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1.  INTRODUCTION

Aquaculture is a fast-growing sector, currently sup-
plying half of the fish consumption worldwide (FAO
2016). Since the mid-1980s, catches from ocean fish-
eries have stagnated due to overfishing and deple-
tion of fish stocks, and therefore the increasing
demands for fish products must be sustained by
aquaculture (Duarte et al. 2009). In the Baltic Sea,
rainbow trout Oncorhynchus mykiss is the most com-
mon species used in marine aquaculture. Production
began in the mid-1970s and increased rapidly during

the 1980s until it reached an annual production of
21 000−26 000 t in the 1990s (Fig. 1). Since then, pro-
duction has declined in Sweden, Finland and Ger-
many, whereas Denmark has been the only country
with increasing production. The main producers
today are Denmark and Finland, each with an annual
production of 12 000 t (Fig. 1). Further expansion of
the aqua culture sector in the Baltic Sea is problem-
atic due to environmental legal regulations, absence
of political support on the national level, undevel-
oped marine spatial planning and time-consuming
permit applications (Bostock et al. 2010, Kotta et al.
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ABSTRACT: In the Baltic Sea, rainbow trout Oncorhynchus mykiss is the most common species
used in marine aquaculture, but further increase in production is problematic due to environmen-
tal legal regulations, especially in the coastal zone. A solution could be to place the fish farms off-
shore and use mussel mitigation cultures to extract nutrients released from the fish farms. We used
3D ecological modeling to identify suitable locations for mussel mitigation cultures in relation to
nutrient pollution from a fish farm in the inner Danish waters. The model results showed that
potential mussel harvest depended on the food flux following a saturation curve with a maximum
yield of 2100 to 2600 t wet weight and then stabilized at around 2100 to 2600 t wet weight of mus-
sels. A single mussel farm (36 ha) can potentially remove 17−31% of the released nitrogen from
the fish farm. Mussel farms located inside or a few km outside the coastal areas receiving the high-
est nutrient inputs from the fish farm were found to be the most suitable among the tested sites. In
contrast, co-location with the fish farm was not advisable due to the negative benthic impact
below the farms. However, it is up to the managers to decide which positive and negative effects
should receive the most attention, given the present need for protection of water bodies and habi-
tats and in relation to other activities in the area. This study demonstrates that modeling can sup-
port management decisions with respect to site selection of aquaculture and provide the needed
data on far-field and local environmental effects from integrated aquaculture.
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2020). In Denmark, a recent law from 2017 enacted
by the Ministry of Environment and Food allowed
finfish aquaculture to expand on the condition that
measures to compensate for the extra nutrient loads
are included, e.g. long-line production of blue mussels
(LOV nr. 680 af 08/06/2017). However, the govern-
ment has now put the law on hold, and new aquacul-
ture units have not yet been approved. Nevertheless,
there is still a strong desire from the aquaculture sec-
tor to expand production, and more research is
needed to investigate the possibilities of using com-
pensating measures in the future.

The Baltic Sea is characterized as eutrophic in most
areas, and further nutrient reductions are needed to
improve the ecosystem health (HELCOM 2013, Maar
et al. 2016). The inner Danish waters are no excep-
tion, and hypoxia events have been occurring every
summer in the deeper areas (Conley et al. 2007, Rie-
mann et al. 2017). Fish farms are polluting the envi-
ronment with nutrients through biodeposition of
excess fish feed and feces, which may alter the bio-
geochemical cycle and oxygen conditions of the sedi-
ments (Christensen et al. 2000, Tovar et al. 2000). Fur-
ther, dissolved nutrients are excreted by the fish and
may promote primary production, which is nutrient-
limited during summer (Maar et al. 2018a). The
increased primary production can lead to elevated
phytoplankton biomass and reduced water clarity,
which ultimately will reduce the benthic vegetation
(Dalsgaard & Krause-Jensen 2006). 

The future fish farms in Denmark are planned to be
placed in open waters, i.e. >1 nautical mile (n mile)
from land, and hence outside the administrative

coastal areas protected by the EU
Water Framework Directive (WFD;
Directive 2000/60 EC). In addition, the
farms should be located a safe distance
from marine protected areas (MPAs)
according to the EU Habitats Directive
(Habitats Directive (92/43/EEC REF).
If some of the nutrients (either the inor-
ganic pool or bound, e.g. in phyto-
plankton biomass) released from the
fish farms are advected into the coastal
water areas, it may violate the goal of
the WFD to achieve a good environ-
mental status (Wild-Allen et al. 2010,
Maar et al. 2018a) or the goal to reach
good conservation status in the MPA.
Previous model studies showed that
the amount of nutrients transported
into the coastal water areas was
around 20% from po tential fish farms

located in the Samsø Belt (Maar et al. 2018a) and
38−57% from those located in the Kattegat, varying
with distance to the coast and current directions
(Kaas et al. 2017). Hence, it is important to compen-
sate the nutrient-affected coastal water areas using
marine measures (e.g. blue mussel mitigation cul-
tures) assuring an efficient nutrient removal and min-
imum impact on ecosystem functions (Maar et al.
2018a, Kotta et al. 2020).

Integrated multi-trophic aquaculture (IMTA) is the
co-culturing of different species that can be used to
reduce the nutrient emission from e.g. fish farms. The
concept of IMTA uses a nutrient cycling approach
between trophic levels, where the dissolved or solid
nutrient input from one species (e.g. fish) is utilized
by the extractive species (e.g. seaweeds, mussels)
and removed from the system through harvesting
(Chopin et al. 2012). However, mussels capture nutri-
ents in particulate form, primarily as phytoplankton,
and not directly the dissolved nutrients released from
the fish farm. In addition, the waste particles are
inaccessible to mussels due to the high settling veloc-
ity of the major part of the particles (Reid et al. 2009,
Cranford et al. 2013). For the remaining smaller par-
ticles, the short residence time of the particles inside
the mussel farm reduces mussel removal potential
(Cranford et al. 2013, Filgueira et al. 2017). Hence,
the mitigation of nutrient release from a fish farm in
IMTA farms works on the mass balance principle on
a basin scale, and not as a measure to specifically
remove the N and P molecules released from the fish
farm (Cranford et al. 2013, Sanz-Lazaro & Sanchez-
Jerez 2017). One option is to place the mussel farms
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Fig. 1. Annual harvest of rainbow trout from marine aquaculture over time in
the Baltic Sea. DK: Denmark; SE: Sweden; FI: Finland; GE: Germany; EE: 

Estonia
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in open waters either co-located with the fish farm or
in the main downstream current direction, thereby
assuming that most of the nutrients are removed in
the open waters and not transported into the coastal
waters. Another option is to place the mussel farms in
the WFD area affected by nutrient transports from
the fish farm and only compensate for the fraction of
the released nutrients entering the area. This
approach would require model estimates of the far-
field nutrient transports from the fish farm. 

In addition, the mussel mitigation farms them-
selves have environmental impacts, positive as well
as negative ones. Mussel farms can positively impact
the environment through filtration of particles
(mainly phytoplankton biomass), leading to lower
chlorophyll a (chl a) concentrations and improved
water clarity (Schröder et al. 2014, Timmermann et
al. 2019). However, increased bio-deposition below
the mussel farm increases organic enrichment on the
seabed, leading to hypoxia and changes in nutrient
cycling (Petersen et al. 2019a). Hence, the optimal
sites for nutrient mitigation in relation to fish farms
depend on the physical dispersion of nutrients and
the associated biogeochemical processes in the water
column as well as in the sediment. The outcome of
these processes can be evaluated using 3D coupled
hydrodynamic−ecological models (Filgueira et al.
2017, Maar et al. 2018a). The aim of the present study
was to use an ecological model to identify suitable
locations for mussel mitigation cultures in relation to
nutrient pollution from a fish farm, taking into account
both nutrient removal efficiency and environmental
effects of each mussel farm in its particular location.

