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Commercial salmonid farming is typically performed in open-water net cages

where interactions between the environment and production unit might be

widespread and not easily predicted or controlled. Integrated multi-trophic

aquaculture (IMTA) has been suggested to mitigate some of the environmental

impacts. Based on empirical data, the assimilation of particulate waste from a

commercial fish farm was modeled by two approaches to salmon/blue mussel

IMTA: a system with mussels at the surface next to the fish farm and an alternative

setupwithmussels submerged under the farm. According to themodel, 15% of the

feed was defecated and assumed available to the mussels and the submerged

mussel farm could assimilate 14.6% of the feces. Sensitivity analysis showed that

the current speed, themussel filtration rate, and the proportion of thematerial that

settles slowly had an impact on this assimilation estimate, which could be

significantly higher. However, the model did not include assimilation limitations

due to particle size, whichmay contribute significantly to the submerged farm. The

mussel farm at the surface mainly received small slow settling particles, and

according to the model, only 0.4% of the fish farm waste was assimilated. The

maximum obtainable assimilation was 5.5%. The fraction of slowly settling waste

had the most pronounced influence on waste assimilation in the mussel farm at

the surface. This is also among the most uncertain parameters, since the relative

portion of different settling velocities of fish feces is highly variable, and more

information on the size distribution of waste is needed.

KEYWORDS

IMTA, particulate waste, blue mussels, Atlantic salmon, modelling, spatial setup,
settling velocities
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1 Introduction

The release of nutrients and organic material to the

environment from salmon farms is associated with various

environmental concerns, especially in coastal areas with intensive

aquaculture production in net cages with free water exchange

(Naylor et al., 2000; Beveridge, 2004).

Integrated multi-tropic aquaculture (IMTA) has been promoted

as a sustainable and practical alternative to monoculture that could

help solve some ecological issues with intensified aquaculture in

cage systems (Chopin et al., 2012; Custódio et al., 2020). IMTA

involves the cocultivation of trophically linked species. The lower

trophic -level species feed on the waste from the upper trophic -level

species, treating waste as a valuable resource utilized through

natural synergistic interactions between the cultured species

(Chopin et al., 2012; Kerrigan and Suckling, 2018).

Thus, the environmental impact is mitigated while economic

value is added to the farmer in secondary marketable products,

reduced risk through product diversification, and potential

allocation for increased production due to positive mitigation

effects (Barrington et al., 2009).

Blue mussels (Mytilus edulis) have been promoted for extracting

particulate waste (PW) in IMTA systems (Barrington et al., 2009).

Some studies find increased growth of mussels in proximity to fish

farms (Kerrigan and Suckling, 2018), and especially during winter

when other suspended material is scarce, effluents may contribute

considerably to the blue mussel diet (Handå et al., 2012).

However, it is debated if significant mitigation can be obtained

by direct assimilation of fish farm waste particles (Sanz-Lazaro and

Sanchez-Jerez, 2017), and most studies that model the expected

mitigation effect by blue mussels in the vicinity of fish farms find it

to be minimal (Troell and Norberg, 1998; Cranford et al., 2013;

Filgueira et al., 2017).

For open water systems, spatial arrangement of the IMTA

system and local environmental factors are highly influential on

the performance of IMTA, and there is a need to assess the potential

mitigation within the local environmental and spatial constraints

(Kerrigan and Suckling, 2018; Zhang et al., 2019; Reid et al., 2020;

Zhou et al., 2022). For PW assimilation by blue mussels, the

mitigation effect depends on the dispersion of the PW from the

fish farm to the mussel farm and the exposure time to the waste,

which depend on currents and settling velocity of the waste particles

(Reid et al., 2020).

Likewise, ambient environmental conditions substantially

influence mussel filtration rates, such as the concentration of

natural seston (Riisgård et al., 2003), quality of seston (Ward and

Shumway, 2004), and differential clearance rates relative to mussel

size (Jacobs et al., 2015).

As vertical transport dominates the PW distribution around fish

farms, it has been suggested that higher mitigation could be

achieved by locating the extractive species below fish farms

(Filgueira et al., 2017), and studies have explored IMTA with

extractive species at the seabed (Cubillo et al., 2016; Jansen et al.,

2019; Nederlof et al., 2020). However, the nature of fish farming

implies that the living conditions at the seabed vary considerably

during the course of a production cycle, especially in sheltered areas
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(á Norði et al., 2011). An alternative approach to extract particles in

the vertical waste stream is to suspend the extractive species below

the fish farm; a mitigation potential that has received little attention.

Blue mussels as extractive species are also considered on a

regional level through a budgetary approach targeting microalga to

remove nutrients and organic matter (OM) from the ecosystem

instead of direct assimilation of PW from the farm. This allows

evaluation of connectivity between the different functional groups at

a larger scale than at farm level (Nederlof et al., 2022).

To support the decision basis in the future implementation of

blue mussels to mitigate the impact of commercial fish farms, this

study models the assimilation of PW by blue mussels at an

operational fish farm. The waste production was modeled based

on feed data, analysis of the commercial feed, and the spatial

arrangement of the net pens (Figure 1B). Dispersion was modeled

according the local hydrodynamics. The model does not take into

account limitations in waste assimilation by blue mussels due to

particle size limitations or reduced filtration rates due to saturation

or selective feeding and thus represents the maximum

achievable mitigation.

Assimilation of PW by blue mussels was modeled according to

two spatial blue mussel/salmon farm configurations: the approach

with blue mussels at the surface at the long side of the fish farm

(Figure 1C) and an alternative approach with the blue mussel farm

submerged directly below the net cages (Figure 1D). As the fish

farm was the primary economic interest for the company, the

modeled blue mussel farms were low-maintenance farms with the

primary purpose of mitigating the environmental impact.

