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Abstract 

The ecological footprint of modern industrialized society now encompasses the entire 

biosphere. Interrelated themes of global warming, biodiversity loss, ocean acidification, and 

eutrophication are defining features of the Anthropocene. The nutritive enrichment of our coastal 

seas and estuaries has been widely recognized as a core environmental issue that has taken 

shape in national and international regulation. Despite the improvements in nutrient load 

reductions to some coastal waters, ensuing ecological rebounding or otherwise expected 

improvements have not been realized. In light of internal loading and the manifold negative 

interactions, there is increasing recognition that multifaceted intervention in coastal ecology is 

required to rectify the deterioration of coastal ecosystems. One such intervention is leveraging 

the intense particle filtration capacity of marine bivalves, where in the western Baltic Sea, the 

blue mussel (Mytilus edulis) cultivated for the primary purpose of mitigating eutrophication can 

extract large quantities of nutrients from coastal waters while providing additional ecosystem 

services. 

Several studies have examined bivalve farming practices and their quantitative effects on the 

environment in relation to seston immobilization and nutrient dynamics. While sharing some 

features of conventional shellfish production, mitigation mussel cultivation shifts cultivation 

objectives from product quality to total nutrient content at minimal costs. Accordingly, modified 

or new modes of production require optimization procedures in terms of cultivation methods and 

spatial prioritization. Eutrophic environments are highly dynamic and the interactions of marine 

mitigation mechanisms with the environment require careful investigation to assess the scale of 

ecosystem services rendered. Suspended mussel farms function as large-scale reactors for 

organic particles, transforming a portion into somatic mass, another into particulate organic 

wastes deposited on the sea floor, and the remaining as dissolved metabolic wastes. In an 

organic particle-rich environment, this large-scale filtration mechanism functions to clarify the 

water column and locally enhance nutrient dynamics, to a degree contingent upon the 

environmental contexts. 

To characterize mitigation production, important ecosystem services and impacts, this PhD 

thesis encompasses three years of field and model studies across Denmark and the western 

Baltic Sea. Experimental results from commercial-scale field trials demonstrated that increasing 

substrate density in the water column or utilization of cultivation technologies with high substrate 
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surface area and nominal requirements for buoyancy maintenance dramatically increase prior 

estimates of nutrient extractive potential of mitigation mussel farming. Improved extractive 

potentials could then be used to evaluate mitigation potentials over the western Baltic Sea by 

development of a spatial model. Spatial modeling results exhibited several regions where 

mitigation farms can be prioritized in order to meet water quality goals, while also identifying 

regions where mussel production may be limited by food depletion. Therefore, a farm-scale 

model was developed to evaluate the mechanisms behind food depletion in detail, by exploring 

scenarios with multiple environmental interactions representative of the varying gradations of 

conditions across the western Baltic Sea. From model results and field observations of food 

depletion, relatively minor variability in environmental conditions or farm configuration drove 

highly differential intensity and extent of depletion signals. To interpret the complex real-world 

structure of depletion in a large-scale mitigation mussel farm, field studies were conducted 

alongside collection and analysis of satellite remote sensing data. Spatial patterns of seston 

depletion are primarily influenced by hydrodynamic regimes, yet indications of basin-scale 

feedbacks were suggestive with high biomass loads. Considering the potential feedbacks of 

particle immobilization on nutrient dynamics, further field study was conducted to assess the 

effects of particle deposition at a mitigation mussel farm on biogeochemical processes. Impacts 

of mitigation farms related to intensive particle immobilization were generally localized within 

farm areas, and quickly obscured by variability in the existing highly-productive systems. 

This thesis and the papers herein establish parameters for optimizing this mitigation instrument 

and present novel means to evaluate the potential for mitigation in different environmental 

conditions, including ecological impacts. 
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Resume 
Det moderne industrialiserede samfund sætter i dag økologiske fodaftryk over hele biosfæren.  

Fænomener som global opvarmning, tab af biodiversitet, forsuring af havet og eutrofiering er 

alle effekter, som kendetegner den antropocæne tidsperiode, hvor menneskets påvirkning har 

reel betydning for Jordens udvikling. Eutrofieringen af vores kyst- og havområder er bredt 

anerkendt som en central miljøpåvirkning og presfaktor, der indgår i både national og 

international lovgivning og regulativer. På trods af forbedringer og reduktion af næringsstoffer til 

de kystnære farvande er der ikke opnået tilsvarende forbedringer eller økologisk tilbagevenden 

af de akvatiske økosystemer. Der er en stigende erkendelse af betydningen af den interne 

næringsstofbelastning i mange akvatiske økosystemer og de deraf afledte negative 

interaktioner, ligesom der er en forståelse for at mange forskellige målrettede tiltag er 

nødvendige for at forbedre de marine økosystemers økologiske tilstand. Et tiltag er at udnytte 

muslingers store evne til at rense vandet for partikulært materiale, hvor specielt blåmusling 

(Mytilus edulis), der i forvejen dyrkes kommercielt i den vestlige Østersø, dyrkes som marint 

virkemiddel, hvor det primære formål er at afbøde eutrofiering ved at fjerne store mængder 

næringsstoffer fra de marine miljøer og samtidig bidrage yderligere med økosystemtjenester. 

Flere studier har undersøgt muslingeopdræt og dets kvantitative indvirkning på miljøet i forhold 

til immobilisering af partikulært materiale og næringssaltsdynamikker. Dette er uafhængigt af, 

om der er tale om konventionel muslingeproduktion eller produktion af muslinger som marint 

virkemiddel. Imidlertid skifter dyrkningsmålet fra produktkvalitet i konventionel 

muslingeproduktion til maksimal næringsstoffjernelse til minimale omkostninger ved produktion 

af muslinger som marint virkemiddel. Det betyder, at der er et behov for ændrede eller nye 

produktionsmetoder for at optimere både dyrkningsmetoder samt udvælgelse af egnede 

dyrkningsområder. Næringsstofbelastede miljøer er meget dynamiske, og samspillet mellem 

marine virkemidler og miljøet kræver grundige undersøgelser for at vurdere omfanget af de af 

virkemidlet leverede økosystemtjenester. Muslingeopdræt fungerer som en 

filtreringsmekanisme, hvor suspenderede organiske partikler transformeres via indtagelse til 

enten muslingetilvækst, partikelformet organisk affald deponeret på havbunden eller som 

metaboliske opløste næringssalte. I eutrofierede områder vil muslingeopdræt på grund af dets 

store filtrationspotentiale således bidrage både til at øge vandets klarked og lokalt forbedre 

næringsstofdynamikken. Graden af effekterne vil imidlertid afhænge af de stedsspecifikke 

miljømæssige sammenhænge. 
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Denne ph.d.-afhandling omfatter tre års felt- og modelstudier af muslingeproduktion som marint 

virkemiddel foretaget i Danmark og det vestlige Østersø med henblik på at undersøge 

næringsstoffjernelse, vigtige økosystemtjenester og påvirkninger ved produktionen. Resultater 

fra kommerciel skala feltundersøgelser af muslinger som marint virkemiddel viser, at øget 

substratdensitet i vandsøjlen eller anvendelse af dyrkningsteknologier med stort 

substratoverfladeareal og minimale krav til opdriftsvedligeholdelse betyder en signifikant større 

næringsstoffjernelse sammenlignet med tidligere undersøgelser. Resultaterne fra de optimerede 

produktionsmetoder blev derefter brugt til at udvikle en spatial model, som kan anvendes til at 

evaluere muslinger som marint virkemiddel i den vestlige Østersø. Modelresultaterne viste flere 

egnede områder, hvor muslinger som marint virkemiddel med fordel kan anvendes for at 

opfylde vandkvalitetsmålene, ligesom modellen også identificerede områder, hvor 

muslingeproduktion kan blive begrænset af reduktion i fødekoncentrationen. Derfor blev der 

udviklet en farm-scale-model til at evaluere mekanismerne bag reduktion i fødekoncentrationer i 

detaljer ved at opsætte forskellige scenarier med flere miljøinteraktioner, som er repræsentative 

for typiske forhold i den vestlige Østersø. Modelresultater og feltobservationer af reduktion i 

fødekoncentrationer viser, at relativt små variationer i miljøforhold eller farm-konfiguration havde 

forskellig effekt på intensiteten og omfanget af reduktionen i fødekoncentrationen. For at 

undersøge de komplekse forhold omkring reduktion i fødekoncentrationerne i felten i forbindelse 

med storskala produktion af muslinger som marint virkemiddel blev der gennemført feltstudier 

som blev sammenkoblet med indsamling og analyse af satellite remote sensing data. De 

rumlige mønstre for reduktion i seston blev primært påvirket af hydrodynamiske forhold, men 

ved høje muslingebiomasseforekomster i opdrætsanlæggene var der indikationer på reduktion i 

koncentrationen af seston på bassinskala. Reduktion i seston koncentrationerne på basinskala 

kan have indvirkning på næringsstofdynamikken i sedimentet. Der blev derfor foretaget 

yderligere feltundersøgelser af de biogeokemiske processer i sedimentet for at undersøge 

effekterne af den forøgede sedimentation under muslingeopdrætsanlæg. Resultaterne viste, at 

den intensiverede sedimentation under muslingeanlægget generelt blev observeret indenfor 

opdrætsanlægget og hurtigt ikke kunne adskilles fra den naturlige høje sedimentation, der 

forekommer i eutrofierede områder. 

Denne afhandling opstiller en række tiltag, der kan optimere produktionen af muslinger som 

marint virkemiddel samt tilvejebringer nye metoder til at evaluere potentialet for muslinger som 

marint virkemiddel under forskellige miljøforhold, herunder dokumentation af dets økologiske 

påvirkninger. 
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1. Introduction
For the past few decades, the improvement of coastal water quality - with attention to reducing 

anthropogenic eutrophication – has been a locus of policy development in Northern Europe (i.e. 

OSPAR, Water Framework Directive, HELCOM). There have been remarkable achievements in 

the implementation of these policies, notably in the improvement of wastewater treatment. 

Nevertheless, many coastal water bodies in Northern Europe, including the Baltic proper, are 

still considered eutrophic and will likely continue to be so for years to come. Nutrient inputs into 

coastal waters originate from many sources; point sources (e.g. water treatment plants, fish 

farms), non-point/diffuse sources (e.g. agricultural runoff, groundwater discharge), or 

atmospheric (e.g. volatilized ammonia or combustion byproduct absorption). Following 

discharge modifications and improvements in water quality management programs, non-

point/diffuse sources of nutrients are the most significant in Northern European coastal waters. 

A governing principle in water management plans is to minimize the introduction of nutrients in 

headwaters and abate the flow of nutrients as close to the source as possible. Treatment 

methods designed to minimize nutrient introduction into coastal waters from their source are 

abundant in implementation. Although much progress has been made in reducing or abating 

nutrient flows into coastal waters from diffuse sources, the efficiency of further implementation 

rapidly diminishes with increased implementation and are often very expensive. Furthermore, 

decades of nutrient emissions to coastal seas and estuaries also results in the enrichment of 

sea floor sediments. This internal loading of nutrients remains a persistent source of nutrients 

even after load reductions (Van Meter et al., 2018).  

From a management perspective, restricting or mitigating nutrient loads is challenged by 

significant economic, political, historical, and engineering demands; particularly when synergy 

between mitigative mechanisms is required. Managing nutrients in a watershed, and mitigating 

their impacts in recipient waters follows a mass balance budgetary approach, where a balance 

or net reduction of nutrients is desirable. As a complex systemic response to enrichment, 

mitigating eutrophication furthermore focuses on ultimately improving the ecological status of 

the recipient water body in order to improve ecosystem functioning. There is increasing 

recognition for novel intervention approaches within the marine environment for nutrient capture, 

as well as the simultaneous ecosystem services provided to directly improve water quality. 
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1.1 Eutrophication 
Increasingly productive agricultural land use, concentrated human populations producing large 

quantities of wastewater, and atmospheric deposition of combustion-sourced nitrous oxides 

intensifies nutrient emissions to coastal seas and estuaries. Nutrients are assimilated by 

microbial life and transformed into organic matter. This anthropogenic amplification in the supply 

of organic matter to the marine environment is termed eutrophication (Nixon, 1995). In general, 

the accretion of organic matter in estuaries and coastal waters is stimulated by the supply of 

nitrogen (N) and phosphorus (P). Dominant sources of these nutrients include wastewater 

discharges, agricultural runoff of fertilizers, groundwater discharges, and atmospheric deposition 

(Paerl, 1997). Eutrophic marine and estuarine ecosystems are characteristically out of balance, 

with multiple environmental, social, and economic ramifications (Bricker et al., 1999). The 

consequences of oversupply of organic matter are manifold, fundamentally changing the 

structure and functioning of the coastal ecosystem. The most immediate symptom is overgrowth 

of phytoplankton, which function as transporters of nutrients through the ecosystem, therefore, 

the concentration of phytoplankton in the water column is a measure of water quality. The 

degradation and consumption of phytoplankton increases ecosystem metabolism. At the 

extreme, excessive stimulation of primary productivity can culminate in conditions exceeding the 

capacity of the system to sustain aerobic life (Diaz and Rosenberg, 2008). Ecological impacts 

associated with eutrophication often induce permanent changes to physical, chemical, and 

biological systems (Alexander et al., 2017). This is manifested by loss of biodiversity, habitat 

deterioration, increased light attenuation in the water column, oxygen limitation, and increased 

instability in physicochemical systems (Paerl et al., 2014). In little over 40 years from now, the 

global population is expected to exceed 9 billion (Vollset et al., 2020). Population growth and 

increasing demand for animal proteins will likely increase nutrient emissions to coastal seas 

around the world (Mateo-Sagasta et al., 2018) and continue to exacerbate coastal ecological 

pressures (Glibert, 2020). Without significant costs adjustments in the food supply system, 

where the costs of environmental impacts can be internalized, eutrophication will likely continue 

to proliferate (Van Grinsven et al., 2013). 

Following increased awareness of the impacts of industrialized food production and the 

publication of Rachel Carson’s Silent Spring (1962), the Environmental Protection Agency in the 

United States was formed. Momentum perpetuated for regulating pollutants and nutrient 

emissions over the next decade, with the Clean Water Act in 1972 as one of the first examples 

of interstate water management. In Europe, the first international agreement for joint 
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management and pollution control of the Baltic Sea was birthed in 1974 as the Helsinki 

Convention, overseen by the Baltic Marine Environment Protection Commission (HELCOM). 

Following several directives with consecutively greater integrative approaches, European-wide 

basin management planning was adopted in the Water Framework Directive (WFD) in 2000, 

with the ambition for all inland waters within 1 nautical mile from the coast to achieve ‘good 

ecological status’ by 2015-2020 (Borja et al., 2013). In 2007, HELCOM implemented the Baltic 

Sea Action Plan (BSAP) with similar integrative approaches to the WFD, to achieve ‘good 

ecological status’ across the Baltic Sea by 2021 (Backer et al., 2010). Likewise, in open marine 

waters, the Marine Strategy Framework Directive (MFSD) was adopted by the EU in 2008 to 

achieve ‘good environmental status’ by 2020 (Ferreira et al., 2011). As of the current writing on 

the eve of 2021, it is apparent that realizing targeted reductions in nutrient emissions and 

desired ecological/environmental status of coastal waters will be protracted and unlikely in the 

next decades (Murray et al., 2019). 

The assessment of eutrophic states has evolved over the past 25 years. The WFD implements 

a common framework, inspired by the OSPAR framework, for designing country-specific 

assessment ‘checklists’, based on characterizing eutrophication processes categorically as 1) 

enrichment (loading), 2) direct effects (increased primary production), and 3) indirect effects 

(anoxia, ecological change) (European Commission, 2009). To comply with WFD assessment 

requirements in the greater Baltic Sea, HELCOM developed mutlimetric assessment tools for 

qualifying ecological status: the HELCOM Eutrophication Assessment Tool (HEAT). More widely 

used, the NOAA Assessment of Estuarine Trophic Status likewise performs integrated 

assessments that expresses eutrophic state (direct and indirect effects) as a function of nutrient 

loading in a Pressure-State-Response framework (Bricker, 1999; Ferreira and Bricker, 2016). 

Despite moderate differences in assessment methods, as phytoplankton growth is the most 

immediate and representative effect of nutrient enrichment in transitional (estuaries) and coastal 

waters, chlorophyll-a (chl-a) is universally used as a primary indicator for quantifying eutrophic 

state, or more generally, water quality status (Borja et al., 2012). 

Among the most impacted water bodies in the world, eutrophication in the greater Baltic Sea 

has accommodated more study and abatement measures than any other estuary (Boesch, 

2019; Malone and Newton, 2020). Despite some notable improvements in reducing nutrient 

inputs, most of the Baltic Sea is still failing to reach ‘good ecological status’ (Kristensen et al., 

2018). Denmark is an important case study in the mitigation of marine eutrophication (Riemann 

et al., 2016). Following expansive oxygen depletion in the open Kattegat Sea in the 1980s, 
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perspectives on nutrient pollution quickly evolved, leading to the adoption of Action Plans for the 

Aquatic Environment setting national reduction targets for nitrogen and phosphorus (Grant and 

Blicher-Mathiesen, 2004). Adoption of regional water management plans, in particular the WFD 

has driven policy and targets up to date. The majority of Denmark’s land area is currently used 

for agriculture (>60%, statbank.dk). Following the improvements in wastewater treatment plants 

in the 1990s, current riparian nitrogen loads to the coastal seas are 90% diffuse, approximating 

50x103 t year-1, with 45x103 t in 2018 due to reduced rainfall (Thodsen et al., 2019). Reduction 

targets are still considerably higher than the attained loads, for example, in the Limfjorden 

catchments, reduction targets are approximately 32-56% (Erichsen and Timmermann (editors), 

2017). Phosphorus loads have markedly reduced since the 1990s from point-source reductions 

and have leveled out around 2x103 t year-1 (Thodsen et al., 2019). The overall experience in 

reducing nutrient (nitrogen) emission from agriculture is that general regulatory regimes have 

effectively reduced loads into the aquatic environment; however, further intensification of these 

reductions (mitigation) are anticipated to be expensive (Hasler et al., 2012). Expanded 

regulation and abatement measures are moving towards higher spatial-specificity and will 

continue to be challenging to implement (Dalgaard et al., 2014; Konrad et al., 2014; Hashemi et 

al., 2018). Implementation of agricultural mitigation policies has been problematic in practice 

due to inadequate formulation and political dispute, further hampering momentum in realizing 

WFD goals (Jacobsen et al., 2017). Regional nutrient inputs advected from neighboring water 

bodies also supplement local emissions (Jørgensen et al., 2014). Reduced nutrient loads over 

decades have culminated in the improvement of some ecological indicators, such as the 

reduction of chl-a and minor expansion of Zostera marina, however, many ecological indicators 

have not responded as expected (Riemann et al., 2016). As such, there is requirement for novel 

mitigation mechanisms and updated management paradigms. 

Eutrophication in microtidal, partially stratified estuaries, such as those in the Baltic Sea and 

Danish estuaries, is characterized by higher phytoplankton densities, strong vertical metabolic 

gradients, greater retention of nutrients and organic matter, and shallow euphotic zones 

(Monbet, 1992). Due to physical hydrodynamic processes and often coastal morphological 

constraints generating minimal tidal prisms (increasing residence time), primary production as a 

function of nutrient concentrations is typically higher than macrotidal environments (Cloern, 

2001). Elevated seston concentrations additionally impairs estuarine photic ecosystem 

functioning, where the distribution and resuspension of fine organic sediments, high densities of 

large phytoplankton constituents, and recalcitrant dissolved organic matter contribute to acute 
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light attenuation, restricting the effective euphotic zone and subsequently, benthic habitat 

stability (Pedersen et al., 2012).  

1.2 Abate and mitigate 
Solutions to pressures on the biosphere need to fit in increasingly limited economic and physical 

space. Eutrophication, like the many other broad pressures, emanates from many of the 

fundamental systems and links between systems that define modern industrial economies. 

Strategies for mitigating eutrophication effects need to be manifold, and tools will increasingly 

need to serve multiple purposes.  

The prevailing approach to eutrophication management has embraced a perspective of 

restoration to a prior state. It is increasingly recognized that persistent anthropogenic 

eutrophication extensively modifies the ecosystem to a degree that a ‘return’ to ‘pristine’ 

conditions resembling pre-industrial ecosystems is untenable (Duarte et al., 2009). Hysteresis 

and asymmetry in ecological responses to nutrient reduction also present discrepancies with 

expected response trajectories (Kemp et al., 2005). Interventions enhancing ecosystem 

services and functions should be a driving approach when ameliorating nutrient enrichment 

(Choi, 2007). 

Water management programs prioritize the management of nutrient emissions at or as close as 

possible to their sources, with the goal to abate the flow of nutrients into recipient waters. 

Downstream, at the scale of watershed emissions, riparian inputs have been used as 

management thresholds for discharge into estuarine and marine waters (i.e. Total Maximum 

Daily Loads). In light of the adoption of tertiary wastewater treatment in many historically 

problematic basins, focus on nutrient load reductions in practice and policy has shifted focus to 

targeted terrestrial abatement measures for diffuse sources, such as strategic fertilizer 

application, constructed wetlands, riparian buffers, cover crops, and various Best Management 

Practices (Rose et al., 2015). Such mechanisms have largely been adopted in sensitive areas 

and the proliferation of further application largely requires reductions in agricultural output, 

higher investments in land cover conversion, finer spatial resolution in targeted abatement, or 

further technological innovation (Duarte and Krause-Jensen, 2018). When nutrient emissions 

are insufficiently curtailed, the impacts of those emissions should be mitigated. 

Variegated efficacy in nutrient management programs, persistent internal nutrient loads, and 

atmospheric deposition have elicited opportunities for the management of nutrients within the 

marine environment. Within this realm, much of the literature has focused on enhancing lower 
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trophic assemblages, such as bivalve reefs (Grabowski et al., 2012; Beseres Pollack et al., 

2013; Kellogg et al., 2014) and seagrass meadows (Fourqurean et al., 2012; Kindeberg et al., 

2018; Bruhn et al., 2020). Over the past two decades, the active cultivation of lower trophic 

organisms, such as oysters (Carmichael et al., 2012; Kellogg et al., 2014; Rose et al., 2014; 

Bricker et al., 2014a, 2018, 2020; Reitsma et al., 2017), clams (Rice et al., 2000; Saurel et al., 

2014; Bricker et al., 2018), mussels (Lindahl et al., 2005; Gren et al., 2009; Lindahl, 2011; 

Petersen et al., 2012, 2014, 2016; Bruhn et al., 2020), and macrophytes (Xu et al., 2011; Kim et 

al., 2015; Seghetta et al., 2016; Xiao et al., 2017; Bruhn et al., 2020) has gained traction as 

ecosystem engineering methods to mediate nutrient concentrations in recipient marine waters.  

Top-down control of excessive phytoplankton by large bivalve assemblages has been 

recognized for decades (Kuenzler, 1961). Leveraging the extensive filtration capacity of wild 

assemblages (Officer et al., 1982), and cultivated bivalves (Ryther et al., 1972) to reduce the 

effects of eutrophication has long been envisioned to as a natural means to manage estuarine 

eutrophication. The bivalve mitigation concept is framed by relatively simple mass balance 

principles. Inorganic nutrients introduced into the marine environment are rapidly assimilated by 

phytoplankton and bacterioplankton. A large proportion of this planktonic mass, and associated 

organic particles (aggregated detrital material, microbial and polymeric assemblages, plankton 

clusters, protozoa, etc.) are assimilated and immobilized when filtered by suspended mussel 

aggregates. Nutrients are anabolically assimilated into tissue, shell, and byssal attachments, or 

immobilized through egestion (fecal deposition and production of pseudofecal material). A 

fraction of nutrients are metabolically utilized and remobilized into the environment as inorganic 

nutrients (i.e. ammonium, orthophosphate) directly from mussel excretion, heterotrophic 

microbial mineralization of organic fecal matter, or through Dissimilatory Nitrate Reduction to 

Ammonia (DNRA). When mussels are harvested, assimilated nutrients are removed from the 

local environment (catchment). This mass balance principle thus focuses on the processes and 

subsequent nutrient extraction potential that are captured through harvest (Figure 1). While 

these processes include a number of molecular species, global coastal seas and estuaries are 

generally nitrogen-limited (Howarth and Marino, 2006) and has generally been the element of 

focus for management programs. 
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Figure 1. Major budgetary pathways of nitrogen in eutrophic estuaries (top) and eutrophic estuaries with mitigation 
mussel cultivation (bottom). Inputs are largely contributed to diffuse emissions in the form of surface water inputs, 
groundwater inputs, and atmospheric deposition originating from animal manure, fertilizer derived from the Haber-
Bosch process, and nitrous oxides from combustion. Within the estuary, nutrient dynamics and fates are related to 
transformation and transport as organic matter through trophic webs; deposition and degradation at the sea floor 
(organic loading); ammonification, nitrification, denitrification, DNRA; legacy retention and release (internal loading); 
burial; and export. Introduction of mitigation farms tends to concentrate deposition of organic matter within the farm 
footprint, while reducing basin-scale sedimentation. Metabolic wastes and enhanced mineralization of organic matter 
can increase retention of dissolved inorganic nutrients within the estuary, reducing export. Filtration pressure 
increases light penetration in the water column. Harvest of mussels removes assimilated nutrients from the system. 

17



Only recently have bivalve aquaculture operations been considered as binding instruments for 

managing nitrogen in watersheds (Ferreira and Bricker, 2019). Valuation of ecosystem services 

for bivalve farming has very recently become a reality, and the use of bivalve farming has 

become increasingly recognized as a means to reduce total agricultural abatement costs (Gren, 

2019). As a mitigation measure, mussel farming has been previously approved for limited 

nutrient credits for wastewater treatment discharges, such as the Lysekil case study in Sweden 

(Lindahl, 2011). Wider adoption of nutrient trading mechanisms has been a recent development 

in the Chesapeake Bay watershed owing to relatively high certainty of the potential harvestable 

nutrient content for individual oysters (Stephenson and Shabman, 2017). Oyster aquaculture 

was approved as a Best management Practice (Cornwell et al., 2016; Ferreira and Bricker, 

2019), and can now register for nitrogen credits in the open market; for example, Blue Oyster 

Environmental1. 

1.3 Mussel production – provisioning service 
Projected population growth with concomitantly increasing demand for animal proteins, 

increasingly poor dietary conditions, limited arable land and fresh water, and negative 

environmental impacts of terrestrial agriculture has placed marine aquaculture in the spotlight 

for the future of food (Schubel and Thompson, 2019). A significant proportion of animal 

production, including approximately half of all aquaculture production, relies on fishmeal as a 

protein and lipid ingredient; of which cannot be expanded without further compromising 

sustainability of the fisheries (Cottrell et al., 2020). In addition to other goods and services, 

harvested mussels are an extremely valuable source of low/positive-impact, highly-digestible 

proteins and lipids (Parodi et al., 2018). Mussel meals have similar amino acid profiles to 

fishmeal (Jönsson and Elwinger, 2009), including content of methionine and taurine which 

typically require supplementation in fishmeal replacement (Árnason et al., 2015). 

Concentrations of polyunsaturated fatty acids are also relatively high, especially proportions of 

EPA and DHA (Carboni et al., 2019). As an experimental feedstuff, high inclusion levels of 

mussel meals have demonstrated positive results in egg laying hens (Afrose et al., 2016), 

porcine diets (Nørgaard et al., 2015), Arctic charr (Salvelinus alpinus), Eurasian perch (Perca 

fluvialtilis) (Langeland et al., 2016), and salmonids (Lund, 2020). Numerous potential uses of 

shells and byssus, as well as biotechnological applications exist utilizing valuable bioactive 

materials in mussels (Naik and Hayes, 2019; Venier et al., 2019). Paradoxically, the 

consequences of over-utilization of the landscape for protein production can be partially 

1 https://www.blueoysterenv.com/ 
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remedied by a transformation of wastes and inefficiency to a sustainable protein source (Hilborn 

et al., 2018). Mussel production, as a means to improve water quality and as a source of 

valuable proteins directly serves the UN Sustainable Development goals 2, 6, 12, and 14. 

The vast majority of aquaculture production is designed for human consumption. The market 

draws high prices and is suitable for diversification in consumption habits or preferences. 

Conventional mussel farming conforms cultivation practices to the market and most often for the 

highest value sectors in the fresh market. This entails operational considerations such as 

optimal stocking when spat availability is sufficient; which requires spat collection, spat harvest, 

cleaning, sorting, re-stocking at densities balancing individual growth and total farm yield, and 

subsequent harvests. These intermediate steps are costly, but ensure individual mussels will be 

desirable for the fresh market (i.e. >4 cm shell length), and will be homogeneously sized to 

minimize waste. Cultivation durations for fresh mussels directed for human consumption is 

typically greater than one year. 

Mitigation mussel farming is designed from the primary objective of maximizing nutrient 

extraction from a water body while minimizing operational costs. As such, mussels will tend to 

be smaller (< 4 cm) and heterogeneously sized, but in sum, the greater densities of mussels 

increases total biomass yields. This cultivation mode then omits the intermediate steps between 

spat collection and harvest, requiring methods to essentially maintain as much spat as possible 

on the collector substrate. The concept of ‘production’ is an emphasis with mitigation farming. In 

contrast to the extraction of nutrients by harvesting wild biomass from the aquatic system, 

mitigation mussel culture relies on the recruitment of mussels by the introduction of hard 

substrate in the water column (Kamermans and Capelle, 2019). This effectively provides habitat 

for mussel spat which would normally be lost to the environment as typically <1% of wild mussel 

larvae are naturally recruited (Barker Jørgensen, 1981; Gosselin and Qian, 1997). While spat 

fall can be variable spatially and interannually, surface area limits total biomass at the 

population level, after individual size lends to self-thinning. 

Farming technologies are locally adapted to fit environmental conditions, capital costs, 

operational costs (especially labor costs), and regulation. When the growth cycle is completed in 

suspended culture, cultivation structures are typically designed to exploit as much of the 

‘effective’ water column (i.e. above the pycnocline and with sufficient food resources) while 

permitting adequate food flux. Spat collectors are diverse in design, from simple plastic rope to 

frayed material with extremely high surface area per unit length. Increasing surface area can 

provide greater numbers of spat collected, which over time, as mussels grow, may exceed local 
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carrying capacity (food limitation) or structural capacity (aggregate weight exceeds attachment 

strength). In regions with high tide amplitude or predation pressure, rafts have been a popular 

structure to suspend mussels. They can accommodate relatively high energy conditions and the 

superstructure (supporting the suspended structure) can move freely in 3 dimensions. The 

structure can be relatively expensive to build and maintain, and limits cultivation volume to the 

raft’s dimensions. Additionally, rapid mechanized harvesting can be hindered. Longline 

cultivation has become commonplace in microtidal and lower-tidal amplitude regions, or as a 

submerged structure in exposed sites. Typical configurations utilize single or twin backbones, 

buoyed by single 20-200 L buoys, with varying distances between lines to accommodate 

currents and types of working vessels. The Swedish variation resembles a stringed instrument, 

with multiple lines moored together at each end on a bridge, at only a few meters spacing from 

each other. Like rafts, this permits concentrated production of mussels and typically occupies 

the upper 6-8 m of the water column; and is suited for the relatively narrow, sheltered inner-fjord 

waterways. Due to historical technology transfer, and similar conditions, Danish and German 

longline farms resemble Canadian farms, with single longlines moored separately and 5-10 

meters apart (Figure 2 upper left panel). Deeper water farms around the globe typically use a 

twin longline system with ‘ladders’ or single continuous substrate that can extend as loops over 

10 m depth. The extent of mechanization in longline farming depends on local labor costs and 

annual production volumes per farmer. A newer system, resembling the longline setup, utilizes 

single plastic tubes for buoyancy with nets suspended from the surface (tube-net system). This 

system requires specialized harvesting equipment and represents the highest level of 

mechanization of mussel farming techniques (Figure 2, lower right panel).  
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Figure 2. Farming technologies. Left panels: Longline setup, aerial view (top), suspended mussel loops (middle), 
harvest vessel (bottom). Right panels: Tube-net setup, aerial view (top), net with mussels attached (middle), harvest 
barge and service vessel (bottom). Note the difference in mechanization of harvesting, where a single vessel is used 
for conventional harvesting, while a harvest machine on its own vessel is used for tube-nets. 
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1.4 Mitigation potential – nutrient extraction service 
The number of studies investigating the use of bivalves for active reduction of nutrient 

enrichment has accelerated over the past decade (Petersen et al., 2019a). The majority of these 

studies are based on modeling at the farm or ecosystem scale, while few have coupled field-

based studies. The potential for nutrient extraction using mussel farms is ultimately determined 

by the retention and growth of mussel biomass in a given area. As a suspension feeding 

poikilothermic organism, mussel growth up to maturation (gametogenesis) is a function of food 

quantity, food quality, temperature, and osmoregulation. Food quantity is furthermore influenced 

by flux over the inhalant siphon, which is determined by hydrodynamic conditions and food 

depletion gradients formed by population-scale food consumption. In the optimal configuration, 

the maximum number of mussels, regardless of size, are collected and retained to the threshold 

of food supply. As mitigation mussel farming intends to maximize nutrient assimilation in a given 

area (Petersen et al., 2019a), or equivalently, mussel biomass, the interaction of farming 

practices and the local environmental conditions are important to scope. Furthermore, as a 

proposed tool for implementation in different areas, it is important to provide a set of design and 

configuration criteria to give shape to a ‘standard’ mitigation farm and provide robust 

documentation of productivity. 