2.  MATERIALS AND METHODS

2.1.  Study area and location of fish farms

The Samsø Belt is located between the Kattegat,
the Great Belt and the Little Belt in Denmark (Fig. 2).
The system is affected by eutrophication, and summer
primary production is mainly N-limited (Carstensen et
al. 2004). In a previous study, 2 rainbow trout farms
were artificially launched in the model at 2 locations
suggested by the aquaculture producers (Maar et al.
2018a). In the present study, we only considered the
northern farm located in the water area called
‘Ballen’ with a water depth of 19−20 m, which is close
to a coastal water area (Samsø, Fig. 2). In Danish
estuaries and coastal waters, the epibenthic blue
mussels Mytilus edulis and the infauna soft-shell
clams Mya arenaria and cockles (Cardium spp.) are

important benthic filtrators (Conley et al. 2000). Blue
mussel larvae are mainly present during spring in the
study area, and observations suggest that larvae den-
sities are sufficient for successful recruitment of new
mussel farms (Riisgård et al. 2015).

2.2.  Model system

The biogeochemical model was coupled to a 3D
offline advection module in the FlexSem framework
using an un structured computational mesh for the
Samsø Belt (Petersen et al. 2017, Larsen et al. 2020).
The offline ad vection module was implemented on a
horizontal grid with rectangular cells (1800 × 1800 m)
and used current velo city data from the year 2009
from the 3D ocean circulation Hiromb-BOOS model
(Berg & Poulsen 2012). The un struc tured mesh ap -
proach allowed a gradual refinement of the computa-
tional mesh around the fish farm (6 × 12 grid cells),
where the horizontal resolution of the larger cells was
in creased to 600 × 600 m and further to 200 × 200 m
near the fish farm. The separation be tween computa-
tional cells in the vertical was defined at fixed
depths, whereas the top layer had a free surface to
allow for water level changes. The layer thickness
was set to 2 m in the top layer, followed by 1 m in the
upper 30 m and 10 m in the bottom cell from 31−40 m
depth. Further details of the physical model set-up
and mesh can be found in Maar et al. (2018a).

2.3.  Ecological model

The biogeochemical model ERGOM (Neumann
2000, Maar et al. 2011, Wan et al. 2012) simulates the
cycling of N, P and silicon (Si). The 11 state variables
describe concentrations of 4 dissolved nutrients (NO3,
NH4, PO4, SiO2), 3 functional groups of phytoplank-
ton (diatoms, flagellates, cyanobacteria), micro- and
mesozooplankton, detritus and oxygen (Fig. 3). The
model considers the processes of nutrient up take, N2-
fixation by cyanobacteria, growth, grazing, respira-
tion, recycling, mortality, settling, nitrification and
denitrification. The pelagic ERGOM model is 2-way
coupled to a sediment biogeochemical model through
sedimentation and resuspension of organic matter and
diffusive fluxes of nutrients and oxygen (Petersen et
al. 2017). Pelagic detritus and diatoms sediment into
an organic detritus pool and a dead diatom pool,
respectively, in the unconsolidated top layer of the
sediment (Fig. 3). Organic matter in the unconsoli-
dated sediment can be resuspended, re spired or
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Fig. 2. (A) Study site (outlined in red) in the Danish transition area between the North Sea and the Baltic Sea. (B) Location of
the fish farm in the open waters of the Samsø Belt area and the neighboring EU Water Framework Directive (WFD) coastal waters
and Natura 2000 areas. The 11 transects for estimations of nutrient transport are shown as red lines with numbers. The dark
blue area indicates the administrative coastal areas protected by the WFD and the light blue area is defined as open water
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gradually transferred to the consolidated sediment
layer. Recycled nutrients (NH4, PO4 and SiO2) in the
sediment porewater are exchanged with the bottom
water through diffusion, and a fraction of the recycled
NH4 is lost in a coupled nitrification− denitrification
process. Under oxidized conditions, PO4 and SiO2 are
retained in the sediment by adsorption to iron or man-
ganese, and are released when the sediment be comes
reduced. Benthic suspension feeders ingest phyto-
plankton, detritus and biodeposits from IMTA farms
in the bottom water, whereas deposit feeders ingest
freshly deposited diatoms, detritus and bio deposits
from the IMTA farms in the sediment. The pelagic and
benthic model parts were previously validated (Maar
et al. 2011, 2016, 2018a, Petersen et al. 2017).

2.4.  Fish farm

The potential fish farm in the model is placed off-
shore of the village ‘Ballen’, i.e. >1 n mile from land
outside the administrative coastal water areas (Fig. 2).
The farm area was 0.36 km2 (600 × 600 m, 9 grid
cells) and extended to 10 m depth. The fish produc-
tion season was from April to November, with a sea-
sonal dome-shaped waste production since the fish
stock is low at the beginning of the season, increases
during the summer period and requires less food for

growth at the end of the season (Nielsen et al. 2015).
The fish farm can produce 2200 t finfish, and the
waste is 100 t N and 12.8 t P per productive season
(Dalsgaard & Pedersen 2016). Total waste from rain-
bow trout is separated into solid matter (16% N, 56%
P) and dissolved fractions (NH4, PO4) and added as a
source to the model. The settled solid waste (fish
feces and uneaten feed) was assumed to immedi-
ately settle at the bottom, from where it can be re -
suspended, degraded or gradually transferred to the
consolidated sediment layer (Maar et al. 2018a).
After resuspension, the solid fish waste is assumed to
be fragmented into smaller particles with a sinking
velocity of 0.03 cm s−1, which allows dispersal of the
waste outside the fish farm area. The solid fish waste
was included as 3 new benthic state variables (C, N,
P) and 3 new pelagic state variables (C, N, P) with
variable nutrient ratios (Fig. 3). The nutrients ex -
creted as dissolved fractions from mussel and fish
farms or remineralized from the waste can be taken
up by the phytoplankton and support primary pro-
duction in the ecological model.

2.5.  Mussel mitigation cultures

The mussel farm covered the same area of 0.36 km2

(36 ha) as the fish farm, corresponding to the size of
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Fig. 3. Pelagic (green) and benthic (brown) state variables and associated fluxes (blue) in the biogeochemical ERGOM model. Sus-
pension feeders are described in more detail as blue mussels using a dynamic energy budget model combined with a population 

model for the long-line mussel farms at 0−6 m depth. Modified from Maar et al. (2018a)
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2 standard mussel farms with vertical mussel loops
attached to long-lines (Nielsen et al. 2016). The
depth range of the mussel loops can be adjusted
according to the water depth and, in the present
study, ranged from 0 to 6 m below the surface. The
mussel farm started to operate from 1 July in the
model after self-recruiting of mussel larvae. The ini-
tial abundance of mussels was 52 070 ind. m−1 of sub-
strate (first observation from 14 July by Nielsen et al.
2016). Abundance decreased exponentially with
shell length in the model due to detachment as the
mussels grew larger and space became limiting
(Nielsen et al. 2016). Other mortality sources such as
bird predation (e.g. eiders) were not considered due
to lack of knowledge of their potential occurrence
and impact. The initial shell length was 0.62 cm, and
1 cohort of mussels was followed over time (Nielsen
et al. 2016). Harvest was assumed to take place on
1 December to avoid damage from ice cover and
storms during winter (Taylor et al. 2019). A dynamic
energy budget (DEB) model was used to describe the
growth of individual mussels within the cohort in
response to temperature, salinity and food concentra-
tions (Maar et al. 2015). The DEB model was origi-
nally developed by Kooijman (2010) and has been
applied to a wide range of bivalves (van der Veer et
al. 2006), including Danish blue mussels (Maar et al.
2009). The mussel model for 1 cohort was coupled to
the ecological model through ingestion of phyto-
plankton biomass and detritus, excretion of nutrients
fueling primary production, respiration and biodepo-
sition of fecal material using the Redfield ratio for
conversion from N to P and Si (Fig. 3). There was a