The general design of the fish farm is widely used in salmon

farming and to investigate if the mitigation potential would be

higher at other farms with different hydrodynamic settings, a

sensitivity analysis was conducted on the current speed. A

sensitivity analysis was likewise performed on the density of blue

mussels, as it is variable on passive spat collectors. Size and settling

velocities of fish fecal particles are highly variable and depend on

feed ingredients, fish size, and hydrodynamics (Reid et al., 2009);

and in general, the information on the size fractionations of waste

particles is scarce (Nederlof et al., 2022). Thus, a sensitivity analysis

was also conducted to investigate how the fraction of slowly settling

particles influenced the mitigation performance of the blue

mussel farms.
2 Materials and methods

2.1 Study site

The salmon sea cage farm was located in a fjord

(Sørvágsfjørður) on the westernmost main island on the Faroe

Islands. The fjord is 5 km long and less than 1.5 km wide, and the

maximum depth is 55 m (Figures 1A, B). The seawater circulation

in the fjord is influenced by tidal forces, with semidiurnal water

level changes up to 2 m at spring tide and estuarine circulation

driven by water runoff from the 31 km2 catchment area, most of

which is uninhabited and uncultivated (Diedericks and á

Norði, 2021).
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In general, the annual seawater temperature in Faroese fjords

ranges from ~6°C to ~11.5°C (á Norði et al., 2011) and vertical

stratification is weak, with vertical temperature differences less than

3°C (ICES, 2023). Wind forces easily break down the stratification

and nutrients are readily mixed into the euphotic zone. Thus, the

primary production in Faroese fjords is high during the entire

summer with an annual production of ~330 gC m-2 year-1 (Gaard

et al., 2011).

Blue mussels are endemic in the investigated fjord, and mussel

larvae are present in the upper water masses at densities up to 4,000

ind. m-3 from May to August (Danielsen and á Norði, 2021).

Preliminary investigations with mussels grown directly on spat

collectors at 0–15 m depth showed an average blue mussel

abundance of 600 mussels per meter after the second summer in

water (Danielsen and á Norði, 2021).
2.2 Production data and release of wastes

The discharge of waste in the form of OM, nitrogen (N), and

phosphorus (P) from the fish farm was calculated as mass balances

for a complete production cycle. Production data for the farming

cycle from January 2018 to June 2019 were provided by the fish

farming company operating in Sørvágsfjørður. The data consisted

of net cage locations, feed types, daily feed use, fish count, and fish
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biomass. In the Faroe Islands, there is a trend toward larger smolt at

deployment, thus reducing the duration of the farming cycles at sea

(ICES, 2023). In the investigated farming cycle, the average smolt

weight was 360 g at deployment, and the average weight at harvest

was 6.7 kg. The biological feed conversion ratio was 1.05.

The commercial fish feed used (FAE Premium 1200 and 2500,

Skretting) during the production cycle was analyzed for proximate

composition (Table 1). Nitrogen-free extract (NFE) was calculated

as dry matter (DM) minus the sum of crude protein, crude lipid,

and ash. The formulated diets were homogenized using a Krups

Speedy Pro homogenizer and analyzed for DM and ash (Kolar,

1992), crude protein (ISO, 2005) (crude protein = Kjeldahl N ×

6.25), crude lipid (Bligh and Dyer, 1959), and total P (ISO, 1998).

DM was determined as the weight difference after drying pellets at

105°C for 24 h. Ash was determined after combustion at 550°C for

24 h. The OM content was determined as the feed dry weight minus

the ash content.

In the mass balance, the feed was either ingested or lost to the

environment. Ingested feed was digested or defecated. Digested

matter was incorporated in the biomass or used for metabolism and

excreted as dissolved and thus unavailable to the mussels. Variables

for the calculations of waste production at the fish farm are listed

in Table 2.

It is estimated that feed loss is generally below 5% for salmon

reared in net pens (Cromey et al., 2002). In this study, the feed loss
FIGURE 1

Map of the Faroe Islands (A) and the location of the studied fjord. (B) The study site showing the location of the fish farm and the current
measurement. Conceptual drawings of the modeled spatial locations of the Atlantic salmon farm and the blue mussel farm, with blue mussels at the
surface next to the fish farm (C) and submerged below the fish farm (D).
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was estimated to be 3% (Reid et al., 2009; Wang et al., 2012) based

on the automatic feeding system monitored by camera and the low

feed conversion ratio at the farm.

Energy expenditure depends on the size of fish, species, and

temperature, which can vary even within species (Pettersen et al.,
Frontiers in Marine Science 04
2018). In this study, the apparent digestibility coefficients

(ADCs) of OM, N, and P was estimated based on tested

digestibility values of ingredients and on Dalsgaard and

Pedersen (2011), who investigated the production of

suspended and solid waste from rainbow trout when fed

commercial diets and feces collected every 24 h for 10 days

(Table 2). Since leaching of dissolved material typically occurs

shortly after defecation (Shomorin et al., 2019), the presented

ADC represents the particle portion of the feces after leaching.

The ADC in various feed trials on Atlantic salmon is variable and

generally similar to or lower than the used digestibility values

(Storebakken et al., 1998; Glencross et al., 2004; Kraugerud et al.,

2007; Øverland et al., 2009).

The amount of digested material incorporated into the fish

biomass was calculated from the wet weight and proximate

composition of large rainbow trout obtained from sea cages in

Denmark (Dalsgaard A.J, DTU Aqua, personal communication),

which is similar to the measured composition of Atlantic salmon

(Wang et al., 2013).

