a basic sketch of how the matrix with conditions is
structured and how it is interpreted. The starting point is the model that can handle catchment area
optimization at farm level for the targeted regulation. Measures on the cultivation surface, such as catch
crop, intermediate crop, early sowing, fallow along lakes and streams and fallow are mapped for the
holding in the coastal water basins where land is farmed. This is referred to as "local instruments" because
they have a local connection to a given coastal water catchment. The local measures are subsequently
divided into "catch crops" and into "local alternatives". This is because only "real" catch crops can be used
in solving the requirement for cattle exemption, which is referred to here as "kvundt". Measures applicable
to the entire farm, such as quota reduction (N quota) and precision agriculture, are mapped at farm level.
These are referred to as "non-local instruments" because in current regulation they are used at farm level
without specific connection to a given location. The reduced allocation of nitrogen does indeed occur in
a given field, but it is not (yet) a requirement for it to occur in the given coastal catchment area where the
effect is used. The connection of the instruments to a given catchment area is listed below with an .
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Mandatory & Livestock requirement
Targeted requirement (MEA) (PHEA) Kvundt
CatchCropU
Non-localM CatchCropM(i) | LocalAltM(i) Non-localU(i) | (i) LocalAltU(i) CatchCropU(i)
A 1 1 1 0 0 0 0 |- |Torected
requirement
B 0 1 1 0 0 0 0 <= | Targeted
requirement (i)
C 0 0 0 0 0 0 1 = | Kvundt
Mandatory &
D 0 0 0 1 1 1 0 = | Livestock
requirement
E Non-local
alternative
I 0 0 I 0 0 0 <= | potentials
F Catch crop
0 I 0 0 I 0 I <= | potentials (i)
G Local alternative
0 0 I 0 0 I 0 <= | potentials (i)
1 A row vector with only 1s
0 A row vector with only O (zeros)
0 A matrix with only O (zeros)
I Identity matrix, i.e. matrix with 1s along diagonal and or only O (zeros)

A: The targeted requirement (MEA) can be solved with a combination of all available instruments.
Therefore, there are 1s in the top line that mark the use of "non-localM", "catchCropM(i)" and
"LocalAltM(i)". The M indicates that the price of the instruments is with a subsidy. The price of the
measures for "kvundt”, compulsory and livestock catch crops is shown with a U, indicating that it is
WITHOUT subsidies. The same instrument is thus included as a possible solution for several schemes, but
it is kept track of which scheme it is used in and the pricing fits the given scheme. The top line has an
equal sign, as the targeted requirement must be solved exactly.

B: Catch crops or local alternatives must be less than or equal to the targeted catchment area requirement,
so that it cannot be over-met in a catchment area.

C: Grass catch crop requirements on Kvundt farms must be solved with catch crop measures, and this is
a farm requirement.

D: Compulsory and livestock catch crops can be solved with "non-localU", "CatchCropU(i)" and
"LocalAltU(i)", which indicates the same measures as in A, but only that they are prices calculated without
subsidies.

E: "Non-local" alternative potentials, such as precision agriculture and N-quota reduction, can be used for
both targeted requirements and mandatory & livestock requirements, but must remain below the overall
potential.

F: The catch crop potential can be used in all schemes, but never exceed the total requirement.

G: Local alternatives to catch crops, such as intermediate crops, early sowing, etc. can be used for targeted
catch crop requirements and mandatory & livestock requirements, but do not exceed the total potential.

The result of the optimization is a combination of measures that solve the effort requirement as cheap as
possible for the individual farm.
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In the case of calculations for the whole coastal water basin, or the whole country, the calculation shall be
repeated for each holding. Each farm's solution is independent of that of other farms. The results are

summed up at catchment area or country level afterwards.

As the model is based on individual steps with mapping of potential, calculation of price, optimization
and presentation, it is possible to make scenario runs for varying effort levels and different price levels.
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Apendix 2

Customizing the Instrument Selector to handle seasonal variation

The instrument selector is built to provide a proposal for an economically optimized solution of effort
requirements on the cultivation surface handled with catch crops and alternatives to catch crops. The
calculations are based on the scheme as described in the Vandomradeplanerne 2021-2027. In this
scheme, the annual load has been used, as well as the annual reduction of the measures on the cultivation
surface.

In order to expand the basis of use of the Instrument Selector, an adjustment has been made to handle
optimization when seasonal variation in nitrogen emissions to coastal areas must be taken into account.
This note describes the data background for changes in the relative effect of the instruments and provides
examples of how the correction affects the calculations of the optimal solution. Data for effects are shown
as examples for Ringkabing Fjord, Kolding Fjord, indre and Odense Fjord, Seden Strand. This shows the
difference between a sandy soil catchment area (Ringkabing) and two clay soil catchments Kolding and
Odense. Data for solutions is only shown for the catchment area of Odense Fjord, Seden Stand.