For mitigation instruments, the nutrient reduction rate in limited space is termed areal efficiency; 

where in mussel farming this will equate harvestable biomass in a given area. The first study to 

evaluate production potential of mitigation mussels was conducted by Petersen et al (2014) and 

Nielsen et al (2016), where the authors reported areal efficiencies of 0.59 t N and 0.027 t P ha-1 

in the autumn (October 2010), and 0.85 t N and 0.037 t P ha-1 the following spring (May 2011), 

corresponding to biomass yields of 48 t ha-1 and 59 t ha-1 respectively. Their approach was to 

set up a full-scale commercial farm with the typical spat collection configuration for conventional 

mussel farms, namely full single longlines with 2 m deep continuous loops of spat collector belts 

separated by 60 cm, and then to maintain the mussel stock with minimal intervention. Buoyancy 

was maintained over the production period, as well to accommodate for ice coverage, and trial 

harvests were conducted to quantify total potential yields. The study demonstrated substantial 

potential for mitigation mussel farming, but as costs should be minimized, and it was suspected 

that higher areal efficiencies could be realized, further investigation was required to optimize the 

extractive potential. 

Extrapolation of a single trial beyond the conditions present in a single sub-basin can be 

problematic if water managers should expect similar areal efficiencies. Spatially-explicit 
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mitigation potentials are useful for prioritizing water bodies with greater requirements for nutrient 

reduction and identifying regions with favorable conditions for mussel farming. As before, 

mussels grow in response to the ambient conditions, so these conditions must be known or 

estimated in order to parameterize a mussel farm for potential biomass accumulation. Often, the 

spatial and temporal resolution of such data is poor, and makes it difficult to accurately model 

mussel growth across water bodies. The validation of mussel growth and farm productivity 

across environmental conditions is even scarcer. Spatial modeling integrating environmental 

conditions over time with validated growth models can increase the confidence of managers of 

the expected variability in the mitigation instrument performance over space and expected areal 

efficiencies to determine how much room is needed for meeting reduction targets. Accurate 

spatial estimations are important for water management as limited coastal space for multiple 

uses can inhibit the expansion of mussel farming (Sterner, 2005). 

1.5 Particle immobilization and water clarification 
Like all lamellibranchia, mussels actively feed on suspended matter by pumping water into an 

inhalant siphon and over the ctenidia, then particles are conveyed by ciliary action to digestive 

processes. Mussel ctenidium filaments are undifferentiated (homorhabdic), and generally 

considered non-selective of particles, whereby selection may occur subsequently at the labial 

palps. This anatomical architecture accounts for very high capture efficiency of particles 

between 4-10 µm (Riisgård, 1988; Gosling, 2015; Rosa et al., 2018). The particle clearance rate 

of individual mussels is size and gill-morphology dependent, on the order of 5-10 l g-1 h-1 

(Petersen et al., 2004). Aggregated filtration at the cm scale from inhalent and exhalent siphons 

is characterized as a three-dimensional turbulent boundary layer influenced by active feeding 

(Muschenheim and Newell, 1992), shear, drag (van Duren et al., 2006), mixing and advection 

(Saurel et al., 2013); where seston concentrations generally decrease exponentially towards the 

siphon interface (Petersen et al., 2008b; Nielsen et al., 2016; Petersen et al., 2019b). Within this 

micro-scale zone and up to the meso-scale zone (farm-scale, bed-scale), particle depletion and 

refiltration of undigested material occurs, leading to reduced food content and decreasing 

filtration efficiencies (Monismith et al., 1990; O’Riordan et al., 1995; Jonsson et al., 2005; 

Cranford et al., 2014). From the meso-scale to the macro-scale (sub-basin, ecosystem), larger 

scale hydrodynamics (i.e. tidal frequency, eddies, convergence, entrainment, stratification, 

vertical mixing), hydrology (freshwater inputs), and relatedly, planktonic community dynamics 

(vertical distribution, patchiness, differential grazing, phototaxis, turnover) will resolve the 
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implications of filtration on ecosystem processes. Large-scale filtration of phytoplankton has 

been reported in numerous estuaries to limit primary production (top-down control) and shift the 

fundamental community composition and productivity dynamics (Prins et al., 1995). Biophysical 

processes determining vertical distribution of phytoplankton classes relative to the position of 

mussel aggregates in the water column can drive significant modifications in the phytoplankton 

community structure, with potential impacts on the food web (Lucas et al., 2016). 

Spatiotemporal variability and biophysical-filtration dynamics at scale increasingly complicate 

the description of seston/phytoplankton filtration and depletion (Cranford, 2019). 

Eutrophication indicators relating to the concentration and content of seston are important, as 

the rapid response to nutrient enrichment is well-described (phytoplankton growth) and the 

effect on increased seston-driven light attenuation has well-recognized ecological impacts. 

Phytoplankton constitutes the majority of suspended organic matter in enriched estuaries 

(Winder et al., 2017), while tripton may occasionally account for high suspended matter 

concentrations during wind-driven resuspension events or at the estuarine turbidity maximum 

(Prandle, 2009). Water clarity regulates habitat suitability and growth of submerged aquatic 

vegetation, such as eelgrass beds (Wall et al., 2008), where depths are limited to only a few 

meters in eutrophic waters due to limited light availability (Nielsen et al., 2002). Immobilization of 

suspended organic matter by large bivalve assemblages can decrease light attenuation in the 

water column (Cranford, 2019), and reduce basin-scale effects of eutrophication due to the net 

reduction of sedimentation (Timmermann et al., 2019). Mussels feeding on concentrated seston 

in eutrophic waters will rapidly reduce the concentration of phytoplankton, and therefore, directly 

improve an indicator of ecological state.  

Controlling for other biophysical factors, the integrated filtration rate and seston flux (as the food 

source) couple the water clarification environmental service and production capacity. In 

mitigation cultivation implemented in eutrophic waters, approaching production carrying capacity 

will indicate that the farm is running at its maximum potential for nutrient assimilation. Assuming 

the food quality of a given concentration of food, food flux is a combination of quantity and 

advection. For a mussel farm, micro-scale (boundary area around siphons) depletion of food is 

integrated to meso-scale (farm boundary) depletion (Petersen et al., 2019b), and under low flow 

or food concentration conditions, food can be limited in the center or downstream sections of a 

farm (Strohmeier et al., 2008). Multiple interacting environmental drivers and farm configuration 

are determinant of the extent and intensity of particle depletion. 
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1.6 Biogeochemcial impacts 
The intensive immobilization of suspended organic material works to both reduce the 

concentration of total suspended matter and deposit a fraction of unassimilated or metabolized 

material within the immediate vicinity of the aquaculture structure. From the perspective of a 

suspension feeding farm, the filtration mechanism functions as a consolidator of diffuse organic 

matter. The concentrated deposition of organic matter (fecal material) underneath mussel farms 

and consequential retransformation of particle-bound nutrients to dissolved nutrients (Cranford 

et al., 2007) is one of the main impacts of mussel cultivation; and the scrutinization of the scale 

of impact has gained interest in recent years (McKindsey et al., 2011). Intensive localization of 

organic matter in bivalve assemblages have direct impacts on sedimentary nutrient processes 

(Jansen et al., 2019). Increased organic matter introduced to the benthos increases microbial 

respiration and metabolism of particle organic nitrogen to inorganic dissolved nitrogen (NH+
4), 

and the liberation of reactive phosphorus. Remineralization of particulate organic matter into 

dissolved inorganic and labile organic nitrogen by extensive bivalve assemblages has been 

cited as potentially enhancing eutrophication in host estuaries, provided much of this material 

would have otherwise been exported (Cranford et al., 2007). Additionally, there are multiple 

interactions with carbon dynamics, considering respiration (CO2), shell formation (CO2-
3 ),  

somatic assimilation, and various sediment fluxes, all of which can contribute to potential carbon 

sequestration (Filgueira et al., 2019). 

Bivalve aquaculture has been widely documented to enhance denitrification, the anaerobic 

process of transforming fixed dissolved nitrogen (NO-
3) to gaseous nitrogen (N2O and N2) 

(Kellogg et al., 2014; Petersen et al., 2019a), and is the principle reduction pathway of fixed 

nitrogen that results in a net removal of nitrogen from the aquatic ecosystem. The coupled 

nitrification-denitrification process is an important ecosystem function that can be inhibited by 

excessive deposition of organic matter, leading to euxinic conditions. Less studied, DNRA is the 

anaerobic process of transforming NO  -
3  to NH+

4 which results in a net retention of nitrogen in the 

ecosystem, and can be enhanced by an overabundance of labile organic matter, relative 

oxidative states of N (Kraft et al., 2014), and perhaps increased sulfide concentrations (Joye 

and Hollibaugh, 1995). Concern that sediment microbial transformation of fixed nitrogen from 

predominantly denitrification to DNRA will counteract the removal of nitrogen in the form of 

harvested material was raised several years ago (Stadmark and Conley, 2011). The impacts on 

the benthos has been an important focal point of opposition to the expansion of mussel farming 

in general, and in particular for mitigation farming. Better understanding of the magnitude of this 
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shift from denitrification to DNRA, as well as the flux rates and fates of nutrients in response to 

localization of organic matter can augment estimations of nutrient extractive potential. Accurate 

measurements and sufficient spatial representation is required to characterize these effects in 

heterogeneous conditions, such as eutrophic systems, and can be optimally conducted with in 

situ investigation (Humphries et al., 2016). 

1.7 Thesis objectives 
This thesis was designed to evaluate the nutrient extraction potential of mitigation mussel 

cultivation and the associated ecological impacts. Experimental field study was conducted in 

2017 and 2018 to evaluate different farming technologies and farm configurations in order to 

maximize nutrient extractive capacity. This work formed the basis of paper 1. Simultaneously, 

between 2017 and 2019, mussel recruitment and growth was surveyed at mussel farms or 

single longlines set up around Denmark and in the German Greifswald Bay. Coupled to farm-

scale potentials from inputs to paper 1 and environmental data tracked with sensors and loggers 

developed at the Danish Shellfish Center, we updated a Dynamic Energy Budget (DEB) model 

to accommodate low salinity areas and applied a newly developed spatial model to determine 

spatially explicit mitigation potentials across the western Baltic Sea; paper 2. As we discussed in 

paper 2, velocity-limiting food flux could reduce the extractive potential at the farm-scale due to 

food depletion. A simple function was applied to accommodate areas with low current velocities, 

but an in-depth comprehension of how interactions of farm configuration with local 

environmental conditions was required for application of mitigation farming across the western 

Baltic. Therefore, we applied our data from paper 1 and the field growth data to a new farm-

scale model focusing on depletion dynamics, incorporating both the updated DEB model and a 

novel decoupled hydrodynamic framework in paper 3. To expand our understanding of the 

interplay between mitigation potentials, carrying capacity, phytoplankton depletion as an 

ecosystem service, further field study was performed at the largest mussel farm in Denmark. 

Between 2018 and 2020, environmental conditions were tracked and a focused field campaign 

was conducted to expose the processes of large-scale particle immobilization in a dynamic 

environment, forming the basis for paper 4. Following the path of particle immobilization, namely 

the effects of enhanced sedimentation underneath farms, further field study was undertaken at a 

commercial farm from 2017-2019. Similar to the other field studies, environmental conditions 

and the standing biomass stock were tracked. Here we conducted the first in situ incubation 
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evaluations of sediment chemistry underneath and outside of the farm, while also tracking 

hydrodynamics and sedimentation rates, forming paper 5. 

In concert, these five papers provide robust documentation of the potential of mitigation mussel 

farming in the western Baltic Sea, and the scale of associated ecological impacts. 

2. Synopsis
2.1 Paper 1: Optimizing production of mitigation mussels 
To achieve the greatest extractive potential in a limited space at minimal costs, mitigation 

mussel culture is designed to optimally run at production carrying capacity, with minimal 

intervention following spat collection. In principle, cultivation is therefore defined by the 

collection and maintenance of high quantities of spat and utilizing farming technologies and 

techniques that can sustain the growth of spat over a brief production period. Conventional 

mussel farming techniques are designed for maximizing individual quality, while mitigation 

culture should maximize aggregate biomass accretion. Cultivation technologies utilizing different 

substrates or structures occupying the water column can present a wide variety of production 

potentials. Optimizing these production parameters for mitigation culture has not been 

previously conducted, and large-scale field study was required to obtain realistic production 

estimates. Accordingly, we conducted production trials at commercial scale in the Limfjorden 

over two production seasons to evaluate the performance of reconfiguring conventional 

methods and application of alternative technologies. Treatments included spacing and total 

water column coverage of conventional spat collectors, a ‘ladder’ system, and tube-nets with 

two mesh sizes. Harvest timing (winter vs. spring) was also examined for potential advantages 

of early-spring growth. By increasing density of conventional spat collectors alone, prior yield 

estimates were improved by > 150%, and utilizing tube-nets, > 300%. Optimized configuration 

of spat collectors could produce 88 t mussels ha-1 (1240 kg N ha-1), and tube-nets yielded 180 t 

mussels ha-1 (2430 kg N ha-1). Longer (3 m) spat collectors created technical management 

issues that impacted total yields, due to shallow total water column depths. Increased surface 

area generally increased total yields, however, reduced size and condition was observed with 

the highest stocking configurations. Winter harvests generated higher yields (103–124%) than 

overwintering, which can reduce costs of winter maintenance and potential damage from ice 

drifts. Production between sites was comparable, suggesting the eutrophic state of much of the 

wider Limfjorden and similar water bodies can sustain large-scale mitigation farming. 
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2.2 Modeling mitigation mussel cultivation 

2.2.1 Paper 2: Production potential at regional scale 
Farm-scale mussel production potential is a function of farm configuration and biophysical 

conditions influencing mussel growth, such as temperature, salinity, food quantity, and food flux. 

As a potential tool for water management over a variety of conditions, robust spatial models are 

needed to describe mitigation potential in a regional context. Applying our findings from field 

studies conducted in the Limfjorden (paper 1), growth data collected from smaller-scale trials 

conducted across the western Baltic (Denmark, Sweden, Germany), and environmental 

monitoring, we developed a multi-module spatial model framework to evaluate spatially explicit 

farm-scale growth and extractive potential of N and P. The model framework consisted of the 

following modules: 

1. Habitat factor model: Monthly averages of temperature, salinity, and chl-a were derived

from monitoring stations, then interpolated by block kriging over open waters in the

western Baltic Sea; or for water bodies without sufficient spatial coverage, mean values

were used without spatial interpolation. Spatiotemporal variability was also calculated for

evaluating sensitivity in the growth model.

2. Growth model: Based on outputs from module 1, and parameterization from an updated

DEB model (paper 3), an individual growth function (tissue dry weight) was developed by

statistically fitting DEB runs to the model outputs. Transformation factors were then used

to convert dry weight to wet weight and nutrient content.

3. Farm mockup model: Using field data and configuration settings from farm optimization

(papers 1 and 3), a farm-scale setup of spat collector coverage and a mussel density

function were developed and populated with outputs from module 2. Over space, farms

were adapted to local bathymetry to evaluate potential greater exploitation of the water

column. The farm dimensions were 250 x 750 m, with 90 x 200 m longlines.

4. Food limitation model: To avoid overestimation of potential mitigation potential in areas

where food depletion may limit productivity, critical current velocities were calculated

based on filtration rates, food resources, and farm residence times. Critical velocities

were then compared with coarse mean velocities from hydrodynamic models to identify

locations with potential food limitation.

Model results were positively validated with field data and provided differential extractive 

potential over the model domain. Conservatively, when using 2 m depth collectors, for the water 

bodies with highest potential, less than 4 % of each water body was required to meet N 
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reduction targets with only harvest of mussels in November (after 5-6 months). Paper 2 provides 

input to water managers and further development of decision support tools for strategic 

implementation of mitigation mussel farming. 

2.2.2. Paper 3: Farm-scale production and particle depletion dynamics 
In paper 2, we observed there were areas where food limitation could potentially reduce 

productivity and mitigation potential. At the farm-scale, production potential and additional 

ecosystem services intersect in particle depletion dynamics. Particle depletion by large 

aggregates of mussels is essentially constrained by seston flux and filtration rates. Across the 

western Baltic Sea, variation in biophysical conditions drives highly different seston flux 

regimes, from low concentrations and high velocities to high concentrations and low velocities. 

Additionally, blue mussels are euryhaline organisms and experience a metabolic cost for 

osmoregulation in increasingly brackish waters, which leads to relatively reduced growth. To 

evaluate the interplay of farm-scale productivity and particle depletion across western Baltic Sea 

conditions, we constructed a model integrating individual mechanistic mussel growth (DEB 

model) and a 3D hydrodynamic model framework. Field data was used to calibrate and validate 

a refined DEB model accommodating low salinity and food saturation. Concertedly, field 

observations of depletion patterns were collected from multiple sites covering much of the 

spectrum of environmental conditions where mussel farming can be situated in the western 

Baltic. Model results tended to confirm field observations and demonstrated that current 

velocity, farm orientation, and ambient chl-a concentrations were indeed critical factors for 

depletion, and highlighted a number of conditions where depletion may be difficult to observe. 

This study intended to serve as a unifying source for the quantification of mechanisms behind 

farm-scale depletion signals and the implications for productivity and scale of water clarification 

services. 

2.3 Ecological impacts 

2.3.1 Paper 4: Particle depletion within and around a large mitigation mussel farm 
Field observations of particle depletion around large bivalve assemblages in eutrophic microtidal 

estuaries have been limited. As we explored in paper 3, due to non-linear interactions, minor 

variability in environmental conditions can drive pronounced change in particle depletion rates. 

The depletion of chl-a and water clarification are interesting aspects for management and 
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assessment of eutrophic conditions, as they are primary symptoms of eutrophication and a 

major ecosystem service provided by bivalves. Characterization of plankton depletion can be 

carried out at multiple spatiotemporal scales and resolutions, each describing the interaction of 

a variety of biophysical processes. Novel tools and approaches now permit rapid assessment of 

seston constituents in great detail, as well as the application of large-scale approaches to 

explore the spatial structure of depletion. To study the structure and dynamics of depletion in 

eutrophic, microtidal conditions, an extensive and intensive observation study was undertaken 

at the largest mussel farm in Denmark. We observed significant, repeatable depletion patterns, 

which could be detected with multiple methods extending hundreds of meters around the farm. 

The results suggest that the farm, when under optimal operation, will persistently generate large 

depletion signals, significantly different light regimes within and around the farm, and reduce 

chl-a concentrations at the sub-basin scale. 

2.3.2 Paper 5: Benthic and biogeochemical effects of mitigation farming 
One consequence of organic particle immobilization is the concentration of dense particle 

deposition as pseudofecal or fecal matter. High densities of suspended mussels can transfer 

large quantities of organic matter to the sea floor, potentially modifying ambient microbial-

mediated biogeochemical processes. It has been proposed that the impacts of this transfer can 

enhance local eutrophication by remobilizing inorganic N and P, and inhibit denitrification by 

generating conditions instead favoring DNRA. In situ investigation of denitrification and DNRA in 

this context has not previously been undertaken. At a large mussel farm in the southern coastal 

Kattegat, we conducted four field campaigns to quantify sedimentation rates, sediment 

characteristics, nutrient fluxes, surficial pigments, and nitrate reduction rates by SCUBA and 

benthic landers. We observed relatively enhanced sedimentation underneath mussel 

aggregates, and generally high ambient sedimentation rates. As a result, most biogeochemical 

processes were relatively enhanced at the farm. Both nitrate reduction processes were 

enhanced at the farm, accounting for 196% increased denitrification and 311% increased 

DNRA, with denitirifcation the dominant process at both sites. The difference between the farm 

and reference accounting for relatively enhanced DNRA was equivalent to 0.2% of nitrogen 

from harvested mussels. The increases in sedimentary effluxes of NH+
4 and DIP underneath the 

farm were relatively small yet functioned as a regenerative ‘hot spot’. Observed impacts and 

rates of change to sediment biogeochemical processes present further consideration for local 

siting of mussel farms. 
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3. Discussion
The five papers encompassing the work of this PhD have established some of the foundations 

for parameterizing mitigation farming in environments resembling the western Baltic Sea. 

Optimization procedures, modeling tools, and investigative approaches can be used for science-

based implementation and evaluation of mussel mitigation farms in the future in terms of 

nutrient extraction performance and environmental interactions. Boesch (2019) identifies ‘over-

reliance on model assumptions not reconciled with observations’ as a major barrier to 

ameliorating eutrophication. Papers 2 and 3 are indeed focused on the utilization of modeling for 

supporting the development and implementation of mitigation mussel farming across the 

western Baltic Sea. Following this prescription for strategic management, our modeling efforts 

were always coupled with field data for comparison, calibration, and validation. 

3.1 Production optimization and challenges – nutrient immobilization and 

extraction 
As a potential instrument for mitigating eutrophic waters, of which differ geographically, papers 1 

and 2 provide a foundation for managers to parameterize expectations. The large scale 

experiments conducted in the Limfjorden in paper 1 illustrate the potential of different 

technologies in archetypal conditions that could quickly benefit from marine mitigation tools. 

Building on prior conceptual work and a single commercial-scale study, areal efficiencies of 

nutrient extractive potential were dramatically increased by increasing the density of substrate 

within the farm area. In limited marine space, this is important, as mitigation farms will be more 

effective utilizing less space. Paper 2 delineates large regions in the western Baltic with 

potential efficacy similar to the Limfjorden. We found that the nitrogen extraction potential of 

optimized mitigation mussel farms in highly eutrophic systems is between 0.6 and up to 3.0 t  

ha-1 year-1. The literature on nitrogen extraction with bivalve cultivation has almost exclusively 

focused on existing production techniques designed for human consumption, where nitrogen 

extraction is considered a secondary service. The areal extractive potentials are as varied as 

the production modes and species under study (Table 1). Even in the western Baltic, a variety of 

production potentials have been published, owing to differences in environmental conditions 

(also as discussed in paper 3) and production techniques. In our own studies, we observed 

dramatic differences in production potential between techniques.  
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Table 1. Selection of studies reporting N and P yields in reference to removal as an environmental service. Greyed 
cells indicate reported values derived from the FARM model, which calculates N removal based on seston filtration. 1. 
Higgins et al., 2011; 2. Bricker et al., 2014; 3. Bricker et al., 2018; 4. Clements and Comeau, 2019; 5. Bricker et al., 
2020 (estimated N in harvested material); 6. Parker and Bricker, 2020; 7. Gifford et al., 2005; O’Conner et al., 2003; 
8. Songsangjinda et al., 2000; 9. Rose et al., 2015; 10. Saurel et al., 2014;  (estimated N and P in harvested material
from Zan et al., 2014); 11. Lindahl and Kollberg, 2009; 12. Pacific Shellfish Institute, 2014; 13. Nielsen et al., 2016;
14. Taylor et al., 2019; 15. Buer et al., 2020; 16. Kotta et al., 2020

Species Cultivation type Location 
Growth 
period 

(months) 
kg N ha-1 year-1 kg P ha-1 

year-1 Source 

C. virginica Floating cage Chesapeake Bay 
(Virginia), USA 12-24 331 47 1 

C. virginica Bottom Chesapeake Bay 
(Potomac), USA 12-24 575 n.r. 2 

C. virginica Bottom Long Island Sound, 
USA 12-24 312.5 n.r. 3 

C. virginica Bottom New Brunswick / PEI, 
CA 60-96 1.5 n.r.

4 
C. virginica Floating cage New Brunswick / PEI, 

CA 36-48 38 n.r.

C. virginica Bottom Great Bay Piscataqua 
River Estuary, USA 12-24 92.5-252.5 n.r. 5 

C. virginica Bottom and floating 
cage 

Chesapeake Bay 
(Maryland), USA 12-24 70-1142.5 (50-

555) n.r. 6 

P. imbricata Longline cages Port Stephens, AU 24-42 55.0 3.8 7 

C. gigas Floating cages Hiroshima Bay, JP 24-36 0.22 n.r. 8 

C. gigas Bottom Chile n.r. 600-850 n.r.

9 

C. gigas Rope Sanggou Bay, CI n.r. 130 n.r.

O. plicatula Rope / Intertidal Huangdun Bay, CI n.r. 650 n.r.

R. decussatus Bottom Ria Formosa, PT n.r. 380 n.r.

R. philippinarum Beds Samish Bay, USA n.r. 1520 n.r.

R. philippinarum Beds Puget Sound, USA 39 1317 (69-97.5) (6.4-9) 10 

M. edulis Longline W. Sweden 17-18 1500 105 11 

M. trossulus (Raft) Budd Inlet, WA, USA 5-6 495 44.5 12 

M. edulis Longline Pertuis Breton, FR n.r. 650 n.r.
9 

M. galloprovincialis Longline Chiogga / Piran, IT n.r. 120-380 n.r.

M. edulis Longline Skive Fjord, DK 
5 590 27 

13 
11 850 37 

M. edulis Longline New Brunswick / PEI, 
CA 12-24 89 n.r. 4 

M. edulis Longline 
Limfjorden, DK 5-10 600-1270 40-100 14 

M. edulis Tube-net 5-10 1630-2000 100-120

M. edulis/trossulus Longline Greifswald Bay, DE 12-18 90-100 6-7 15 

M. edulis Longline Kiel Bay, DE 4-5 148 10.8 

16 M. edulis/trossulus Longline Östergötland, SE 29 140 10.8 

M. edulis/trossulus Tube-net Åland, FI 24 83 6.4 
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The much higher areal extractive potentials observed with the tube-net systems, and 

concomitant increased heterogeneity in mussel size, highlights the divergence between 

mitigation and human-consumption cultivation. While growth periods up to a targeted individual 

mussel size also vary considerably between regions, size-independent total biomass yield is the 

important metric. For perspective, the 50th percentile of globally surveyed surface flow wetlands, 

the most widely implemented construction, is 1.29 t N ha-1 year-1 (Kadlec and Wallace, 2008); 

not mutually exclusive, the bivalve mitigation concept performs on an areal basis for N 

extraction similarly to terrestrial measures. 

Production and environmental modeling very often lacks robust field inputs. As an instrument 

with various fundamental differences from conventional production, it was necessary to capture 

production data at commercial scale. Based on the commercial-scale studies in paper 1, and 

from mussel growth data collected around the western Baltic Sea (described in paper 3), 

spatially explicit mitigation potentials could be determined in paper 2. This is useful for 

implementing marine mitigation measures, as efficacy and planning of the instrument (mitigation 

mussel farming) can be integrated into the management toolbox alongside land use model 

frameworks utilizing terrestrial or emergent mitigation instruments, as well as addressing the 

internal loading of nutrients. The spatial model developed in paper 2, based on findings in paper 

1, provides a robust foundation for informed spatial planning and future decision support tools. 

Optimization of farming practices for mitigation can result in substantially higher total yields and 

nutrient extraction. While paper 1 described optimal configurations for in the Limfjorden, and 

paper 3 provides guidance on identifying optimal configurations in other Baltic waters, limited 

field study may improve strategic deployment of mitigation mussel farms. Nutrient content of 

mussels can also drive variability in total nutrient content, where the majority of N and P are 

stored in the soft tissues. Energetic stores, deficits, and gametogenesis can influence both the 

total mass of tissue as well as the dry matter content; largely influenced by season and food 

limiting conditions (Okumuş and Stirling, 1998; Kopp et al., 2005; Pleissner et al., 2012; 

Colombo et al., 2016; Buer et al., 2020b). In eutrophic coastal waters, persistent food limitation 

will be localized within the core or downstream sections of farms. In papers 1 and 4, reduced 

mussel condition was observed at the cores of farms with highest biomass densities, and was 

similarly predicted in model runs described in paper 3. Seasonal variability in nutrient content 

was nominal over the observed periods (2017-2019), and harvests are recommended from 

winter up to spring to avoid overlap with the reproductive cycle. 
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3.1.1 Challenges 
There are various immediate challenges for production and the proliferation of mitigation mussel 

cultivation. The first is practical, in that technical expertise is required, and unexperienced 

operators can easily lose tons of biomass, if not an entire farm, by improper buoyancy 

maintenance or neglect of the structural elements. Obviously timing spat collection is critical, not 

only to collect the primary settlement, but also to avoid settlement of interspecifics, such as 

barnacles or tunicates. As well, increased severe weather events are a feature of the global 

climate crisis, and even the most securely designed and maintained farms can succumb to 

harsh weather. Relatedly, predation can quickly reduce total yields, either by insufficient 

buoyancy maintenance exposing mussels to the seafloor and poor maintenance of predator 

presence, where starfish (A. rubens) or crabs (C. maenas) can lead to deleterious losses. 

Molluscivorous migrating waterfowl, such as the common eider (S. mollissima), can likewise 

rapidly consume large quantities of mussels, and may be difficult to control due to costs or 

regulation (Varennes et al., 2015). 

The seascape is a controversial medium for the deployment of constructed structures. The ‘Not 

In My BackYard’ phenomenon has increasingly impacted aquaculture development (Froehlich et 

al., 2017), while from the regulatory perspective, the issuance of permitting has been notoriously 

complicated and expensive (Van Senten et al., 2020). Poor siting considerations, occupation of 

increasing areas in waterways, wastes, and general obscurity in implementation can contribute 

to conflict. Concertedly, papers 1 and 2 address space utilization, which is a common concern 

for local residents and regulators alike. Optimized production configuration evaluated over the 

western Baltic Sea with a spatial model demonstrated that mitigation mussel farming alone can 

meet reduction targets in the sub-basins with greatest mitigation requirements with less than 5% 

coverage of the water body. This is an important finding as social acceptance by local residents 

tends to diminish with greater visibility of emergent farm structures (D’Anna and Murray, 2015). 

Nearshore siting conflicts have often contributed to the rationale for exploitation of offshore 

sites. The potential for offshore production of mussels has been a theme gaining interest 

(Mizuta and Wikfors, 2019), however, higher energy sites present additional physical and 

economic challenges. Furthermore, in terms of mitigation, increasing the distance of the 

mitigation farm from the source of nutrient emission will likely make adoption of the mitigation 

tool more difficult and less cost-effective. Considering future amelioration of eutrophic 

conditions, the distribution of mitigation farms may need revisiting for optimal resource use. 

Bridging the gaps between production potential, carrying capacity, and ecosystem services, 
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paper 3 elucidates the conditions driving variability and presents a model that can provide 

operational feedback on siting considerations or responses to future environmental change. 