It was assumed that fecal particles were the only PW available

for the blue mussels. Uneaten feed pellets were assumed unavailable

due to their large size and high settling velocity (Cromey et al., 2002;

Filgueira et al., 2017).
2.3 Blue mussel farms

Two configurations of salmon/blue mussel IMTA were

modeled: a scenario with blue mussels next to the fish cages
TABLE 2 Variables used in the calculations of waste production at the fish farm, the dispersion of waste from the fish farm, and the filtration rate at
the blue mussel farm.

Variable Value Source

Waste production

Feed
Production data from fish farming company

Biomass of salmon

Feed composition (% of WW)

Analysis of commercial feed used in production cycle
OM 88.33

N 5.94

P 0.88

Apparent digestibility (%)

Estimated based on tested digestibility values of ingredients and from Dalsgaard and Pedersen,
2011

OM 85

N 93

P 64

Content in fish (% of WW)
Dalsgaard A. J. DTU Aqua, Personal communication

OM 33.9

(Continued)
TABLE 1 Feed ingredients in the commercial feed. Values are given as %
of wet weight (WW).

Diet Ingredients

Fish meal
Soya concentrate
Wheat
Wheat gluten
Horsebean meal
Sunflower meal
Fish oil
Rapeseed oil
Vitamin and mineral mix

Crude proteina (N content 5.94 g/100 g WW estimated) 37.1

Crude lipida 36.1

Nitrogen-free extract (NFE)b 15

Fiberb 4.5

Asha 4.2

Dry mattera (DM) 92.5

Gross energy (MJ/kg) (declared 25.5-26.5) (calculatedc) 26.1

Total phosphorus contenta 0.88
aAnalyzed at DTU Aqua.
bDeclared max composition by producer (%WW).
cBased on gross energy levels: Protein: 17.1 MJ/kg; Lipid: 23.6; Carbohydrate: 17.0.
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(Chopin et al., 2012) at 0 – 10 m depth and a more theoretical

system with mussels submerged below the cages at 18 – 28 m depth

(Figures 1C, D). The mussel farm at the surface was placed at the

long side of the farm next to the grid holding the fish cages where

most waste particles were available according to initial modeling of

particle dispersion by the currents. The dimensions of the modeled

blue mussel farms are listed in Table 2.

Since the primary purpose of the mussel farm was to mitigate

the impact of fish farming and the long lines were positioned below

the fish cages in one of the scenarios, it was assumed that the blue

mussels were grown directly on the collectors, which is a method

often used in mitigation practices (Petersen et al., 2019).

The mussels alter the vertical particle transport by consuming

suspended particles and subsequent production of fecal pellets and

possible pseudofeces that exhibit higher settling velocities

(McKindsey et al., 2011). Thus, the capture of phytoplankton and

zooplankton should be considered when investigating the alteration

of particle transport in the vicinity of fish farms to accommodate

ambient food supply. However, as this study investigates the potential

removal of fish farm waste by the mussels, increased deposition of
Frontiers in Marine Science 05
OM adjacent to the fish farm in the form of mussel feces from

phytoplankton and zooplankton capture was not modeled.
2.4 Particle tracking model

Currents were measured close to the farm with a bottom-

mounted acoustic Doppler current profiler (ADCP) current

meter, Teledyne RDI Workhorse Sentinel 300 kHz (Figure 1B).

The bottom depth was 52 m, and vertical current profiles were

measured every 5 min in 4 m bins from 7 February to 1 May 2017.

The dispersion of PW was modeled according to the Lagrangian

particle-tracking module in Cromey et al. (2002). The module

assumes uniform currents in the horizontal plane. The model was

forced with the time series of the observed currents, with linear

interpolation through time and vertically between ADCP bins,

i.e., depth.

Particles were released at 2 min intervals, a time step of 0.01 s

was used, and the position of the particles was recorded in vertical

layers of 1 cm.
TABLE 2 Continued

Variable Value Source

N 2.96

P 0.41

Feed loss (%) 3 Reid et al., 2009; Wang et al., 2012

Particle tracking modeling

Dispersion of particles On site current measurement

Settling velocities (cm s-1)

Based on Bannister et al., 2016 and Law et al., 2014
Fraction a

65% 7.5

20% 3.2

10% 1.5

5% 0.1

Waste absorption efficiency
(%)

86 Reid et al., 2010, Reid et al., 2020

Blue mussel farms

Surface

Model scenarios relative to the location of the fish farm

Depth (m) 0 – 10

Size (m) 20 × 350

Submerged

Depth (m) 18 – 28

Size (m) 140 × 350

Spacing between longlines (m) 1
Same as a test farm in the area (Danielsen and á Norði, 2021)

Spacing between droppers (m) 0.5

Blue mussel density (ind m-1) 600 Same as a test farm in the area (Danielsen and á Norði, 2021)

Volumetric filtration rate (l m-

3 h-1)
3,840

Calculated from farm construction, blue mussel density, size distribution (Lachance-Bernard,
2008), and size -dependent filtration rate (Riisgård et al., 2014)
frontiersin.org

https://doi.org/10.3389/fmars.2023.1236294
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
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Ten identical cylindrical salmon cages with a circumference of

160 m were placed in two rows of five cages distanced 70 m apart

center to center. This was the general setup at the inner part of the

commercial fish farm (Figure 1), and the cages were cylindrical

down to 10 m depth whereafter they cone down to a point at 18 m.

The swimming depth of caged salmon varies in response to

environmental cues and feeding (Oppedal et al., 2011). This

model released PW uniformly from the cages at 5 m depth for

the entire modeling period based on an estimated average

swimming depth. The cages were gridded to 4 × 4 m2, resulting

in about 100 release points per cage.