lower preference and assimilation efficiency of detri-
tus compared to phytoplankton biomass. Hence, the
mussels could not directly utilize the inputs of inor-
ganic dissolved nutrients from the fish farm, but
removed nutrients bound in phytoplankton biomass
and detritus by filtration and incorporated the in -
gested nutrients into mussel biomass. The incorpo-
rated nutrients through ingestion are not only found
in mussel meat, but around 40 and 4% of the total
bounded N and P, respectively, are found in shell and
byssus (Petersen et al. 2014). The mussel shell is syn-
thesized from both dissolved inorganic carbon in the
water and organically derived CO2 from respiration
(Lorrain et al. 2004). Hence, we assumed that a frac-
tion of the respired N was built into the shell and
byssus instead of being excreted (P in the shell was
ignored) and that there was no loss of N from the
shell. The N-fraction for shell growth was estimated
by model calibration. Dry weight (DW) of the mussel
tissue was converted to wet weight (WW) of the
whole mussel (with shell) using a conversion factor of
0.1 g DW/g WW (Nielsen et al. 2016).

2.6.  Scenarios with mussel mitigation farms

The reference run (REF) was conducted without
the fish farm and mussel farms, and scenario ‘S100’
included only the Ballen fish farm with a nitrogen
input of 100 t N (Table 1); both set-ups were identi cal
to the model runs described by Maar et al. (2018a). The
main surface current direction was northerly (0−25°)
and to a lesser extent southerly, whereas bottom cur-

344

Scenario    Description                               Fish    Mussel      Distance to      Distance to land       Main surface      Water depth
                                                                    farm     farm     fish farm (km)             (km)              current direction           (m)

REF           Reference scenario                     ×           ×                   –                           –                                                          
S100          Ballen fish farm                          3           ×                  0.0                        4.8                         NNE                     20

Open waters                                                                                                                                                                            
M0             Co-location                                 3           3                  0.0                        4.8                         NNE                     20
M1             NE from fish farm                      3           3                  5.7                        3.6                          NE                       21
M2             NNE from fish farm                   3           3                  3.0                        3.2                         NNE                     18
M3             W of fish farm                             3           3                  1.8                        2.4                         NNE                     18
M4             SSW from fish farm                    3           3                  3.0                        5.9                            N                        18
M5             SW from fish farm                      3           3                  5.1                        2.4                            N                        19

Coastal waters                                                                                                                                                                        
C1             NW of fish farm                          3           3                  4.7                        0.6                          NE                        9
C2             W of fish farm                             3           3                  3.6                        0.6                         NNE                     11
C3             W of fish farm                             3           3                  3.6                        0.6                            N                        20
C4             SW of fish farm                           3           3                  6.0                        0.9                          NE                       20

Table 1. Overview of the scenarios with different farm locations indicated with the distance to the fish farm and to nearest land, 
main current direction and water depth
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rents moved in both southwesterly and northeasterly
directions due to tidal influence (Maar et al. 2018a). In
the present study, surface averages (July to Novem-
ber) of current speed, chl a concentration and food
flux to the mussel farms during the fish farm pro-
duction period were estimated from the model data
in the study area. The food flux (FF, mg chl a m−2 s−1)
was obtained from the current speed (v, m s−1) and
food concentrations (C, mg chl a m−3):

FF = v × C (1)

A higher food flux to the mussel farm was expected
to yield a higher mussel biomass. The combination of
current directions and food fluxes was used to choose
10 potential sites for mussel mitigation cultures around
the fish farm (Table 1, Fig. 4C). For open waters, a
mussel farm was placed at 6 different locations in
scenarios M0−M5 to test whether co-location with
the fish farm (M0), locations in the main current
directions close to the fish farm (M2 and M4), in high
food flux areas (M1) or close to the nearest coastal
area (M3 and M5) would have the highest impact on
the nutrient removal, nutrient transports and envi-
ronmental effects. The first mussel farm was co-
located with the fish farm (M0). Mussel farm M1 was
placed furthest away (5.7 km NE) from the fish farm
towards the Kattegat, coinciding with the highest
current speeds and food flux in the area. Two farms
were placed in the 2 main surface current directions
towards the north (M2) and south (M4) with a dis-
tance of 3.0 km from the fish farm. Mussel Farm M3
was placed 1.8 km west of the fish farm and Farm
M5 was placed 5.1 km SSW from the fish farm in
order to filter nutrients going directly towards the

nearest coastal area outside Samsø (both 2.4 km from
land). For the nearby coastal waters, 4 mussel farms
(scenarios C1−C4) were placed along the coastline
of Samsø following a food flux gradient and with
3.6−6.0 km distance from the fish farm (Table 1,
Fig. 4C). The average conditions in Fig. 4 were used
to identify potential sites for mussel farms, whereas
the actual food fluxes and associated mussel growth
were estimated dynamically for each time-step when
running the model scenarios for each farm location.

Foreachscenario, thegrossNandPtransportsacross
the 11 transects shown in Fig. 2 were calculated. The
transects followed the borders between open waters
and coastal areas (Transects 1−9) or the entrance to the
neighboring open-water areas (Transects 10 and 11).
Transects 1−5 were grouped as ‘western coastal areas,’
Transects 6−9 were grouped as ‘eastern coastal
areas,’ Transect 10 represented the transport to the
Kattegat/ North Sea, and Transect 11 represented the
transport to the Great Belt/Baltic Sea. All transports
were estimated as the difference relative to the refer-
ence run (without fish and mussel farms). Total WW
(t) of mussel biomass per farm and total N removal
(tissue and shell) were estimated for each scenario. P
removal was estimated from N removal in mussel tis-
sue (no shell) using the Redfield ratio. 

The uncertainty related to the mussel produc-
tion estimated by the DEB model was assessed by
changing the half-saturation coefficient, Xk, in the
mussel ingestion response. Xk is known to be site
specific due to different food composition and qual-
ity and often needs to be re-calibrated (Bacher
& Gangnery 2006). In a previous study of oyster
growth, the range of Xk values varied ±32% around
the mean value from 16 sites (Bacher & Gangnery
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Fig. 4. Average surface (A) chl a concentration (mg m−3), (B) current velocity (m s−1) and (C) food flux (mg m−2 s−1) from July to
November 2009. The blue box marks the location of the fish farm and the black circles show the locations of potential mussel 

farms (C: coastal, M: open water)
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2006). We therefore changed the Xk accordingly
in the DEB model for each farm location to give
a possible range of outcomes of harvested mussel
biomass and nutrient re moval. The effects of mussel
filtration on Secchi depth, chl a concentrations, pri-
mary production, surface nu trient concentrations
and bottom oxygen were estimated for the mussel
farm area (600 × 600 m) from July to November.
Further, changes in surface chl a concentrations
were estimated spatially for the Samsø Belt area.
For the sediment impact, the accumulation of or ganic
matter, denitrification and other nutrient fluxes were
estimated beneath the mussel farms (600 × 600 m)
from April to December.