Compensation for nutrient mitigation services will continue to be a critical topic for managers, 

operators, and policy makers alike. Enhanced nutrient cycling and extraction services by 

shellfish have progressed into nutrient credit trading schemes; an economic mechanism to 

reduce total nutrient loads in a catchment by compensating for point and nonpoint sources 

falling short of regulatory emission thresholds (Cornwell et al., 2016; Ferreira and Bricker, 2016; 

Stephenson and Shabman, 2017; Ferreira and Bricker, 2019). Cost reductions in nutrient 

mitigation has been demonstrated by including bivalve cultivation (Gren et al., 2018). Enhanced 

valuation of shellfish nutrient extractive services may present additional incentives for expanding 

cultivation practices with focus on eutrophication mitigation (Ferreira and Bricker, 2019). 

Utilization of the harvested biomass as a feeds source is still undergoing substantial 

investigation, whereby effective post-harvest processing and meals production will provide a 

valuable source of income to support the costs of mitigating eutrophication (Petersen and Taylor 

(editors), 2020). 

 

3.2 Organic particle immobilization and water clarification 
In addition to nutrient immobilization and provision of marine biomass, water clarification 

services are regularly cited as the most impactful on the primary symptoms of eutrophication. As 

an indicator of ecological state in eutrophic waters, chl-a is used as a proxy for primary 

production as a result of nutrient enrichment. As we discuss in paper 3, large-scale particle 

filtration is governed by several non-linear interactions between the environment, the farm 

configuration, individual mussels, and aggregate integrated filtration fields. Individual mussel 

filtration, under normal conditions, can be described in energetic terms regulated by 

temperature and food concentration. Growth is furthermore regulated by physiological 

maintenance costs, such as osmoregulation (Maar et al., 2015; Buer et al., 2020a). Around 

mussel aggregates, depletion gradients are formed according to integrated filtration which is 

driven by mussel density and size, laminar flux of food (Petersen et al., 2019b), and turbulent 

mixing (Saurel et al., 2013). Flux of food through a farm is determined by ambient food 

concentrations and current velocities, where depletion will compound through the farm 

(Strohmeier et al., 2008). Accordingly, to optimize nutrient extractive potential and water 

clarification in different environmental conditions, our farm-scale model study in paper 3 

describes methods to test farm configurations over user-defined hydrodynamic regimes, salinity 
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gradients, and food concentrations. While a number of these aspects have been investigated in 

field study and in modeling studies, our study presents a unified description of the interactions of 

these parameters, and can function as a tool for farm management. As paper 4 begins to 

highlight, the approach is responsive and the resolution confers realistic scenarios relating to 

meso and macro-scale depletion dynamics as well as production capacity. Water quality 

improvements (chl-a reduction) were considerably different between sites and farm 

configurations, demonstrating the importance of environmental variability and farming strategies 

on the magnitude of realized environmental services. Quantification of the scale of this 

environmental service depends on the analytical approach, however, we observed sub-basin 

scale effects of high farm mussel biomass on chl-a concentrations, demonstrating that 

mitigation mussel farms in eutrophic conditions can reduce the effects of eutrophication as 

gauged by the WFD. 

Our work has echoed prior studies in heavily grazed systems, where large bivalve aggregates 

can immobilize most organic particles within and around the footprint of the farm, while the chl-a 

signal may disproportionately become represented by picoplankton. Larger size classes, which 

are the most prevalent in eutrophic systems (Cloern, 2018), are rapidly captured, digested, and 

partitioned to somatic assimilation and deposition on the sea floor as dense fecal matter. 

Localized depletion of phytoplankton can generate high water transparency conditions within 

farm units, as exhibited in paper 4. The spatial rate of particle depletion in a heavily stocked 

mitigation farm is very steep (for example, Figure 3), so the directional transfer of modified 

plankton communities between mitigation farms without sufficient dispersion will quickly 

compound the localized depletion effect. Running multiple mitigation farms in series in order to 

maximize depletion intensity will compromise total nutrient extractive capacity and basin-scale 

particle immobilization, as such, inter-farm configuration should be optimized for exposing 

individual farms to the highest food resources; in essence, treating a mitigation farm in whole as 

a conventional farm would optimize the individual mussel for maximum growth and condition. 

Alternatively, mixed suspension feeders may present additive filtration services. Filguiera and 

authors (2019) discuss the use of tunicates (C. intestinalis) for exploiting a wider range of 

planktonic resources, particularly for smaller particles, and in oligotrophic conditions. While we 

did observe increased picoplankton fractions in the depletion footprint of the large scale farm in 

paper 4, this relationship was less pronounced several hundred meters from the farm; likely due 

to the abundant nutrient resources in these waters favoring larger phytoplankton cells.  
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Figure 3. Cytograms of fluorescent particles (phytoplankton) from the field campaign described in paper 4. Left panels 
plot the ratio of the orange emission signal to length by yellow to red emission; right panels plot total emission of 
orange by red. Station A is a ‘reference’ position outside and upstream of the farm, while station B is positioned ~650 
m north of station A, immediately behind an active mitigation farm area. The large dark grey clusters are 
picoplankton. Note the substantial reduction of larger particles, and that red emission corresponds with typical chl-a 
measurements. 

The DEB model we use to drive our simulations in paper 3 uses chl-a as the energy supply 

component. Parameterization derived chl-a data from field conditions around mussel farms or in 

locations suitable for mussel farming in multiple Baltic sites. This assumes a relatively constant 

chl-a signal : utilizable food fraction in the seston. If large scale mussel farms or nutrient 
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reductions in Baltic coastal waters modify the seston content, namely to increase the proportion 

of smaller particles, this relationship may require reexamination, however, this is unlikely in the 

near term considering the gap between current and targeted nutrient loading. However, as we 

can now distinguish between particle morphology, in near real-time and in situ, with highly 

heterogeneous planktonic consortia, it may be interesting to further develop the DEB model to 

accommodate class-specific energy resources (Saraiva et al., 2011). This will also require 

determination of class-specific clearance rates, and could be supplemented with biochemical 

profiles for further energetic specificity. 

At the ecosystem-scale, papers 3-5 can provide input into higher-level modeling incorporating 

other ecosystem features and processes to determine the summary effects of mitigation 

farming. Coupling high resolution farm-scale models to ecosystem-scale process models will 

clearly improve understanding on feedback mechanisms and interactions with wild populations 

contributing to modifications in carrying capacity and supporting management decisions 

(Ferreira et al., 2018).  

3.3 Localized nutrient recycling dynamics and effects on sediment 

biogeochemistry 
From a mass balance and systems perspective, introduction of nitrogen in coastal waters is 

constrained to atmospheric deposition, terrestrial inputs, and diazotrophic fixation. Removal is 

constrained to harvest of biomass, denitrification, burial, and export to open waters, while all 

other processes represent intermediary transformations between inorganic forms and 

assimilated matter (Jansen et al., 2019). Rates and concentrations of excretion and 

remineralization are a function of temperature, food quality, quantity, and mussel density. When 

discussing environmental impacts, particularly for mitigation mechanisms, scale is important. 

In paper 5, we discuss the implications of mitigation mussel farming on benthic biogeochemistry 

and consequential nutrient pathways. Higher sedimentation rates and subsequent increased 

rates of oxygen consumption, nutrient flux, and nitrogen reduction were observed within the 

farm relative to a reference position. Within the farm footprint, intensified deposition of organic 

matter at the sediment surface will resemble heightened eutrophic conditions relative to 

conditions outside of the farm. We observed high ambient sedimentation rates, and relatively 

elevated rates within the farm during production (Figure 4), with an acute increase 

underneath/between tube-nets at the peak of production (October 2018). Given the degree of 
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natural variability in sediment characteristics and sedimentation rates, we could only conclude 

that the farm had a modest effect on the observed processes. Sediment characteristics 

(porosity, C:N ratio) were similar between sites, while fluxes and nitrate reduction were 

enhanced at the farm, suggesting that deposition of organic matter at the farm represented an 

exaggerated sedimentation process of natural seston over the entire study area. Due to limited 

time and resources, we were only able to conduct the investigation at a reference position 

‘upstream’ from the farm and within the farm, while comparison with ‘downstream’ sites would 

have added another layer to the discussion as particle depletion gradients were commonly 

observed, as noted in papers 3 and 4. Spatiotemporal variability of many biological processes in 

coastal environments can be significant at the mm scale (Fenchel and Glud, 2000) up to the km 

scale (Morrisey et al., 1992). Our assumptions on scaled impacts were liberal, in that the flux 

rates are extrapolated to a footprint. Provided the physical properties of mussel feces (dense), 

configuration of the farm (10-20 m distance between tube-nets), and observed discrepancy of 

sedimentation rates under the nets versus the open farm area, the measured effects are very 

unlikely to be contiguous across the farm footprint. Realistically, our observations on sediment 

chemistry within the farm are more representative of conditions directly or in between nets, as 

were the positions we placed the benthic lander and extracted sediment cores.  

 

 

Figure 4. Box plots of sedimentation rates over 4 field campaigns at the mitigation farm in As Vig, Denmark. Total 
Particulate matter (TPM, left panel) and Particulate Organic Matter (POM, right panel; g m2 day-1) are presented at 
the reference site, between sections within the farm (Mid-Farm), and underneath/between nets (Net). Note the 
degree of variability at reference and mid-farm stations.  
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Sediment oxygen consumption was higher at the farm as well, and is a widely documented 

impact of increased deposition of organic matter. Anoxic conditions can develop under 

excessive heterotrophic microbial respiration, particularly in low current regimes with well-

defined pycnoclines. As a ‘secondary effect’ or ‘response’ to eutrophication, the proliferation of 

anoxic conditions in undesirable. During our study at the As Vig site (paper 5), we did not 

observe hypoxic conditions, however, this site experiences relatively high current velocities. 

While we did not measure benthic oxygen conditions during our survey of the farm in Venø 

Sund, the largest mussel farm in Denmark, dense beds of live mussels were consistently 

observed below the farm structure; for example, Figure 5. In eutrophic systems, where many 

sediments are already hypoxic due to high sedimentation rates of labile organic matter, the local 

impact from mussel farms may be indistinguishable from ambient conditions. Oxygen depletion 

underneath a farm will depend predominantly on existing sediment characteristics, 

hydrodynamics, sedimentation rates, stratification, and present eutrophic conditions (Holmer et 

al., 2015). 

Figure 5. ADCP deployed under the norther farm area in Venø Sund. While difficult to discern from this image, 
underneath and around the ADCP are many live mussels, larger than those sampled from the nets above, suggesting 
they have been either exposed to higher food concentrations or are an older cohort. Biota regularly seen underneath 
farms include mussels, crabs, starfish, lobsters, and a variety of gastropods. 
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At the ecosystem scale, this intensified consolidation of organic matter implies a net reduction in 

sedimentation across the basin (Timmermann et al., 2019). Enhanced remineralization and 

recycling of reactive N can lead to increased primary production, whereby these nutrients may 

have been otherwise exported from the system. In water bodies with high residence times, 

retention of nutrients may obscure the local ecosystem services provided by mussel farms 

(Cranford et al., 2007). However, in all cases there is a net reduction of nutrients from the 

ecosystem following harvest. The intense particle filtration in a nutrient-rich system, with 

additional local inputs of ammonium (mussel excretion and sediment remineralization) 

generates unique localized conditions where light regimes may resemble more oligotrophic 

environments, but dissolved nutrient concentrations are still high enough to promote primary 

production. One consequence of this simultaneous water clarification and local remobilization, in 

addition to potential increased phytoplankton production, could be enhanced macroalgal growth 

on the farm structure or in proximity (Murphy et al., 2015), which in turn contribute to facilitated 

habitat formation and biodiversity (Powers et al., 2007). In the spring and summer of 2020, 

Cladophora spp. was observed growing interspersed with mussels on nets in Venø Sund, but 

this was a nuisance from the farmer’s perspective, and it could only be speculated that 

settlement and growth was correlated with water clarification and increased dissolved N. Linking 

multiple trophic levels to exploit the environmental conditions created by aquaculture has been a 

recurring topic of interest (Strand et al., 2019). Provided the regeneration of dissolved nutrients 

from mussels and extended water clarification, it could be interesting to further evaluate 

combined mitigation measures, such as mussel and macrophyte cultivation. 

Western Baltic waters are generally nitrogen-limited (Savchuk, 2018), so the feedbacks on 

mineralization and sedimentary efflux of inorganic nitrogen and phosphorus will be contextual to 

local conditions. Without an air-sea exchange of P in marine systems, focused organic 

enrichment, as in mitigation farms in eutrophic conditions, can be an effective remobilization site 

for dissolved inorganic P. Local modifications in the proportional availability of inorganic 

nitrogen, organic nitrogen derivatives (DFAA, DCAAs, nucleic acids, etc.), and orthophosphate 

in conjunction with size fractionated clearance of the water column may contribute to shifting 

planktonic community dynamics (Riegman, 1995). This simultaneous ‘top-down’ and ‘bottom-up’ 

control on phytoplankton (Jansen et al., 2019) in eutrophic systems interacting with multiple 

external environmental changes will require further investigation to explore subsequent 

ecological cascades (Finkel et al., 2010), as well as to better comprehend the interactions of 

mitigation farms and this dual ‘throttling’ of phytoplankton, or more generally, organic matter 

dynamics. 
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Denitrification enhancement is an ecosystem service (regulatory) provided by bivalve 

assemblages (Kellogg et al., 2014; Petersen et al., 2019a). Often enhanced with the 

concentration of organic matter, however, as we discuss in paper 5, N-pathways shifting from 

denitrification to DNRA should be assessed in a budgetary approach. Ratios of denitrification : 

DNRA at the farm in As Vig were consistently greater than 1 at both the farm and reference site, 

indicating denitrification was the dominant nitrogen reduction process. Further development of 

ecosystem-scale models incorporating all of these dynamics can provide valuable perspective 

on the fates of nutrients and consequences for eutrophic conditions at multiple scales. 

Nevertheless, harvested N from mussel biomass accounted for ~17 times the total NO-
3  

reduction at the farm. Similarly, Holmer et al (2015) found that harvest of mussel biomass 

overshadowed total N reduction in the highly eutrophic and modified Skive Fjord. 

Both papers 4 and 5 demonstrate the acute interactions of mitigation farms with the 

environment, however, the magnitude of these interactions and measured effects are only 

partially characterized by the methods we employed. When developing models based on 

studies such as these and application for management, it is important to incorporate the 

degrees of propagated error. Spatiotemporal variability (environmental dynamism) was a strong 

driver of measured depletion patterns and sediment impacts. Study designs embracing 

sampling strategies that may compromise the resolution of some metrics, adoption of novel 

techniques for higher resolution, and combining methods can provide overlap to increase 

certainty in drawing conclusions from observations. In terms of apparent impacts, it is important 

to consider the historically modified status of the ecosystem in response to eutrophication. 

Increased nutrient enrichment generally increases sedimentation of organic matter with 

concomitant enhanced regeneration of dissolved nutrients and burial (Asmala et al., 2017). 

Mitigation farming will likely be implemented in estuaries and coastal waters with the poorest 

ecological states, and hence, the highest ‘background’ organic matter sedimentation and 

nutrient regeneration rates. In these cases, the relative impacts on the benthos and sediments 

underneath and in proximity to the farm will be more difficult to differentiate from poor ambient 

conditions (Holmer et al., 2015). 
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3.4 Recommendations for implementation and study  
As an ecological engineering intervention, mitigation mussel farms have a number of 

documented intended effects (nutrient extraction, nitrogen reduction enhancement, water 

clarification), but like other interventions in a dynamic ecosystem, there are many opportunities 

to study unanticipated effects or interactions. By enhancing ecosystem processes, managing 

eutrophication will increasingly require synergy and holistic approaches in implementation. 

Based on results and observations from the studies encompassing this thesis, I find several 

questions that will be interesting for further investigation: 

1. How will expanded and extended large-scale filtration pressure in eutrophic basins drive 

phytoplankton community structure, and what are the expected long-term trends of these 

structural changes? Long-term monitoring of basin-scale impacts on seston composition 

will be important to consider how mitigation farms can both become self-limiting 

(reduced carrying capacity) and repercussions of potential ecological cascades due to 

structural changes in the phytoplankton community in conjunction with reduction of 

nutrient loads. Additionally, grazing of other planktonic constituents, namely zooplankton 

(Maar M et al., 2008; Tiselius et al., 2008), will play a role in future food web structure. 

Local remineralization of ammonium and intense filtration may mutually contribute to 

basin-scale modifications in the phytoplankton community structure, and subsequently 

the complex pathways of varying inorganic, organic, high and low molecular weight 

forms of C, N, and P. Coupled water clarification and nutrient regeneration/remobilization 

may generate conditions favorable for macrophyte proliferation (Petersen et al., 2008a); 

we speculatively discuss this in paper 4. How does this large-scale mechanism interact 

with natural variability in systems already far out of equilibrium?  

 

2. If basin-scale sedimentation of organic matter experiences a net reduction, what are the 

ecosystem-scale features emerging from improved ecological conditions, what are their 

scales, and is there asynchrony in their responses? Sediments in eutrophic basins are 

unlikely to recover from solely decreasing organic sedimentation, although over time, 

internal loading of nutrients should be ameliorated. While mussel shells can enhance 

sediment structure and nutrient fluxes (Bergström et al., 2020), poor habitat matrix of 

muddy sediments may require coupling mitigation farming to concerted measures of 

environmental enhancement. What can be expected from single mitigation measures in 
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reestablishing the structure and function of impaired marine ecosystems? To what extent 

will this intervention influence ecosystem phase shifting or alternative stable states? 

3. In estuaries with limited hard substrate, how do mitigation farms affect local biodiversity?

As habitat degrades and nutritive resources become abundant, species prevalence

shifts towards r-selected organisms, and massive swings in species populations are

regularly experienced. As a biogenic reef, an abundance of small, mobile and semi-

mobile organisms are attracted to the large aggregates of suspended mussels, which

can furthermore attract larger mobile organisms and serve as refuge (e.g. Figure 6).

Benthic sessile and mobile organisms are likewise attracted to a focal area of organic

matter deposition and mussels detaching from the suspended structure; however,

benthic and pelagic populations may link locally in unexpected ways. With varying

harvest strategies, it is not well understood how this temporary structure will impact

diversity or abundance of marine biota over time (Dumbauld et al., 2009). How can the

farm be spatially organized to maximize facilitative cascading (Halpern et al., 2007)?
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Figure 1. Examples of mobile organisms attracted to a mitigation mussel farm. Sprat (S. sprattus) can be 
found in high abundance around the farm structure (top panel), as can benthic predators, such as A. rubens 
below the suspended structure (bottom panel). 
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4. Mitigating eutrophication will continually require consideration of the warming global

climate. Increasing temperatures and reduced salinity in the greater Baltic Sea will

exaggerate physiological stresses in mussels (Hiebenthal et al., 2012) and potentially

modify feeding behavior (Meseck et al., 2020), while exacerbating the deleterious effects

of eutrophication (Rabalais et al., 2009). Conversely, eutrophic (heterotrophic) estuary

systems can feedback to global warming through increased exchange of CO2 (Borges,

2005), CH4 (Abril and Iversen, 2002; Myllykangas et al., 2020) and N2O (Roughan et al.,

2018) emissions, which may become aggregated in future climate scenarios of

increased warming (Humborg et al., 2019) and wind conditions (Mørk et al., 2014). The

dynamics and implications of large-scale mussel cultivation, or more generally, lower

trophic aquaculture, in eutrophic systems on the climate requires substantial

investigation (Filgueira et al., 2019).

3.5 Is mitigation mussel cultivation the solution to temperate eutrophication? 
Eutrophication is manifested by multiple interacting factors that are tied to our past and current 

socioeconomic systems and their relationship to the environment. Ultimately, the negative 

impacts associated with industrialization leading to coastal eutrophication will require, among 

other aspects, fundamental changes to our food systems and habits, which may non-exclusively 

include significant price restructuring, rethinking subsidization regimes, reduced per capita 

consumption of terrestrial animal proteins, and land stewardship that minimizes the loss of 

nutrient inputs. By reorganizing the flow of nutrients and organic matter in recipient basins, 

marine mitigation instruments, like mussel farms, can only treat the symptoms of eutrophication, 

not the cause; which must be addressed at the source (Bricker et al., 2014b).  

Similar to the debate on geoengineering, implementing ecological engineering tools to intervene 

in processes created by human activity, such as marine mitigation measures for eutrophication, 

motivates a number of ethical considerations (Pamplany et al., 2020). In a broad sense, societal 

demands for improved water quality are based on conceptualizing ‘nature’ and implicitly its self-

organization to ‘pristine’ conditions. The form and functioning of the desired ‘end result’ of 

improved water management will determine the magnitude and timeliness of both load reduction 

targets (passive modification) and intervention within the marine environment (active 

modification); and will be contextual to the biophysical conditions and societal values. It is clear 

that the ambitions set into motion for reducing nutrient loads and improving ecological 

conditions have largely fallen short of goals, and continue to do so. As Duarte and Krause-
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Jensen (2018) point out, compounding synergistic pressures, such as the warming climate, with 

eutrophication require accelerated ecosystem intervention, of which targeted load reductions 

alone are largely insufficient. Society’s willingness and ability to perceive challenges and adopt 

the necessary modifications for ameliorating large-scale ecological challenges is fluid. As the 

requirement for managing externalities or conformation to lifestyles supporting the ‘greater good’ 

perceptively encroaches on convenience and individual license, along with the preference of 

technological adjustment over systemic adaptation (although not mutually exclusive), it can be 

expected there will be an increasing need for interventionist methods.  

Perhaps the most prevalent contention to marine mitigation refers to the supposed alleviation of 

requirements for polluters to abate nutrient emissions (Land, 2014). However, marine mitigation 

measures are not designed to replace terrestrial abatement, they are intervening measures to 

accelerate and/or stimulate coastal ecosystem restoration, as well as means to extract internal 

nutrient loads and reduce nutrient exports. Mitigation mussel cultivation, and more generally, 

bivalve cultivation, can work synergistically with upland abatement measures to accelerate the 

reestablishment of estuarine and coastal ecosystem functions and structures, providing 

increased ecological opportunities for self-organization. When weighing the impacts and 

services of intensive mussel cultivation for mitigating eutrophication, the environmental contexts 

of the site and greater water body will obviously be necessary to consider. Aligned with the 

objective of water management plans to arrest the mobility of nutrients as close to the source as 

possible, marine mitigation measures operate at the junction between discharge from the 

watershed and open waters, and present an additional mechanism to retain and handle the 

externalities of our present industrial configuration opposed to a continuation of relying on open 

waters as a depository. The ecosystem services provided by bivalve cultivation present 

additional value to the mitigation process that can contribute to biodiversity, public health 

(marine proteins and lipids), culture and education, and economic development in coastal 

communities (Smaal et al., 2019). Finally, most mitigation measures rely on the burial and 

denitrification of N or the precipitation and burial of P. Mussel mitigation cultivation presents 

opportunities to return N and P back to land through harvest and utilization in feeds or other 

applications, of which are increasingly energy demanding (N) and can facilitate the preservation 

of P as a finite resource (Petersen et al., 2019a).  
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Bivalve environmental services have become a focal point for their inherent

role in the management of eutrophication, while active cultivation has become

increasingly acknowledged as a mechanism for integrated nutrient reduction. In

recent years, cultivation practices designed specifically for nutrient extraction have

emerged; “mitigation culture.” While modeling efforts have been able to describe

expanded potential of these services, only a single commercial pilot scale, real-

world demonstration, has been documented. Over two production seasons (2017–

2018), the optimization of nutrient extractive potential of mussels (Mytilus edulis) at

full commercial-scale was evaluated by first testing multiple density configurations

of conventional longline-spat collector setups and potential harvest times, then by

comparing different cultivation technologies at three farms. Potential biomass volumes

of 770–1700 t with longlines and 2100–2600 t on nets was demonstrated in full-

scale production (18.8 ha), yielding 0.6–1.27 t N ha−1 and 0.04–0.1 t P ha−1, and

1.63–2.0 t N ha−1 and 0.1–0.12 t P ha−1 respectively. In general, 1 t of harvested

mitigation mussels will yield 13.7 kg N and 0.9 kg P. Winter harvests exhibited higher

yields (103–124%) than early spring harvests on optimized configurations, favoring an

abbreviated production season. Production potential was similar between sites, despite

differing environmental conditions, indicating eutrophic waters are suitable for expanded

mitigation production. This study presents for the first-time production data of mitigation

mussels utilizing different configurations and technologies to maximize yield and nutrient

extraction potential.

Keywords: eutrophication, shellfish production, mussels, nutrients, mitigation

INTRODUCTION

Global anthropogenic nutrient enrichment of coastal marine waters and estuaries is recognized
as one of the principle negative drivers of environmental and ecological change in the biosphere
(Rabalais et al., 2009; Doney, 2010; Jessen et al., 2015). The EU, and especially northern European
waters, have experienced persistent and widespread marine eutrophication over the past century
(Billen et al., 2011), which has given rise to legislation such as the Water Framework Directive
(WFD) requiring European coastal waters to reach “Good Environmental Status” by 2020
(Borja et al., 2013). As of 2018, only 46% of all EU coastal waters had achieved this level or
higher (Kristensen et al., 2018). Similar comprehensive legislation have been adopted in other

Frontiers in Marine Science | www.frontiersin.org November 2019 | Volume 6 | Article 698

62



Taylor et al. Optimization of Mitigation Mussel Culture

industrialized parts of the world with persistent coastal
eutrophication, such as the Clean Water Act in the United States
(Copeland, 2012).

Due to primarily implemented modifications of wastewater
treatment plants, point sources of nutrients are becoming less
influential in the management of eutrophication, abatement
efforts are focused on diffuse agricultural and atmospheric
sources (Andersen et al., 2014). In Denmark > 60% of the land
area is currently used for agriculture. General regulatory regimes
have effectively reduced loads into the aquatic environment,
however, further intensification of these reductions (mitigation)
are anticipated to be expensive (Hasler et al., 2015). Spatially-
explicit targeted modifications to regulatory mechanisms and
related abatement mechanisms is required to further progress
toward WFD goals for coastal waters, and is expected to
be a challenge (Dalgaard et al., 2014; Konrad et al., 2014;
Hashemi et al., 2018).

Variegated efficacy in nutrient management programs,
persistent internal nutrient loads, and atmospheric deposition
has elicited opportunities for the management of nutrientswithin
the marine environment. In this context, much of the literature
has focused on lower trophic assemblages.

Mussel cultivation has been proposed as a mitigation measure
(Haamer, 1996; Lindahl et al., 2005; Gren et al., 2009; Stybel
et al., 2009; Schernewski et al., 2012; Petersen et al., 2014,
2016, 2019a; Nielsen et al., 2016; Galimany et al., 2017). So-
called “Mitigation Mussel Cultivation” (with Mytilus edulis) has
previously been described in conceptual terms and only field
tested at one commercial scale farm in Denmark over a single
growing season (Petersen et al., 2014; Nielsen et al., 2016).

The mitigation concept is framed by relatively simple mass
balance principles. Inorganic nutrients introduced into the
marine environment are assimilated by phytoplankton and
bacterioplankton. A large proportion of this planktonic mass is
immobilized when filtered by suspended mussels. When mussels
are harvested, assimilated nutrients are removed from the local
marine environment. This mass balance principle thus focuses on
the processes and subsequent nutrient extraction potential that
are captured through harvest. In contrast to cultivation modes
optimized for the provision of mussels for human consumption,
mitigation culture aims to maximize the nutrient content of a
given cultivation area. While cultivation for human consumption
also generally intends to maximize biomass yield per farm, size,
condition, and quality of the mussels are equally as important
as total yield (Pérez-Camacho et al., 2013); so cultivation
durations are longer and may incorporate intermediate steps
to facilitate uniformity in size (i.e., thinning, socking). While
production characteristics have been described for cultivation
practices designed for human consumption, this has not yet been
documented for mitigation production, where mussel size can
be heterogeneous.

In the present study, differences in production yields of
mitigation mussels were examined at three different farms in
conjunction with modified conventional practices and alternative
technologies for an optimized mitigation production. To further
explore nutrient potential, a farm-scale model was used to
identify potential production limitations. We hypothesize that

increasing density and depth of conventional spat collectors,
and the use of technologies with greater total surface area
would proportionally increase nutrient extractive potential in
eutrophic waters.

MATERIALS AND METHODS

Study Areas
Limfjorden is a shallow (mean depth = 4.8 m), microtidal,
partially stratified system of inland sounds with an approximate
mean volume of 7100 106 m3 (Hofmeister et al., 2009; Figure 1).
A salinity gradient is formed along the west-east axis as the
salinity in the Kattegat is diluted by freshwater inputs from the
Baltic Sea (∼22–33 PSU) compared the high-saline water inflow
from the North Sea (>32 PSU). The larger Limfjorden catchment
area is composed of 90 subcatchments, a total area of 7528 km2 of
which ∼62% is agricultural. Drainage inputs approximate 2700
106 m3 per year, with estimated annual loads to the estuary of
11,000–17,800 t N and 220–400 t P (Thodsen et al., 2018). Large
areas of the Limfjorden experiences episodic hypoxia over the
year (Møhlenberg, 1999; Conley et al., 2011), and the whole fjord
system is, according to the WFD, classified as in “poor ecological
condition” (Miljø-og Fødevareministeriet, 2016).

Three sites were employed in this study (Figure 1): Skive
Fjord (SKIV), Dråby Vig (DV), and Sallingsund (SALL), each
with an area of 21.87, 23.06, and 14.76 ha respectively. These
sites are situated in three hydrographically distinct areas within
the greater estuarine system. SKIV is located centrally within
Skive Fjord and at the junction of Lovns Bredning (Lovns
Broad) and receives freshwater from Karup Å (Karup River)
and Hjarbaek Fjord. Skive Fjord is the most eutrophic part of
Limfjorden and can be characterized as a separate water body
with its own (sub)catchment (Carstensen et al., 2013), with
annual chlorophyll-a concentrations averaging 16.1 μg l−1 and
up to 58 μg l−1 (NOVANA ODA 2018)1. DV is positioned in
Løgstør Bredning (Løgstør Broad) along the western extent of a
large basin in mid-Limfjorden. SALL is located at the northern
extent of Sallingsund (Salling Sound), is relatively narrow and
experiences higher bidirectional current velocities than the
other two sites. Water depths in the system are predominantly
influenced by wind driven influx of seawater from the North Sea
and water height differences between the North Sea and Kattegat.
Site depths range between 5 and 7 m, based on bathymetry across
the farm area and water height.

Cultivation and Test Configurations
Three preexisting commercial mussel farms at the study sites
were used to test configurations and substrates. In 2017, standard
longlines were used to test spat collector configurations. Two
full-scale mitigation farms were utilized in May 2017, with each
18 standard long lines for experimentation and 72 for normal
production (non-experimental): one farm in SKIV, one in DV.
Three test lines were deployed within a commercial-scale multi-
use mussel farm in SALL in May 2017. All standard long lines

1http://dce.au.dk/overvaagning/databaser/oda/

Frontiers in Marine Science | www.frontiersin.org November 2019 | Volume 6 | Article 698

63



Taylor et al. Optimization of Mitigation Mussel Culture

FIGURE 1 | Map of mainland Denmark and location of three study sites, inset to a map of Europe. Limfjorden catchment is illustrated in dark gray. SKIV, Skive Fjord

site; DV, Dråby Vig site; SALL, Sallingsund site.

were 148m in length, equipped with 5 cm polypropylene belt spat
collectors, buoyed with 20 L plastic buoys, and counterweighted
with concrete blocks at an interval of ∼5 m. Two factors were
tested at each site to evaluate linear yield in 2017: spat collector
spacing (40 cm separation between loops, with 30 or 60 cm
loop width as tied on the mainline) and spat collector length
(2 or 3 m depth); treatments are labeled 30 2, 30 3, 60 2, and
60 3 m (Figure 2A). Industry standard for spat collection for
food production is 60 2 m. Treatments were crossed and placed
by stratified pseudorandom assignment to account for spatial
effects (e.g., northern half vs. southern half). Ice coverage in
early 2018 (20/2–20/3) necessitated reduction in buoyancy and
lowering of lines below ice formation (1–2 m) at all sites. Lines
were raised again after ice retreat with reapplication of buoyancy
and harvested soon after.