In dispersion models, the settling velocity of feces is often fixed

to a mean value of 3.2 cm s-1 (Cromey et al., 2002; Filgueira et al.,

2017). However, the size and settling velocity of the individual fecal

particles vary greatly (Chen et al., 2003; Law et al., 2014; Bannister

et al., 2016), which has implications for their availability for

the mussels.

Four settling velocities were modeled where 65% of the PW

settled at 7.5 cm s-1, 20% at 3.2 cm s-1, 10% at 1.5 cm s-1 based on

Bannister et al. (2016), and to include PW smaller than 500 μm, 5%

of the fecal particles were assumed to settle slowly at 0.1 cm s-1 (Law

et al., 2014), see Table 2.

Separate particle tracking models are run for each of the particle

settling velocities. The results from each modeled particle track thus

represent a random sample of the distribution of all particle tracks

when released from the cages at a depth of 5 m. This resulting

sample set of approximately 60 million particles is assumed to be

representative of the distribution of that settling velocity.

An approximated distribution of the duration a particle is in a

mussel farm can then be found from this sample.

As the particle settling velocity is constant throughout the entire

modeling period, the duration a particle is in the mussel farm can

instead be described as the vertical distance traveled in the mussel farm.

The distribution of vertical distances traveled has a natural

resolution of 1 cm as is given by the model parameters and is

approximated by:

pv(i) =
n(i, v)
N(v)

1

where i describes the vertical distance in cm traveled in the

mussel farm, pv(i) is the probability that a particle of settling

velocity v is in the mussel farm for a vertical distance of i cm, n(i,

v) represents the number of modeled particles with settling velocity

v that are observed i times inside the mussel farm, and N(v) is the

total number of modeled particles with settling velocity v.
2.5 Assimilation of fish waste by
blue mussels

The results from the particle tracingmodels were used to calculate

the fraction offishwaste assimilated by the bluemussels. The potential

production of pseudofeceswas not included in themodel, and thus the

ingestion of the individually modeled waste particles by the blue
Frontiers in Marine Science 06
mussels (IPW) can be expressed as:

Ipw = FRv · mpw 2

where FRV is the volumetric filtration rate of the entire mussel

population per cubic meter blue mussel farm, and mPW is the mass

of the individually modeled fish waste particle.

When modeling the assimilation of fish waste by the blue

mussels, uniform mussel distribution within the mussel farm is

assumed, and ingestion of particles affects the particle availability

deeper in the mussel farm. The change in mass of the modeled

particles (mPW) due to ingestion by the mussels during the total time

the waste particles are in the mussel farm (t) can be expressed as:

dmPW

d t
= −FRV · mPW 3

mPW(t) = mPW (0)e−FRV ·t 4

where mPW (0) is the mass of the modeled particle at time 0.

When taking into account the constant settling velocity (v) of

the individual particle, mPW   can be expressed as a function of the

vertical distance the particles have covered in the mussel farm (z),

and equation 4 can be expressed as:

mPW (z) = mPW (0)e−
FRV
v z 5

In the dispersion model, the horizontal position of the particle is

logged in predetermined vertical positions of 10 mm as previously

discussed. Thereby, the final equation for the fraction of fish waste

assimilated by the blue mussels during passage through the farm

can be expressed as:

massimilated

PW
= AEov avoM

i=0 pv(i) 1 − e−
FRV
v z(i)

� �h i� �
6

where i describes the vertical distance in cm traveled in the

mussel farm, pv(i) is the probability that a particle of settling

velocity v is in the mussel farm for a vertical distance of i cm, M

is the maximum possible number that i can obtain, av is the fraction

of PW with the settling velocity v (Table 2), and z(i) is the vertical

distance covered in the farm converted to m.

The blue mussel absorption efficiency (AE) of fish waste was

86% (Reid et al., 2020).
2.6 Sensitivity analysis

The absorption of fish farm waste by blue mussels depends on

the site-specific characteristics and the setup of farms that may vary

considerably between locations (Reid et al., 2020). To investigate

how some of these variations affect the performance of IMTA farms,

sensitivity analyses were conducted on the current speed, the

filtration capacity of the blue mussel farm, and the portion of

waste released as slowly settling particles.

For the current speed sensitivity analysis, the vertical changes in

speed were kept. Model runs were conducted with reduced or

increased currents by multiplying by factors from 0.1 to 4 to the
frontiersin.org
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measured current speed. This resulted in average currents of up to

34 cm s-1 in the upper 10 m of the water column and up to 20 cm s-1

in the area where the submerged blue mussel farm was modeled.

Blue mussel densities at commercial farms vary greatly

depending on the distance between lines and mussel densities on

individual lines. The sensitivity analysis tested volumetric filtration

rates (FRV) from 750 l h-1 m-3 to 16,000 l h-1 m-3. For simplicity,

alterations were only assumed in the blue mussel density on the

long lines, while the general setup of the farm was fixed. However,

the range in filtration rates covers various combinations of farm

arrangement and blue mussel density.

The lower limit was set from general observations at

commercial Danish blue mussel farms where the blue mussel

density typically is approximately 80 ind. m-1 when 5 cm large

blue mussels are harvested (Daniel Taylor, DTU Aqua, personal

communication). The upper limit is based on empirical

observations of the weight density relation at blue mussel farms

for mitigation purposes. The blue mussels are not restocked, and

hence self-thinning occurs as they grow. The observations are from

farms in inner Danish waters, which have a very high settlement.

Mussel density can be described by the power function

(Holbach et al., 2020):

N = 1269W−2
3 7

where N is the number of blue mussels per meter longline, and

W is the tissue dry weight.

From the relation between size, filtration rate (Riisgård et al.,

2014), and N, the limit for filtration rate per meter longline is within

the range of 6,000 to 8,000 l h-1 m-1.