In order to discuss optimal site selection for mussel
mitigation cultures, the farms were ranked accord-
ing to their nutrient removal efficiency (N removed
by harvest), nutrient transport reduction to the
nearby western coastal area, surface chl a concen-
tration, Secchi depth, denitrification, surface dis-
solved inorganic nitrogen (DIN) concentration, sedi-
ment organic N content, NH4 fluxes and oxygen
up take by the sediment. The first 5 mentioned
effects were considered as positive and the last 4
as negative effects on the system. The system is N
limited, so P concentrations and fluxes were ignored.
The values were normalized by the maximum value
for each effect to provide a ratio between 0 and 1
(where 1 indicates the highest impact). In order to
compare negative and positive effects on the same
scale, the ratio was converted to ‘1 − value/max’ for
the negative effects to ensure that the worst per-
formance was equal to the lowest ratio and vice
versa. For simplification of the comparison, a ratio
<0.33 was colored red (poor performance), ratios of
0.33−0.66 were colored orange (medium perform-
ance), and a ratio >0.66 was colored green (best
performance). The overall ranking for all effects
was not estimated, because it is a management
decision how to weight the effects against each
other under the given environmental conditions.

3.  RESULTS

3.1.  Food flux, mussel growth and N removal

In the Samsø Belt area, chl a concentrations
showed a spatial gradient, with the lowest values
(1.7 mg m−3) in the NE part and the highest values
(2.5 mg m−3) in the SW part during the mussel pro-
duction period from July to November (Fig. 4A). Aver-
age surface currents (April to November) were lowest

along the coastlines, around 0.02 m s−1, and in creased
gradually towards the open waters up to 0.66 m s−1

(Fig. 4B). The estimated food fluxes mainly followed
the pattern of surface currents, with the lowest values
at the coastline and gradual increases towards open
waters up to 1.2 mg chl a m−2 s−1 (Fig. 4C). Seasonal
growth of mussels was highest during autumn, and
biomass stagnated or even decreased in November
before harvest (Fig. 5A). At harvest, the obtained
shell length varied from 2.3 cm in scenario C1 to 3.0
cm at C4 (Fig. 5B). Harvested mussel biomass varied
from 1293 to 2579 t WW at the 10 farm locations, with
the lowest biomass in C1 and highest in C4 (Table 2).
Location C1 also had the lowest food flux, whereas
C4 did not have the highest food flux as expected
from the highest mussel biomass. Both C1 and C4
had the highest chl a concentrations among the
locations (Table 2). Total N removal per mussel farm
showed a saturation response with increasing food
flux and up to 30.9 t N removal per farm in C4
(Fig. 6A). The N removal of the coastal farms in -
creased with increasing food flux, whereas the open
water stations showed a similar N removal above
the food flux saturation level of 0.70 mg chl a m−2 s−1.
P removal ranged from 1.46 t (C1) to 2.90 t P (C4)
per farm and showed the same response as for N
(Fig. 6A). All farms, except C1, performed well (ratio
>0.66) in the ranking between farms (Table 3). The
estimated harvested mussel biomass and nutrient
removal showed highest increases of 11−31% from
the mean if the Xk was set to the minimum value
(Table 2). The response was slightly lower when
applying the maximum Xk value, which resulted in
9−20% lower mussel harvest and nutrient removal
(Table 2).

3.2.  Transports of nutrients

The gross transport of N and P from the fish farm
(S100) was highest to the western coastal areas,
followed by the North Sea, the eastern coastal areas
and finally the Baltic Sea (Fig. 6C−F). N and P
transport to all neighboring water areas was highly
re duced when introducing mussel farms at various
lo cations together with the fish farm (Fig. 6B,
Table 4). The highest reduction across all transects
was found for C4 and the lowest for C1. For the
western coastal areas (Transects 1−5), the N trans-
port was significantly reduced from 16.4 t in S100 to
5.8−9.8 t N with increasing N removal in the mussel
farm scenarios (Fig. 6C). However, the obtained
correlation (R2 = 0.64) was lower than for the east-
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ern and open water transects (R2 > 0.85). The 4
coastal mussel farms (C1−C4) and the 2 open water
farms closest to the coast (M3 and M5) resulted in
less (negative) N trans port relative to REF across
Transect 2 (Table 4) and performed best among the
farms (Table 3). For the eastern coastal areas (Tran-
sects 6−9), there was a reduction in N transport
from 5.9 t N in S100 to 1.7−4.3 t N in scenarios
with mussel farms (Fig. 6D). The transport to the
Kattegat/North Sea was reduced from 8.5 t N in
S100 to 2.3−5.3 t N in scenarios with mussel farms
(Fig. 6E). The N transport to the Great Belt/Baltic
Sea was the lowest, with 4.8 t N in S100 and corre-
lated negatively with increasing N re moval by
mussel farms (Fig. 6F). P transport followed overall

the same pattern as for N trans port, except that the
P re duction relative to S100 (average = 0.40) was
higher than the N reduction relative to S100 (aver-
age = 0.47) (Table 4). In many cases (Transects 1, 2,
6, 7 and 10), even the P transport relative to REF be -
came negative, indicating high P retention in the
mussel farm area (Table 4).

3.3.  Environmental effects in the water column

Chl a concentration within the mussel farm area
decreased immediately after larvae settled in all
scenarios, and the effect increased during July and
August, whereupon it stabilized with high day- to-
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Fig. 5. (A) Biomass of mussels in the farms and (B) mussel shell length over time. Changes in (C) surface chl a concentrations,
(D) Secchi depths, (E) sediment organic N content and (F) sediment organic P content relative to the reference scenario (REF) 

from June to December in the scenarios (S100, M0−M5, C1−C4). Mussel harvest is set to 1 December (Day 334)
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day variability (Fig. 5C). On average, the reduction
relative to REF was highest for the coastal stations
C1−C3, with up to 1.22 mg m−3, and lowest for
the open water stations, with 0.55−0.71 mg m−3

(Fig. 7A). Spatially, the decrease in chl a covered a
larger area around the coastal farms (Fig. 8G−J)
compared to the open water farms, where M3
showed the highest impact among the open water
farms. Secchi depth showed an immediate increase
after the introduction of mussel farms with high
temporal variability (Fig. 5D). The average increase
in Secchi depth was highest at C1 with 1.1 m and
lowest at M0 with 0.3 m relative to REF (Fig. 7B).
After harvesting the mussels, the effects on chl a
concentrations and Secchi depths in the water col-
umn were undetectable (Fig. 5C,D). In S100, there
was no clear effect on either chl a concentrations
and Secchi depths within the fish farm area relative
to REF due to dilution by currents and grazing by
zooplankton (Maar et al. 2018a). Hence, the coastal
stations C1−C3 performed best in relation to chl a
depletion and C1 and C2 for improvements of Sec-
chi depth among the farms (Table 3). Primary pro-
duction decreased in all scenarios with mussel
farms and increased at S100 compared to REF and
followed the same pattern as for chl a between
scenarios (Fig. 7A,C). DIN and PO4 concentrations
increased both in the fish farm area (S100) and
the mussel farm areas compared to REF due to
nutrient excretion from fish or mussels (Fig. 7D,E).
At the co-located farm (M0), the change in surface
DIN concentration was highest (0.12 mmol m−3)
among the open water stations due to combined

fish and mussel excretion. The coastal farms C1
and C2 showed similar high changes in DIN con-
centrations as M0 and hence a poor performance
(Table 3). The highest changes in surface PO4 con-
centration (0.09−0.15 mmol m−3) were found at
C1−C3 (Fig. 7E). The surface PO4 concentration
increased less at the fish farm compared to the
mussel farms because 56% of the fish waste was
solid and lost to the bottom. Bottom oxygen con-
centrations decreased below the farms, with the
highest changes (up to 26 mmol m−3) at M0, C3 and
C4 relative to REF (Fig. 7F).