In 2018, at the same sites, a series of tube-nets were tested in
conjunction with spat collectors at commercial scale within the
same sections of each farm used in the 2017 cycle, i.e., the full
farms were exploited. In SKIV, twenty 100 × 3 m Smartfarm2

tube-net systems (Figure 2B) of alternating mesh size (ten tube-
nets of 17.5 × 17.5 cm, ten of 25 × 28 cm) were deployed along
with four longlines equipped with belt spat collectors at 30 cm
spacing and 2 m depth (30 2 m). In DV, four 100 × 3 m tube-
nets of alternating mesh size (17.5 × 17.5 cm, 25 × 28 cm) and
four longlines with belt spat collectors at 30 cm spacing and 2 m
depth (30 2 m) were deployed. One 100 m tube with three 30 × 3
m nets of differing mesh size (17.5 × 17.5 cm, 25 × 28 cm,
and 20 × 20 cm) was deployed in SALL; along with two parallel
longlines coupled by 200 L Xplora buoys each equipped with rope
ladders (30× 15 cm grid size) at 1.5 m depth and 1 m attachment
spacing. Alternative treatments are labeled accordingly: Net 17.5,
Net 20, Net 25, and Ladders. Additionally, one full longline was

2www.smartfarm.no

deployed with belt spat collectors at 30 cm spacing and 2 m depth
(30 2 m) in SALL. Longline treatments in 2018 were selected
based on experiences from the 2017 growth season.

Environmental Monitoring
All sites were sampled at approximately monthly intervals from
June 2017 to the end of the year, then with less frequency
until June 2018 when regular intervals were followed until
the end of the year. At each event, a CTD cast (EIVA Arop)
was performed at 0.1 m depth intervals to profile the water
column for conductivity (salinity in PSU), temperature (◦C),
and chlorophyll-a (chl-a) fluorescence (μg l−1). Secchi depth
was recorded from the non-shaded side of the boat in triplicate
in the approximate center of the farm (in between lines) and
directly outside of the farm (approximately 300 m from the
farm, at the continuous monitoring station detailed below).
Water samples were captured at 2 m depth with a 3 L Ruttner
sampler in triplicate for determination of chl-a. Chlorophyl-a
samples were filtered through 25 mm Wattman GF/F filters,
filters transferred to 10 ml of 96% ethanol, covered and light-
sealed in refrigeration overnight, then measured for fluorescence
before and after acidification in a Turner 10AU fluorometer
(Holm-Hansen et al., 1965).

Continuous monitoring stations were established and moored
approximately 300 m outside of each farm. Temperature and
salinity were monitored continuously at all sites throughout
the growing seasons (June 2017–December 2018). Chlorophyll-
a and turbidity were monitored continuously from July 2017 to
December of 2017, where after instrumentation was removed
in anticipation of ice formation. Chlorophyll-a and turbidity
monitoring was reestablished at all sites in June 2018 and
remained until harvest in the winter. Buoys integrated with
sensor capabilities were constructed and deployed at SKIV and
DV. These buoys were equipped with a Star ODDI DST CTD at
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FIGURE 2 | (A) Schema of the belt spat collector treatments and example of the substrate material (left). Loop spacing on the mainline was tested at 30 and 60 cm

between loops; loop length from the mainline was tested at 2 and 3 m. Loop width is set at 40 cm. Treatments were established to fill a complete line (SKIV, SALL) or

split on a line so that one line had two treatments (DV). Spat collectors are suspended from a mainline with 20 L buoys and concrete blocks (not illustrated here) for

buoyancy maintenance. The water surface and sediment surface are represented in a 5–6 m deep water column. (B) Schematic of a 17.5 cm × 17.5 cm tube-net.

The net is suspended from an air-filled polyethylene tube, and a head rope.

5 min logging intervals, positioned at 2 m from the surface to
track temperature (◦C) and salinity (PSU). A collocated Turner
Cyclops 7 chl-a fluorometric sensor and turbidity sensor were
used in conjunction with a custom-built Arduino-based data
logging system; 1 s readings were averaged into 30 s bins and
recorded on an SD card. Sensors were serviced semi-monthly
and calibrations performed with extracted samples as described
above. In 2017 and until August of 2018, a Turner SCUFA was

used to continuously (5 min frequency) record chl-a values at
SALL, thereafter it was replaced with a Cyclops 7 logging buoy.

Biomass Sampling
Following mussel settlement in the late spring and early summer,
regular sampling events were carried out to track mussel biomass
and densities. Monthly bulk samples were captured in triplicate
directly from belt spat collectors; a 30 cm section was removed
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from mid-depth of the spat collector loop (centered on 1 m
from the upper extent of the loop). Single grid cells were excised
from nets at upper- (0–1 m), mid- (1–2 m), and lower-depth (2–
3 m) sections of the net by SCUBA diver. Samples were captured
at regular spatial intervals in order to account for localized
effects; e.g., at 1/3 along the line or net. Sampling locations
were replicated for each treatment across each farm according
to the randomized assignment and location within the farm
(e.g., triplicate bulk samples from location X1Y1, X1Y2, X2Y1,
X2Y2); sample replication is represented (as DF) in the results.
Sampling repetition was elevated at harvest times to enhance
estimations of biomass distribution within the farm. From these
samples, total wet weight of the mussel biomass was determined
after separation from byssus, detritus, and other intraspecifics.
Subsampling of each replicate was performed to derivemean shell
lengths (n = 100) and morphometrics (n = 10); mussels were
selected haphazardly from the bulk sample.

Substrate length and surface area of each substrate type was
calculated to evaluate yields in terms of substrate density. The
ladders and nets are constructed of rope, which is approximately
1.4 cm in diameter, and have a simple cylindrical surface area of
476 cm2 m−1; while the belt spat collector exceeds 1000 cm2 m−1.
These values were scaled to the line or net basis to standardize
surface area biomass yield, based on total length of substrate
per line or net.

All subsamples were kept frozen in sealed containers at
−20◦C until processing, which occurred no longer than 3 weeks
following acquisition. Mussels were individually weighed whole,
measured for shell length, width, and height; dissected and
weighed for tissue and shell wet weight; dried at 80◦C
for > 3 days, weighed for dry tissue and shell weight. All
individual weights were recorded to the nearest 0.1 mg.
Condition Index (CI) factors are reported by the widely used
allometric index: DW/SL3, where DW = dry tissue weight (mg)
and SL = shell length (cm).

On harvest dates, mussels were stripped from spat collectors
and conveyed into big-bags (∼2 m3), then weighed. A selected
number of lines were harvested from SKIV (2 big-bags of each 18
lines,∼20% of each line) and DV (6 total lines) in December 2017
to account for treatment replication; SALL was not harvested
in the winter. Remaining 2017 lines in SKIV, DV, and SALL
were harvested in late March and early April of 2018. In the
2018 growth season, tube-nets and spat collectors in SKIV
were harvested in late November of 2018, while tube-nets were
harvested at DV in January 2019. Samples were extracted during
harvest from each treatment in an identical method to the regular
biomass sampling program to verify estimation predictability
of the method. A subset of harvest weights was additionally
captured by measuring total harvested material per treatment by
individual line. These weights were then regressed against sample
estimates to assess sampling accuracy.

Subsamples of mussels from all treatment groups were
haphazardly selected, dissected, and pooled for nutrient analyses
by each farm and harvest date. Tissue samples were kept
frozen in sealed containers at −20◦C until processing. Samples
were homogenized with a Krups Speedy Pro homogenizer and
subsequently analyzed in triplicate per time period and farm

for nitrogen by the Kjeldahl method (ISO, 2009) and total
phosphorus by the spectrophotometric method (ISO, 1998).

Total potential harvest yields were calculated by scaling
biomass per meter or square meter (dependent on substrate) to
total substrate length within a “model farm.” A model farm is
formed by 3 sets of 30 longlines or ladders (200 m length), or 80
tube-nets (120m length), in 18.75 ha. Longline belt spat collectors
have 1543, 1080, 1971, and 1380 m of substrate length for the 30
2, 60 2, 30 3, and 60 3 m respectively. Alternative technologies
have 2160, 5143, 7200, and 8229 m length of substrate per line for
ladders, Net 25, Net 20, and Net 17.5 respectively. Due to harvest
equipment space requirements, tube-net systems are spaced at
slightly greater intervals. Mass proportions of tissue, shells, and
byssus captured in biomass and morphometric sampling were
used to determine potential nitrogen and phosphorus extractive
potential. Dry weight shell and byssus nutrient values were
derived from previously reported values (Petersen et al., 2014):
0.98 g N and 0.0048 g P 100 g−1 shell, and 11.02 g N and 0.077 g
P 100 g−1 byssus.

Statistical Analysis
Biomass was quantified on a basis of per-meter of substrate length
for traditional spat collectors, and by square meter for nets. To
compare yields by technology, as spat collectors were sampled in
one dimension, while nets and ladders were sampled as grid cells,
biomass yield was further transformed to substrate length; termed
linear substrate yield. Biomass yield and morphometrics in
conventional spat collector treatments (spacing and length) were
analyzed by two-way ANOVA (one-way ANOVA in SALL due to
loss of one treatment group), and significant difference between
means was determined at a p ≤ 0.05. Alternative technologies
were analyzed by one-way ANOVA, and significant difference
between treatment means was determined at a p ≤ 0.05. Where
significant differences were found, means were then compared
by Tukey-Kramer’s Honest Significant Difference test. Analysis
of areal yields (biomass t ha−1) across farms was analyzed as a
randomized complete block model with a standard least squares
regression for all treatments (except Ladders and Net 20 as these
were present at only one site) and harvest periods, while farm
sites are random blocks. Data normality was assessed by the
Shapiro–Wilk test, and equality of variance by the Bartlett test,
where p > 0.05. Temperature, salinity, and chl-a were averaged
by day, and compared between sites by the Kruskal-Wallis test
(Helsel and Hirsch, 2002).

As elements within a farm are not spatially independent,
analysis of biomass and morphometric factors in SKIV (2017
and 2018) and DV (2017) were additionally analyzed for spatially
dependent variation to assess potential food depletion or other
spatial phenomena influencing mussel growth. DV was not
spatially analyzed in 2018 as the experimental section of the
farm included only four nets and two long lines, which was
below the power threshold for detecting spatial effects. Sampling
positions were transformed to grid positions relative to line
and farm dimensions. Directionality of yield and condition
index was analyzed by linear regression. Central tendency
of production and biometric data was assessed by quadratic
polynomial regression (curve formation toward the center) and
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normalization of Euclidean distances (i.e., center of the farm = 1,
edge = 0), thereafter testing trends by linear regression. Global
spatial autocorrelation was tested by constructing inverse spatial
weight matrices and calculating Moran’s I (Moran, 1950), a
commonly-used inferential statistic in spatial ecology. For 2017
farms, where traditional spat collectors were used Moran’s I is
determined by a 2-dimensional array, defined in Equation (1);
while nets used a 3-dimensional array as samples were extracted
at depth intervals in addition to latitudinal and longitudinal
intervals, defined in Equation 2 (Marwan et al., 2007). The
locations of clustered magnitudes were assessed by calculating
Getis-Ord Gi

∗ as in Equation 3 (Ord and Getis, 1995), a
commonly employed Local Indicator of Spatial Association in
spatial statistics. Statistical analyses were conducted using JMP
Version 13, except for spatial statistics, conducted in R (2017) and
with the spdep package (Bivand et al., 2013).
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RESULTS

Environmental Monitoring
Time series of monitored parameters for each growing season
are presented in Figure 3. As the sites are situated in the
same large-scale watershed (Limfjorden) and are in relative close
proximity to each other, temperature differences between sites
were minimal. SALL and DV had higher salt concentrations
(29.8 ± 1.9 and 28.0 ± 1.15 PSU respectively) than SKIV
(24.03 ± 1.37 PSU) (X2

2, 495 = 1058.11; p < 0.01). Chlorophyll-
a concentrations varied between sites and within sites between
years (X2

2, 495 = 38.23; p < 0.01); SKIV generally exhibited
higher concentrations over the growing season (June-October)
than other sites (SKIV = 5.49 ± 2.76, DV = 3.56 ± 1.74,
SALL = 3.58 ± 2.33 μg l−1). From the discrete monitoring
program, Secchi depth was on average 0.8 m deeper within the
farms (3.8 m) compared to outside of the farms (3 m) and tended
to be similar between all farms (ANOVA, p > 0.1).

Biomass Growth and Yields
Biomass accretion between sites was similar [F(2, 248) = 1,06,
p = 0.3466], while inter-annual [t(43) = 1.90, P = 0.0633] and
seasonal variability [t(73,99) = −3.34, p = 0.001] affected yields
to a greater extent. In general, 2 m collectors provided higher
yields per meter collector [F(3, 209) = 1.06, p < 0.001], and the
30 cm spacing configuration increased areal efficiency of yields
compared to a conventional longline setup [F(3, 209) = 30.93,

p < 0.001]. Mussel size and condition generally followed areal
density of mussels (Supplementary Table A2), which is related
to substrate density and settlement. Nets yielded less biomass per
meter substrate than belt spat collectors (Supplementary Table
A1), and smaller mussels (Supplementary Table A2), but given
higher total surface area, total yields were higher [Table 1 and
Supplementary Table A4; F(7, 343) = 86.91, p < 0.001]. Seasonal
growth of each treatment is represented by per-meter substrate
biomass yield in time, by site, in Figures 4A,B. Summary biomass
yields, and densities are reported for all sites and by treatment
in Supplementary Table A1 and summary morphometrics in
Supplementary Table A2 with statistics. Biomass is standardized
to kg per meter substrate length.

Harvests
At harvest, total biomass was measured by treatment and
line/tube in conjunction with sampling to evaluate the
accuracy of the method. In 2017, sampling efforts sufficiently
approximated biomass on spat collectors at both farms compared
to harvest weights (DV, R2 = 0.95, slope = 1.098, int = 0.98)
(SKIV, R2 = 0.80; slope = 0.932, int = 1.61). In 2018, spat
collector biomass estimates by sampling approximated harvest
weights, however, estimates on nets were complicated by harvest
and cultivation issues, but corresponded well to measured
harvested material.

Model Farm Production and Nutrient

Extraction
Average winter harvest biomass yields and total N extraction
per hectare, by technology and farm, for the two growth cycles
are presented in Figure 5. Yields per hectare, by technology and
farm are presented in Table 1 with statistics. Fractions of N and
P in tissues, shells, and byssus are presented in Supplementary
Table A3 (2017 growth cycle) and Supplementary Table A4
(2018 growth cycle), along with their respective proportions of
total biomass at harvest. Potential extractive masses of each N
and P are scaled to the model farm yield for each treatment.
In general, total extractive potential of each substrate density
and length configuration in December harvests were similar or
greater than early-spring harvests (Supplementary Table A3).
This trend is partially reflected in the biomass observations
above and marginal changes or losses of N-content and/or tissue
mass after the winter (in SKIV and SALL); nutrient content and
dry weight yields are presented in Supplementary Table A5.
While the conjunction of tissue yield, relative nutrient content
in tissues, and total mussel biomass yields drive total nutrient
extractive potential, biomass yield alone will account for >90%
of the variation in total extractive potential. The critical metric
in biomass yield is essentially total tissue yield, as tissue N,
for example, accounts for 70.3 ± 2.5% of total N (2017 data,
Supplementary Table A3). Losses of total biomass through the
winter predominantly accounted for loss of nutrient extractive
potential. Winter (November/December) harvests of 30 2 m belt
spat collectors generally yielded ∼88 t mussels ha−1 (1240 kg
N ha−1), 17.5 mesh net yielded ∼180 t mussels ha−1 (2430 kg
N ha−1), and 25 cm mesh net yielded 154 t mussels ha−1
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FIGURE 3 | Time series of environmental conditions at each site from continuous monitoring at 2 m depth. Left panel: orange = temperature (◦C), blue = salinity

(PSU). Right panel: green = chl-a (μg l−1).

(2070 kg N ha−1) (Supplementary Table A3) between all sites.
Including all biomassmaterial (tissue, shells, and byssus), roughly
13.7 kg N and 0.9 kg P t−1 harvested biomass can be extracted
from the environment.

Belt Spat Collector Treatments
In terms of biomass yields, extractive potential, and buoyancy
control, 30 2 m belt spat collectors provided optimal yields at
the farm scale (Table 1 and Supplementary Table A3). In 2017,
the 3 m belt spat collector treatments consistently exhibited
significantly lower biomass yields and number of mussels per
meter substrate than 2 m collectors (Supplementary Table A1).
In shallow eutrophic estuaries, insufficient buoyancy can lead
to spat collectors contacting the sea floor and exposing mussels
to both predators and sulfide-rich sediments as was observed
with the 3 m collectors. In September of 2017, the 3 m line at
SALL broke and the majority of mussels were lost, hence no data
for 3 m is presented in Table 1 or in the Appendix for SALL.
Spacing treatments were similar in biomass yield throughout the
season and during projected harvest periods. Mussel length and
condition varied over the projected harvest periods, but typically
followed a similar trend (Supplementary TableA2); 2m collector
treatments were similar and greater than both 3 m treatments.
Biomass yields were highest in December relative to October
and March; for 2 m collectors (Supplementary Table A3), these
differences were significant only between the December and
March periods (p < 0.05). December yields from the denser
configuration (30 2 m) were 124% of March yields in SKIV,
103% in DV, and 113% in SALL (Supplementary Table A3).
Belt spat collectors in 2018 demonstrated even higher yields than

2017 at similar size and condition (Supplementary Table A4).
Accordingly, dense configuration of 2 m belt spat collectors,
harvested in the winter, exhibit consistent high yields.

Alternative Technologies
In 2018, biomass yield followed substrate density, 17.5 cm
nets providing the highest total yields overall (Table 1
and Supplementary Table A4). Mussel condition among the
treatments followed an inverse trend to biomass, mussels on
17.5 cm nets were consistently smaller and had reduced meat
content relative to other treatments (Supplementary Table A2,
2018). However, provided increased surface area and subsequent
number of mussels on the surface, total biomass and nutrient
yields were generally higher with increasing total substrate
(Table 1 and Supplementary Table A4). In comparison to
belt spat collectors, nets yielded considerably higher potential
total biomass, 17.5 cm nets yielding 138% in SKIV, 199%
in DV, 228% in SALL (Table 1 and Supplementary Table
A4). Wider mesh nets (25 cm) also outperformed belt spat
collectors, with 113% in SKIV, 142% in DV, and 229% in SALL.
The two additional treatments in SALL, ladders and 20 cm
net, yielded 131 and 258% of belt spat collectors, respectively;
however, treatment replication was low. Comparably lower
yields on nets in SKIV in 2018 to the other sites is mainly
attributed to two storms which most likely caused sloughing
of mussel aggregates, since large sections missing previously
attached mussels was observed. Additionally, lower yields may
be attributed to greater surface area and subsequently number
of mussels within the specific section of the farms, as specific
sections within each farm were utilized for both growth
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TABLE 1 | Total Nitrogen yield (tons) per hectare from the 2017 and 2018 growth cycle by potential harvest dates of belt spat collector treatments and alternative

technologies.

Sample date Site Treatment N extraction (t) per hectare st dev Level p-value Statistic

December 2017 SKIV 30 2 m 1.27 0.26 a <0.01 F(3, 44) = 13.60

30 3 m 1.39 0.35 a

60 2 m 0.86 0.18 b

60 3 m 0.83 0.17 b

DV 30 2 m 1.23 0.16 a <0.01 F(3, 56) = 17.66

30 3 m 1.23 0.20 a

60 2 m 0.87 0.12 b

60 3 m 0.95 0.21 b

SALL 30 2 m 1.25 0.04 a <0.01 t(2, 13) = 6.81

60 2 m 0.80 0.18 b

All sites 30 2 m 1.25 0.20 a <0.01 F(3, 112) = 36.43

30 3 m 1.30 0.28 a

60 2 m 0.85 0.15 b

60 3 m 0.89 0.20 b

March/April 2018 SKIV 30 2 m 0.95 0.31 a <0.01 F(3 ,36) = 4.87

30 3 m 0.71 0.19 ab

60 2 m 0.63 0.17 b

60 3 m 0.59 0.19 b

DV 30 2 m 1.16 0.21 0.26 F(3,36) = 1.42

30 3 m 1.13 0.39

60 2 m 0.89 0.17

60 3 m 1.00 0.28

SALL 30 2 m 1.14 0.17 0.16 t(3,63) = 1.87

60 2 m 0.93 0.12

All sites 30 2 m 1.08 0.25 a <0.01 F(3, 84) = 4.91

30 3 m 0.88 0.35 ab

60 2 m 0.79 0.21 b

60 3 m 0.77 0.31 b

November 2018 SKIV Net 17.5 2.00 0.38 a <0.01 F(2, 93) = 16.56

Net 25 1.63 0.30 b

30 2 m 1.38 0.27 b

DV Net 17.5 2.60 1.1 a <0.01 F(2, 39) = 9.36

Net 25 1.86 0.39 b

30 2 m 1.29 0.09 b

SALL Net 17.5 2.69 0.38 ab <0.01 F(4, 10) = 11.07

Net 20 3.01 0.36 a

Net 25 2.70 0.66 ab

Ladders 1.63 0.22 bc

30 2 m 1.16 0.34 c

All periods All sites 30 2 m 1.21 0.24 c <0.01 F(5, 338) = 119.97

30 3 m 1.12 0.37 c

60 2 m 0.83 0.18 d

60 3 m 0.84 0.26 d

Net 17.5 2.10 0.55 a

Net 25 1.80 0.43 b

cycles (ruling out inter-farm locational preferentiality in growth
potential). Nevertheless, the highest degree of replication was
carried out at SKIV, and as such, conditions representative
of a full-scale mitigation farm. Over all treatments, harvest
periods (winter/spring), and farms, in a mixed model analysis
(R2 = 0.69, RMSE = 0.35), all treatments (p < 0.001) and
harvest periods (p = 0.006) had significant effects on yield per

hectare, while farm sites as random effects were non-significant
(p > 0.05).

Substrate Normalized Yields
A consistent trend was observed for the two growth seasons
and among different configurations of substrates following a
proportional increase of biomass with substrate quantity, with
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FIGURE 4 | (A) Mean and standard deviation (bars) of mussel biomass per meter length substrate for belt spat collector treatments over the growing season. Note

that ice cover was present between late February and late March 2018 (gray shading). Farms are represented by color; SKIV (blue), DV (red), SALL (green). (B) Mean

and standard deviation (bars) of mussel biomass per meter length substrate for alternative technologies and one belt spat collector treatment over the growing

season in 2018. Farms are represented by color; SKIV (blue), DV (red), SALL (green).

diminishing gains approaching an asymptote. As materials
between technologies have different surface area, total surface
area per meter of longline or tube-net is regressed against
biomass yield, Figure 6 (left panel) (R2 = 0.48, p < 0.001),
and mean shell length, Figure 6 (right panel) (R2 = 0.32,

p < 0.001). All cases exhibit a stronger logistic relationship
with biomass yield than linear regression (R2 = 0.32), indicating
yields are positively impacted by substrate quantity up to a
certain point, thereafter, increasing substrate quantity provides
reduced gains in yield. In terms of total surface area per
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FIGURE 5 | Upper panel: Biomass yield per model farm (t) by cultivation treatment. Lower panel: Nitrogen extraction (left axis) and phosphorus extraction (right

axis, bars hashed) per hectare by cultivation treatment. Farms are represented by color; SKIV (blue), DV (red), SALL (green). Error bars represent standard deviations.

line/net, the first derivative of the non-linear function is less
than 1 at approximately 6.1 m2 substrate per meter line.
This suggests only modest gains can be made by further
increasing substrate coverage from those tested here. Shell length
exhibits an inverse relationship with yield (Supplementary
Table A1 and Figure 6), suggesting density-dependent growth
in these tested environmental conditions. While correlations
are relatively weak, these trends preliminarily suggest a
relationship between growth, substrate area, and number
of individuals in a given space; which will be regulated
by self-thinning.

Spatial Analyses
Distributions of biomass and Condition Index at harvest in
both DV and SKIV were plotted by sampling position and

analyzed for directionality and clustering. Spatial autocorrelation
(Moran’s Index) values and their p-values for each farm are
presented in Table 2. DV was not analyzed in 2018 due to
the low number of replicate lines and tube-nets. Distributions
of Condition Index in SKIV (2017, 2018) and DV (2017)
are presented in Figure 7. Reduced biomass yields in the
center of units was detected to a limited degree, treatment
differentiation provided higher clustering associations. Mussel
Condition Index was clustered corresponding to edges (high
values) and centrality (low values), and while significant, spatial
gradients were not well defined (Figure 7 upper left panel, right
panel) or limited to minor extents of the farm (Figure 7 lower
left panel). Increasing mussel density (alternative technologies)
tended to enhance spatial patterns in regard to yield and
condition (Table 2).
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FIGURE 6 | Left panel: Biomass yield per m longline or tube (kg) regressed against substrate surface area (m2) per m longline or tube at winter harvest

[y = 309.33–451.53eˆ(-1.005x)], (R2 = 0.48, p < 0.001). Right panel: Mean mussel shell length (mm) regressed against substrate surface area per meter line or tube

(m2) at winter harvest [y = 45.46–1.09∗eˆ(0.627)], (R2 = 0.34, p < 0.001).

FIGURE 7 | Map of distribution of Condition Index = DW (mg)/SL3 (cm), for all treatments over the experimental section of each farm (SKIV and DV). The top left

panel represents SKIV in the 2017 growth cycle (belt spat collectors), the bottom left represents SKIV in the 2018 growth cycle (tube-nets), the right panel

represents DV in the 2017 growth cycle (belt spat collectors). Black lines represent the longlines or tube-nets as oriented in each farm. Interpolation over the farm

was conducted by ordinary kriging (Haas and Wackernagel, 2006).

Specifically, in 2017, both farms exhibited negative
unidirectional quadratic polynomial regression gradients
(p < 0.001) of mussel condition toward the center of each farm,
with significant clustering in SKIV at the center and edges
(p < 0.01, Figure 7 upper left panel) and in DV only at the
northern and southern extents (p < 0.05, Figure 7 right panel).
Clustering and gradients of biomass yields was not extensive or

exhibiting strong directionality. In 2018, mussel condition was
negatively associated with the center and northwestern portions
of the farm with significant unidirectional quadratic polynomial
regression gradients (p < 0.05) and localized clustering of high
(southeast and northeast, p < 0.04) and low values (center,
p < 0.05) (Figure 7, lower left panel). In general, biomass yield
clustering was limited.
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TABLE 2 | Spatial autocorrelation (Moran’s Index) of biomass per meter substrate (kg m−1) and Condition Index distributed over the farm.

Harvest Site Treatment Moran’s I (biomass) p-value Moran’s I (CI) p-value

December 2017 SKIV 30 −0.5959 0.089 0.3629 <0.001

60 −0.199 0.377 0.6451 <0.001

2 m 0.0409 0.633 0.3956 <0.001

3 m −0.1405 0.613 0.1842 <0.001

Combined −0.323 0.019 0.219 <0.001

DV 30 0.2617 0.146 0.0868 <0.001

60 0.3825 0.005 0.0718 <0.001

2 m −0.0578 0.894 0.0949 <0.001

3 m 0.5804 0.004 0.0527 <0.001

Combined 0.1669 0.028 0.104 <0.001

November 2018 SKIV Net 17.5 0.021 0.672 0.172 <0.001

Net 25 −0.076 0.790 0.203 <0.001

Combined 0.1393 0.024 0.1766 <0.001

When significant (p < 0.05), positive Moran’s Index values indicate clustering of similar values, negative indicate dispersion, and zero indicates random spatial distribution.

DISCUSSION

Production Optimization
Utilizing conventional long lines and a high-density belt
spat collector configuration, yields exceeding 1600 t per
model farm (∼85 t ha−1) can be realized in a 6-month
growth cycle. Alternative technologies exhibit potential to
increase yields; exceeding 2500 t (∼133 t ha−1) on average
(Supplementary Table A4). The only previously published study
and documentation on mitigation culture was conducted at
the same location as SKIV in the present study in 2010–2011
and reported 1100 t after 12 months (Petersen et al., 2014;
Nielsen et al., 2016). Furthermore, morphometric and linear
yield were similar to 2017 results for lower density substrate
spacing (60 cm) in the present study (October/November: 855
t vs. 1061 t in the present study). Higher potential yields
were demonstrated here by increasing substrate density with
conventional spat collectors (164% in November, 191% in
December). When controlling for collector depth, high density
of 2 m belt spat collectors in Limfjorden’s environment does
not yet seem to approach production carrying capacity, even
at sites with relatively lower average concentrations of chl-
a (DV and SALL). Further increases in areal efficiency of
nutrient extractive capacities was observed with the alternative
technologies; up to 302% biomass yield with 17.5 cm nets in
comparison with the prior study. While 20 cm nets provided
the highest potential yields at SALL, replication of these
tests at other sites is required before definitively concluding
on mesh size optimization. These findings suggest substrate
configuration will be very impactful on estimates of nutrient
extractive potential for water management programs. Despite
higher food quantities in SKIV, yields between sites were
comparable. This indicates that the eutrophic conditions in the
greater Limfjorden system are suitable for expanded mitigation
cultivation. Nevertheless, the highest replication of treatments in
the alternative technologies (tube-nets) was conducted at SKIV,
so it is expected that the potential yields reported at SKIV will
drive further parameterization.

Nutrient Extractive Capacities
Previously reported extraction potentials for a commercial scale
mussel mitigation farm in SKIV was 0.6–0.9 t N ha−1 and 0.03–
0.04 t P ha−1 (Petersen et al., 2014). Employing similar farming
techniques and technologies, in 2017 the SKIV site exhibited
potentials at December harvest of 0.8–1.4 t N ha−1 and 0.06–
0.1 t P ha−1. As this production method in this environment
aims at a single harvest per year, these extraction potentials are
equivalent to an annual rate of extraction. Extractive potentials
at DV and SALL were similar in magnitude, indicating common
extractive capacities for Limfjorden waters employing marginally
modified techniques from those that are currently utilized for
human consumption. The alternative techniques provided higher
extractive capacities, proportional to higher biomass yields.
Tube-net systems, from all farms tested here, more than double
potential extraction to 1.63–3.01 t N ha−1 and 0.1–0.17 t
P ha−1. Nitrogen extraction capacities at this magnitude are
similar to efficient constructed wetlands (Vymazal, 2007) and
integrated buffer zones (Zak et al., 2018), while P removal was
generally lower.

Farm Substrate Configuration and Management
From experiences with spacing and length experiments in 2017,
this study suggests that denser spacing is more advantageous
than lengthening the collectors to take advantage of an increased
proportion of the water column to increase areal efficiency.
In shallow estuaries, there is reduced buffer distance between
the bottom of the suspended canopy and the benthic sediment
surface. The increased weight of mussels on longer collectors
requires proportionally greater buoyancy maintenance as loads
on themainline increase more rapidly as mussels grow. Buoyancy
is added in moderation, as excessive buoyancy in conjunction
with high frequency wind-driven wavelets or small waves can lead
to displacement and loss of mussels (Young, 1985; Carrington
et al., 2015). As farmers were typically maintaining buoyancy
according to a schedule corresponding to the conventional
configuration (i.e., 2 m depth and 60 cm spacing), the 3 m
collectors in this study consistently sank below stable buoyancy
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depth and were occasionally in contact with the sea floor (water
depths of 5.5–7 m). Contact with the sea floor will exposes
the mussels to predators e.g., Asterias rubens, Carcinus maenas
(Kamermans et al., 2009) and sulfide-rich organic sediments,
resulting in reduced overall mussel yield and lower mussel
condition. This is evident in lower than expected yields from 3
m collectors in this study, and such predation and degradation
conditions were observed on these collectors. As such, buoyancy
strategies could be employed to sufficiently maintain longer
collectors, which should increase potential yields from those
documented in this study but would increase operational costs
relative to shorter collectors.