Size ranges of fish fecal particles are highly variable (Reid et al.,

2009), and the relative portion of different size classes and settling

velocities remains a challenge in the application of aquaculturemodels

(Reid et al., 2020). Since the particles with low settling velocity disperse

away from the fish farm, the sensitivity analysis focused on the portion

of the particles settling at 1 mm s-1. The sensitivity analysis tested

amounts of slowly settling particles from 0% to 27%, with the higher

limit based on measurements by Wong and Piedrahita (2000). The

proportions of the fastest settling particles at 7.5 cm s-1 were

accordingly adjusted, while the proportions of particles settling at 1.5

and 3.2 cm s-1 were unchanged.
3 Results

3.1 Discharge of particulate waste

Smolt was transferred to the farm from January to April 2018

and harvested for 6 months from January 2019. Thus, the entire

farming cycle was 18 months, although the individual fish were at

sea for 12 –14 months. During the farming cycle, the total wet

weight of feed supply to the farm was 4,599 tonnes and the total

biomass increase, including fish that died before the harvest, was

4,400 tonnes. Forty percent of the total feed use was supplied to the

farm during the 4 months prior to the onset of harvest (Figure 2).

According to the analyzedcompositionof the commercial feed, the

total supply of OMwas 4,062 tonnes, of which 37%were incorporated
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into the fish biomass and 15%were released to the environment in the

form of feces, according to the calculations (Table 3). The N and P

supplied with feed were 273 and 40 tonnes, respectively, and almost

half were found in the biomass. Only 7% of the nitrogenwas estimated

to be released to the environment as feces compared to the estimated

35% of the P. However, the total amount of these elements in feces was

quite similar due to the considerably higher ADC for N than P and

relative N/P composition of the feed (Table 3).

The calculated total particulate organic matter (POM) waste

from the farm, including both feed and feces, was 712 tonnes, of

which the blue mussels potentially can assimilate 83% under the

assumption that ambient food particles were unavailable while all

the fecal particles were available (PW). The fractions of particulate

nitrogen (PN) and particulate phosphorus (PP) available for the

mussels were 69% and 92%, respectively.
3.2 Particle dispersion

The current measurements from which the particle dispersion

was modeled showed the highest currents to occur in the top 10 m

of the water column, where they were influenced by the wind in

addition to tidal forces (Figure 3). Current speeds higher than 25 cm

s-1 were recorded, and the median current speed was 9.4 cm s-1.

From 10 m depth to the seabed, the maximum current speed did not

change, while the median current was lowest at 10 m depth (3.4 cm

s-1) and increased slightly with depth. In the area below the fish

farm, where the submerged mussel farm was modeled, the current

speed rarely exceeded 15 cm s-1 (Figure 3).

According to the model, only 3.1% of the PW entered the 7,000

m2 area with the mussel farm at the surface next to the wide side of

the fish farm (Figure 4A), of which 70% were particles that settled at

1 mm s-1. In addition, 92.5% of the PW entered the submerged

mussel farm that covered the 49,000 m2 below the fish farm

(Figure 4B). Almost the entire fraction of particles that settled at

7.5 cm s-1 entered the submerged farm, while the slowly settling

particles only amounted to 1%.

During October 2018, when the waste production was at its

maximum (Figure 2), the average daily influx of fecal POM to the

mussel farm at the surface was 18.5 g m-2 d-1, while the inflow of PN

and PP amounted to 0.58 and 0.44 g m-2 d-1, respectively. However,

the feeding rate and waste production at the fish farm were quite

variable over time (Figure 2). Averaged over the entire farming

period, the influx of POM was 10.6 g m-2 d-1.

The submerged mussel farm had a higher influx of fecal

particles, with a daily POM influx of 39 g m-2 d-1 when the waste

production was at its maximum. Averaged over the entire farming

cycle, the submerged mussel farm received 22.4 g POM m-2 d-1.
3.3 Assimilation of fish waste in the
mussel farms

In the mussel farm at the surface next to the fish farm, 13% of

the fecal particles that reached the farm were assimilated according

to the model. This amounted to 0.4% of the total PW.
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The assimilation of particles in the submerged mussel farm was

16% of the PW that entered the farm. However, since the quantity

of particles that entered the mussel farm that covered the entire area

below the fish farm was considerably higher than the amount that

reached the mussel farm at the surface (Figure 4), the total

assimilation of POM during the farming cycle was 86 tonnes,

amounting to 15% of the total PW.

The model assumed that the blue mussels could ingest all of the

fish feces regardless of particle size or other factors, so it is highly

likely that the modeled mitigation is an overestimation for the

submerged blue mussel farm.
3.4 Sensitivity analysis

In the blue mussel farm at the surface next to the fish farm, the

effect of the current speed on the ingestion of particles was dependent

on their settling velocity (Figure 5A). Increased current velocities
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increased assimilation for denser particles due to increased advection

of all particle classes to the surface mussel farm. On the contrary, for

the slow-settling particles, maximum assimilation was observed when

the current speed was below the measured currents, while increased

velocities reduced the assimilation.

For the blue mussel farm below the fish farm, waste assimilation

decreased inversely with current speed for all the settling

velocities (Figure 5B).

The tested parameters showed a highly different impact on the

two blue mussel/fish farm configurations. At the blue mussel farm at

the surface, the fraction of slowly settling particles had the most

pronounced influence on the total assimilation of fish farm waste

(Figures 6A-C). The fraction of slowly settling particles also

influenced the impact of current speed on total assimilation. With

no slowly settling particles, ingestion increased with the current

speed, as more of the faster settling particles reached the farm

(Figure 6A), but with high quantities, assimilation decreased with

the current speed (Figure 6C). The relation between filtration rate per
TABLE 3 Total supply of OM, N, and P with feed during the production cycle, incorporation in biomass, and discharge to the environment as
dissolved, feed loss, and feces. Values in tonnes and percent of total supply with feed in brackets.