3.4.  Benthic impact

In July and August, the change in sediment or -
ganic N and P content compared to REF was
highest at S100 and M0 due to the fish farm impact
starting on 1 April, whereas the mussel farms
started to operate on 1 July (Fig. 5E,F). The 2
coastal farms C3 and C4 showed the highest impact
over time exceeding that of the fish farm (S100) and
M0. Bottom current speed was lowest at C3 and C4,
and these farms therefore had a lower resuspension
rate and dispersal of sediment than the other farms
(Table 2). All locations showed higher N and P sedi-
ment contents, ranging from 111 to 845 mmol N
m−2 and from 8 to 56 mmol P m−2, compared to REF
by the end of the year. The average change in sedi-
ment organic N was highest (300 mmol N m−2) at C3
and C4 with low resuspension and at M0 due to the
combined sedimentation of both solid fish waste

Scenario Bottom Surface Surface Surface Surface Food Harvested N P Range
velocity salinity temperature chl a velocity flux biomass removal removal (%)
(m s−1) (°C) (mg m−3) (m s−1) (mg m−2 s−1) (t WW) (t) (t)

Open waters
M0 0.05 ± 0.04 20.2 ± 3.0 14.1 ± 2.3 1.86 ± 0.67 0.44 ± 0.29 0.87 ± 0.77 2184 27.1 2.46 −15/31
M1 0.05 ± 0.05 19.7 ± 2.8 14.3 ± 2.5 1.81 ± 0.69 0.63 ± 0.42 1.21 ± 1.11 2194 27.1 2.47 −18/27
M2 0.07 ± 0.06 21.4 ± 3.0 13.8 ± 2.0 1.84 ± 0.67 0.48 ± 0.30 0.93 ± 0.82 2298 27.5 2.51 −20/25
M3 0.05 ± 0.04 21.2 ± 2.9 13.9 ± 2.1 1.90 ± 0.66 0.36 ± 0.25 0.72 ± 0.66 2110 26.3 2.38 −16/25
M4 0.08 ± 0.06 21.6 ± 3.3 13.7 ± 2.0 1.89 ± 0.66 0.46 ± 0.29 0.91 ± 0.77 2194 27.1 2.47 −18/27
M5 0.08 ± 0.09 20.7 ± 3.0 13.9 ± 2.1 1.97 ± 0.64 0.43 ± 0.25 0.88 ± 0.67 2370 28.8 2.67 −19/25

Coastal waters
C1 0.05 ± 0.03 17.5 ± 3.0 14.9 ± 3.2 2.05 ± 0.68 0.09 ± 0.05 0.18 ± 0.14 1293 16.8 1.46 −9/11
C2 0.05 ± 0.03 19.0 ± 2.7 14.5 ± 2.7 1.97 ± 0.67 0.20 ± 0.14 0.41 ± 0.39 1712 21.9 1.93 −11/17
C3 0.01 ± 0.01 20.3 ± 2.8 14.2 ± 2.3 1.95 ± 0.66 0.28 ± 0.21 0.57 ± 0.55 1912 24.2 2.15 −13/23
C4 0.02 ± 0.02 20.1 ± 2.8 14.1 ± 2.3 2.03 ± 0.63 0.40 ± 0.22 0.82 ± 0.61 2579 30.9 2.90 −19/24

Table 2. Overview of mussel farm locations, means ± SD of bottom velocity and surface environmental conditions (July to No-
vember), harvested mussel biomass and N and P removal by harvest on 1 December in the scenarios (farm size = 36 ha). The last
column shows the potential range (minimum/maximum difference from the mean) of harvested biomass and N and P removal. 

WW: wet weight
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Fig. 6. (A) Total N and P removal per mussel farm by harvest as a function of food flux. (B−F) Change in gross N transport
across different transects (see Fig. 2) relative to the reference scenario (REF): (B) all transects (1−11), (C) western coastal areas
(Transects 1−5), (D) eastern coastal areas (Transects 6−9), (E) the Kattegat (Transect 10) and (F) the Great Belt (Transect 11)
when adding a mussel farm into coastal areas (C1−C4) or open waters (M0−M5) to compensate for the fish farm nutrient inputs 

(S100). Scenario names are only indicated in panels A−C, but D−F follow the same pattern as B



Aquacult Environ Interact 12: 339–358, 2020

and mussel pellets (Fig. 9A, Table 3). Change in
sediment oxygen consumption was again highest at
M0 (66 mmol m−2 d−1), but showed a similar in -
crease at C3 and C4 (Fig. 9B, Table 3). Denitrifica-
tion increased at all locations relative to REF, with
the highest changes (0.28−0.30 mmol N m−2 d−1) at

M0, C3 and C4 (Fig. 9C, Table 3). Nutrient fluxes
from the sediment increased at all locations relative
to REF and showed a similar pattern for PO4, NH4

and NO3, with highest fluxes at M0, C3 and C4
(Fig. 9D−F). Hence, the negative benthic impacts
were highest at M0, C3 and C4 among the farms,
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No.   Transect Transect Farms in open waters Farms in coastal waters Change
        area S100 M0   M1 M2 M3 M4 M5 C1 C2 C3 C4 in transports

Nitrogen           
1       Samsø Belt N W 6.0 1.9    1.5 1.1 2.0 2.5 2.4 3.6 2.8 2.4 2.3 2.3
2       Samsø Belt NW W 2.6 1.3    2.2 2.4 −2.1 1.2 −0.3 −1.6 −2.4 −2.6 −2.0 −0.4  
3       Samsø Belt SW W 5.6 5.0    4.7 4.7 4.4 4.7 4.1 4.9 4.9 5.0 4.4 4.7
4       Romsø Sund W 1.7 1.1    1.2 1.2 1.1 1.0 0.9 1.4 1.2 1.1 0.8 1.1
5       Kerteminde Bugt W 0.5 0.3    0.3 0.3 0.3 0.2 0.2 0.4 0.3 0.3 0.2 0.3
6       Sejrøbugten N E 1.2 0.3    0.2 0.3 0.5 0.3 0.4 0.8 0.7 0.6 0.4 0.5
7       Sejrøbugten S E 1.6 0.1    0.2 0.3 0.5 0.1 0.2 1.1 0.8 0.7 0.2 0.4
8       Kalundborg Fjord E 1.4 0.5    0.6 0.6 0.7 0.4 0.4 1.1 0.9 0.8 0.4 0.6
9       Musholm Bugt E 1.7 0.9    1.1 1.0 1.0 0.9 0.8 1.4 1.2 1.0 0.8 1.0
10    Kattegat NS 8.5 2.5    2.3 2.5 3.1 2.9 2.9 5.3 4.2 3.5 2.9 3.2
11    Great Belt BS 4.8 2.9    3.3 3.2 3.1 2.9 2.7 3.8 3.4 3.1 2.2 3.1
        Total for N 35.7 16.8    17.5 17.6 14.6 17.2 14.8 22.1 18.1 15.8 12.7