Further increasing substrate area requires modifications in
buoyancy application. The ladder system requires reduced
buoyancymaintenance as total buoyancy is allocated across fewer
individual buoys. Higher biomass yields per line were observed
with ladders relative to belt spat collectors at SALL, suggesting
this technology may exhibit higher nutrient extractive potential
given the same area, and follows the surface area: yield trend,
however, should be replicated in further study. Establishment of
mitigation farms in deeper waters could find advantage in the
adoption of these systems.

Tube-net configurations (i.e., Smartfarm system) require little
to no buoyancy maintenance over the growth period, unless
mussels are expected to be overwintered, where tube-nets provide
the least flexibility in buoyancy control. Protecting these units
from ice coverage in shallow areas (such as experienced in
February-March 2018) requires exchanging air for water within
the tube, resulting in the unit – and attached biota – sinking
to the sea floor, which will lead to loss of biomass to soft-
sediment exposure and/or predation (e.g., Kamermans et al.,
2009). Harvest before potential ice coverage forgoes these issues.
In comparison with both conventional belt spat collectors at high
density (30 cm) and ladders, tube-nets provided considerably
higher potential yields at early winter harvest; at best exceeding
300%. The capital investments required for tube-nets are much
higher than long line systems (∼190%), however, only require
∼10% of the maintenance labor costs (Filippelli et al., in review).
The much higher potential yields may justify higher initial costs,
however, this requires further investigation as equipment and
mitigation mussel market forces will likely adjust according
to the scale of industrial development, potential valorization
of ecosystem services, and future trends in feeds markets
(Asche et al., 2013).

Timing
Harvest dates and sampling indicated, in general, that December
harvests provided the highest potential biomass yields and
nutrient extractive potential relative to early spring of the
following year. This trend is reflected in the prior study assessing
production capabilities of a mitigation farm, where October
yields were 136% of March yields (Nielsen et al., 2016). Ice cover
in that study period persisted for three months, while in the
present study, ice cover lasted only 1 month. May harvests were
shown to exhibit the highest potential yields in the previous
study, while operational requirements for farm management
mandated harvest before May in the present study. In the present

study, overwintering mitigation mussels for an early spring
harvest provided little advantage in contrast to a November
or December harvest. With added costs to maintain the units
over the winter months, loss of biomass, and subsequent lack of
somatic accretion due to harvest prior to spring phytoplankton
blooms, harvests initiated in the later autumn and continuing
through the winter are favorable in terms of mitigating nutrient
loads. Operationally, an extended harvest over the winter
is suitable provided ice cover or increasingly harsh winter
weather does not compromise retention of biomass, and provide
additional time to maintain farm materials and equipment prior
to the next settlement in late-May to June. As the capacity for
processing large volumes of materials is currently limited, an
extended harvest season would be required with the proliferation
of farms in the Limfjorden. Expansion of mitigation production
is therefore likely to require an accompanied expansion of
processing capabilities and infrastructure.

Furthermore, it is also important to consider seasonal
and related variability in nutrient dynamics (i.e., cycles and
loads) when maximizing extractive potential. Accumulated
sedimentation, mineralization, and higher ammonium excretion
in the spring may reduce the net extractive capacity of mitigation
units when taking an ecosystem budgetary approach (Holmer
et al., 2015). As such, and with little extractive gain by
overwintering, from an integrated production and ecosystem
perspective, 6–8 month harvest cycles are optimal for mitigation
cultivation in the present environmental contexts.

Variability, Local Effects, and Limitations

to Production
Prior work has demonstrated an inverse relationship between
mussel growth and density within a mussel farm (Cubillo et al.,
2012). As increased surface area increases total population in
a given space, integrated filtration pressure can lead to food
limitation at the boundary layer around the mussel aggregates
or at a larger scale further afield (Petersen et al., 2019b). Such
a pattern emerges when comparing condition or shell length
between treatments (Supplementary Table A2). In both SKIV
and DV, shell length and condition differ significantly between
spat collectors and the finer mesh net (17.5 cm) (Supplementary
Table A2, 2018 section).

It can be assumed that maximizing the substrate in a
given mitigation farm will simply provide the greatest nutrient
extractive potential. This is represented in the case of the
longline and belt spat collector treatments, but when normalizing
total yield per longline or net to surface area (Figure 6), a
diminishing return on yields is observed to an asymptote,
namely, in between the 17.5 and 25 cm nets. This is due
largely to two factors: (1) at higher substrate quantities,
there is less space for mussel aggregate expansion, and (2)
overlapping food depletion fields reduce interspecific growth
(Saurel et al., 2013; Petersen et al., 2019b). Reduced growth
will be increasingly pronounced in estuaries with lower mean
food concentrations, lower flux of food, or if cumulative
depletion of basin-scale food resources induces similar conditions
(Strohmeier et al., 2008).
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Spatial patterns can expose trends related to the interaction
of the farm structure with the local biophysical regime and
interaction among treatments within the farm. Spatial clustering
of high and low biomass and mussel condition indicates farm-
scale localized food depletion and is likely to be detected at
downstream or central sections, depending on currents and
food concentrations. Spatial distribution of biomass yields was
weakly oriented in both farms, indicating food flux was sufficient
for overall production. While reduced condition at harvest in
the center of the units in both SKIV and DV was observed
(Table 2 and Figure 7), these spatial trends were detected between
treatments, as well as independent of treatment. This implies
both sufficient spatial randomization of treatment assignment,
and the spatial orientation of reduced condition is a feature of
integrated depletion effects. Mussel condition is directly related
to overall extractive potential as the majority of nutrients are
bound in the soft tissues provided differences in size (shell length)
and numbers (density) are negligible; directional dependency
of condition can inform on modified harvest strategies or
adjustments to the physical configuration. Greater mussel
condition was observed in larger mesh nets (Supplementary
Table A2) and can be likely attributed to reduced micro-scale
depletion fields as mesh holes were not entirely obstructed by
mussels, permitting food flux through the net structure. It has
been demonstrated that chl-a concentrations decline rapidly
within a region of 5–10 cm from the mussel aggregate surface
(Petersen et al., 2019b), which integrates into a larger volume
for smaller mesh nets. When considering predominant current
directions and integrated depletion effects at both the aggregate
surface and farm-scale, clustering magnitudes (low and high
values) and ranges were positively associated with substrate
density (Table 2).

The critical metric in mitigation culture is total nutrient
extractive potential. This manifests as total summary biomass,
which is largely commensurate to total tissue content. In both
of the commercial farms (SKIV and DV), total biomass yield,
total N, and total P were greatest in the case of the 17.5 cm
nets (Figure 5). This indicates that at the farm-scale, depletion-
induced concavity in total yield or nutrient extraction had not
exceeded production carrying capacity. Nonetheless, expansion
of production will require higher resolution analysis linking
micro-scale depletion dynamics with basin-scale biophysical
dynamics influencing depletion. Additionally, it cannot be
understated that farm management, specifically in relation to
maintenance of biomass retention, will markedly influence yields.

Future Considerations
If mitigation farms proliferate, compounding large-scale effects
on phytoplankton is expected as an outcome in eutrophic waters.
Basin-scale reduction in food supplies and quality will influence
farm configuration, as the flux of food in a reduced gradient
will support less biomass in upstream units if situated in close
proximity. Furthermore, it has been demonstrated in heavily
cultivated waters that ecological space is broadened for smaller
phytoplankton classes (Froján et al., 2018; Cranford, 2019);
however, in eutrophic or some extensively cultivated basins,
smaller plankton classes may be increasingly utilized under field

conditions (Sonier et al., 2016) or transported through the food
chain to larger classes (Haraguchi et al., 2018). As of 2019,
7.34 km2 of the Limfjorden are permitted for cultivation of
mussels, where the overall surface area 1526 km2 (Dinesen et al.,
2011), or 0.5% of the fjord system; which suggests room for
expansion in this highly productive system, in comparison with
more extensively utilized areas (e.g., St. Peter’s Bay, Canada, 38%
utilized; Sonier et al., 2016). Nevertheless, ecological impacts of
expanded and intensive mitigation cultivation require further
investigation through field study andmodeling efforts to estimate
impacts of increased scale. Basin-scale configuration of farms to
optimize nutrient extraction will require strategic placement that
balances (1) biophysical forcing, (2) multiple-use demands, (3)
existing abatement mechanisms in the watershed, (4) ecological
sensitivity of the benthos, (5) local capacity in farm technical
management, and (6) consideration of impacts on natural
recruitment in mussel beds (Molinet et al., 2017).

As mussels immobilize organic matter from the water column
as fecal and pseudofecal matter, there is potential for organic
enrichment of sediments directly within and around the farm.
Sedimentation rates of organic matter have been demonstrated
to be higher within a farm than at reference positions within
the same water body (Carlsson et al., 2009), however, basin-
scale sedimentation is reduced in eutrophic water bodies
(Timmermann et al., 2019). It is expected that further commercial
scale, in situ investigation of environmental conditions and farm
configuration will clarify questions of nutrient budgeting.

The fate of mitigation mussels post-harvest is currently
undergoing technical3 and economic investigation (Filippelli
et al., in review). While many mussels will be appropriately
sized for the human consumption market, utilization in feeds
or otherwise will follow market and technological conditions.
Further elaboration on ecosystem services, ecological impacts,
and economics of production of mitigation mussels are discussed
in reviews by Petersen et al. (2016, 2019a).

CONCLUSION

Increased areal efficiency of mitigation mussel production
was demonstrated in this study by modifying conventional
cultivation methods and adoption of alternative technologies.
Nutrient extractive potential was increased over prior work and
exhibits rates similar to highly efficient constructed terrestrial
mitigation mechanisms. While sites in this study provided
different conditions for growth, total yields were similar and
suggest Limfjorden waters are appropriate for further expansion
of mitigation culture. Further commercial-scale demonstration
of alternative technologies would facilitate heightened precision
and accuracy of harvest potentials under different environmental
conditions. As mitigation cultivation is intended to augment
other nutrient abatement mechanisms, and emphasis on targeted
approaches is becoming standard practice, extraction capacity
of a given farm or collection of farms within a sub-basin needs
to be linked to local ecological conditions. The magnitude of

3www.mumipro.dk
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filtration pressure and potential summary impacts on nutrient
fates implies that mitigation farming will modify local and meso-
scale conditions. Similar to other abatement tools, response to
variability in conditions over the year, site-specific attributes,
and cultivation practices will affect extraction efficiency. Further
study is required to document farm and basin-scale impacts
on phytoplankton and organic matter distribution relative to
strategic deployment of mitigation farms.
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Sample date Site Treatment 

Mussel 
Shell 

Length 
(cm) 

st 
dev Level p-

value Statistic Condition 
Index 

st 
dev Level p-

value Statistic 

October / 
November 

2017 

SKIV 

30 2 m 3.84 0.47 a 

<0.01 F3,2396= 
57.33 

7.2 1.2 

0.07 F3,236= 
2.42 

30 3 m 3.52 0.49 c 6.9 1.2 
60 2 m 3.81 0.46 a 7.4 1.5 
60 3 m 3.66 0.37 b 6.8 1.0 

DV 

30 2 m 4.22 0.58 b 

0.04 F3,2396= 
2.79 

6.7 1.0 b 

<0.01 F3,236= 
19.28 

30 3 m 4.28 0.55 ab 7.2 0.9 ab 
60 2 m 4.32 0.6 a 7.8 0.9 a 
60 3 m 4.28 0.58 ab 6.0 1.0 c 

SALL 
30 2 m 3.91 0.66 

0.3 t590.2= -
1.12 

7.1 1.0 
0.64 t56.3=      

-0.4760 2 m 3.86 0.58 7.0 0.8 

December 
2017 

SKIV 

30 2 m 3.96 0.78 a  

<0.01 F3,4796= 
12.56 

6.9 1.6 ab 

0.04 F3,476= 
2.75 

30 3 m 3.79 0.83    b 6.6 1.2 b 
60 2 m 3.97 0.8    a 7.0 1.1 a 
60 3 m 3.86 0.77 b  6.9 1.2 ab 

DV 

30 2 m 4.4 0.82 a 

<0.01 F3,5996= 
15.15 

7.4 1.4 a 

<0.01 F3,596= 
5.11 

30 3 m 4.37 0.76 a 6.9 1.2 b 
60 2 m 4.22 0.85 b 7.3 1.3 a 
60 3 m 4.29 0.77 b 7.0 1.2 ab 

SALL 
30 2 m 4.46 0.71 

<0.01 t598=       
-3.77

6.0 0.9 
0.86 t57.9=    

0.17 60 2 m 4.24 0.7 6.1 0.8 

March / April 
2018 

SKIV 

30 2 m 4.13 0.7 ab 

0.03 F3,2396= 
3.06 

6.1 0.9 

0.86 F3,236= 
0.25 

30 3 m 4.14 0.75 ab 6.2 1.1 
60 2 m 4.18 0.66 a 6.2 1.0 
60 3 m 4.06 0.74 b 6.1 1.0 

DV 

30 2 m 4.37 0.66 

0.5 F3,2396= 
0.76 

7.3 1.6 

0.12 F3,236= 
2.0 

30 3 m 4.32 0.65 7.6 1.3 
60 2 m 4.34 0.66 7.3 1.4 
60 3 m 4.31 0.68 6.9 1.7 

SALL 
30 2 m 4.33 1.07 

0.9 t547.3=      
-0.07

6.5 1.6 
0.50 t56.5= 

0.68 60 2 m 4.32 0.78 6.7 1.4 

November 
2018  

SKIV 
Net 17.5 3.71 0.52 b 

<0.01 F2,9557= 
41.93 

6.4 1.3 c 
<0.01 F2,957= 

11.89 Net 25 3.88 0.5 a 6.9 1.6 b 
30 2m 3.81 0.56 a 7.8 2.0 a 

DV 
Net 17.5 4.12 0.65 c 

<0.01 F2,4197= 
82.45 

6.4 0.8 b 
<0.01 F2,417= 

8.17 Net 25 4.33 0.72 b 6.8 1.2 a 
30 2 m 4.58 0.69 a 7.2 1.4 a 

SALL 

Net 17.5 3.55 0.76 c 

<0.01 F4,1495= 
33.72 

6.3 1.0 

0.32 F4,145= 
1.19 

Net 20 4.05 0.76 b 6.2 0.8 
Net 25 3.89 0.82 b 6.5 1.1 

Ladders 4.02 0.74 b 6.7 0.9 
30 2 m 4.3 0.71 a 6.5 0.9 

Table A.1. Morphometric data from the 2017 and 2018 growth cycle by potential harvest dates of belt 
spat collector treatments and alternative technologies.  Mussel Shell Length (cm), and Condition Index 
DW (mg) / SL3 (cm).  
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Harvest Site N% of 
tissue DW 

P% of 
tissue DW 

Tissue DW 
yield (%) 

December 2017 
SKIV 9.80 0.99 10.70 
DV 9.68 0.89 10.10 

SALL 9.68 0.83 9.86 

March/April 2018 
SKIV 10.41 1.03 9.49 
DV 9.74 1.05 10.17 

SALL 9.19 0.91 10.87 

November 2018 
SKIV 8.98 0.79 11.03 
DV 9.57 0.81 9.76 

SALL 9.58 0.79 8.69 

Table A.4. Nitrogen (N), phosphorus (P) content of tissues, and tissue dry weight yield (ratio of dry tissue 
to whole fresh mussel) by harvest date and site.  
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H I G H L I G H T S

• A newmodular spatialmodel formussel
mitigation farms is developed and pre-
sented.

• Themodel is flexiblewith respect to dif-
ferent farm setups and harvest times.

• Variability, uncertainty, food limitation
and required hydrodynamics are con-
sidered.

• The model can become important for
implementing coastal and marine
policies.
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Worldwide, coastal andmarinepolicies are increasingly aiming for environmental protection, and eutrophication
is a global challenge, particularly impairing near-coastal marine water bodies. In this context, mussel mitigation
aquaculture is currently considered an effective tool to extract nutrients from such water bodies. Mussel mitiga-
tion farming using longline systems with loops of collector material is a well-developed technology and consid-
eredpromising in thewestern Baltic Sea. Besides several spatially limitedfield studies, a suitable spatialmodel for
site-specific implementation is still lacking. In this study, we present amodular spatial model, consisting of a spa-
tial and temporal habitat factor model (Module 1), blue mussel growth model (Module 2), mussel farm model
(Module 3), and an avoidance of food limitationmodel (Module 4). Themodules integrate data from in situmon-
itoring, mussel growth experiments, and eco-physiological modelling for thewestern Baltic Sea, to estimate spa-
tially explicit nutrient reduction potentials. The model is flexible with respect to farm setups and harvest times
and considers natural variability, model uncertainty, and required hydrodynamics. Modelling results proved
valid at all scales and modules, and point out key areas for efficient mussel mitigation farms in Danish, German
and Swedish areas. Modelled long-term mean mitigation potentials for harvest in November reach up to 0.88
tN/ha and 0.05 tP/ha for a farm setup using 2 m depth-range of the water column and 3.0 tN/ha and 0.17 tP/ha
using up to 8 m, respectively. For Danish water bodies, we demonstrate that in efficient areas, mitigation farms
(18.8 ha, 90 km collector substrate in loops with 2m depth-range) required b3.6% of the space to extract the tar-
get nitrogen loads for good ecological status. The developed approach could prove valuable for implementing
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environmental policies in aquatic systems, e.g. in situ nutrient mitigation, aquaculture spatial planning, and hab-
itat suitability mapping.

© 2020 Published by Elsevier B.V.

1. Introduction

Both European and international coastal and marine policies have
the objectives to reachhealthy ocean ecosystems, sustainedmarine eco-
system services, and integrated utilization of marine areas by minimiz-
ing conflicts in the marine environment (Ehler and Douvere, 2009; EU,
2014; EU, 2008; EU, 2000; IOC, 2014). In this respect, eutrophication is
a global challenge, particularly impairing near-coastal marine water
bodies (Smith, 2003).

Within the European Union, Environmental targets for reaching
good ecological status in coastal water bodies, including target nutrient
(nitrogen and phosphorus) and chlorophyll-a (ChlA) concentrations,
were defined within the Water Framework Directive (WFD) (EU,
2000) and the Marine Strategy Framework Directive (MSFD) (EU,
2008). Marine aquaculture, on the other hand, is an essential element
of implementing the Maritime Spatial Planning Directive (MSPD) (EU,
2014; Gimpel et al., 2018). Considerable reductions of nutrient contents
in the western Baltic Sea have been achieved over the last decades,
mainly attributed to land-based measures on reducing inputs from
both point and diffuse sources (Carstensen et al., 2006; EEA, 2019;
Riemann et al., 2016). However, large pools of internal nutrient loadings
in the Baltic Sea delay recovery from eutrophication (Carstensen et al.,
2006; Riemannet al., 2016), andmostwater bodies in thewestern Baltic
Sea are still far from reaching the environmental targets (HELCOM,
2018). The Danish River Basin Management Plans for the years
2015–2021 (EPA, 2016), for example, include targets of nitrogen load
reduction for coastal water bodies. These total up to 13.000 tN/year for
all of Denmark, and locally, this target reduction can reach up to 33 tN/
(km2*year) with respect to water body area (only water bodies larger
than 5 km2 considered). Consequently, in situ mitigation measures
could effectively complement land-based actions to reduce nutrient
contents in coastal water bodies (Petersen et al., 2014). This would con-
tribute to minimizing threats of eutrophication to valuable coastal eco-
systems, such as the loss of benthic macrophytes (Timmermann et al.,
2019), or frequent occurrences of harmful algal blooms (Delegrange
et al., 2015). However, potential conflicts about marine space with
other economic sectors (e.g. fishing and marine transportation) may
arise when implementing marine mitigation measures (Maar et al.,
2020b).

Mussel mitigation farming, a form of marine aquaculture optimized
for nutrient removal, has been proposed as a tool to improve coastal
water quality (Petersen et al., 2014). It is designed for acting as effective
in situ mitigation measure in eutrophic coastal water bodies or as com-
pensation measure for marine point sources (i.e. finfish culture) (Maar
et al., 2020a; von Thenen et al., 2020). In contrast to farming mussels
for human consumption, where themussels should be large and of sim-
ilar size, the target of mitigation farms is to fix the highest amounts of
nutrients possible in a short time. Such floating farm systems provide
a large suspended substrate area for mussel larvae to settle and grow.
Once settled, the mussels can filter large volumes of water,
immobilizing phytoplankton biomass and other types of suspended
particles. In eutrophic systems, nutrients are transformed into phyto-
plankton biomass, which is then transformed into mussel biomass
after filtration, and extracted from the marine environment by harvest-
ing after certain growth periods (Petersen et al., 2019a). Depending on
the productivity of longlinemitigation farms, respective prices for nitro-
gen and phosphorus reduction have been estimated between 13–53 €/
kgN and 180–880€/kgP for areaswith high and lowproductivity, respec-
tively (Maar et al., 2020b). Bluemussels, or more specifically mussels of
theMytilus edulis/trossulus complex, are widely present in the shallow

areas of the western Baltic Sea (Kotta et al., 2020). There, primary
spawning occurs from May until June (Riisgård et al., 2015), when
planktonic larvae are released into the water and widely dispersed
over a period of up to sixweeks (Larsson et al., 2017). Provided that sup-
ply of wild mussel seeds is sufficient, mussel mitigation farms are cur-
rently considered a potentially effective part of measures to improve
water quality in these coastal areas (Kotta et al., 2020). Thewestern Bal-
tic Sea is a highly heterogenic marine water body, isolated from the
open Atlantic Ocean by the narrow entrance through Skagerrak be-
tween Denmark, Norway, and Sweden. It is characterized by relatively
shallow depths of mostly b50 m, a pronounced salinity gradient from
north-west to south-east, and a fine-structured coastline with numer-
ous islands, fjords, and bays.

Estimates from several studies in the Limfjord system reveal that
longline mitigation farms are able to extract 0.6–1.4 tN/ha within one
growth season from July till March (Petersen et al., 2014; Nielsen
et al., 2016; Taylor et al., 2019) and new farm constructions, such as
with nets, appear even more efficient for mitigation culture. Currently,
there are only a fewGeographic Information System (GIS) based studies
and applications available with respect to site-selection of mussel miti-
gation farms (e.g. Bagdanavičiūtė et al., 2018; Gimpel et al., 2018; Kotta
et al., 2020). These studies evaluated the spatial variability of mussel
growth conditions, either based on fixed thresholds or seasonal average
values of habitat factors, but do not consider their temporal dynamics.
Mussel growth, however, is a temporal process and relies on the simul-
taneous interaction of growth-controlling parameters, such as tempera-
ture (Temp), salinity (Sal), and food availability. A derivation of specific
growth estimates based on e.g. fixed thresholds or yearly averages is,
therefore, highly critical in seasonally and spatially dynamic ecosys-
tems, such as the western Baltic Sea. Sainz et al. (2019) have recently
published a MSP study on mussel farms in southern California, where
they point out the importance to consider temporal variability in envi-
ronmental conditions for spatial planning of marine aquaculture. Fur-
thermore, large numbers of blue mussels are capable of filtering large
volumes of water of the majority of phytoplankton content (Cranford,
2019; Petersen et al., 2019b), which can lead to within-farm food limi-
tation and reduced growth performance of mussels (Petersen et al.,
2019b; Taylor et al., 2019). Food limitation is strongly related to the sup-
ply of suitable food into a farm. ChlA is a usual proxy for the available
food for mussels (Petersen et al., 2019b), even though the species com-
position of phytoplankton can affect ingestion rates. Consequently, food
limitation can be described as a function of hydrodynamics, ChlA con-
centration, and the actual ChlA ingestion capacity of the blue mussels
present in a farm (Petersen et al., 2019b). The required hydrodynamics
to avoid food limitation for specific farm setups do not find consider-
ation in the recently available GIS-based site-selection approaches
(e.g. Bagdanavičiūtė et al., 2018; Gimpel et al., 2018) and the spatial
model for the Baltic Sea (Kotta et al., 2020). Although the existing as-
sessments can predict the large-scale pattern of mitigation potential in
the Baltic Sea region, these models do not take into account short-
term dynamics of growth conditions (e.g. seasonality in Temp or phyto-
plankton blooms) and mussel densities at farm-scale (e.g. substrate
density in farms interacting with natural food availability). Therefore,
the actual mitigation potential of mussel farms may largely deviate
from their modelled full potential, and a suitable spatial model for
site-specific implementation of coastal andmarine policies in the west-
ern Baltic Sea is still lacking. Eco-physiological models, such as the Dy-
namic Energy Budget Model (DEB-model) (Maar et al., 2015; Sainz
et al., 2019), or Bio-Energetic Growth models (Larsen and Riisgård,
2016) are capable to predict the growth potential of mussels in the
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field, given that in situ experiments for calibration/validation and input
data of ambient water quality conditions are available in suitable tem-
poral resolution. Nevertheless, such models are currently limited in
their direct implementation into large-scale GIS applications due to
complex setups and high demands of computing capacity.

In this context, both the BONUS OPTIMUS (bonus-optimus.eu) and
the MuMiPro (mumipro.dk) projects aim at exploring and optimizing
the potential of mussel mitigation farming in the western Baltic Sea
from different perspectives, including site-selection, farming methods,
and economic feasibility.

In this paper, we develop a modular modelling approach to upscale
local point-estimates of growth and biomass of individual blue mussels
to hypothetical mussel mitigation farms on a transnational scale involv-
ing Danish, German, and Swedish water bodies in the western Baltic
Sea. Therein, we modularly linked growth experiments in the field,
eco-physiological model simulations, large-scale monitoring data, and
spatial models by means of empiric statistical model functions. The re-
sults, illustrate an evidence-based and comprehensive large-scale as-
sessment on the spatial distribution of nutrient reduction potentials of
blue mussel mitigation farming across the western Baltic Sea.

2. Materials and methods

2.1. Overview of the modular modelling approach

The developedmodel contains four inter-linkedmodules, which use
data from monitoring, field experiments, eco-physiological modelling,
and bathymetry to estimate harvest and nutrient reduction potentials,
as well as locally required hydrodynamic conditions for different setups
of Mussel Mitigation Farms in the western Baltic Sea (Fig. 1). The re-
quired input and output parameters to run the final model are listed
for each module in Table 1. All variables used throughout the model
are summarized in the suppl. Information.

• Module 1 provides spatial (1 km2 resolution) and temporal (monthly
resolution) models of the long-term average pelagic habitat factors
temperature (Temp), salinity (Sal), ChlA concentration alongwith es-
timates of their natural variability. This module is based on data from
the operationally performed monitoring programs of Denmark
(NOVANA), Germany (LUNG, LLUR), and Sweden (SharkWEB).

• Module 2 contains an empirical blue mussel growth model based on
monthly resolved inputs of Temp, Sal, and ChlA values (Module 1).
This model was statistically fit to results of eco-physiological DEB-
model runs distributed throughout the model domain and validated
with data from blue mussel growth experiments in the field. This
module is used to estimate biomass of individual blue mussels at

harvest in November throughout the whole model domain.
• Module 3 contains a statistical model function to up-scale biomass of
individual blue mussel to the farm-scale and delivers respective bio-
mass harvest and nutrient reduction potentials. This function is
based on data of blue mussel growth experiments in the field and de-
scribes different types ofmitigation farm setups in relation to local ba-
thymetry.

• Module 4 contains a simplifiedmodel to estimate locally required hy-
drodynamics to avoid food limitation for the mussel growth (Module
2) under the given farm setup (Module 3). Thismodel rests uponDEB-
model parameters describing the ChlA consumption of blue mussels
in relation to Temp, ChlA (Module 1), and C:ChlA conditions, as well
as on the mussel farm model (Module 3). Its output can be aligned
with actual hydrodynamic data to identify local scenarios with signif-
icant risk of food-limitation and, thus, likely overestimation inModule
3.

All spatial model calculations operated on a model raster with
1000*1000 m2 spatial resolution in the UTM32N coordinate system.
The extent of the model raster was aligned with the spatial boundaries
of monitoring data plus a buffer of at least 20 km (X:
400,000–964,000 m; Y: 5,948,000–6,570,000m). For spatial evaluation,
we used the European coastline shapefile (EEA, 2015) for defining land-
water boundaries and the Exclusive Economic Zones from theMaritime
Boundaries Geodatabase (Flanders Marine Institute, 2018). Both
shapefiles were projected to the UTM32N coordinate system.

2.2. In situ monitoring data

We used data from the operationally performed monitoring pro-
grams of Denmark (DCE, 2018), Germany (LUNG, 2018; LLUR, 2018),
and Sweden (SMHI, 2018) throughout the western Baltic Sea from
2007 to 2017 to cover ten mussel growth seasons. All position data
were transformed to the UTM32N coordinate system. The spatial
boundary of monitoring data was set to X-coordinates between
500,000–950,000 m and Y-coordinates between
5,950,000–6,550,000 m. Additionally, the Limfjord system was fully in-
cluded ranging down to X-coordinates of around 450,000 m. In total,
data was evaluated from 970 monitoring locations (Denmark: 338;
Sweden: 541; Germany: 91) using the parameters Temp (°C), Sal
(psu), and ChlA (μg/L). Monitoring data was filtered to the upper
10mwater column to represent the depth range relevant for suspended
mussel mitigation farms.

Module 1:
Spa�al & temporal

habitat factor model

Module 2:
Blue mussel growth 

model

Module 3:
Mussel farm model

In situ monitoring data Blue mussel growth experiments

DEB-model

Module 4:
Avoidance of food 
limita�on model

Bathymetry &
farm setup

Harvest & nutrient
mi�ga�on poten�al

Locally required
hydrodynamics

Hydrodynamics

Fig. 1. Flow diagram of the spatial modularmodelling approach to estimate harvest and nutrient reduction potentials and locally required hydrodynamics for Mussel Mitigation Farms on
trans-national scale in the western Baltic Sea. Black: inputs to the spatial model; green: modules of the spatial model; blue: outputs of the spatial model. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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For spatial modelling purposes, the study area was classified into
open and separated water bodies (Fig. 2), such as fjords and bays with
only narrow connections to the open sea. For the whole study area,
the number of stations monitored per month of the year ranged be-
tween 284 (ChlA in November) and 642 (Temp in August). In the
open water bodies, the number of stations monitored per month with
at least five years coverage ranged between 80 (Sal in December) and
229 (Temp in August). An overview of all monitoring data used in the
model is presented spatially in Fig. 2 and quantitatively in Table_S 1.

2.3. Blue mussel growth experiments

From 2017 to 2019, in situ blue mussel growth experiments were
performed on longline systems at 10 sites in the study area over one
or two mussel growth seasons (July–May): Limfjord (Løgstør,
Sallingsund, and Skive), Mariager Fjord (inner and mid), Vejle
Fjord, As Vig, Flensburg Fjord, Roskilde Fjord, and Greifswald Bay
(Fig. 2). All experiments relied on natural recruitment of mussel
spat. Growth data were acquired at differing time intervals by sam-
pling triplicates of 30 cm sections of the spat collector material. Bio-
mass dry-weight (mbio[gDW]) and shell length of the mussels (lmus

[mm]) were measured as described in Taylor et al., 2019. Average
values of mbio at the different time-steps were used to calibrate
(2017–2018) and validate (2018–2019) both the eco-physiological
DEB-model, as well as to validate the empirical mussel growth
model (Module 2 in Fig. 1) used for spatial modelling. The longline
systems were partly individual test-lines (Mariager Fjord, Vejle
Fjord, Flensburg Fjord, Roskilde Fjord, Greifswald Bay), or test-lines
integrated within commercially run mussel farms (Limfjord, As

Vig). Spat collector material (5 cm polypropylene belts) was applied
at 1 m depth and set up as 0.4 mwide loops with 0.3 m or 0.6 m spac-
ing between and 2 m or 3 m depth-range.