Change in relation to the mutual effect of the instruments

First, a calculation has been made of the annual reduction in N for each measure. This is shown in Table
1. The effect on nitrogen emissions to the coast depends on the effect of the measures on nitrogen
leaching from the root zone and the nitrogen retention between root zone and coast. The data shown in
Table 1 are based on ID15-level calculations that are subsequently aggregated into an area-weighted
average for each coastal water. The effect of the instruments on leaching from the root zone has been
calculated based on relative effects of the instruments compared to the calculated leaching from the root
zone without the instruments. The relative effects are determined on the basis of experiments with suction
cell measurements. In these trials, it is possible to compare experimental joints with and without an
instrument. In the experiments, leaching from the root zone can be calculated both on a monthly and
annual basis. Therefore, it has been possible to calculate the relative effects of the measures both month
by month and overall for the whole year. The relative effects monthly, have been used to calculate the
effect of the instruments on nitrogen emissions to the coast in the period April-July as shown in Table 2.

Table 1. Reduction in nitrogen emissions throughout the year, average kg N emitted to coast per hectare with
instruments in the catchment area.

Ammoun
Ammount tofkg N
of kg N for  for effect

Catch effectof1  of1lha
Catch Catch crops Inter- ha catch catch
crops crops (60/40 mediate  Early crop crop
nr.  Coastal waters November  March mix) crops  sowing Sand Clay Fallow
132 Ringkgbing Fjord 5,84 6,86 6,25 3,66 2,82 125,14 115,73 11,96
124 Kolding Fjord, indre 9,76 11,52 10,46 5,20 5,12 123,00 122,92 18,73
93 Odense Fjord, Seden Strand 8,34 9,92 8,98 3,50 4,71 126,24 138,27 14,94
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Table 2. Reduction in nitrogen emissions April-July, average kg N emitted to coast per hectare with instruments in the

catchment area

Ammoun
Ammount tofkg N
of kg N for  for effect
Catch effectof 1  oflha
Catch Catch crops Inter- ha catch catch
crops crops (60/40 mediate  Early crop crop Fallo
nr.  Coastal waters November  March mix) crops  sowing Sand Clay w
132 Ringkebing Fjord 0,85 1,01 0,91 0,44 0,38 144,39 134,37 1,83
124 Kolding Fjord, indre 0,80 0,96 0,86 0,36 0,37 153,62 152,27 1,68
93 Odense Fjord, Seden Strand 0,53 0,64 0,57 0,17 0,22 175,12 17504 1,09

Ratios between the instruments are calculated for reductions throughout the year. This is shown in Table
3.

Table 3. Ratio for reduction in nitrogen emissions to the coast throughout the year (catch crop November = 1)

Ammount
Ammount  of kg N
of kg N for  for effect
Catch effectof1  of 1 ha
Catch Catch crops Inter- ha catch catch
crops crops (60/40  mediate  Early crop crop Fallo
nr.  Coastal waters November  March mix) crops sowing Sand Clay w
132 Ringkgbing Fjord 1,00 1,17 1,07 0,63 0,48 125,14 115,73 2,05
124 Kolding Fjord, indre 1,00 1,18 1,07 0,53 0,52 123,00 122,92 1,92
93 Odense Fjord, Seden Strand 1,00 1,19 1,08 0,42 0,56 126,24 138,27 1,79

And finally, a calculation has been made of ratios for the reduction in the period April-July, where the
catch crop in November is set to be equal to 1. This is shown in Table 4. The proportions for the effect of
the instruments are different for the period April-July than for the whole year, because the different

instruments do not have the same effect on leaching throughout the year.
Table 4. Ratio of reduction in nitrogen emissions to coast April-July (catch crop November = 1)
Ammount  Ammount
of kg Nfor  ofkg N
Catch effectof 1 for effect
Catch Catch crops Inter- ha catch of 1 ha
crops crops (60/40 mediate  Early crop catch crop  Fall
nr.  Coastal waters November  March mix) crops  sowing Sand Clay ow
132 Ringkebing Fjord 1,00 1,19 1,08 0,52 0,45 144,39 13437 2,15
124 Kolding Fjord, indre 1,00 1,20 1,08 0,46 0,46 153,62 152,27 2,10
93 Odense Fjord, Seden Strand 1,00 1,21 1,08 0,33 0,42 175,12 175,04 2,06
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Change in the model

The general regulation is based on making reductions in the annual emission of nitrogen from the
cultivation surface. Although the model adapts to handle seasonal variation, part of the basic structure is
preserved.