Phosphorus           
1       Samsø Belt N W 0.50 0.02  −0.03  −0.07 −0.04  0.09 0.08 0.23 0.14 0.08 0.07 0.06
2      Samsø Belt NW W 0.26 0.12    0.22 0.25 −0.29  0.10 −0.08  −0.21  −0.34  −0.34  −0.23  −0.08  
3       Samsø Belt SW W 0.73 0.71    0.64 0.66 0.64 0.66 0.61 0.66 0.67 0.70 0.66 0.66
4      Romsø Sund W 0.16 0.10    0.11 0.11 0.10 0.09 0.07 0.13 0.11 0.09 0.07 0.10
5      Kerteminde Bugt W 0.04 0.01    0.02 0.02 0.01 0.01 0.00 0.03 0.02 0.01 0.00 0.01
6      Sejrøbugten N E 0.09 −0.02   −0.03 −0.01 0.01 −0.01  0.00 0.05 0.03 0.02 0.01 0.01
7      Sejrøbugten S E 0.11 −0.05   −0.04 −0.03 0.00 −0.05  −0.04  0.06 0.04 0.02 −0.03  −0.01  
8       Kalundborg Fjord E 0.11 0.01    0.02 0.03 0.03 0.00 0.00 0.08 0.06 0.04 0.00 0.03
9      Musholm Bugt E 0.17 0.08    0.10 0.10 0.10 0.08 0.08 0.14 0.11 0.10 0.07 0.10
10    Kattegat NS 0.70 0.02   −0.01 0.01 0.09 0.06 0.07 0.34 0.22 0.14 0.08 0.10
11    Great Belt BS 0.55 0.37    0.41 0.40 0.39 0.36 0.34 0.45 0.40 0.38 0.31 0.38
        Total for P 3.41 1.38    1.43 1.46 1.13 1.39 1.14 1.95 1.49 1.24 1.01

Table 4. Difference in gross transport of total N (t) and total P (t) across different transects (see Fig. 2B) between scenarios (fish
and mussel farms) and the reference scenario (REF). W (E): western (eastern) coastal area transect; NS: North Sea transect; BS:
Baltic Sea transect. The last column shows the average change in N or P transport in scenarios with both mussel and fish farms 

(not S100) for each transect compared to REF

Farm 
location N removal Transport W Chl a

depletion
Secchi depth Dentrification DIN surface Sediment

Org-N
NH4 flux O2

consumption
M0
M1
M2
M3
M4
M5
C1
C2
C3
C4

Positive effects Negative effects

Table 3. Ranking of scenarios (farm location) based on changes in water quality and sediment impacts. Positive effects: N re-
moval by harvesting, reduced transport to the western EU Water Framework Directive (WFD) area, reduced chl a concentra-
tion, higher Secchi depth and higher denitrification. Negative effects: higher surface dissolved inorganic nitrogen (DIN) concen-
trations, higher sediment organic N content, higher NH4 flux from sediment and higher sediment oxygen consumption. ‘Green’ =
best performance (ratio >0.66), ‘orange’ = medium performance (ratio = 0.33−0.66) and ‘red’ = poor performance (ratio <0.33)
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but these farms showed at the same time the highest
positive effect on denitrification (Table 3).

4.  DISCUSSION

The identification of suitable locations for mussel
mitigation cultures in relation to fish farming requires
the consideration of the mussels’ nutrient removal
efficiency and nutrient transports (far-field effects),
as well as positive and negative environmental
effects on the water column and on sediment condi-
tions beneath the farm. The optimal mussel farm
location was tested in a 3D ecological model by in -
serting 10 mussel farms either along the nearest af -
fected coastline (C1−C4) or in open waters (M0−M5)
in different directions and distances from the fish farm
(Table 1, Fig. 4C).

4.1.  Nutrient removal efficiency

The harvested mussel biomass in the model corres -
ponded to 0.5−0.9 t N ha−1 and 0.04−0.08 t P ha−1 for
a 6 m deep farm (Table 2). This was slightly higher
than reported values for an operating long-line farm
in the shallow Limfjorden with similar mussel den-
sities (December harvest: 0.6 t N ha−1 and 0.03 t P
ha−1) due to the lower farm depth of 2−3 m (Petersen

et al. 2014). The nutrient removal efficiency by the
mussel farms in the model increased with increasing
food flux and showed saturation >0.7 mg chl a m−2

s−1, al though with some natural variability between
the farms (Fig. 6A). The 2 southernmost farms (C4
and M5), for example, showed slightly higher nutri-
ent removal than the other stations, although the
food flux was not among the highest (Table 2). This
pattern suggests that a higher chl a level with lower
current velocity stimulated mussel growth more
than a lower chl a level with higher current velocity.
In addition, mussel growth was temporally reduced
in the model at low salinity (<16.2) due to inflows
from the Baltic Sea (Farm M1) or input from fresh-
water sources (Farms C1 and C2). At 3 of the coastal
farms (C1−C3), the combination of lower salinity and
lower food flux explained the lower nutrient removal.
In the Baltic Sea, salinity is an important determinant
of blue mussel size, which decreases towards the east
and results in dwarfed mussels (Riisgård et al. 2012,
Maar et al. 2015, Buer et al. 2020). In the Samsø Belt
and western part of the Baltic Sea, the main species is
Mytilus edulis, whereas M. trossolus and hybrids
dominate to the east (Zbawicka et al. 2014). In com-
parison with nu trient loads from the fish farm (100 t
N), 17−31% of the released N could be mitigated by
1 mussel farm (Table 2) and all farms, except C1, per-
formed equally well according to the ranking of
nutrient removal (Table 3).

351

Fig. 7. Pelagic impact within the mussel farm area. Changes in (A) chl a concentration, (B) Secchi depth, (C) mesozooplankton
production, (D) surface dissolved inorganic nitrogen (DIN) concentrations, (E) surface PO4 concentrations and (F) bottom O2 con-
centrations in the different scenarios relative to the reference scenario (REF) from July to November. The mean values for REF at 

the fish farm location are shown in the upper right corner
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4.2.  Nutrient transports

The nutrient removal efficiency determines the
amount of nutrient removal by mussel harvesting on
site. However, it is equally important to consider the
contribution of mussels to far-field effects by reduc-
ing nutrient transport to other potentially sensitive
areas, such as coastal areas protected by the WFD
or habitats protected at Natura 2000 sites. At all
locations, the mussel farms reduced nutrient trans-
port with increasing nutrient removal efficiency com-
pared to the S100 scenario (with only the fish farm)
(Fig. 6B). Nutrient transport from the fish farm was
highest to the western coastal WFD area with a total

of 16.4 t N (Fig. 6C). However, a mussel farm could re -
duce the nutrient transport to this area by more than
half compared to S100. The eastern coastal WFD area
(Transects 6−9) also benefitted from the mussel farms
compared to S100 (Fig. 6D), but was generally less
affected by the fish farm (5.9 t N), probably due to the
greater distance from the fish farm.

Considering the western WFD area (Transects 1−3),
not only the nutrient removal efficiency, but also the
farm location was important (Fig. 6C). Hence, the
farms located within or closest to the western WFD
areas (C1−C4, M3 and M5) resulted in less transport
than for the farms located farther away (M0−M2,
M4), which was also reflected in the ranking of the
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Fig. 8. Decrease (%) in chl a concentrations
relative to the reference scenario (REF) for
(A−F) open water farms (M0−M5) and (G−J) 

coastal water farms (C1−C4)
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farms (Table 3). Especially the transports across
Transects 1 and 2 were reduced by the mussel farms
(Table 4) due to their location in the main current di-
rection from the farms. Despite the proximity of many
of the mussel farms to Transect 3, they were not able
to reduce nutrient transport efficiently towards this
area (Table 4). The western coastal area, subject to
the WFD, has a poor ecological status with high
chl a concentrations and summer hypoxia (Maar et
al. 2016, HELCOM 2018). Hence, the transport of nu-
trient loads from offshore fish farms to these coastal
water areas, and their impact, is of concern. A fraction
of the waste from the fish farm was transported with
bottom water in the dominant southwestern current
direction across Transect 3 according to the hydro -
dynamic model (Maar et al. 2018a). As the long-line
mussel farms are restricted to the upper water column
(ca. 0−8 m) with current techniques, mussels can only
remove nutrients efficiently in the surface waters.