2.4. DEB-model

The DEB-model is a mechanistic eco-physiological model describing
the energy flow through the mussel in response to Temp, Sal, and ChlA
(proxy for food) (van der Veer et al., 2006; Saraiva et al., 2011; Maar
et al., 2015). ChlA (including planktonic and resuspended fractions)
was used as a quantifier for food, because phytoplankton biomass is
considered as themain food source for mussels in thesemicro-tidal, eu-
trophic areas with high ChlA concentrations and relatively low amount
of resuspended seston concentrations (Filgueira et al., 2018; CEFAS,
2016). Due to the low expected concentrations, adverse effects of inor-
ganic resuspended material on ChlA assimilation have not been consid-
ered in themodel. Further, the food quality of phytoplankton expressed
at the assimilation efficiency is higher compared to other food sources
(Filgueira et al., 2018; Navarro et al., 1996). In the model, mussel filtra-
tion ceases at ChlA concentrations ≤0.5 μg/L due to valve closure
(Dolmer, 2000). Filtrationwas kept unaffected by Sal assuming local ad-
aptation (Riisgård et al., 2013a), although abrupt changes in Sal have
been observed to induce short-term valve-closure (Almada-Villela,
1984). The ingested food is assimilated by a constant assimilation effi-
ciency (KA) except at high ChlA concentrations N20 μg/L, where the as-
similation efficiency, and hence growth, is reduced exponentially due to
food over-saturation. The exponential function (see Eq. (5)) is based on
net growth efficiency data from Riisgård et al. (2013b) with ChlA con-
centrations varying from 4.1 to 67.8 μg/L (n = 7, R2 = 0.85, their

Table 1
Summary of the input and output parameters used and produced by each of the four modules.

Parameter Description Source

Module
1

Input Temp [°C] Temperature (upper 10 m water column) Operationally performed
monitoring programs of
Denmark, Germany, and
Sweden (DCE, 2018;
LUNG, 2018; LLUR, 2018;
SMHI, 2018)

Sal [psu] Salinity (upper 10 m water column)
ChlA [μg/L] Chlorophyll-a conc. (upper 10 m water column)

Output ØTemp ± σ [°C] Spatial models of monthly long-term means and standard deviations
ØSal ± σ [psu]
Øln(ChlA) ± σ [ln
(μg/L)]

Module
2

Input ØTemp ± σ [°C] See output Module 1 Module 1
ØSal ± σ [psu]
Øln(ChlA) ± σ [ln
(μg/L)]
monharv Harvest month from August till December User input

Output mbio [gDW]
(p05,p50,p95)

Spatial model of tissue biomass dry-weight of individual blue mussel (5-, 50-, and 95-percentiles)

Module
3

Input mbio [gDW]
(p05,p50,p95)

See output Module 2 Module 2

max(rdep) [m] Maximum depth-range of spat collector loops (2–8 m) User input
iloop [m] Collector loop interval on longlines (0.7, 1.0, 1.5, or 2.0 m)
b [m] Local bathymetry Bathymetry models

(DMSA, 2012; EMODnet,
2018)

Output Harvest [tDW,tWW] Spatial model of mussel biomass in a farm (modelled range).
N-red. [tN] Spatial models of nitrogen and phosphorus mitigation potentials of a farm (modelled range).
P-red. [tP]

Module
4

Input ØTemp [°C] See output Module 1 Module 1
ØChlA [μg/L]
lloop [m] Total collector length in a farm Module 3
rdep [m] Depth-range of spat collector loops
vh [m/s] monthly-mean horizontal flow velocity Hydrodynamic models

(EU Copernicus, 2019;
Larsen, 2020)

Output vh
crit [m/s] (250 m,750

m)
Spatial model of critical horizontal flow velocity, required to avoid food limitation (short and long
farm axis).

vh
ratio [m/s] (250 m,750

m)
Spatial model of the ratio vh/vhcrit. Should be N0.5 to avoid food limitation.
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Fig. 5, ignoring one value at lower salinity). The assimilated food goes to
the reserve density (energy storage). A high energy density implies a
well-fed mussel, whereas a low energy density is a sign of starvation.
Energy is allocated from the reserve density with a fixed fraction of
0.7 to somatic growth and somatic maintenance, whereas the other
fraction is allocated to maturity or reproduction (gonads) and the re-
lated maintenance. The growth response to low Sal is described as an
extra maintenance cost due to osmoregulation below a Sal threshold
of 16.2 psu (Almada-Villela, 1984; Maar et al., 2015). Osmoregulation
takes place over the surface of an organism and the maintenance cost
is assumed proportional to the surface of the mussel, Temp and Sal

(Kooijman, 2000; Maar et al., 2015). The extra maintenance costs
were distributed to both somatic- and reproductive maintenance and
the reserve utilization was increased to cover this expense. Spawning
takes place above a certain threshold for Temp (9.6 °C) and gonad con-
tent. During severe starvation, the somatic and reproductive tissue can
pay for somatic maintenance. The DEB-model results were calibrated
with observations from four experimental test-line sites in Skive Fjord,
Sallingsund, Løgstør, and Mariager Fjord (Fig. 2) for the growth season
2017–2018. Validationwas performed against observations fromexper-
imental test-line sites in eight different areas (Fig. 2) for the growth sea-
son 2018–2019 (Taylor et al., 2020). Hydrodynamics were not directly

Fig. 2. Overviewmap of the study area showing the national exclusive economic zones (EEZ), model domain, outlined separated water bodies, monitoring sites used in separated water
bodies (SW) and open sea (OS), sites where the DEB-model was run, and sites of in situ longline field experiments.
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part of the DEB-model calculations. However, as themussels for calibra-
tion and validation have been growing on farm-like longline setups, the
effect of mussel clusters, forming on the collector substrate, on compe-
tition for food were indirectly covered.

The validated DEB-model was used to predict the potential growth
of mussels at 50 monitoring stations in Denmark (Fig. 2) using data
from the above-mentioned Danish national monitoring program
NOVANA. Each site had at least 12 samples per year from two successive
years of Temp, Sal, and ChlA. Furthermore, the minimum depth for
monitoring sites was set to 5 m. The modelled period covered growth
seasons (July toMay) for the years 2008–2017while the number of sea-
sons modelled varied from 1 to 9 depending on available data for each
site. The DEB-model parameterization, as well as the predictions of bio-
mass for 50 sites from2008 to 2017,were used as input to build, respec-
tively calibrate the empirical mussel growth model (Module 2) for the
western Baltic Sea.

2.5. Farm setup - the ‘standard mitigation farm’

A standard mitigation farm in our model is based on longline farms,
already applied in the field (Petersen et al., 2014; Nielsen et al., 2016;
Taylor et al., 2019). It consists of three sections with 30 longlines of
200 m length, each (Figure_S 1). Space between longlines is set to
8 m. Each section covers an area of Asec = 250 m ∗ 250 m = 6.25 ha;
thewhole farm covers 18.8 ha. Along each longline, spat-collectormate-
rial (5 cm polypropylene belts) is continuously deployed at a depth of 1
m belowwater surface with loops reaching down another 2–8 m (rdep),
dependent on a specified maximum value max(rdep) and local bathym-
etry b. To ensure the collector loops do not touch the sediment, at least
1 m space is maintained from the bottom. The width of each loop is set
to wloop = 0.5 m and its length is defined to be lloop = 2 ∗ rdep + wloop

long. The distance between two loops is kept flexible between 0.2 and
1.5 m and the loop interval on the longlines iloop, therefore, varies be-
tween 0.7 and 2.0 m. A standard farm in the final model is, conse-
quently, setup flexible with respect to max(rdep), b and iloop. A whole
model farm contains a total collector length lcol[m] of:

lcol ¼ 2 � rdep þ iloop
� � � 200 � 90=iloop ð1Þ

where

rdep ¼
b−2; b−2≤ max rdep

� �

max rdep
� �

; b−2N max rdep
� �

8<
:

Consequently, atmax(rdep) of 8m and iloop of 1m, lcol of the standard
mitigation farm is in between 90,000–306,000 m for 4 m, respectively
≥10 m water depth. We did not limit potential farm areas by water
depth, as there are examples, where longline systems are described fea-
sible for large depths of up to 100m (Goseberg et al., 2017; Langan and
Horton, 2003; Mizuta andWikfors, 2019). To our knowledge, however,
there is no full-scale commercial or mitigation farming for bluemussels
in offshore environments, yet.

In this paper, we present results for different setups of the model
mitigation farm. In order to specify easily the respective farm layout
we use a nomenclature combining the potential range of rdep from
min to max (‘2- max(rdep)’) and iloop: e.g. ‘2-2_0.7’ specifies a farm
with rdep=2mand iloop=0.7m and ‘2–8_2.0’ a farmwith 2m ≤ rdep ≤ 8
m and iloop = 2.0 m.

2.6. Bathymetry

We merged two bathymetry datasets: (1) A Danish bathymetry
model (DMSA, 2012) and (2) the EMODnet Bathymetry DTM
(EMODnet, 2018), whichwere both projected to the target UTM32N co-
ordinate system in ArcGIS and had spatial resolutions of ~50*50 m2 and

~100*100m2, respectively. Both datasets were transferred to the model
raster using the ‘rasterize’ function of the ‘raster’-package in R. For each
raster cell, we calculated the (1) mean bathymetry, (2) a selection layer
for suitability for mussel farms, where depths ≥4 m covered at least the
area needed for a standard mitigation farm (18.8 ha), and (3) the mean
bathymetry of all depths ≥4 m to derive respective rdep for potential
mussel farms. In this step, both raster layers were combined using the
‘merge’ function of the ‘raster’-package in R, prioritizing the layer
based on the higher resolved Danish bathymetry data.

2.7. Hydrodynamics

Hydrodynamics are important in this model, as food-flux into a
mussel farm is assumed as a function of ChlA concentration and hor-
izontal flow velocity (Petersen et al., 2019b). Here, monthly-mean
absolute horizontal flow velocities serve as a reference for the re-
quired hydrodynamics to avoid food limitation (output of Module
4). Unfortunately, there is no such dataset covering the whole spatial
extent of this study. We used monthly-mean flow velocities of the
Baltic Sea Physics Analysis and Forecast (BSPAF) (EU Copernicus,
2019) for the upper 10 m water column over three available years
from March 2016 to February 2019. The Limfjord system is not part
of the BSPAF's model domain. There, we calculated monthly-mean
absolute horizontal flow velocities from model runs with FlexSem
(Larsen et al., 2020) for the years 2009–2012, and 2017 as reference
(Larsen, 2020).

2.8. Module 1: Spatial and temporal habitat factor model

We evaluated themonitoring data of pelagic habitat factors with re-
spect to spatial (1 km2 resolution) and temporal (monthly) distribution
on a long-term basis. Due to the specific value distribution of ChlA con-
centrations, we used ln(ChlA) for spatial data processing. First, the data
was aggregated by ‘Station’, ‘Year’, and ‘Month’, and we calculated re-
spective median values for all available parameters at each monitoring
location. We chose the median as a robust measure towards individual
outlier values. These values were further aggregated by ‘Station’ and
‘Month’ to calculate monthly long-term averages for each monitoring
location over the whole time period from 2007 to 2017. Standard devi-
ations and the number of years covered were calculated, respectively,
for each month and monitoring location. Standard deviations were
used for further assessment of effects of natural variability in pelagic
habitat factors on expected mussel growth.

We assumed that the deviation of values from individual years from
their respective long-term average is normally distributed. To justify
this assumption, we ran Shapiro-Wilk test for normality (shapiro.test
function, ‘stats’ R-package) for each parameter at each monitoring loca-
tion. Therein, only values frommonths with at least five years coverage
were considered. Rejection rates of normality (p-value b0.05) for Temp,
Sal, and ln(ChlA)were 11%, 21%, and 32%, respectively, and sample sizes
ranged in between 5 and 132. Due to the large majority of monitoring
locations passing normality tests, we decided to accept this assumption
for the whole model domain.

2.8.1. Open water bodies
For the open water bodies, continuous geostatistical modelling was

applied to estimate long-term monthly average Temp, Sal, and ChlA
conditions along with their standard deviations, across the whole
open water body spatial selection. To account for uncertainty related
to long-term average estimates based on only few data values, only
those locations with at least five years coverage for a single month
were processed (Table_S 1).We applied ordinary block-kriging interpo-
lation. Therefore, we used respectivemethods of the ‘gstat’-package in R
(Pebesma, 2004; Gräler et al., 2016). For ordinary kriging, data-based
variogram models are required to describe the structure and degree of
spatial dependence of a spatial random variable. In our case, the
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simplest approach of spatially modelling Temp, Sal, and ln(ChlA) data
and their standard deviations would be based on one variogram
model for each parameter, valid across all months of the year. To be
able to calculate respective empirical variograms, we modified the Y-
coordinates of monitoring locations by adding 1500 km for each addi-
tional month after January, in order to exclude inter-monthly interfer-
ence of the values. By visual judgement, we selected the type of
underlying variogram function and fit respective models. The received
variogram models were validated by leave-one-out cross-validation
(Figure_S 2) and also bymodelling estimates for thosemonitoring loca-
tions represented by less than five years coverage for individual months
(Figure_S 5).

For the long-term means of monthly pelagic habitat factors, we
derived predictive powers of RTemp

2 = 0.99, RSal
2 = 0.97, and Rln(ChlA)

2 -

= 0.80. The absolute deviations of predicted vs. observed long-term
mean values decrease markedly with higher yearly coverage and
reach relatively stable distributions after coverage by values from 4
to 5 years (Figure_S 5). Consequently, it is plausible to limit the spa-
tial modelling of open water conditions to monitoring locations with
at least five years coverage. Modelling of respective standard devia-
tions has generally lower predictive powers (Rσ(Temp)

2 = 0.45, Rσ(Sal)2 -

= 0.60, Rσ(ln(ChlA))
2 = 0.50). It is obvious from the respective

variograms (Figure_S 3) that there is less spatial dependence related
to the data and consequently a stronger random component in-
volved. However, we still observe distinct spatial and temporal pat-
terns of monthly standard deviations in the open water bodies (e.g.
Figure_S 6). Therefore, we decided to use the spatially modelled re-
sults instead of generalized constant standard deviations over the
whole model domain. The final kriging estimation was limited to
both the open water selection of the model raster dataset and a con-
vex hull around all monitoring locations of each individual parame-
ter and month with a 20 km buffer.

2.8.2. Separated water bodies
The individual separated water bodies (Fig. 2) were inadequately

covered by monitoring stations for spatially resolved modelling. There-
fore, we calculated a weighted average of data values from all monitor-
ing locations within these water bodies for each individual month. The
respective number of years covered was applied as a weight variable.
For each one of the separated water bodies, we calculated individual
monthly standard deviations based on the assumption that ‘the vari-
ance of the pooled set is the mean of the variances plus the variance of
the means’ (Rudmin, 2010). Thus, data of all monitoring locations
within a separated water body was used and weighted with respect to
the number of years covered according to the following equation
(adapted after Rudmin, 2010):

σ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f 1 � σ1

2 þ…þ f n � σn
2

� �þ f 1 � Ø1−Øð Þ2 þ…þ f n � Øn−Øð Þ2
� �

f 1 þ…þ f n

vuut

ð2Þ

σ: estimated standard deviation for a separated water body; σ1−n:
standard deviation of individual monitoring locations 1 to n; f1−n: num-
ber of years covered for individual monitoring locations 1 to n; ø:
weighted average of data values from all monitoring locations within
the water body; ø1−n: average of data values of individual monitoring
locations 1 to n.

For some separated water bodies, individual months are only cov-
ered by monitoring values from one year. For these months, we esti-
mated respective standard deviations by averaging the standard
deviations from all other months. There is one separated water body
that was only covered by monthly values from the year 2017 (Kolding
Fjord: NOVANA Station No. VEJ0003749). Therefore, no estimate of re-
spective natural variability could be calculated.

2.9. Module 2: Blue mussel growth model

This module contains an empirical blue mussel growth model that
builds upon the parameterization of the DEB-model. Themussel growth
model is based on monthly resolved inputs of Temp, Sal, and ChlA
values fromModule 1, and it is calibrated against the DEB-model's pre-
dictions of biomass for 50 sites from 2008 to 2017. As for the DEB-
model, hydrodynamics were not directly considered here, but competi-
tion for food inmussel clusterswas indirectly covered. From the param-
eterization of the calibrated DEB-model, we derived the following eco-
physiological response functions to transfer the pelagic habitat factors
Temp, Sal, and ChlA to normalized growth performance factors fT, fS,
and fC in the range of 0–1 (Figure_S 4):

fT ¼ e

TA

T1
−

TA

Tempþ 273:15

� �

1þ e

TAL

Tempþ 273:15
−
TAL

TL

� �
þ e

TAH

TH
−

TAH

Tempþ 273:15

� � ð3Þ

(Arrhenius temperature TA: 5800 K; Lower temperature boundary
TL: 275 K; Upper temperature boundary TH: 296 K; Arrhenius tempera-
ture for rate of decrease at lower boundary TAL: 45430K;Arrhenius tem-
perature for rate of decrease at upper boundary TAH: 31376 K; Reference
temperature T1: 289 K) (Maar et al., 2018; van der Veer et al., 2006.)

fS ¼
1; Sal≤16:2

1− 16:2−Salð Þ=16:2 � fT; SalN16:2

8<
: ð4Þ

(Section 2.4; Almada-Villela, 1984; Maar et al., 2015)

fC ¼

0;ChlA≤0:2

ChlA= ChlAþ 0:8ð Þ;0:2bChlA≤20

exp −0:03 � ChlA−20ð Þð Þ;ChlAN20

8>>>><
>>>>:

ð5Þ

(Section 2.4; Dolmer, 2000; Riisgård et al., 2013b)
We further assumed that the actual growth of blue mussels is

equally dependent on each of the three growth performance factors.
Therefore, we derived an integrated growth performance factor fTSC:

fTSC ¼ fT � fS � fC ð6Þ

From the DEB-Model runs for 50 monitoring stations (Fig. 2)
throughout the study area from2008 to 2017,we extracted average bio-
masses of individualmussels formonharvNovember, to represent poten-
tial harvest in autumn, and monharv March/April, to represent potential
harvest in spring; following the abbreviated production period of miti-
gation culture (Taylor et al., 2019). Due to the overlapped growth period
at harvest in spring, we also decided to average the biomasses of the
DEB-Model results over a two-month period. Referring to the calcula-
tion of monthly Temp, Sal, and ChlA values within the spatial modelling
of pelagic habitat factors, monitoring data of all these stations were ag-
gregated as monthly median values of Temp, Sal, and ln(ChlA) within
individual years. We transformed these monthly median values to the
growth performance factors fT, fS, fC, and finally the integrated factor
fTSC by applying Eqs. (3)–(6), as described above. Furthermore, we as-
sumed that mussel biomass growth (as dry-weight) is directly related
to the integrated monthly fTSC, which an individual mussel has experi-
enced throughout its lifetime after settlement.

mbio monharvð Þ ¼ function ∑monharv
Jul fTSC

� �
ð7Þ

After statistically fitting a respective empirical model function, this
function was validated against mussel growth data from seven longline
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test sites in Danishwater bodies for growth seasons from 2017 to 2019,
where in situ data for Temp, Sal, and ChlA (Taylor et al., 2020) was suf-
ficientlymonitored (see above). Validation calculationswere performed
in the following way: For each growth experiment time-series, we de-
rived a theoretical starting dosage as fTSC0 from the mussel biomass of
the first sampled point by inverting the function in Eq. (7). For all fur-
ther points in the time-series, the time range from start to sample
were divided intomonthly (30 days) intervals. For each interval we cal-
culated median values of Temp, Sal, and ln(ChlA) and derived corre-
sponding monthly fTSC dosages. To account for incomplete months at
the end of each series, we further multiplied the fTSC dosages with the
days/30 fraction for each interval. Those monthly fTSC dosages were
summed up with each corresponding fTSC0 and converted to final
model biomass (Eq. (7)).Modelled biomasswas evaluated againstmon-
itored biomass and deviations compared with the 95% prediction inter-
val of the model function.

Based on data from similarmussel growth experiments published in
Taylor et al., 2019 andNielsen et al. (2016)we derived average constant
factors to transfer mussel biomass dry-weight mbio [gDW] to biomass
wet-weight mbio [gWW], as well as nitrogen mN [gN] and phosphorus
mP [gP] content of the whole mussel including tissue, shell and byssus
threads: mBio [gDW] = mBio [gWW]/9.68 = mN [gN]/0.14 = mP [gP]/
0.0080. These factors are used to estimate local potentials of nutrient re-
duction by mussels.

2.10. Module 3: Mussel farm model

Eachmeter of spat-collectormaterial offers a certain settling area for
mussels. When we assume a mussel shape with constant proportions
throughout the modelled lifetime, each mussel occupies a part of this
settling area (Aset), which is related to its length (lmus): Aset~lmus

2 . When
we further assume that the biomass (mbio) of a mussel is related to its
size, then mbio~lmus

3 applies. Consequently, the density of individual

mussels of the same size on the settlingmaterial (ρmus½
ind
m

�) could be de-

scribed by:

ρmus ¼ constρ �m
−2	

3
bio ð8Þ

The biomass density on the settlingmaterial (ρmbio
½gDW
m

�) would then

follow the relationship:

ρmbio
¼ ρmus �mbio ¼ constρ �m

1	
3

bio ð9Þ

The biomass of a whole mussel mitigation farm (Harvest [gDW])
would then become the product of Eqs. (1) and (9):

Harvest ¼ ρmbio
� lcol ð10Þ

We used field data on mussel length, biomass, mussel density,
and biomass density from longline setups similar to the intended
final farm setups (; Taylor et al., 2019; Nielsen et al., 2016) to verify
the relationships, assumed above, and to fit respective model func-
tions. In doing so, we assume that settlement of the spat-collector
material with mussel larvae is happening under ‘ideal’ conditions
and that no spat limitation is present. This assumption is based on
the wide presence of blue mussels in the shallow areas of the west-
ern Baltic Sea (Riisgård et al., 2015) and the potential wide disper-
sion of larvae over a period of up to six weeks (Larsson et al.,
2017). We further assume, that individual mussels grow homoge-
neously under the same pelagic habitat conditions and that these
conditions remain similar throughout amitigation farm. Other exter-
nal factors that could affect the settling density of mussels on spat-
collector material, such as predation by e.g. eider ducks and sea

stars, or mussels sloughed by strong currents and physical exposure,
are not considered here.

The resulting fit model function for biomass density ρmbio on the set-
tling material can be used to model biomass contents of a whole farm,
based on the total collector length lcol (Eq. (1)) within an individually
specified ‘standard mitigation farm’. Because of the defined minimum
rdep of 2 m, the spatial output of the mussel farm model is limited to
those areas with water depths ≥4 m.

2.11. Module 4: Avoidance of food limitation model

Significant food limitation within a farm would limit the validity of
the above-describedmussel growth (Module 2) andmussel farm (Mod-
ule 3) models, and should consequently be avoided. We assume that
within-farm food depletion is dependent on the ChlA-ingestion capacity
of mussels within a farm and on the food-flux (ChlA-flux) into the farm
(Petersen et al., 2019b). This food-flux is linearly related to hydrody-
namics, here treated as the horizontal flow velocity vh, and relates to
the residence time of water within the farm tres. Within the farm the
water passes the suspended canopy covered in blue mussels. Temp
and Sal, are assumed to remain constant throughout the farm, whereas
ChlA is assumed to change in relation to the actual ingestion by blue
mussels within the farm. In the calibrated DEB-Model, the maximum
ChlA-ingestion rate of an individual blue mussel per day (max(inChlA))
is related to its biomass mbio [gDW] and the C:ChlA ratio in the phyto-
plankton (Table_S 2, suppl. Information):

max inChlAð Þ mg
day


 �
¼ 19:0=C : ChlA �mbio

2	
3 ð11Þ

As the C:ChlA ratio is naturally highly variable, we applied mean
values per month of the year (22 ≤ C:ChlA ≤61) from Jacobsen and
Markager (2016) representing the same study area. The theoretical re-

lationship of filtration rate F � mbio

2	
3 was also confirmed in experi-

mental studies that demonstrated exponents very close to 2/3
(Riisgård et al., 2014).

The actual ChlA-ingestion of a mussel is further related to fT and fC:

inChlA
mg
day


 �
¼ max inChlAð Þ � fT � fC ð12Þ

Over time, ChlA within the farm is reduced, which again affects fC
(Eq. (5)). The respective reduction rates of ChlA depend on mbio and
density ofmusselswithin the farmvolume. As discussed above, theden-

sity of individual mussels on settling material is assumed to be: ρmus ¼

constρ �m
−2	

3
bio . Consequently, the ChlA consumption of each meter

spat-collector material Col-inChlA in the model becomes independent
of mbio:

Col−inChlA
mg

day �m

 �

¼ ρmus � inChlA ¼ constρ � 19:0=C : ChlA � fT � fC ð13Þ

The collector density ρcol = lcol/Vfarm, thus, determines volume spe-
cific ChlA ingestion rates V-inChlA:

V−inChlA
mg

day �m3


 �
¼ ρcol � Col−inChlA ð14Þ

For Vfarm, we assume that the water column 1 m above and below
the collector loops mixes homogeneously within the farm: Vfarm =
Afarm ∗ (rdep + 2 m). The spat-collector material and therefore mussels
were assumed to be constantly distributed throughout Vfarm.

We postulate that there is a critical residence time (trescrit), below
which a mussel farm becomes subject to significant within-farm
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food limitation. In the mussel growth model (Module 2), fC relates
linearly to the monthly growth performance factor fTSC of blue
mussels (Eq. (6)). As mentioned above, we assume fT and fS to re-
main constant. For a given farm setup (rdep, iloop), Temp, C:ChlA,
and starting ChlA0, we modelled ChlA(tresn ) and fC(tresn ) over time
(see Eq. (5)):

ChlA tnres
� � ¼ ChlA tn−1

res

� �
−V�inChlA tnres−tn−1

res

� � ð15Þ

fC tnres
� � ¼ fC ChlA tnres

� �� � ð16Þ

Therein, we modelled all possible combinations of rdep = c(2 : 8);
iloop = c(0.7,1.0,1.5,2.0); Temp = seq(0 : 25,by = 0.5); C : ChlAJul

Mar =
c(61,53,43,30,24,23,22,23,32); ChlA0= c(0.21 ∗ 1.10:65) (R functions).

Time intervals for the steps 1:n were continuously increased over
the iteration from 60 s to n * 60 s. We defined tres

crit as that specific resi-
dence time, after which the following criterion was not met: mean(fC0-
t
res)/fC0 N 0.75. This means that as long as tres b tres

crit, the expected
overall growth performance of the farm (fTSC = fT ∗ fS ∗ mean(fC0tres))
for a given month would be at least 75% of the one modelled for con-
stant ChlA conditions (fTSC = fT ∗ fS ∗ fC0) (Module 3). From tres

crit, we
can in turn derive the required hydrodynamics, as the critical minimum
flow velocity [m/s], for the flow distances d along both the short
(250m) and the long (750m) axis of the farm, necessary to avoid signif-
icant within-farm food depletion:

vcrith dð Þ ¼ d
tcritres

ð17Þ

Resulting vh
crit values are then projected on the spatial models of

monthly Temp, ChlA, and C:ChlA ratios for a specific farm setup to esti-
mate the spatially explicit required hydrodynamics, which are neces-
sary to maintain predicted mussel growth (Module 2) for this farm
setup (Module 3). We compared the resulting values of vh

crit with
modelled monthly-mean absolute horizontal flow velocities of the
BSPAF and FlexSem (Section 2.7).

3. Results

3.1. Module 1: Spatial and temporal habitat factor model

The spatial and temporal modelling of pelagic habitat factors
generates geospatial raster files, representing estimates of local
long-term mean values of Temp, Sal, and ChlA values, as well as
their standard deviations for each month of the year. In Figure_S
6, Temp distribution in July is presented as an example. All underly-
ing maps and spatial datasets can be obtained from the correspond-
ing author upon request. Note that each one of the outlined
separated water bodies along the fine-structured coast of the west-
ern Baltic Sea (Fig. 2) is represented by constant values in space.
Smaller-scale variation is, however, very likely and should be con-
sidered locally at higher resolution when looking into detailed
implementation.

3.2. Module 2: Blue mussel growth model

We found a very significant non-linear relationship between mbio,
derived from the DEB-Model, and the monthly-integrated fTSC values
(Figure_S 11). A power-function was assumed andwe derived the opti-
mal exponent bymaximizing the Pearson correlation coefficient over an
exponent range from 1 to 4 in intervals of 0.01. Finally, we fit a linear
model to predict biomass dry-weight of individual mussels based on
total doses of monthly fTSC (Fig. 3). The linear model was forced
through zero to avoid predictions of negative mussel biomasses. The

95% prediction interval was almost constantly±0.16 gDW across all bio-
masses predicted by the DEB-model.

mbio monharvð Þ gDW½ � ¼ 0:0190 � ∑monharv
Jul fTSC

� �2:71
� 0:16 ð18Þ

The validation delivers reasonable results for all data points acquired
fromwithin the first year of themussel growth season (Fig. 4). Only one
of these points falls slightly outside the determined 95% prediction in-
terval of the empirical mussel growth model function (Fig. 3,
Eq. (18)). Contrarily, most points formonths in the 2nd year of a growth
season show considerable overestimation of mbio in the model. Note
that there is a huge uncertainty related to all fourmonitoredmbio values
from January (Figure_S 12). Consequently, the empirical mussel growth

Fig. 3. Linear fit of themonthly-integrated growth performance factors fTSC vs. biomasses
of DEB-model runs for two selected harvest times in November and March/April.

Fig. 4.Validation of theBlueMussel GrowthModelwith data from seven longline test sites
in Danish water bodies for growth seasons from 2017 to 2019 (Taylor et al., 2020). Stars
with error bars indicate data and standard deviations from 2nd year of a growth season
and labels show corresponding months.
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model appears only valid for the first 6 months period of a growth sea-
son, even though it is able to reproduce simulationswith theDEB-model
reasonably up until March/April (Fig. 3). Therefore, all final model out-
puts shown in this paper are only based on the November harvest sce-
nario. We will subsequently discuss possible explanations for the
model overestimation in spring.

3.2.1. Seasonality of blue mussel growth performance
The modelled integrated growth performance factor fTSC is subject

to strong seasonality (Figure_S 7) with high values from June until Sep-
tember and a steep drop afterwards until February. Similar plots for the
individual growth performance factors fT, fS, and fC are shown in
Figures_S 8–S10.

3.2.2. Effects of natural variability in pelagic habitat factors on mussel
growth

Each of the three pelagic habitat factors Temp, Sal, and ChlA exhibits
natural variability, here represented by the spatial and temporal models
of respective standard deviations of the estimated long-term means
(e.g. Figure_S 6). The effects of random changes in Temp, Sal and ChlA
on the correspondingmodelled mussel growth are of non-linear nature
(Figure_S 4). Furthermore, cumulated effects of random changes in all
three factors require consideration. To evaluate this for the whole

model domain, we simulated 500 random scenarios based on the as-
sumed normal distributions of Temp, Sal, and ln(ChlA) in both space
and time.We randomly assigned individualmultipliersmspg of a normal
distribution (R function: rnorm(n=1,mean=0,sd=1)) for each sce-
nario s ∈ {0 : 500}, parameter p ∈ {Temp,Sal, ln(ChlA)}, and growth-
month g ∈ {1 : 9} to derive different realistic growth scenarios for
each location. Eachmspgwasmultipliedwith its corresponding standard
deviation σpg and added to its respective long-term average ∅pg:

psg ¼ ∅pg þmspg � σpg 19

The resulting values of psg were then applied in Eq. (2) (fT), Eq. (3)
(fS), Eq. (4) (fC), and Eq. (5) (fTSC) to derive modelled mbio (Eq. (18))
for all 500 scenarios and both harvest times in Nov|MarApr. The process
is shown in Fig. 5 for one selected site in the Limfjord. Therein, the red
dots illustrate modelled mbio when it is based on the monthly long-
term average values ∅pg, only.