The original basic unit was one hectare of catch crop. Whether the catch crop is grown on clay soil or
sandy soil, one hectare of catch crop counts for one unit in the model. The new basic unit is one hectare
of catch crop destroyed in November. This is similar to normal practice on clay soils. Therefore, the new
unit for catch crop is "Catch crop on clay soil".

In order to compare the relative effect of the instruments between the current regulation and a regulation
that takes into account seasonal variation, a comparison of the relative effects has been made, which is

shown in Table 5.

Table 5. Relative effects

Relative Effects Base With seasonal variation
Annual load
Nationwide Odense Kolding Ringkgbing
Fjord, Fjord, Fjord
Seden indre
Strand
Catch crop clay (November) 1 1 1 1
Catch crop sand (March) 1 1,21 1,2 1,19
Intermediate crop 0,5 0,33 0,46 0,52
Early sowing 0,5 0,42 0,46 0,45
Fallow 1 2,06 2,1 2,15
Fallow along lakes and 4 4 4 4
streams
Precision agriculture 1:11 0,090909 0,090909  0,090909 0,090909
kg N for effect of 1 ha catch 110 175 152 144
crop below 80*
kg N for effect of 1 ha catch 175 175 152 144

crop above 80*
* Below/above 80 refers to farms using below and above 80 kg N respectively from organic fertilizers.

The relative effect of the instruments is used when the potential ammount for each instrument is
calculated. First, each instrument is calculated in nominal area (hectares), then this area potential is
multiplied by the relative potential of the instrument. In the general scheme, no distinction is made
between catch crops on sandy soils and clay soils, but in the model adapted to handling seasonal
variation, 1 hectare of catch crop on sandy soil gives a catch crop potential corresponding to 1.21 hectares
of catch crop if it is in the catchment area of Odense Fjord. Thus, a hectare with catch crop on sandy soil
solves 1.21 times as much of the effort requirement as a hectare with catch crop on clay soil.

The same applies, for example, to fallow, which solves 2.06 ha catch crop requirements per hectare set
aside, taking seasonal variation into account.
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The N quota reduction is handled in the optimization with different rates depending on whether the farm
uses more or less than 80 kg N from organic fertilizer. In the calculation of effects from N-quota reduction,
a distinction has instead been made between sandy soil and clay soil. As the model cannot handle this
distinction without significant changes, it has been chosen at this stage to use the effect of the primary
soil type in the catchment. The power is applied directly to both above and below 80 kg N per ha. Thus,
the calculated effect for clay soil will be used in Kolding and Odense, while the calculated effect for sandy
soil is used in Ringkabing.

Cost per hectare of catch crop changes

The prices of the measures are calculated as DKK per hectare of catch crop measures. Therefore, a change
in the relative effect of the instruments means that the price relationship between the instruments also
changes. Table 6 below shows how the conversion of the price from DKK per hectare to DKK per hectare
with catch crop (EA) differs when annual load and seasonal variation are used, respectively.
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Table 6. Example of calculating the price of catch crops after spring seed

DKK per hectare Sandy soil Clay soil

<80 kg >80 kg|<80 kg >80 kg

N N N N
Seeds 160 160 160 160
Sowing 120 120 120 120
After effect N (mandatory) -119 -175 -119 -175
Yield effect 0 0 125 125
Successrate establishment 14 14 14 14
Subsidy -637 -637 -637 -637
Cost without subsidy 175 119 300 244
Cost incl. subsidy -462 -518 -337 -393

DKK per hectare EA (annual load)
Cost per hectare EA without
subsidy 175 119 300 244
Cost per hectare EA incl. subsidy -462 -518 -337 -393

DKK per hectare EA
(with seasonal variation)

Cost per hectare EA without
subsidy 145 98 300 244
Cost per hectare EA incl. subsidy -382 -428 -337 -393

The ranking of the prices can be seen in Figure 1 and Figure 2. First of all, catch crops after seed grass
and maize appear for both sand and clay, as the price differs with the new weighting. There are changes
in the ranking, which turns out for intermediate crop after grain, which, with a lower weighting, becomes
somewhat more expensive. In addition it is noted that the price of N quota reduction (norm reduction)
becomes more uniform when seasonal variation is taken into account. Although 175 kg N is used as a
unit for farms above and below 80 kg N from organic fertilizers, the price of the active product will not
be the same for both groups. This is due to the fact that the value of protein lost is only half in the case
of farms using less than 80 kg N from organic fertilizers. These farms are not supposed to use cereals for
animal feed, and thus do not achieve full settlement of the actual protein content. In addition, the
phosphorus savings are not included for farms using more than 80 kg N from organic fertilizers.
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Figure 1. Cost per hectare catch crop requirement at annual load
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Figure 2. Cost per hectare catch crop requirements with seasonal variation

The effort requirement for the model is still calculated in percentage targeted catch crops of the catch
crop base area. However, when a wagering requirement is to be calculated, it is based on a significantly

198



lower wagering requirement. This is because the need to reduce emissions in the period April-July is at a
lower level.