Feed
tonnes

Biomass
tonnes (%)

Dissolved
tonnes (%)

Feed loss
tonnes (%)

Feces
tonnes (%)

OM 4,062 1,492 (37) 1,857 (46) 121 (3) 591 (15)

N 273 130 (48) 116 (42) 8.1 (3) 18.5 (7)

P 40 18.2 (45) 6.9 (17) 1.21 (3) 14.1 (35)
B

C D

A

FIGURE 2

Monthly supply of fish feed and biomass increase (wet weight) (A) and monthly supply of OM (B), N (C), and P (D) with fish feed, incorporation into
biomass, and release of particulate matter in feed loss and feces.
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volume mussel farm and assimilation was linear because assimilation

efficiency was fixed in the model. The maximum obtainable waste

assimilation at the blue mussel farm at the surface was 5.5% of PW.

This was achieved when the fraction of slowly settling particles was

27%, the current speed was three-fourths of the measured currents,

and the filtration rate was 16,000 l h-1 m-3.

The relation between waste assimilation and the tested

parameters was more straightforward at the submerged blue mussel

farm. The assimilation was highest with low currents, high filtration

rate, and low proportions of slowly settling particles (Figure 6).
4 Discussion

This study investigated the removal of PW from a fish farm

and did not consider the feeding of natural seston. It was

modeled that at a commercial fish farm under the given

conditions and assumptions (Table 2), 15% of the OM, 7% of

N, and 35% of P were released to the environment in the form

of feces, amounting to 591, 19, and 14 tonnes of the respective

elements during the course of a farming cycle (Table 3). When

the model was run using observed parameters, 3.1% of the feces

entered the blue mussel farm when it was modeled at the

surface next to the fish farm, and the blue musse ls

assimilated 0.4% of the total fecal waste. When the model was

run with parameters optimized to maximize waste assimilation,
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the highest obtainable waste assimilation was 5.5% or 32.5

tonnes of OM. Other models have found the highest obtainable

removal of fish farm waste by blue mussel farms at the surface

near fish farms to be 3.5% or lower (Cranford et al., 2013;

Filgueira et al., 2017).

The blue mussel farm modeled below the fish farm received

92.5% of the fecal waste from the fish farm, but due to limited

residence time in the mussel farm, assimilation was restricted to

15% of the fecal waste.
4.1 Availability of particulate fish
farm waste

The smolt were quite large when they were transferred to the

cages (360 g) compared to the 50 – 100 g smolt typically deployed,

and in this study, the incorporation of OM, N, and P into biomass

was in the higher end of values found in other studies, while the

release of PW was in the lower end (Table 3).

In studies from the 1980s and 1990s, only 16% – 22% of the

carbon and 19% – 28% of the N were incorporated in fish biomass

(Gowen and Bradburry, 1987; Hall et al., 1990; Hall et al., 1992;

Ackefors and Enell, 1994). Fish farming and feed quality have

evolved considerably since then, which is reflected in the portion of

feed incorporated into biomass. More recent studies generally find

carbon incorporation of 30% – 38%, somewhat higher N
B

C

A

FIGURE 3

Current speed with depth close to the fish farm (A). The solid line shows the mean value; the dashed lines show the 25 and 75 percentiles, and the
gray area covers 95% of the observed current speeds. Distribution of measured velocities at 6.5 m (B) and 22.5 m (C) depths. Positive values are in
North (N) and East (E), respectively.
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incorporation (32% – 43%), and 20% – 30% of P (Sugiura et al.,

2006; á Norði et al., 2011; Wang et al., 2012; Wang et al., 2013).

The discharge of OM and N as PW in this study was somewhat

lower than that in other studies where 19% – 71% of the carbon and

11%–28% of the N in the feed were released as feed loss and feces

(Gowen and Bradburry, 1987; Hall et al., 1990; Hall et al., 1992;

Wang et al., 2012; Wang et al., 2013). The release of PP was within

the range of 22% – 54% as previously reported (Holby and Hall,

1991; Sugiura et al., 2006; Wang et al., 2012; Wang et al., 2013).

The daily influx of particulate fish farm waste to the surface

mussel farm was 18.5 g m-2 d-1 when the biomass was highest.

However, the model assumes a continuous supply of particles

during the day and does not account for daily fluctuation,

whereby the fish were typically fed during the working day.

Hence, the availability of waste particles was variable during the

course of a day and the variability in particle flux to the mussel units

may influence capture efficiency if particle density exceeds filtration

capacity. Resolving temporal fluctuation in waste release could be

useful in determining daily variability in assimilation potential.
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4.2 Mitigation by blue mussel farm at the
surface next to the fish farm

In this study, 13% of the particles that reached the blue mussel

farm at the surface were assimilated, comparable to the 10% – 15%

assimilation found by Brager et al. (2015). However, this only

amounted to 0.4% of the total fecal waste, since only 3.1% of the

particulate fish farm waste reached the blue mussel farm. Thus, the

mitigation effect by this IMTA approach was nominal when

modeled parameters approximated local settings. This highlights

the importance of resolving particle transport dynamics in reference

to the IMTA configuration to estimate the efficacy of mitigation.

Particles at the outer edge of net cages generally are smaller than

600 μm with low settling velocity (Lander et al., 2013; Law et al.,

2014; Brager et al., 2016). The model results are consistent with the

observations, as mainly particles with low settling velocity entered

the blue mussel farm.