As shown in the example for one point only (Fig. 5), it appears that
mbio, modelled with the long-term average Temp, Sal, and ChlA condi-
tions, is almost always larger than the calculated median value based
on 500 simulated scenarios. We consider that those median values,
based on a large number of realistic simulations, more accurately repre-
sent the expected long-term average biomass of blue mussels, than

Fig. 5. Exemplary illustration of modelled blue mussel growth for one selected site in the Limfjord, taking the effect of natural variability of pelagic habitat factors into account. (left)
Monthly long-term average pelagic habitat factors with their respective monthly standard deviations. (right) Boxplots of the modelled distributions of mussel biomass mbio are based
on 500 random scenarios of Temp, Sal, and ChlA. The red dots illustrate modelled mbio based on the monthly long-term average values, only. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Derivation of fit model functions describing length vs. dry-weight relationship (a), as well as mussel density (b) and biomass density (c) vs. dry-weight on collector substrate in a
bluemusselmitigation farm. The latter is used for upscaling from individualmussel dry-weight to biomass content on the farm-scale. Data points with exceptionally lowmussel densities
(stars)were excluded to only fit themussel farmmodel to ideal settling conditions. Dashed grey lines represent the 95% prediction interval of themodel functions (solid lines). Derivation
of themodelled range of biomass density is illustrated in green. (For interpretation of the references to colour in this figure legend, the reader is referred to theweb version of this article.)
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when only taking into account long-term average pelagic habitat factor
conditions. Furthermore, we can conveniently use the resulting distri-
butions to derive expectation-ranges of local biomass for individual
mussels. All further calculations and visualizations, therefore, are
based on these simulated scenarios and we use median values (50-per-
centile) as well as the 5–95-percentile range of the modelled values
(Boxplot-whiskers in Fig. 5).

3.2.3. Spatial model of blue mussel growth
The spatial distribution of modelled biomass of individual bluemus-

sels is shown in Figure_S 13 for harvest in November. The highest 10% of
modelledmbio values (0.38–0.71 gDW) are located in areas within exclu-
sive economic zones of all three countries involved. Key areas are the
Limfjord system, the north-western Swedish coast and fjords, the
Isefjord and Roskilde Fjord system, as well as a large area extending
from Kiel Fjord northwards through the little belt and up to the north-
ern coast of Funen and Horsens Fjord. The expected natural variability
of mussel biomass in different growth seasons in these areas is between
0.17 and 0.32 gDW for 99% of the values.

3.3. Module 3: Mussel farm model

By empirical analyses of the available field data on mussel length,
biomass, mussel density, and biomass density from longline setups
(Taylor et al., 2019; Nielsen et al., 2016), we could successfully verify
the relationships assumed above (mbio~lmus

3 ; Eqs. (8); (9)). Therefore,
we fit a respective model function to describe biomass density on the
collector-substrate based on the dry-weight of individual mussels
(Fig. 6), which resulted in constρ = 1269.

To estimate the potential range of modelled biomass density, we
used the 5th-percentile value ofmbio together with the lower boundary
of the 95% prediction interval of Eq. (9) as the lower end, and the 95th-
percentile and upper boundary as the upper end, respectively (Fig. 6).
This, we will further refer to as the ‘modelled range’ of the mussel
farm model. The long-term expected middle value is represented by
the medianmbio in Eq. (9).

3.3.1. Spatial distribution of harvest potential for flexible farm setups
As described above, themitigation farm setup isflexiblewith respect

to rdep and iloop. In Fig. 7, we show the spatial model results for the ex-
pected long-term mean harvests for (a) 2-2_0.7 and (b) 2-8_0.7 farm
setups. The upper 10% of long-term mean harvests are estimated be-
tween 1070–1280 tWW (2-2_0.7) and 3690–4490 tWW (2-8_0.7) per
farm. Harvest potentials appear ~3.5 times higher in the second case,
which almost represents the respective ratio ofmaximum lcol of 3.55 be-
tweenboth farm setups (Eq. (1)). Consequently, the bathymetry of shal-
low near-coastal areas is clearly mirrored in the model results for
2–8_0.7 farms in the spatial distribution. Therefore, the outlines of the
areas including the upper 10% of modelled harvests are shifted from
shallow to deeper water areas. Maps showing the corresponding
modelled ranges are presented in the suppl. Information (Figure_S
14). The key areas are similar to those described for mbio of individual
mussels, but areas with b4 m water depth are excluded in the mussel
farm model.

3.3.2. Mitigation effect/nutrient extraction potential
In Table 2, a summary of modelled ranges within the upper 10%

areas of harvest potentials is shown for different farm setups. According
to the model results, the expected long-term mean nutrient extraction

Fig. 7.Example of spatial distributions of expected long-termmean harvest and nutrient reduction potentials of standardmodelmitigation farms at harvest inNovember. (a) 2-2_0.7 farm;
(b) 2-8_0.7 farm. The areas of themodel domain including the upper 10% of values are highlighted by green polygons. Borders of exclusive economic zones (EEZ) are drawn in black. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
Summary of themodelled range for nutrient extraction potentials at different farm setups in the upper 10% areas (Fig. 7).Min,mean andmax values refer to the corresponding boundaries
of the modelled range (Figure_S 14).

Farm setup 2-2_0.7 2-2_1.0 2-8_0.7 2-8_1.0

Min Mean Max Min Mean Max Min Mean Max Min Mean Max

N-red. [tN] 9.2 16.5 23.7 6.9 12.3 17.6 31.1 56.7 83.3 22.2 40.4 59.3
P-red. [tP] 0.53 0.94 1.35 0.39 0.70 1.01 1.78 3.24 4.76 1.27 2.31 3.39
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potentials per farm at harvest in November are 16.5 tN and 0.94 tP for a
2-2_0.7 setup, as well as 56.7 tN and 3.24 tP for the 2-8_0.7 setup. This
corresponds to 0.88 tN/ha and 0.05 tP/ha for a 2-2_0.7 farm and 3.0 tN/
ha and 0.17 tP/ha for a 2-8_0.7 farm, respectively.

Due to the linear conversion of mussel biomass to nutrient contents
in the model, the spatial distribution pattern of potential mitigation ef-
fects reflects the one of modelled biomass harvest (Fig. 7). To validate
the model results and the above-described derivation of a ‘modelled
range’ based on natural variability andmodel uncertainty, we compared
this modelled range for N-reduction potentials with respective esti-
mates from two field studies (Nielsen et al., 2016; Taylor et al., 2019).
These were conducted at three different sites in the Limfjord system
(Fig. 8) in the years 2010 and 2017–2018, respectively. Both studies in-
cluded data based on similar setups to the 2-2_0.7 and 2-2_1.0 farms of
this model and were harvested in between October and December. We
applied the spatial model by using the exact lcol values and harvest
months as applied in the field experiments. Therefore, themodelled es-
timates per hectare appear partly higher than those presented before in
relation to Table 2. Allfield estimates of nutrient extraction potential fall
well into themodelled range of themodular spatialmodel. Two field es-
timates based on 2018 data are close to the upper boundary of the
modelled range, while the estimate based on 2010 data falls slightly
below the expected long-term middle value. Note, in 2018, the surface
water temperatures in Danish fjords and bays were the second highest
ever observed, while 2010was coldest within the last 20 years (Hansen
and Høgslund, 2019).

3.4. Module 4: Avoidance of food limitation model

After the assumedmussel- and biomass-density functions were val-
idated (constρ = 1269), the assumption that the volume specific ChlA
ingestion V− inChlA is related to the collector density ρcol (Eq. (14)) ap-
pears valid, too. Therefore,we evaluated the simplifiedmodel for critical
residence time and flow velocity in order to estimate the required hy-
drodynamics to avoid food limitation for the modelled mussel growth
(Module 2) for specific mussel farm setups (Module 3).

In Fig. 9, the derivation of trescrit is visualized for Temp of 20 °C, ChlA0 of
5 μg/L, iloop of 1 m, rdep of 2 m and the July C:ChlA value of 61. The aver-
age of the modelled growth performance factormean(fC0tres) approaches
b75% of its starting value fC0 after trescrit of 210 min. This corresponds to
vh
crit values of 0.02 and 0.06 m/s for the 250 m and the 750 m axis of

the farm, respectively. In Figure_S 15 it can be seen that

vh
crit is generally decreasing with higher iloop, ChlA0, and C:ChlA, while

it increaseswith higher rdep. For Temp, vhcrit shows amaximumat around
20 °C, corresponding to Eq. (3) and Figure_S 4.

The calculated values of trescrit and vh
crit can be projected onto the

monthly Temp, ChlA, and C:ChlA conditions at given farm setups (iloop,
rdep), resulting in respective spatial distribution models for each
month. From July–November (the selected valid model period), vhcrit re-
mains relatively constant (Figure_S16). Therefore, we used respective
mean values for further evaluation. In Figure_S17, vhcrit is shown for the
250 m axis of 2-2_0.7 and 2-8_0.7 farms. In the areas of upper 10% of
modelled harvest, the required hydrodynamics expressed as vhcrit(250
m) range between 0.02 and 0.10 m/s for the 2-2_0.7 farm and between
0.05 and 0.14 m/s for the 2-8_0.7 farm, respectively. For the long
(750 m) axis vh

crit is three times higher. For comparing vh
crit with

modelled values (BSPAF and FlexSem) on vh (EU Copernicus, 2019;
Larsen, 2020), we calculated vh

ratio = vh/vhcrit, which in theory should be
N1 to avoid within-farm food limitation. In Table 3, we present selected
values of vhratio from different farm setups and areas, where modelled
values on vh were available. The entire upper 10% harvest areas are
not continuously covered by modelled vh, in particular not the Limfjord
system. There, we used point estimates fromFlexSem (Larsen, 2020) for
the three field experiment sites Sallingsund, Løgstør, and Skive. Note
that the extracted vh

ratio at the field experiment sites Løgstør and Skive
are b1, while the mussel growth model and the mussel farm model for
2-2_0.7 and 2-2_1.0 setups are still in good agreement with field data
(Figs. 4, 8). Nielsen et al. (2016) have measured around two times
higher in situ flow velocities of 0.027 m/s within a mussel farm at
Skive in the Limfjord, than predicted by FlexSem for the same period

Fig. 8. Comparison of results of the mussel farm model (Module 3) for N-reduction
potential per hectare with field data from three different locations in the Limfjord
system (Nielsen et al., 2016; Taylor et al., 2019). The modelled range for each location,
setup, and harvest month is displayed in grey. The modelled and field data both base on
setups similar to the 2-2_0.7 and 2-2_1.0 farms.

Fig. 9. Visualization of the simplified model to derive critical residence time tres
crit, above

which significant within-farm food depletion becomes likely. (green) ChlA is reduced
over time due to ingestion by mussels; (blue) fC over time, as related to ChlA (Eq. (5));
(orange) mean(fC0tres)/fC0 over time. The derivation of trescrit is illustrated where the orange
line falls below the threshold of 0.75. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Table 3
Average values (Jul-Nov) of vhratio for the short 250 m axis of different farm setups and lo-
cations. For the upper 10% areas (see Fig. 7), we extracted a range covering 90% of the
values. The other locations represent mussel growth experiment sites (Fig. 2), where vh
data was available.

Location Farm setup Ref. mod.

2-2_0.7 2-2_1.0 2-8_0.7 2-8_1.0

Upper 10% 0.32–1.33 0.43–1.79 0.30–1.25 0.42–1.73 BSPAF
Sallingsund 1.56 2.05 1.14 1.60 FlexSem
Løgstør 0.44 0.58 0.35 0.48 FlexSem
Skive 0.57 0.77 0.47 0.65 FlexSem
As Vig 0.37 0.51 0.27 0.37 BSPAF
Vejle 0.58 0.78 0.46 0.64 BSPAF
Flensburg Fjord 0.25 0.33 0.22 0.30 BSPAF
Roskilde Fjord 0.32 0.44 0.32 0.44 BSPAF

Note: Available modelled vh values do not cover the entire model domain; BSPAF: Baltic
Sea Physics Analysis and Forecast (EU Copernicus, 2019); FlexSem: Larsen et al., 2020.
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(0.013m/s). However, based on the underlyingmodelled values,we de-
rive that vhratio N 0.5 (minimum for Løgstør farm-scale validation site is
0.44) appears sufficient to avoid significant overestimation of the
model due to within-farm food limitation. This condition holds true
for 83% of the areas with upper 10% harvest estimates for 2-2_0.7
farms and for 75% for 2-8_0.7 farms, respectively (Fig. 10). The areas
with vh

ratio b 0.5 are mainly shallow near-coastal waters, fjords and bays.

4. Discussion

4.1. Validity of the modular spatial modelling approach

The presented modular spatial model for nutrient reduction poten-
tials of blue mussel mitigation farms in the Western Baltic Sea proved
valid at all scales and modules. In Module 1, spatial distributions of
long-term average values of the pelagic habitat factors Temp, Sal, and
ChlA are successfully estimated over the months of a year by
geostatistical modelling of operationally acquired marine monitoring
data of Denmark (DCE, 2018), Germany (LUNG, 2018; LLUR, 2018),
and Sweden (SMHI, 2018). Cross-validation shows that spatial distribu-
tions of monthly long-term average Temp, Sal, and ChlA values are esti-
mated with high predictive powers. Module 2 adequately models the
growth of individual blue mussels over time by a simplified empirical
model function up until harvest in December. This module bases both
on data from mussel growth experiments in the field (Taylor et al.,
2019) and on runs of a calibrated DEB-model over several years at 50
representative sites throughout the study area. Furthermore, Module 2
provides a reasonable range of year-to-year variability ofmussel growth
based on the individual variability of pelagic habitat factors. In Module
3, an empirical model function is used to up-scale from individual blue
mussels to mitigation farm-scale for various farm setups. The 95% pre-
diction interval of thismodel function is used on top of the variability es-
timation of Module 2 to estimate realistic ranges of the model output.
These modelled ranges of both biomass harvest and nutrient reduction
potentials are in good agreement with results of comparable farm-scale

field studies (Fig. 8). Module 4 provides information on the required hy-
drodynamics, necessary to avoid food limitation of mussel growth
(Module 2) for given farm setups (Module 3), based on a simplified
modelling approach of ChlA consumption throughout a mitigation
farm. Significant food limitation would lead to overestimations in both
the mussel growth and mussel farm models. Thus, Module 4 is impor-
tant to judge the corresponding validity ofmodelled nutrientmitigation
effects.

A study by Bergström et al. (2015) used a statisticalmulti-parameter
modelling approach to attribute parts of the northwestern Swedish
coast to three qualitative growth classes for blue mussels. The spatial
distribution of these growth classes is generally in very good accordance
with the long-term expectedmiddle values ofmbio of themussel growth
model (Module 2) at harvest in November (Figure_S 18). Note that con-
siderable parts of the respective compared study area are treated as sep-
arated water bodies with constant modelled mbio in this study, while
Bergström et al. (2015) could present their results with higher spatial
resolution.

Kotta et al. (2020) have recently published a similar study on the
mitigation potential of mussel farms covering the whole Baltic Sea. In
their approach, they use yearly or seasonally averaged modelled envi-
ronmental input data for estimating mussel growth along with a con-
nectivity model to mussel reefs. Their model results, with connectivity
included, deliver zero harvest in many of the upper 10% harvest areas
of this study, even though they present a dataset with abundant natural
mussel populations in this area, e.g. around Funen and Zealand. This re-
flects the unsatisfied quality of publicly available regional sediment
maps thatwere used tomodel populations' connectivities.Without con-
nectivity (data layer personally obtained from J. Kotta)we find high cor-
relation coefficients (Pearson's r = 0.90, Spearman's r = 0.85) and a
general agreement between the two models, however, the areas with
maximum harvest potential modelled by Kotta et al. (2020), cover al-
most the whole north-western model domain without any spatial vari-
ation. This is because the focus areas of Kotta et al. (2020) were the
Baltic Proper and the northeastern basins of the Baltic Sea. They

Fig. 10. Spatial distribution maps of vhratio for the short (250 m) axis of (a) 2-2_0.7 and (b) 2-8_0.7 farm setups. vhratio is the fraction of modelled horizontal flow velocities vh (BSPAF, EU
Copernicus, 2019) vs. modelled critical flow velocities vhcrit. The areas of the model domain including the upper 10% of values are highlighted by red polygons, while therein areas with
vh
ratio N 0.5 are highlighted by green polygons. Validation with farm-scale field data shows that vhratio N 0.5 is sufficient to avoid significant overestimation of the model due to within-

farm food limitation. Note: Several fjords (including the Limfjord system) not covered by continuous vh from BSPAF. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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accounted for competition between mussels for space on the longlines,
by defining themaximum biomass of mussels on a farm in Kiel Fjord as
the maximum biomass yield modelled. Consequently, the model of
Kotta et al. (2020) divides large parts of the western Baltic Sea into ei-
ther highly suitable or non-suitable areas, but does not provide a basis
for specific site-selection. Our model, in contrast, offers spatially differ-
entiated estimates along with uncertainty ranges, and is additionally
flexible with respect to farm setup and harvest time. Therefore, our
model could directly be used for the specific implementation of marine
policies (e.g. WFD, MSFD, MSPD) by considering and prioritizing differ-
ent aspects, respectively targets. An example is demonstrated in the fol-
lowing section.

4.2. Model applicability

The spatial model for blue mussel growth and nutrient extraction
potential at harvest in November shows sites in the upper 10% ofmussel
biomass, as well as harvest and nutrient reduction potentials within the
exclusive economic zones (EEZ) of all three countries involved (Fig-
ure_S 19). Most of these areas also feature sufficient hydrodynamics
to achieve the estimated growth rates. The highest values, however,
are modelled for sites in Danish water bodies. With the perspective of
this study, the most promising areas for successful and effective mussel
mitigation farming in water bodies of Denmark, Germany and Sweden
can be selected.

The Danish River Basin Management Plans for the years 2015–2021
(EPA, 2016) define specific N-reduction targets to reach good ecological
status in the covered coastalmarinewater bodies.Wemade a fictive as-
sumption that these N-reductions could be accomplished by solely ap-
plying mussel mitigation farms. Further, we assumed an
implementation of only one mitigation farm/km2, that all locations
with N4 m depth and vh

ratio N 0.5 are suitable sites, and that a water
body should at least cover 5 km2. We compared two farm systems: 2-
2_0.7 and 2-8_0.7. Based on the sites with highest modelled values for
N-reduction, we calculated for each polygon, how many mussel farms
there needed/could be placed tomeet the specified N-reduction targets.
In Table 4, we show the top-ten results of this analysis with respect to
and sorted after efficiency of the 2-2_0.7 farm setup. It represents
those water bodies, where 2-2_0.7 farms would be able to extract at
least 100% of the required N-reduction, and where hydrodynamics
were sufficient to achieve the modelled N-reduction rates (not consid-
ered for the Limfjord system due to lack of continuous model data). Re-
spective locations are shown in Figure_S 20. For Åbenrå Fjord,
hydrodynamic conditions were not sufficient (vhratio b 0.5) for 2-8_0.7

farms. This example illustrates how the results of the modular spatial
model for mussel mitigation farms can be applied in implementing spe-
cific marine policies. In these water bodies with high mitigation poten-
tial (0.9–1.0 tN/(ha*year)), only small areas (b 3.6%)would require to be
covered by 2-2_0.7 farms. In this way, decision makers can prioritize
areas (e.g. by mitigation requirement) and criteria (e.g. area usage) to
identify a suitable set of different setups of mitigation farms, other mit-
igationmeasures, and enough space left for additional utilization ofma-
rine areas. A recent study (Taylor et al., 2019) has shown ~2 times
higher nutrient reduction potentials in the Limfjordwith a new technol-
ogy consisting of floating tubes and nets as collectormaterial. Therefore,
mitigation farm efficiency can obviously further be optimized, but the
model functions for Modules 2–4 would require re-calibration for the
specific conditions within such a farm to provide comprehensive and
valid spatial estimates. Other potential in situ mitigation measures,
such as sugar kelp farming (0.01–0.03 tN/(ha*year)), translocation of
mussels (0.01–0.5 tN/(ha*year)), and eelgrass restoration (0.3 tN/
(ha*year)) are estimated less efficient for Danish waters than mussel
farming (Bruhn et al., 2020). However, feasibility and efficiency of
eachmitigationmeasure are strongly dependent on local habitat condi-
tions. Due to a lack of comparable spatial models, a direct comparison is
not yet possible.

4.2.1. Implications for coastal and marine policy implementation and other
potential applications

A representative quantitative spatial model of the mitigation poten-
tial is a prerequisite for effective implementation of coastal and marine
policies with respect to mussel mitigation farming. The presentedmod-
ular spatial model provides specific quantitative output for a certain lo-
cation, farm setup, and harvest time. This output is coupled with a
modelled range based on natural variability andmodel uncertainty. Fur-
thermore, locations are identified where significant overestimation of
themodel is likely due to limited food supply to the farm. These features
form a novel quality of data usually used in spatial planning tools for
marine aquaculture (Gimpel et al., 2018; Kotta et al., 2020). These are
often based on pre-assessed suitability by ecological threshold values
for specific aquaculture species (Gimpel et al., 2018), or on single
model runs without variability considered (Kotta et al., 2020). The
DEB-model based approach of Sainz et al., 2019 considers temporal var-
iability, but is exclusively designed for one specific farm setup and lim-
ited by the number of sites and spatial resolution due to the full DEB-
model implementation. Our model approach can be rapidly applied to
different farm setups and harvest times at high spatial resolution.
Based on several scenarios, specific mitigation concepts can be tested

Table 4
Example application of the spatial nutrient extraction model for mussel mitigation farms on Danish water bodies. 2-2_0.7 and 2-8_0.7 farm setups are applied. The selection is limited to
the top-ten efficiency results where 2-2_0.7 farms could achieve N100% of required N-reduction and where hydrodynamic conditions were sufficient (not considered for Limfjord and
Skive Fjord). The numbers represent the modelled long-term mean values of N-reduction. Corresponding locations are shown in Figure_S 20.

General information Req. N-red. 2-2_0.7 farms 2-8_0.7 farms

Water bodya Lab. IDsa Area Tot. Area-spec. No. N-red. Mit.-pot. Area
use

Efficiency No. N-red. Mit.-pot. Area
use

Efficiency

[km2] [tN] [tN/km2] [Farms] [tN] [%] [%] [tN/Farm] [Farms] [tN] [%] [%] [tN/Farm]

Skive Fjordb 1 157 223 682 3.1 38 692 101 3.2 18.2 11 711 104 0.9 64.7
Limfjordb 2 156 1672 2122 1.3 119 2137 101 1.3 18.0 34 2148 101 0.4 63.2
Flensborg Fjord & Nybøl
Nor

3 110, 113,
114

171 73 0.4 5 88 122 0.5 17.6 2 122 168 0.2 60.8

Little Belt 4 216, 217,
224

1652 429 0.3 25 439 102 0.3 17.6 7 437 102 0.1 62.4

Åbenrå Fjord 5 102 33 63 1.9 4 70 112 2.3 17.6
Helnæs Bugt 6 87 68 61 0.9 4 69 112 1.1 17.1 2 116 189 0.6 57.9
Gamborg Fjord & Nor 7 78, 80 11 20 1.9 2 34 166 3.6 16.9 1 47 230 1.8 47.0
Isefjord 8 24, 165 331 33 0.1 2 34 104 0.1 16.9 1 58 177 0.1 57.7
Out. Roskilde Fjord 9 1 72 11 0.1 1 17 160 0.3 16.9 1 39 368 0.3 38.7
Vejle Fjord 10 122, 123 109 237 2.2 15 253 106 2.6 16.8 5 291 123 0.86 58.3

a Water body names and IDs refer to the Danish River Basin Management Plans for the years 2015–2021 (EPA, 2016).
b Hydrodynamics not considered.
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according to intended mitigation targets at high spatial resolution,
which is important in the very heterogenically structuredwestern Baltic
Sea.

Within the specific use of mussel mitigation farms in integrated
multi trophic aquaculture, the habitat requirements of other species
need to be considered in addition, as well as potential impacts of e.g.
fish farms on ChlA levels (e.g. Petersen et al., 2019a; von Thenen et al.,
2020). Therefore, in its current state, this model should only be used
with caution in this respect. Potential effects of mussel farming on bio-
diversity have not been representatively studied, yet and are not in-
cluded in this model. Mussel farms can affect the food web and act as
artificial habitats for other species. The huge additional biomass in the
water column can increase biodeposition of faecal matter and shells
and attract predators (Petersen et al., 2020).

Other crucial factors forMSP, such as other uses and interests in ma-
rine areas, environmental risks to and from mussel mitigation farming,
as well as economic considerations are not within the scope of this
paper, but will be addressed in a following study. There, we will discuss
amulti-criteria GIS tool for optimized site selection ofmusselmitigation
farms. Resulting layers and methods of this study could also be inte-
grated into already existing MSP products, such as the AquaSpace tool-
box (Gimpel et al., 2018).

In general, themodules could in parts be transferred to other aquatic
species (marine and freshwater environments), given that eco-
physiological or habitatmodels can adequately describe their respective
growth or distribution. The geostatistical approach ofModule 1 can the-
oretically be used to map spatial and temporal distributions of other
water quality parameters (e.g. Turbidity, Kd, O2 concentration), given
that the respective monitoring density is spatially representative. Con-
sequently, it could contribute to habitat suitability modelling ap-
proaches, such as for eelgrass (Stæhr et al., 2019). The empirical
approach of Module 2 might also work for eco-physiological models
of, e.g. other bivalve species and improve the efficiency and perfor-
mance of large-scale modelling approaches. Harvest potentials of
other (mitigation) aquaculture approaches can potentially also be esti-
mated by model functions similar to those described in Module 3.
Whenever food-flux can become a limiting factor for farms, the simpli-
fiedmodel approach ofModule 4 could prove helpful to identify respec-
tive critical areas to prevent establishing farms with lower harvest than
expected.

In summary, the described approach could prove valuable for
implementing environmental policies in aquatic systems involving e.g.
nutrient management, in situ mitigation measures, spatial planning,
aquaculture in general, aswell as habitat suitabilitymapping of (endan-
gered) aquatic species.

4.3. Assumptions and limitations

The model in its current form is based on a number of fundamental
assumptions that could partly be addressed for future improvement:

Ass. 1. Mussel growth is only dependent on Temp, Sal, and ChlA condi-
tions and all individuals grow identically under the samepelagic habitat
conditions.

Mussel growth, survival, and residence on the spat collectors is of
course related tomany environmental factors, such as e.g. O2 concentra-
tions, toxic substances (e.g. H2S), physical exposure, predators (e.g. star-
fish and eider ducks), and inorganic resuspended material. Oxygen
depletion develops episodically in bottom waters of several areas in
the western Baltic Sea and can cause release of toxic H2S (e.g. Hansen
and Høgslund, 2019). When mussel farms are in contact or proximity
to the sediment, anoxia, toxicity and benthic predators can significantly
affect harvests (Taylor et al., 2019). A combination of low salinity and
high temperatures likely cause loss of mussels from collectors due to
weak byssus threads (Buer et al., 2020). The model restricts mussel

farms to aminimum distance of 1m to the sediment to account for sed-
iment related effects. However, overlay of the model with spatial data
on the abundance of respective risks could help to select suitable areas
more adequately. High loads of inorganic resuspended material can
have adverse effects on the ChlA assimilation efficiency. This could be
implemented in the DEB-model (Saraiva et al., 2011) and the mussel
growth model (Module 2). Coupled with a spatial model on turbidity,
the model's applicability could though be extended to high turbid
environments.

The currently usedmeanmbio values of individualmusselsmight not
precisely represent the whole biomass content of a farm, as mussel
growth is not constant among individuals. Representative field data
on statistical size and biomass distributions in relation to growth
could help to further improve the model accordingly.

Ass. 2. Pelagic habitat factors are homogeneously distributed through-
out mussel farms.

Studies have shown stratified conditions in suspended mussel cul-
ture units, altered within-farm flow conditions (Stevens and Petersen,
2011), and heterogenic patterns of mussel condition across farms
(Taylor et al., 2019). Different growth rates can appear on both horizon-
tal and vertical dimensions. Even though in our dataset growth gradi-
ents with depth were not observed, under stratified conditions it is
important to choose an optimal depth-range for the collectors (Mizuta
and Wikfors, 2019). However, increased turbulence within the mussel
canopy can also equalize vertical food distribution and compensate for
food limitation (Petersen et al., 2019b). A modelling study has shown
that differences in growth are considerably more impacted within the
horizontal plane (von Thenen et al., 2020). This model's Module 4 in-
tends to avoid the latter. 3D numerical ecological models could help to
resolve corresponding gradients, but we consider it difficult to integrate
this directly into a large-scale spatial model, as these effects are unique
for individual farm setups and corresponding fine scale environmental
conditions.

Ass. 3. Monthly resolved values of pelagic habitat factors are adequate
to describe mussel growth.

Indeed, smaller time-intervals may improve the performance of the
mussel growth model (Module 2). It is, however, unrealistic to acquire
large-scale in situ monitoring data with higher continuous temporal
resolution. The alternative use of modelled input data with higher tem-
poral resolution, on the other hand, would introduce additional uncer-
tainties related to the model and increase computing efforts. We also
consider other environmental factors, as well as the uncertainty related
to upscaling in the mussel farm model (Module 3) to have higher im-
pacts on the estimated harvest and mitigation potentials. Furthermore,
the scope of this model is not to estimate individual scenarios precisely,
but to estimate realistic long-term expected ranges. The natural vari-
ability simulations within Module 2 are intended to account for this.

Ass. 4. Mussel growth on spat-collector substrate starts with ideal set-
tlement all over the spat collector material in July.

Currently, we do not consider limitation of insufficient spat supply
and differences in settlement time in the model. This might be reason-
able for major parts of the study area (Riisgård et al., 2015), but excep-
tions are likely. A connectivity model to naturally occurring mussel
populations could be integrated, to model settlement intensity and
start of the growth seasonmore adequately in space and time. However,
with insufficient data quality this step does not necessarily improve
model outputs (see discussion of the recent study of Kotta et al., 2020
above). We are currently not aware of large-scale available datasets
on mussel populations, respective larvae distribution models, or site-
specific recruitment models with sufficient coverage and quality.

Farms with rdep N 3 m have not been tested in Danish waters, yet.
However, similar farming techniques for larger depth-ranges of
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collector loops are employed in many locations e.g. in the US, Sweden,
New Zealand, and Turkey (Mizuta and Wikfors, 2019; Karayücel et al.,
2002; Ackerfors andHaamer, 1987). For ideal settlement, it is concluded
(Mizuta and Wikfors, 2019; Karayücel et al., 2002) that the collector
material should be placed in the depth range with optimal habitat con-
ditions for the mussels. We consider this technologically feasible in the
field, by e.g. modifying pre- and post-recruitment substrate depths, and
adoption of alternative buoyancymethods to accommodate higher bio-
mass loads.

Ass. 5. Mussels contain constant fractions of nitrogen and phosphorus.

The assumed constant 14% N and 0.8% P contents of biomass dry-
weight are in reality subject to variability (e.g. Kotta et al., 2020;
Smaal and Vonck, 1997; Taylor et al., 2019). Differences in N and P con-
tent likely appear in relation to environmental factors (e.g. Sal, ChlA)
and seasonality (e.g. spawning) and not on a random statistical basis.
To our knowledge, respective functional relationships that could be ap-
plied in our model are not yet comprehensibly described in the
literature.

Ass. 6. Mussels are homogeneously distributed in size and density
throughout the farm volume.

This assumption is used inModule 4, but in reality, aggregatedmus-
sel biomass and mussel condition can cluster in a farm on at least two
scales. (1) Mussel aggregates may be discontinuous in density along
the collector length; (2) within the canopy, heterogeneous clusters
can form because of food limitation or husbandry practice (e.g. Taylor
et al., 2019). The effect of mussel clusters on small-scale ChlA depletion
was described byNielsen et al. (2016) and Petersen et al. (2019b). How-
ever, this variability of aggregate distribution on collector material is
contained within the model calibration, as all mussel growth data
from the field were acquired on longline systems similar to the one
modelled here. Small-scale ChlA depletion gradients integrating with
meso-scale depletion reduces the food-uptake efficiency across a farm,
but is complex in relation to hydrodynamics and food-filtration feed-
back mechanisms, and is likely part of the explanation why model re-
sults were still valid at vhratio b 1. Representative field investigations of
in situ flow conditions and related ChlA depletion at a large farm-scale
would help to specify the threshold of vhratiomore precisely for adequate
site selection.