In other types of sensitive areas where nutrients
may get trapped, such as sheltered bays and inlets,
some of which are even protected as Natura 2000 ar-
eas, the contribution of mussel farms to reducing nu-
trient transport can be particularly valuable. Shel-
tered areas are close to Transects 2, 5 and 8 (Fig. 2B).
There was only little nutrient transport (<0.6 t N on
average) across Transects 5 and 8 with mussel farms,
and for Transect 2, there was even a net reduction
(negative values) relative to REF (Table 4). Hence, most
of the mussel farms were very efficient and caused

fewer nutrients to be transported to these sheltered
areas compared to S100. Several Natura 2000 sites
are located within the study area and are all appointed
due to the presence of reef habitats. The macroalgae
forests at these sites are sensitive to nutrient concen-
trations affecting the light conditions (Krause-Jensen
et al. 2007). Both coastal and open water mussel farms
contributed to a reduction in nutrient concentrations in
these areas. The nearest Natura 2000 site north of the
fish farm could benefit the most from the mussel
farms due to the high net reduction in nutrient trans-
port, but also due to the decrease in chl a concentra-
tion (Fig. 8D,G−I).

The fish farm was located in open waters man-
aged according to the EU Marine Strategy Frame-
work Directive (MSFD). As part of the HELCOM
area, it is also included in the Baltic Sea Action Plan
(BSAP), which sets maximum allowable nutrient in -
puts to the different sub-basins (HELCOM 2007).
Nutrients from the fish farm were transported to
the neighboring MSFD waters through Transects 10
(Kattegat/North Sea) and 11 (Great Belt/Baltic Sea).
Nutrient transport towards these transects was quite
high (Table 4), although the mussel farms reduced N
transport by 38% (Transect 10) and 65% (Transect 11),
compared to S100. In addition, nutrients transported
over those transects were dispersed into open waters,
where they may have less impact than the more eu -
trophic coastal sites. However, the Baltic Proper is
also in poor ecological condition, and further nutrient
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Fig. 9. Benthic impact below the farms. Changes in (A) sediment organic N content, (B) O2 uptake by the sediment, (C) denitri-
fication, (D) PO4 flux out of the sediment, (E) NH4 flux out of the sediment and (F) NO3 flux out of the sediment in the different
scenarios relative to the reference scenario (REF) from April to December. The mean values for REF at the fish farm location 

are shown in the upper right corner
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inputs can increase pelagic production contributing
to bottom-up cascading effects on the pelagic food
web (Bonsdorff et al. 1997).

4.3.  Environmental impacts on the water column

Mussels filter the water for phytoplankton, while at
the same time excreting nutrients and producing
feces that sink to the bottom (Petersen et al. 2019a).
The environmental impacts can therefore be both
positive and negative. Mussel filtration caused a
clear, positive effect by reducing chl a concentration
and increasing Secchi depths at all farm locations
(Fig. 7A,B). The coastal farms C1−C3 showed the
highest improvements in chl a (Table 3), although the
nutrient removal efficiency was lower. This was due
to the lower current speeds (Table 2) and hence less
renewal by advection (Petersen et al. 2019b). The
open water farms (M0−M5) only decreased chl a in
the open waters, whereas the coastal farms con-
tributed to a decrease in the coastal waters and hence
the WFD areas (Fig. 8), which need an improvement
of water quality. The estimated reduction in chl a
concentration and increase in Secchi depths were
similar to previously reported values from field stud-
ies (Petersen et al. 2008, 2019b, Cranford et al. 2014,
Nielsen et al. 2016) and modeling studies (Grant et al.
2008, Schröder et al. 2014, Timmermann et al. 2019).

Farms C1 and C2, with the highest improvements
of Secchi depth, were, at the same time, the ones
with the highest increase in surface DIN and PO4

concentrations (Table 3) due to the lower current
dilution and less uptake by lower phytoplankton bio-
mass (Figs. 7D,E). A fraction of the ingested nutrients
bound in phytoplankton biomass is excreted again as
dissolved nutrients by the mussels. In addition, a
fraction of the nutrients in mussel feces was recycled
over time, increasing sediment nutrient fluxes to the
bottom water (Fig. 9D−F). The nutrient release from
the mussel farm can result in negative effects through
an increase in primary production, but this was not
found here due to the depletion of phytoplankton
biomass. In any case, there will always be a net re -
moval of nutrients into mussel biomass, despite the
transformation between nutrient fractions by mussel
activities (Holmer et al. 2015, Petersen et al. 2019a).

4.4.  Benthic impacts

The coastal farms C3 and C4 and the co-located
farm M0 showed the highest negative impact in

terms of sediment accumulation of organic N and P
content and oxygen consumption (Figs. 5E,F &
9A,B). The negative impact of the co-location sce-
nario was expected due to the combined increase
in bio-deposition from the fish and mussel farms.
The 2 coastal farms featured relatively high mussel
biomass combined with a low average bottom
velocity of 0.01 to 0.02 m s−1 causing less resuspen-
sion than at the other sites (Table 2). A bottom
velocity of >0.02 m s−1 has been identified as the
threshold for the accumulation of feces in sediments
below a fish farm (Valdemarsen et al. 2015) and
can be used to exclude potential mussel farm loca-
tions to avoid strong benthic impacts (von Thenen
et al. 2020). At the other sites, benthic impact was
low due to resuspension and dilution by currents,
and the increased sediment oxygen consumption
affected the bottom water O2 concentration by <5%
(Fig. 7F). The different sediment fluxes (O2 uptake,
denitrification and phosphate, ammonium and
nitrate release) showed overall similar responses
between farm locations (Fig. 9B−F), be cause the
biodeposition from fish and mussel farms was much
higher than the background sedimentation, and the
difference between sites depended on the amount
of resuspension.

Organic enrichment of the sediment, e.g. below
fish and mussel farms, can increase denitrification
and hence have a positive effect on the nitrogen
removal from the system (Carlsson et al. 2012). The
model estimated that denitrification would increase
on average 17−57% below the farms compared to
the reference scenario (Fig. 9C), which is similar to
previous studies of bivalve farming (Carlsson et al.
2009, Petersen et al. 2019a). On the other hand,
increased respiration of organic matter in the sedi-
ment can lead to anoxia and inhibition of the cou-
pled nitrification− denitrification process (Holmer et
al. 2015). Likewise, phosphate bound to metals in
the sediment will be re leased to the water column
during anoxic conditions (Holmer et al. 2003). In this
case, nutrient fluxes to the bottom water will
increase, and the net re moval of nutrients from the
system will be less than ex pec ted (Nizzoli et al.
2011). In the present study, C3, C4 and M0 showed
the highest accumulation of organic matter and
hence the highest risk for developing anoxia and
inhibition of denitrification over time (Fig. 5E,F).
The ranking of farms showed that the same 3 farms
(C3, C4 and M0) either showed the best perform-
ance in relation to denitrification or the worst per-
formance in relation to the negative benthic effects
(Table 3).
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4.5.  Site selection