The sensitivity analysis also showed that the fractionofparticleswith

low settling velocity substantially influences the possible mitigation by
FIGURE 4

Distribution of waste particles at the base of the surface blue mussel farm (A) and at the base of the submerged mussel farm (B). The 2D Kernel
Density Estimate at 95% is also shown (dashed white line). The scale is normalized with highest concentrations shown in yellow.
FIGURE 5

Influence of current speed on particulate waste assimilation calculated for four different settling velocities for the blue mussel farm at the surface
(A) and the submerged mussel farm (B). The volumetric filtration rate was 3,840 l m-3 h-1. The factor adjusted current speed at one equals the
measured current speed. The mean currents were 8.6 cm s-1 at 0 – 10 m depth and 4.9 cm s-1 in the area of the submerged mussel farm.
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mussels at the surface next to the fish farm. The maximum mitigation,

where5.5%of the fecal particleswere assimilated,wasobtainedwhen the

portion of slowly settling particles was set to the highest value found in

the literature (Wong and Piedrahita, 2000); the mussel density was

assumed similar to observations on mitigation farms in inner Danish

waters, where settlement tends to be high, and the average current speed

was 6.5 cm s-1.

Blue mussel densities depend on natural recruitment rates and

management strategies. High densities result in increased size

heterogeneity and smaller average sizes, while low densities favor

larger sizes and homogeneity, but reduce the total filtration capacity

and total biomass at the blue mussel farm (Taylor et al., 2019). The

observed density in the area was 600 mussels per meter. With this

density at the local hydrodynamic settings and an assumption that

27% of the fecal waste was slowly settling (Wong and Piedrahita,

2000), 2.0% of the waste would be assimilated in the mussel farm at

the surface (Figure 6).

The exact portion of slowly settling waste particles remains a

challenge to estimate, as the size ranges of fecal particles are highly

variable and dependent on feed ingredients, fish size, and local

hydrodynamics. In addition, measurements tend to focus on either

the small slowly settling or larger faster settling particles (Reid et al.,

2009). This study assumed that 5% of the fecal waste settled at 1 mm

s-1. Although the exact portion is unknown, most studies assume it

to be minor (Cranford et al., 2013; Reid et al., 2020), and the lack of

a strong consistent signal of POM around commercial fish farms

(Brager et al., 2016) supports this assumption.

Assimilation of slowly settling particles could improve the

growth conditions for blue mussels, as observed in some studies

(Kerrigan and Suckling, 2018), especially during winter when

natural food availability is low (Handå et al., 2012; Lander et al.,

2013). IMTA could also benefit blue mussel growth in offshore

conditions where food is scarce (Ferreira et al., 2012). Additional

benefits of producing blue mussels near fish farms could be

immobilizing salmon lice larvae (Bartsch et al., 2013) and disease

vectors such as amebic gill disease (Rolin et al., 2016).

However, the effect is minimal when it comes to mitigating the

environmental impact of the particulate organic load from fish

farming. On the contrary, the ingestion of natural seston by the blue

mussels close to the fish farm can even increase the local benthic

impact, since digested seston will be defecated by the mussels and

psuedofeces will settle close to the farm (Cranford et al., 2013; Hughes

and Black, 2016). Ingestion of suspended and slow -settling fish farm

waste particles that otherwise would drift away from the farm also

potentially increases the local benthic load (Cranford et al., 2013).
4.3 Blue mussels below the fish farm

Locating a mussel farm below a fish farm is a theoretical

possibility, although the technical feasibility of fully submerged

cultivation units, particularly in exposed waters, is still in

commercial development. The blue mussels would not affect

access to the fish farm by boat or the flow-through of oxygenated

water. However, it might be unpractical unless such mussel farms
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are an integrated part of the fish farm, where establishment and

harvesting of the fish and blue mussels are synchronized, and there

might be other practical obstacles. However, from an IMTA

perspective, it is interesting to model the potential mitigation as a

first step of evaluating the configuration.

In such a setup, more than 90% of the fecal particles reach the

mussel farm. In addition, the concentration of phytoplankton is less at

18 – 28 m depth than in the surface waters (Gaard et al., 2011). Thus,

fish farm waste would probably comprise a large portion of the

mussel’s dietary composition. In total, 15% of the fecal waste from

the fish farm was absorbed by the blue mussels in this setup, which is

considerably higher than obtainable with blue mussels at the surface

(Troell andNorberg, 1998; Cranford et al., 2013; Filgueira et al., 2017).

Theabsorption can evenbe substantiallyhigher inweaker currents and

with higher bluemussel densities (Figure 6). However, contrary to the

setup with blue mussels at the surface, where the particles are small

slowly settling particles, the assumption that the blue mussels can

ingest all of the fecal particles that pass themussels below the fish farm

is questionable. The upper limit for the reported particle size that

mussels canfilter is 6mm(Davenport et al., 2000),while themajorityof

the fecal particles are considerably larger at defecation. According to

Bannister et al. (2016), the pellet length of feces from 600, 1,500, and

3,500 g salmon is practically larger than5mmfor all of thefishweights,

while the pellet width from the smallest salmonwas less than 5mm for

approximately half of the pellets, a portion that decreased with salmon

size. Defragmentation of fecal pellets in the water column during

settlement depends on the composition of feed and the physical

properties such as particle shear strength and the specific flow

conditions at individual sites that modify the particles through

fragmentation and aggregation (Schumann and Brinker, 2020).

This modeling study most likely suggests a higher assimilation rate

thanwould bedemonstrated in reality, and even themodeled assimilation

of 15% of the PW is relatively low, considering that more than 90% of

particles intersect the bluemussel farm. This further discounts the efficacy

of using mussels as a direct IMTAmethod by targeting PW.