Example of calculating effort requirements

When annual load is calculated, the effort requirement in the catchment area of Odense Fjord, Seden
Strand, can be calculated as follows: A reduction of, for example, 180 tons of N, corresponding to the
effort requirement in "targeted regulation 3,500 tonnes N***" from Vandomradeplanerne 2021-2027. The
effect of a catch crop destroyed in November has a calculated effect of 8.34 kg N per hectare, as shown
in Table 1. The value is based on a root zone effect of 22.8 kg N per hectare, corrected by a retention of
63.5 per cent. 22.8*(1-0.635)) = 8.34. This means that 180,000/8.34 = 21,582 ha of catch crops must be
used. The catch crop base area in the catchment area of Odense Fjord, Seden Strand, is 38,446 ha, thus
giving an effort requirement of 21,582/38,446 = 56.1 per cent of the catch crop base area. In the current
regulation, the effect of catch crops is set at 33 kg N per hectare in the root zone, which is one of the
reasons why the effort requirement in the catchment area of Odense Fjord, Seden Strand in 2024 is not
56.1 per cent of the catch crop base area.

The calculation of effort requirements, when seasonal variations are taken into account, is carried out in
the same way. However, the effort requirements in the period April-July are significantly lower.

An effort of 10,000 kg N in the period April-July, solved with an effect of 0.53 kg N per hectare of catch
crops, thus requires 18,867 ha of catch crop, corresponding to 49 per cent of the catch crop base area.

The above efforts are just examples, and there is no correlation between the two calculations. The
examples are only made to show how the calculation is carried out, and that in both cases an effort is
calculated that is measured as a percentage of the catch crop base area. This value is used as the basis
for the calculation in the Instrument Selector regardless of this value being an annual reduction or a
reduction in the period April-July.

Example results

In order to show how the optimization gives different results when the weighting between the instruments
changes, Figure 3 shows how the instruments are selected in total for all farms for different scenarios for
Odense Fjord, Seden Strand by the normal weighting of the annual effect of the measures.
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Distribution of instruments in various scenarios, coastal
water Odense Fjord, Seden Strand
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Intermediate Ear_ly Ordinary Precision Intermediate catch Fallow along Catch crops Fallow N quota
crop after sowing catch crops farming crop lakes and causing change reduction
seed grass after cereals streams in crop rotation (hectare catch

[l Basis: 31 % Scenario 1: 44 % Scenario 2: 70 % Scenario 3: 83% [l Scenario 4: 99 % crops)

Catch crop effort solved with each instrument (hectares)

Figure 3. Distribution of instruments for different scenarios, catchment area of Odense Fjord, Seden Strand. Normal
weighting of the annual effect of the instruments.

Figure 4 shows how the instruments are distributed when the weighting is changed to that which applies
when seasonal variation is taken into account. Both examples are shown by uniform effort requirements
calculated in percentage targeted catch crops out of the catch crop base area.

On the one hand, intermediate crops carry less weight when seasonal variations are taken into account.
Therefore, a smaller part of the solution comes from intermediate crop after seed grass and intermediate
crop after grain, when seasonal variation is taken into account. The same applies to early sowing, where
Figure 3 uses slightly more than 1,250 ha of catch crop effect from early sowing, while Figure 4 reduces it
to less than 1,200 ha. The ordinary catch crops on sandy soil have a greater weighting when seasonal
variation is taken into account, therefore ordinary catch crops also solve a larger share of the effort.
Precision agriculture is unchanged. The weighting of fallow along streams and lakes is also unchanged,
but as the remedy is relatively expensive, there are also changes in this due to changes in the application
of norm reduction. The norm reduction becomes significantly more expensive when seasonal variation is
taken into account, primarily because the model does not distinguish between above and below 80 kg N
from organic fertilizer, but simply applies a uniform rate of 175 kg N per hectare of catch crop.

This also has an impact on catch crops with crop rotation, which end up being more prevalent in the
seasonal variation solution, while fallow will take up less space in scenario 4.
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Distribution of instruments in various scenarios, coastal
water Odense Fjord, Seden Strand
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Figure 4. Distribution of instruments for different scenarios, catchment area of Odense Fjord, Seden Strand. Seasonal
variation in weighting
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