All farm locations showed trade-offs with respect to
the considered effects, and no farm performed the best
at all times (Table 3). Taking into account the number
of positive effects, the coastal farm C2 performed
slightly better, closely followed by the nearby coastal
farms C1 and C3. However, both C3 and C4 generated
high benthic impacts due to low bottom currents and
were not considered suitable for mitigation purposes.
The same applies to the co-location of mussel and fish
farms, which also showed high benthic impacts and
low positive effects on Secchi depth. When considering
organic enrichment, the open water farms M2, M4 and
M5 performed best due to higher resuspension. The 2
open water farms closest to the western coastal area
(M3 and M5) performed well with respect to nutrient
removal and transports and with medium impacts for
the other effects (Table 4). Hence, a good location of
open water mussel farms could be a few km outside the
affected sensitive area acting as a nutrient filter. With
respect to the considered effects, the model results
showed that mussel mitigation cultures could be
placed both in coastal areas as well as in open waters
outside the fish farm. The model exercise only tested
10 potential sites for mussel mitigation cultures to iden-
tify the most important criteria for the site selection, but
other more optimal sites may exist in their vicinity, e.g.
where both bottom currents (>0.02 m s−1) and surface
food fluxes are optimal for the mitigation effects (Hol-
bach et al. 2020). However, it is up to the managers to
decide which positive and negative effect should
receive the most attention given the present need for
protection of water bodies and habitats.

4.6.  Marine spatial planning

In addition to environmental effects and mitigation
potential, site selection should also include other uses
at sea. In the EU, all countries with marine areas have
to establish maritime spatial plans to coordinate marine
uses and avoid conflicts (Directive 2014/89/EU). Po-
tential development areas for aquaculture can be des-
ignated in these plans (Veidemane et al. 2017), which
provides more security for developers and companies.
Integrating site selection of fish and mussel farms into
marine spatial planning furthermore supports the iden-
tification of optimal locations, where environmental
impacts and conflicts with other marine uses are ac-
ceptable (Sanchez-Jerez et al. 2016, Lester et al. 2018).

Marine and coastal uses in the Samsø Belt that could
potentially conflict with aquaculture include Natura

2000 sites, recreational and leisure activities, and ship-
ping. The conservation status for the reefs in the
Natura 2000 sites in this area is unfavorable, ac cording
to the latest assessment (EIONET 2019). None of the
mussel farms are located in a Natura 2000 site, and
the mussels can efficiently reduce nutrient transport
to the designated sites in close proximity as mentioned
earlier. From this point of view, the mussel farms
would not negatively impact any sites. However, nu-
trient transport from the fish farm to the coastal and
open marine areas may infringe the thresholds set by
the WFD and BSAP, respectively, and further con-
tribute to a deterioration of the conservation status in
the Natura 2000 sites. Nevertheless, using mussel
farms as a mitigation measure for fish farms does de -
crease nutrient transport overall; all scenarios with
mussel farms performed better than S100. To commu-
nicate this to different stakeholders can be an im -
portant contribution of stakeholder engagement ac-
tivities, to increase knowledge and reduce conflicts
(Mazur & Curtis 2008). In the public perception, the
negative impacts of mussel farms may outweigh their
benefits. In Denmark, this is partly due to a negative
perception of aquaculture in general, caused by en -
vironmental con cerns around fish farms that are pro-
jected onto mussel farms (Petersen & Stybel 2019). The
open water farms have less adverse environmental
impacts and they are located further offshore. This re-
duces conflicts with nearshore recreational activities
as well as the visual impact, which is another factor
that can be considered in spatial planning (Longdill et
al. 2008, Lester et al. 2018). The coastal farms, how-
ever, are more efficient at decreasing chl a, which
could be beneficial for benthic vegetation due to the
increase in water transparency. With respect to com-
mercial shipping, marine spatial planning can identify
major shipping routes in the area, such as Interna-
tional Maritime Organization deepwater shipping
routes, and ensure that no conflicts arise with the lo-
cation of the fish and mussel farms. The same applies
to passenger and leisure vessels crossing the area.

4.7.  Model uncertainties

Validation of the ecological model showed a good
performance using data from 3 monitoring stations in
a previous study, which also discussed the uncertain-
ties related to the environmental impact from the fish
farm (Maar et al. 2018a). In the present study, the
ecological model was coupled to the DEB model to
describe individual mussel growth in response to
temperature, salinity and food concentrations. The
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DEB model has previously been applied and validated
for Danish ecosystems (Maar et al. 2015, 2018b), and
we therefore believe that the simulated differences in
seasonal and spatial growth patterns between the
farms were realistic. The highest uncertainty of the
DEB model estimates is often related to the Xk value,
because it varies according to the given food condi-
tions and food quality (Bacher & Gangnery 2006).
The uncertainty test with different Xk values showed
that the modeled mean values of mussel harvest and
nutrient removal potentially could vary by −20 to
+31% within a mussel farm. This estimate is compa-
rable to field data, where the standard deviation for
mussel farm N removal was ±20−33% of the mean
value between all sites and seasons (Taylor et al.
2019). The farm biomass was estimated from the
individual mussel biomass multiplied by the popula-
tion density per m3 of the farm based on a previous
study in the Limfjorden (Nielsen et al. 2016). A more
recent study in the Limfjorden showed that mussel
abundance in the farm could be increased by a factor
of 2 in order to achieve a higher harvest (Taylor et al.
2019). Hence, the nutrient removal estimated by the
farms in the present study is a conservative estimate,
as the density of mussels potentially could be in -
creased by increasing the number of loops, extend-
ing the loops further with depth or using another
farm system, e.g. nets (Taylor et al. 2019). Suspended
mussel cultures were not feeding on fish pellets in
the model although they may be able to do so on the
smaller fish waste fractions (Cranford et al. 2013, Iris-
arri et al. 2013, Lander et al. 2013). However, only a
small fraction of the solid fish waste is available for
mussel filtration, and previous model studies showed
that mussels were not able to reduce the biodeposi-
tion significantly below IMTAs (Cranford et al. 2013,
Filgueira et al. 2017). Further, field studies revealed
that feed waste only constituted a small part of the
mussel diet in IMTAs (Irisarri et al. 2015, Sanz-Lazaro
& Sanchez-Jerez 2017). If mussels were allowed to
ingest some of the smaller fish waste fractions in the
co-location scenario, the reduction in the benthic
impact would probably still be limited due to a low
retention time of particles within the fish farm and
due to a low food preference for fish waste over
natural seston (Sanz-Lazaro & Sanchez-Jerez 2017).

5.  CONCLUSIONS

The potential mussel harvest and nutrient removal
was shown to depend on the food fluxes for 10 se-
lected sites in the model. One mussel farm (36 ha) can

potentially remove 17–31% of released nutrients from
a nearby fish farm. Hence, several mussel farms
would be needed to fully compensate for the addi-
tional nutrient inputs caused by a fish farm. Nutrient
transports to sensitive areas and positive and
negative environmental effects of mussel farms were
also estimated for the same 10 sites. The combination
of potential nutrient removal, nutrient transports and
environmental effects were used as input to site se-
lection of mussel mitigation cultures. Model results
suggested that mussel farms located either inside or a
few km outside the coastal area receiving the highest
nutrient inputs from the fish farm were the most opti-
mal with respect to environmental effects and
nutrient compensation of fish farms. The site selection
of fish and mussel farms needs to be integrated into
local marine spatial planning, where environmental
impacts and conflicts with other marine uses are con-
sidered. However, the weighting between different
farm effects and other activities is a management de-
cision depending on the given local conditions and
sensitivity of the area. This study demonstrates that
modeling can be used to support the management
decision and provide the needed data on far-field and
local effects from integrated aquaculture.
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