More efficient mitigation might be obtained by using benthic

deposit feeders such as sea cucumbers or polychaetes (Cubillo et al.,

2016; Jansen et al., 2019; Nederlof et al., 2020), where particle

residence time is not a limitation, as in the case with suspended blue

mussels. On the other hand, spatial constraints might be even more

limiting with benthic species compared to suspended species. IMTA

with benthic species also requires tolerable benthic environmental

conditions during the entire farming cycle. This is likely to prove

difficult, especially in intensive salmon farms in temperate areas

where the feeding activity is highly variable due to biomass and

temperature changes (Figure 2).
4.4 Regional level

It has been suggested that IMTA should be considered in the

context of integrated coastal area management (i.e., a budgetary

approach) rather than defined sites and direct trophic interaction

(Chopin, 2017; Small et al., 2019; Sanz-Lazaro and Sanchez-Jerez,

2020; Nederlof et al., 2022). The limited mitigation by direct uptake
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of particulate fish farm waste also suggests that other mitigation

purposes might be more successful, especially when filtration of

natural particles and potential increased benthic impact around the

fish farm due to enhanced particle immobilization by mussels are

taken into consideration (Cranford et al., 2013; Hylén et al., 2021).

Nutrients from fish farms are not incorporated in phytoplankton

at the site due to the high flushing rate compared to the time scale for

algal growth (Lander et al., 2013). Thus, the potential impact from

nutrients will be on the scale of the local ecosystem rather than at the

farm. In addition, nutrients from the degradation of particulate fish

farm waste are released to the water column and distributed with the

currents, and potential resuspension of fish farm waste might spread

quite widely (á Norði et al., 2011).

Although the physics and settling velocity of the PW from fish

farms limit the direct waste assimilation, the high filtration rate of

the blue mussels is useful for mitigating environmental impacts

from fish farming and other anthropogenic nutrient sources in the

recipient water body, even though there is not necessarily a direct

link between the nutrient source and blue mussels (Petersen et al.,

2016). Especially in eutrophic coastal areas, positive ecosystem
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services from blue mussel cultures are likely to occur (Cranford,

2019). An example of the role of bivalves in controlling

phytoplankton biomass, although unintended, is from Ringkøbing

fjord, where changes in sluice practice caused an increase in salinity

and massive recruitment of the clam Mya arenaria. The grazing of

the clam caused a shift from a turbid hypereutrophic state with

mean annual chl a concentrations of 52 μg l-1 to a clear water state

with chl a levels of 9 μg l-1 (Petersen et al., 2019).

The few measurements of chl a concentrations in Faroese fjords

during summer have found them to be high and fluctuate between 2

and 17 μg l-1 in the upper water masses (ICES, 2023). This results

from weak stratification that is easily broken down by wind forces.

Thus, new nutrients are supplied to the upper water masses

occasionally during the summer, and they are rarely growth-

limiting (Gaard et al., 2011). Chl a measurements in the

investigated fjord show a similar range with concentrations up to

12 μg l-1 (Danielsen and á Norði, 2021).

It has been demonstrated that a mussel farm with a potential

clearance time of 20% – 35% d-1 of the entire water volume in a

region can induce top-down control on phytoplankton biomass
FIGURE 6

Waste assimilation at the blue mussel farm at the surface (A-C) and the submerged farm (D-F) as influenced by current speed, volumetric filtration
rate, and three different combinations of the feces settling velocities. The contributions of particles settling at 1.5 cm s-1 and 3.2 cm s-1 were 10%
and 20% in all of the figures. The contributions of particles settling at the lowest and highest velocities 0.1 cm s-1 and 7.5 cm s-1 were 0% and 70%,
5% and 65%, and 27% and 43% for divisions (a–c), respectively. The fish waste assimilated at the measured current speed and volumetric filtration
rate set to 3,840 l m-3 h-1 is indicated in red.
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under conditions where nutrient concentrations do not limit the

primary production. Furthermore, the filtration of large volumes of

water reorganizes sedimentation patterns and organic enrichment

to a limited area while potentially reducing net sedimentation at the

ecosystem scale (Timmermann et al., 2019). Thus, the blue mussels

can mitigate the environmental impact by clearing the water

column and controlling the spatial deposition of OM.

The ecosystem impacts of blue mussel farming are not simple to

predict, however, as mussels can induce both desirable and

undesirable feedbacks on the nutrient and organic carbon cycles

of the system (Small et al., 2019). Besides the most apparent impacts

of nutrient and OM removal from the system in the form of

harvestable biomass, undesirable impacts can manifest, such as

changes in the plankton community toward smaller plankton due to

the size selection of the blue mussels (Cranford, 2019) and excretion

of nutrients that may influence the nutrient turnover time and

availability in the water column (Petersen et al., 2019).
5 Conclusion

The findings of this study show that the direct assimilation of

fish farm waste particles by IMTA with blue mussel farms

suspended in the surface waters next to the fish farm does not

provide significant mitigation on the total PW load from the farm,

which is consistent with other previous findings. However, this

study also shows that the assimilation of waste in such IMTA

systems is highly dependent on the size and settling velocity of the

waste particles. Farming blue mussels below fish cages might

increase the mitigation potential provided that the settling

particles are within the particle size range the blue mussels can

assimilate. This remains unexplored. However, based on the size of

fish grown in the present study, feed type and pellet size fed, and

estimated feces particle size, it is questionable how much of the

waste is within the filtering size range of blue mussels. In order to

determine the true mitigation potential of filter feeders in

connection to fish farms, there is an emerging need for more

information on proportions of waste particle sizes, settling

velocities, and defragmentation during settling. This study

can help inform further investigation of fish waste particle

dynamics and interactions with cultured filter feeders under

different configurations.
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