4.3.1. Limitation of the model to account for biomass loss over winter
The empirical mussel growth model overestimated biomass for

those mussel samples derived from the period of the growth season
from January until May (Fig. 4). In the field data, averagembio of individ-
ual mussels drops considerably over winter. Biomass loss, however,
cannot be reflected by the empirical model function derived here, as it
integrates monthly values between 0 and 1. DEB-model results, how-
ever, do not show such considerable biomass drops over the winter
months (data not shown), even though it takes biomass loss by respira-
tion and starvation into account.

Other external factors are, therefore, likely to have affected average
mbio in the field experiments. There is a very strong peak of mbio stan-
dard deviations in January (Figure_S 12). Riisgård et al. (2015) report
a typical second peak of mussel larvae in the autumn within the
model domain of this study. A second recruitment of mussel larvae in
the autumn could cause lower average mussel biomass in the following
months if there is significant self-thinning (Lachance-Bernard et al.,
2010). Physical exposure, predation and exposure to anoxic/toxic con-
ditions after sediment contact over winter (Taylor et al., 2019) could
have affected mbio distributions on test lines. Nevertheless, after thor-
ough analysis of field data from mitigation farm tests in the Limfjord
system, Taylor et al., 2019 recommend an early harvest in November/
December for Danish waters and this is the period, where the growth
model presented here proved valid.

5. Conclusion and perspectives

In this study, we developed a modular spatial model for nutrient
mitigation potential of blue mussel farms in the western Baltic Sea. Un-
like other available approaches, thismodel includes uncertainty estima-
tion, takes into account temporal variability of habitat conditions, and is
flexible with respect to farm setup and harvest time. Furthermore, re-
quired hydrodynamics to avoid food limitation are part of themodel re-
sults. For Danish, German, and Swedish water bodies, we identified key
areas for efficient mussel mitigation farms. In efficient Danish areas,
mitigation farms (18.8 ha, 90 km collector substrate in loops with 2 m
depth-range) required b3.6% of the space to extract the target nitrogen
loads for good ecological status. The developed approach is a highly suit-
able tool for the detailed planning of mussel mitigation farms, e.g.
within coastal and marine policy implementation and MSP. Further-
more, themethodology can be transferred to other aquatic species (ma-
rine and freshwater environments) to model e.g. aquaculture
productivity and habitat suitability of (endangered) species.

In a following paper, we will further implement the specific results
of this study into a multi-criteria tool for optimized site selection of
mussel mitigation farms in thewestern Baltic Sea. This will include spa-
tial data on other uses and interests in marine areas, environmental
risks to and from mussel mitigation farming, as well as economic
considerations.
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Abstract 

Through the mechanisms of particle immobilization and subsequent depletion of particles, 

mussel cultivation has a direct effect on chlorophyll-a concentrations and Secchi depth; both of 

which are primary indicators of marine ecological status and metrics for water quality 

management. As such, mussel cultivation has been proposed as a measure to mitigate the 

effects of coastal eutrophication. However, the extent to which this ecosystem service, and 

relatedly, biomass accumulation, are affected by ambient environmental conditions involves 

complex interactions. To explore the interacting mechanisms underpinning depletion dynamics 

under various biophysical conditions along the salinity gradient in the Baltic Sea, we used an 

updated Dynamic Energy Budget (DEB) model with field data from the western Baltic Sea, 

accommodating osmotic stress. We use the DEB model to drive a 3D farm-scale model within a 

novel precompiled hydrodynamic framework (FlexSem) to evaluate the effects of different 

environmental conditions and farm configuration on the intensity and extent of the chlorophyll-a 

depletion signal. We also report on extensive in situ monitoring of chlorophyll-a and Secchi 

depth within and around mussel farms, from several cultivation areas from around the western 

Baltic Sea to evaluate site-specific characteristics of depletion. Monitoring reflected the high 

degree of spatio-temporal variability in the quantification of this ecosystem service; with relative 

differences in chlorophyll-a from -14-69% and Secchi depth from 0-75%. We find that the 

extensive in situ measurements in different environmental conditions can be represented by the 

integrated farm model in terms of mussel biomass accumulation and depletion, providing insight 

on the interactions of current velocity, farm orientation to predominant current direction, ambient 

chlorophyll-a concentrations, and total biomass loads on the intensity and spatial extent of the 

depletion signal. Furthermore, the model has been calibrated to cover a variety of environmental 

contexts and permits fine-resolution simulation of multiple environmental interactions on mussel 

energetics, which can be used to evaluate potentials for optimizing mussel mitigation culture 

and the associated ecosystem services of phytoplankton depletion under local conditions 

without extensive recalibration from field growth data. The general interactions exhibited here 

and model will be useful for evaluating depletion and planning the establishment of mitigation 

farms in regions where national environmental monitoring programs can provide basic data. 

This can also reduce the need for extensive and costly in situ monitoring programs.  
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1 Introduction 

The impacts of eutrophication on coastal ecosystems have been widely documented over the 

past decades, where some of the most representative and easily measurable symptoms include 

increased phytoplankton concentrations and concomitant decreased water clarity (Bricker et al., 

2003; Ferreira et al., 2011; Bricker et al., 2014). In concerted efforts to improve anthropogenic 

eutrophication, inter-state agreements have been implemented around the world, designed to 

reduce nutrient loads on the coastal environment; such as the Baltic Sea Action Plan (BSAP, 

HELCOM, 2007, 2013) in 2007 (Backer et al., 2010), and the Water Framework Directive (WFD, 

2000/60/EC) in 2000 for all European inland and coastal water bodies to reach “Good 

Ecological Status” by the current decade (Borja et al., 2013). While many immediate successes 

were realized in the reduction of nutrient loads (Boesch, 2019), many coastal ecosystems, 

including the majority of Baltic waters, are still eutrophic (Kristensen et al., 2018), and further 

abatement will require multiple, combined measures (Duarte and Krause-Jensen, 2018; 

Friedland et al., 2019b). As one of only a few instruments to mitigate eutrophication within the 

marine environment (Petersen et al., 2019a), mussel farming (Mytilus spp.) in suspended 

culture is progressing as a novel mechanism. An assortment of ecosystem services 

fundamentally arises out of the filtration mechanism, which immobilizes large fractions of 

suspended organic matter from the water column (Petersen et al., 2019b; Strand and Ferreira, 

2019). This is often quantified by a combination of methods, commonly, chlorophyll-a 

concentration (chl-a), and Secchi depth, as they are complimentary measures to summarize the 

manifold effects of high seston concentrations on aquatic ecology and direct indicators of 

eutrophication effects (Fleming-Lehtinen and Laamanen, 2012a; Fleming-Lehtinen et al., 2015). 

As key indicators in the WFD assessment of ecological status, chl-a and Secchi depth are 

useful measures to demonstrate the ecological feasibility of mussel cultivation for acceptance as 

a mitigation tool in different environmental conditions around the Baltic Sea, as the indicators 

are directly related to the food resources exploited by mussels.  

When bivalve filtration (‘grazing pressure’) outpaces phytoplankton turnover, as is common in 

mussel farms, food depletion occurs. The depletion effect is a common feature of bivalve 

aggregates, and has most often been reported at a multitude of scales in space and time across 

a variety of environments and species (Cranford, 2019; Hulot et al., 2018). Measuring a 

depletion signal at the meso (farm) and macro-scale (basin, domain) has proven often difficult 

and highly variable, provided the array of various interacting biophysical conditions, seston 
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composition, and the configuration of bivalve aggregations (Petersen et al., 2019b). 

Mechanisms associated with depletion specific to mussel farming have principally been studied 

in a piecewise manner, but have been described in relation to physical particle dynamics and 

particle filtration in a complex 3D setting (Cranford et al., 2011; Cranford, 2019), which further 

makes comparison between depletion studies difficult. In addition to ambient biophysical 

dynamics, mussel filtration is mediated by particle composition, and concentrations, where 

capture efficiency declines precipitously with smaller particles (<4µm ESD, (Møhlenberg and 

Riisgård, 1978; Cranford et al., 2016; Rosa et al., 2018)) and filtration is negligible below 0.5µg l-

1 chl-a in most coastal regions (Dolmer, 2000; Riisgård et al., 2003). Filtration capacity of a farm 

is furthermore regulated by aggregate numbers and size of mussels, and energetics, which is 

driven by ambient environmental conditions, such as salinity (Buer et al., 2020). In general, 

studies have tended to evaluate depletion at limited scales, employing a variety of approaches 

to quantify seston concentrations within and around mussel farming structures that typically rely 

on discrete sampling or continuous point-based measurements, which can be difficult to 

generalize by environmental context, mussel cultivation strategy, or measurement approach. 

Models describing the effects of suspension feeding on seston concentrations are useful for 

evaluating the biophysical properties of food flux and relative depletion of food, which can 

furthermore inform on optimal farm layout and mussel stocking density (Friedland et al., 2019a) 

or in itself serve as an ecological indicator of carrying capacity (Gibbs, 2007). In situ 

measurements are necessary to validate our confidence in models, however, they are often 

difficult to repeatedly conduct, are expensive, and are susceptible to error propagation (Jansen 

et al., 2016). In addition to measurement error, in situ measurements are burdened by 

attempting to quantify a dynamic medium that is constantly changing in space and time.  

Depletion modeling and field study has typically been constrained to limited spatial and 

environmental variation (Newell et al., 2019); particularly in regards to salinity and eutrophic 

condition. Regional-scale modeling of mitigation potential is far too coarse to resolve the 

implications of hydrodynamics and local environmental conditions on farm-scale production and 

depletion dynamics (Holbach et al., 2020). Modeling mussel growth and seston depletion at the 

farm-scale has largely developed along perspectives of carrying capacity for optimal 

management and production of mussels directed to the human consumption market; e.g. the 

FARM model, ShellGIS (Ferreira et al., 2007; Newell et al., 2013). Varying in complexity and 

intended purpose, models addressing carrying capacity and the relationship to environmental 

conditions have been important for both farmers and water quality managers with applications at 

multiple scales (Grant and Filgueira, 2011). As the mussel mitigation concept may be applied 
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across the gradient of environmental conditions in the Baltic Sea, it is important to characterize 

the interaction of this environmental service under variable conditions with relatively simple 

inputs. Likewise, to maximize nutrient mitigation within these variable conditions, modifications 

in farm configuration relating to food flux and depletion can be accomplished by running model 

scenarios.  

The aim of the present study was to quantify depletion, and the implications of depletion in 

regard to improving the ecological status of coastal waters, by evaluating the degree of 

influence of multiple environmental drivers on chl-a depletion (field and model data) and Secchi 

depth (field data) around mussel farms in different environments. We develop a simple 3D farm-

scale model that integrates an updated Dynamic Energy Budget (DEB) model, a population 

function, and environmental drivers in an open source hydrodynamic framework. The model is 

used to simulate particle depletion under different configurations and explore mechanisms 

influencing the spatial structure of depletion and the intensity of the depletion signal under 

scenarios representative of Baltic environmental conditions. The model estimations were 

contrasted with multiple extensive in situ measurements of chl-a depletion and Secchi depth 

improvements to evaluate relative depletion of food. Furthermore, a spatial statistical approach 

was employed to two sites to assess the extent and intensity of in situ depletion in high 

resolution transects. From these combined findings, we explore how general interactions of 

cultivation and environmental conditions can influence management and implementation of 

mitigation mussel farming for improving ecological conditions of coastal waters. 

2 Materials and Method 

2.1 Study areas 

2.1.1 Depletion monitoring sites 

We present depletion data from six areas in the western Baltic (locations: Figure 1, methods: 

Table 1) with different environmental conditions and two modes of suspended mussel cultivation 

and use a farm-scale model at one site with various biophysical scenarios. Representative 

average environmental conditions of the farm sites (temperature, salinity, chl-a) within each 

area can be seen in Figure A.1. Average measured environmental conditions for each site over 

their respective monitoring periods are presented in Table 2. Configurations of farms are 
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outlined in the appendix, Table A.1. Farms were either equipped with conventional longlines (LL 

with spat collectors) or tube-nets (TN), which consist of a floating plastic tube supporting a 3m 

net; see Taylor et al. (2019) for further detail. 

 
Figure 1: Overview map of DEB calibration sites (blue circles) and depletion monitoring sites (orange squares).  
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Table 1: Overview of the sampling locations. Name, location, farming period, water depth, farm size, standing mussel 
biomass at late autumn/early winter sampling (except for GWB in June 2018), and methods used to detect depletion. 

Station Location Period Water 
depth 
(m) 

Farm 
size (ha) 

Mussel 
biomass 
(t-WW) 

Point 
data 

Continuous 
transect 

Venø Sund Limfjorden, 
Denmark 

Jun 2018 – 
December 2019 

4-6 74 5000-6000 
(10/19) 

monthly  

Sallingsund Limfjorden, 
Denmark 

Jun 2017 – Apr 
2018; Jun 2018 – 

Apr 2019 

5-7 14.8 100-150
(12/2018,19) 

monthly  

Dråby Vig Limfjorden, 
Denmark 

Jun 2017 – Apr 
2018; Jun 2018 – 

Jan 2019 

5-7 23.1 220 (12/17) 
170 (12/18) 

monthly  

Skive Fjord Limfjorden, 
Denmark 

Jun 2017 – Dec 
2017; Jun 2018 – 

Nov 2018 

5-6 21.9 573 (12/17) 
507 (11/18) 

monthly  

As Vig Horsens Fjord, 
Denmark 

May 2018-Oct 
2018 

10-12 11.3 729 (10/18) monthly  

Greifswald Bay Germany Jun 2017 - Oct 
2018 

5-6 0.3 2 (6/18) monthly  

The Limfjorden system (Figure 1) separates northern Jutland from mainland Jutland with 

openings at the North Sea and Kattegat. It is a shallow (average 4.8 m) system of semi-

enclosed estuaries with salinity gradients according to freshwater inputs (2.7 109 m3 annually) 

from the 7528 km2 catchment and exchange with the adjacent seas (Hofmeister et al., 2009). 

The system is classified as in poor ecological condition by WFD standards, experiences periodic 

hypoxic events due to persistent eutrophic conditions, and has a relatively high internal load of 

nutrients (Conley et al., 2011; Miljø- og Fødevareministeriet, 2016).  

Mussel farming is relatively new in the Limfjorden, with the industry taking hold in the beginning 

of the millennium, but is the most productive region in Denmark at > 4500 t of mussels annually 

for the fresh market. Four existing commercial mussel farms were monitored between 2017-

2019 (Figure 1). All farms are normally configured for production of high-quality mussels specific 

for the human consumption market using LL, with the exception of the Venø Sund farm, using 

TN and the first mitigation farm in operation in the Limfjorden since 2018. The farm in Venø 

Sund is the largest in Denmark, situated by the western shores of a small sound in the western 

Limfjorden, roughly aligned with the predominant south-north longshore currents. The 

Sallingsund farm is a medium-sized farm of which about half is normally used, and typically 

experiences higher current velocities than the other farms in the Limfjorden due to the narrowing 

of the sound between the island of Mors and the mainland. The Dråby Vig site experiences 

larger circulation patterns interacting with the bay topography and the neighboring Løgstør 

Broad, but otherwise similar conditions to Sallingsund. These three sites have typically higher 
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salinity than all other sites (27-30 PSU). The Skive Fjord site experiences relatively higher 

concentrations of chl-a, but lower salinity (23-25 PSU) and current magnitudes than the other 

Limfjorden sites. Limited portions of farms were used in the 2017-2018 production seasons for 

testing of mitigation production, as described in Taylor et al. (2019). In the 2018 season, the 

central section of the Skive Fjord site was replaced with 20 tube-nets, while only 4 were placed 

in the NE corner of Dråby Vig site. It should be noted that tube-nets have much higher surface 

area per unit water column volume than traditional spat collectors and host significantly higher 

aggregations of mussels (Taylor et al., 2019). 

As Vig is an exposed cove in eastern Jutland in the southwestern Kattegat. This site is 

representative of open Kattegat waters, with higher current velocities (Table 2) and wave 

exposure than the other sites, moderately high salinity (24-26 PSU), deeper (10-12 m), and is 

host to several fish farm operations. The site was monitored between the summer of 2017 until 

the winter of 2018/19 after harvest, while primary settlement occurred in October of 2017 and 

May 2018.  

Greifswald Bay (GWB) is a shallow inshore basin located in the north east of Germany, with an 

average water depth of 5.8 m. It is limited by the mainland in the south and the Island of Rügen 

in the West (Mecklenburg-Western Pomerania). GWB is connected with the Baltic Sea by a 

wide and shallow opening to the east and a narrow sound (Strelasund) in the west. Salinity 

levels range from 6 – 8 PSU due to freshwater inputs from numerous streams, like the Peene 

River and Oder Lagoon. A test mussel farm was established in a shallow part in the 

northwestern GWB (Figure 1) and was monitored from April 2017 until the summer of 2018 

when a significant loss of mussels was observed, and no new settlement occurred. Sampling 

was conducted at least once a month during the main growing period (April to November).  

Table 2: Averages of ambient current speed during the monitoring period, temperature, salinity and chl-a 
concentrations during the sampling periods. *From ADCP data. n.m. = not measured. 

Station Current 
speeds (cm 

s-1) 

Average 
temperature 

(°C) 

Average 
salinity 
(PSU) 

 

Average chl-a 
conc. 
(µg l-1) 

Secchi depths 
(m) 

Venø Sund 1.99 ± 0.86 16.0 ± 3.7 29.5 ± 0.8 6.46 ± 2.09 3.61 ± 0.52 
Sallingsund 2.03 ± 0.74 11.8 ± 7.1 29.8 ± 1.9 3.58 ± 2.33 2.58 ± 0.62 
Dråby Vig 1.34 ± 0.37 13.7 ± 5.5 28.0 ± 1.2 3.56 ± 1.74 3.17 ± 1.22 
Skive Fjord 1.10 ± 0.40 12.0 ± 7.0 24.0 ± 1.4 5.49 ± 2.76 3.34 ± 1.39 
As Vig 7.76 ± 3.24* 13.4 ± 4.1 24.0 ± 2.0 2.39 ± 0.88 4.75 ± 0.29 
Greifswald Bay 1.64 ± 0.75* 16.7 ± 5.2 6.9 ± 0.7 12.6 ± 8.1 2.40 ± 0.71 
Latvia n.m. 12.0 ± 6.0 6.9 ± 0.2 2.6 ± 1.3 n.m. 
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2.1.2 Field measurements of mussel growth for the DEB model 
Field data of mussel biomass, dry weight, and shell length was collected during 2017-2018 from 

mussel farms at the Limfjorden sites (Skive Fjord, Sallingsund, Dråby Vig) and single 100 m 

longlines in Mariager Fjord for calibration of the mussel growth model (Figure 1). During 2018-

2019, the same farms were sampled again in addition to 100 m single longlines deployed in new 

areas (Flensborg, Mariager, Roskilde, Vejle) in order to provide data for model validation (Figure 

1). Additionally, data from a pilot mussel farm located on the west coast of Latvia in the eastern 

Baltic Sea near Pavilosta (May to October 2018) was provided by the Baltic Blue Growth Project 

(Baltic Blue Growth Project, 2019) as well as GWB (Buer at al. 2020) (Figure 1). Environmental 

data (temperature, salinity, chl-a) to force the model was collected from continuous monitoring 

stations (Limfjorden sites, As Vig, Flensborg, Mariager, Roskilde), national monitoring programs 

(NOVANA: Mariager, Vejle) and monthly sampling in GWB. For Latvia, we used monthly 

climatology from 2004 to 2018 based on available monitoring data. We then use the growth 

model in a farm-scale model setup at one site (Skive) to conceptually describe underlying 

processes influencing depletion patterns by manipulating the environmental conditions 

according to those representative of the study areas. 

2.2 Modeling 

2.2.1. Dynamic energy budget model 

A process-based, dynamic energy budget (DEB) model was applied to describe mussel growth 

in response to temperature, salinity and food (Kooijman, 2010; van der Veer et al., 2006; Maar 

et al., 2009, Maar et al., 2015). The temperature response is a dome-shape function with 

highest growth at 20°C (Maar et al., 2018). The food response follows a saturation curve except 

that mussel ingestion ceases at chl-a concentrations <0.5 mg m-3 due to valve closure (Dolmer, 

2000; Riisgård et al., 2003). The ingested food is assimilated by a constant assimilation 

efficiency up to 17 µg chl-a m-1, whereupon the assimilation efficiency, and hence growth, is 

reduced exponentially due to overloading of the digestive system (Buer et al. 2020 and 

references therein). The model includes a salinity response to account for reduced growth at 

low salinities <16 PSU (Maar et al., 2015; Buer et al., 2020). We used the most recent 

parameterization of the DEB model applied to German coastal waters along a salinity gradient 

(Buer et al. 2020). During the model calibration against field measurement from the four Danish 

sites for the growth period 2017-2018, only the half-saturation coefficient was changed from 0.8 

µg chl-a m-1 to 0.7 µg chl-a m-1 to better match the observed growth under conditions with low 
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food conditions. The calibrated DEB model results were validated against observations from 

mussel farms and test lines deployed for a growth season during 2018-2019 in different areas of 

Denmark, GWB and in Latvia (see previous section).  

 

2.2.2. Farm scale setup: Skive Fjord  

We used a 3D DEB farm model to evaluate the effects of environmental conditions over the 

spectrum of variable Baltic waters, and farm configuration on the intensity and spatial extent of 

chl-a depletion. The model was implemented as a decoupled setup in the FlexSem framework 

(Larsen et al., 2020) with baseline hydrodynamics derived from the calibrated Limfjorden 

FlexSem setup for 2017, while chl-a, salinity, and temperature were modified from the 2017 in 

situ time series for scenario analyses. The model mesh consisted of three zones, within a 

1900x1500 m grid, the central farm area is 700x300 m made up of 25x10 m elements, 

surrounded by an 1100x700 m grid made up of 50x50 m elements, and an outer grid made up 

of 100x100 m elements (Figure A.1). A combination of a mask on the model grid and a mussel 

density function was used to couple the DEB model to the physical model. The mussel density 

function was created by relating individual mussel size with number per meter collector material, 

scaled to amount of material per unit volume. The farm scale model was validated for a 3 month 

(August 1 – October 31) period against growth data from the Skive farm monitored over 2017, 

as reported in Taylor et al. (2019, Figure 2). To describe medium-term depletion dynamics, one 

month-long scenarios (Table 3) included intervals of chl-a, salinity, current speeds, and the full-

scale farm oriented in a perpendicular and parallel configuration (Figure A.2), where 

predominant currents flow along an ~185-5 degree axis.  

Table 3: Variables crossed for farm-scale model scenarios. 

Parameter Scenarios 

O orientation Perpendicular, Parallel 

V  Velocity (cm s-1) 1.27, 2.34, 4.68, 8.19, 11.7 

C   chl-a (µg l-1) 1.8, 3.5, 5.3, 7.1, 8.9, 10.6, 12.4, 14.2 

S salinity 5.8, 11.6, 17.4, 23.2 
 Stock (# lines) 45, 90 
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The DEB was initialized for these scenarios with mussels of 2.36 cm shell length and 0.094 g 

dry weight. Stocking strategies were additionally tested, either fully stocked (90 lines) or partially 

stocked (45 lines), where lines are 200 m in length, and are situated in three sections of up to 

30 lines each with sections separated by 20 m. From these scenarios, depletion patterns were 

quantified by relative concentrations of chl-a over the simulation to the boundary conditions 

(relative depletion), and spatially explicit statistics (depletion extent), described below. As 

temperatures between sites are not considerably different, and an energetic response to 

temperature is well-described (i.e. Figure S4 in Holbach et al., 2020), we omitted running 

scenarios based on temperature manipulation. Lastly, mockups of farm setups corresponding to 

transects (see 2.2.1 and 2.2.2) were initialized with farm configuration, stocking, environmental 

conditions, and initial shell length and dry weights calculated from DEB outputs; where it should 

be noted that the hydrodynamics were adopted from the Skive setup described above. 

2.3 In situ measurements of depletion 

Periodic sampling of chl-a and Secchi depth was conducted at all depletion sites. For the 

Danish sites (As Vig, Limfjorden), monthly or semi-monthly samples were captured over the 

growing season (June-December). Water sampling was preceded by a CTD cast (EIVA Arop) to 

assure water mass continuity between sampling locations (Cranford, 2019). Reference positions 

were located 500 – 1000 m from each farm tangential to predominant current directions. For 

GWB, the farm area was small and reference positions were ~250 m from the farm. For each 

station, chl-a concentrations were quantified by taking triplicate water samples at 2 m depth 

within the farm and at the reference position, all samples were filtered through 25 mm Whatman 

GF/F filters, filters transferred to 10 ml of 96% ethanol, covered and light-sealed, then measured 

for fluorescence at 665 nm before and after acidification in a Turner 10AU fluorometer (Holm-

Hansen et al., 1965). Secchi depth was determined on the non-shaded side of the boat over 

triplicate casts. 

2.3.1 Spatially discrete transects 

Discrete transects measuring chl-a concentrations were conducted at As Vig, Skive, Dråby Vig, 

and GWB. The methodology follows procedures employed for periodic sampling, then sampling 

from additional points along the axes of the farm to construct spatial gradients by Inverse 

Distance Weighted or non-linear smoothing interpolation with the spatstat package in R 

(Baddeley et al., 2015), then visualizing by map contours binned over 5-10 classes by geometric 

intervals. In As Vig, currents were measured with a Teledyne Sentinal Workhorse 600kHz 
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ADCP (Acoustic Doppler Current Profiler) from ~10m depth, pointing upwards, recording 1 

minute ensembles in 50 cm depth bins. In GWB, a Nortek Aquadopp 1 mHz ADCP was used to 

measure currents from 6 m depth, pointing upwards, recording every second over 4.5 cm bins. 

2.3.2  Continuous Transects 

High resolution transects were conducted at Dråby Vig (9-2018), Skive (10-2018), and Venø 

Sund (8,9,10-2018; 3,4,6,7,9,10,12-2019). A Turner Cyclops 7F chl-a sensor was mounted to a 

bar, fixed to the side of the boat, approximately at the forefoot (bow) of the vessel, at a depth of 

2 m (boat draft <50 cm). The sensor face was oriented towards the seafloor and shaded from 

ambient light. The sensor position was tracked with a Garmin GPSMAP 78, and the boat 

traveled at speeds between 0.5-3 knots. Sensor readings were collated every second; 5-second 

averages were logged as voltage. Calibration samples were captured, extracted, and 

fluorometrically quantified as described above. Extracted chl-a values were then regressed 

against the voltage readings with a filtered seawater blank as the intercept; correlation 

coefficients (R2) were consistently > 0.85. For visualization and estimation of the spatial extent 

of depletion, transformed values were interpolated with an empirical Bayesian kriging function 

over the domain of the positions with 1000 simulations using a Bayesian bootstrap method and 

a power semivariogram model in Python (Krivoruchko and Gribov, 2019; Gribov and 

Krivoruchko, 2020; Pilz and Spöck, 2008); where the power model is unbounded (Zimmerman 

and Stein, 2010) and provided the least residual error in these cases. This geostatistical method 

permits non-stationarity, accounts for measurement error, can incorporate coincident and non-

regular measurements, and allows for subset spatial model definition and merging. 

Interpolations were bound within a convex hull delineated for each transect. Performance of the 

interpolations was assessed by leave-one-out cross validation of the original data. Map contours 

were binned by geometric intervals of the dataset over 5-10 classes for visualization. 

Hydrodynamics were monitored with an ADCP (Teledyne Sentinel Workhorse 600 kHz, 10 min 

ensembles, 50 cm depth bins) in Skive during the transects, and in Venø Sund during the 10-

2018, and 6,7,9-2019 transects; otherwise a drogue at 2 m depth with surface buoy were 

deployed and positions noted at the beginning and ends of the transects for coarse current 

direction determination. 

2.4 Analysis of in situ and model data 

For in situ measurements and model outputs we calculate relative depletion as (Cr – Ci) / Cr, 

where Cr is the reference quantity and Ci is the quantity at location i; which is in the center of the 
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farm for periodic sampling. Periodic sampling data (chl-a and Secchi depths) was analyzed by 

two-way PERMANOVA (1E5 permutations) in the vegan package in R (Oksanen et al., 2019). 

Normality of residuals was checked by a normal QQ plot and the Shapiro-Wilk test.  

As depletion gradients are not spatially independent, we take a spatial statistical approach to 

assess the extent of depletion in transects and the farm-scale model. Transect points and 

centroids from each element in the farm-scale model were used to construct a spatial weight 

matrix. Thereafter, Local Indicators of Spatial Association (LISA) were calculated with spdep in 

R (Bivand et al., 2013), following Petersen et al (2019b). Briefly, clustering of low chl-a 

concentrations was identified in each transect by a Moran’s I statistic of p<0.05, and where 

Getis-Ord G* values were negative. Spatial coverage of significantly low chl-a concentrations 

was indicated by the sum of cell areas with Moran’s I statistics of p<0.05 and negative Getis-

Ord G* values; coverage was then converted to proportion of the study domain for each time 

step and scenario. To analyze the interactions of environmental conditions, hydrodynamics, and 

the mussel farm, relative depletion and proportional coverage of significant LISA patterns of the 

domain from model scenarios were evaluated with a beta regression model (Eq. 1), using a logit 

link function and constant precision parameter Φ (Ferrari and Cribari-Neto, 2004). Model 

outputs were fully crossed and included farm orientation, ambient chl-a concentrations, salinity, 

and current velocity in vector X1, and β1 the regression coefficients calculated by Maximum 

Likelihood Estimation, and εdepl,y the error term, in the betareg package in R (Cribari-Neto and 

Zeileis, 2010). Model parsimony was accomplished by stepwise inclusion of main effects and 

interactions, and minimizing the Bayesian Information Criterion (BIC). 

𝑔𝑔�𝜇𝜇𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑,𝑦𝑦� =  𝛽𝛽1 ∗ 𝑋𝑋1 +  𝜀𝜀𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑,𝑦𝑦  (1) 

3 Results 

The updated DEB model tuned to field data exhibited robust prediction capabilities for mussel 

condition factors. The mockup farm-scale setups provided representative depletion signals 

when contrasting against in situ measurements, including differential biomass accumulation in 

response to salinity. Depletion signals from the model were most influenced by velocity, ambient 

chl-a concentrations, and farm orientation; where the interactions in nonlinear space could be 

generalized. Long-term in situ monitoring and transect data demonstrated that the depletion 

signals were variable over time and acutely related to ambient conditions and farm 

configuration. 
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3.1 Farm-scale model 

3.1.1 DEB Model validation 

The DEB model calibration showed a significant correlation (R2=0.82, p <0.001) with monitoring 

data of mussel DW from four stations (Figure A.3, panel A). The model tended to underestimate 

the biomass in winter in Skive Fjord and Løgstør Bredning, but these stations also showed the 

highest standard deviations of observed biomass means (Figure A.4). The validation showed a 

significant correlation (R2=0.84, p <0.001) with monitoring data from 9 stations (Figure A.3, 

panel C). In Mariager inner Fjord, the chl-a concentrations were up to 50 µg l-1 and the model 

provided a good fit to mussel growth data. If the reduced assimilation at high chl-a 

concentrations was removed from the model, the shell length and tissue biomass were 

overestimated by the model. Calibration and validation correlation statistics are presented in 

Table A.2. Parameters and equations for the DEB model can be found in the supplementary 

material in Buer et al. (2020)1. 

3.1.2 Farm scale model 

The model run against monitoring data (temperature, salinity, chl-a) and a mockup of the line 

configuration in Skive used in 2017 exhibited similar growth patterns to field observations, with 

nominally higher linear biomass loads (Figure 2). Mean depletion rates for the 2017 Skive setup 

over the validation period (1. September – 30. November) were on average 20.1% over the 

domain, and 48.4% within the farm area. Further scenario runs, based on interval modification 

of the environmental and hydrodynamic conditions in Skive with a full (90 lines) or half-stocked 

farm (45 lines) were used to derive generalized principles of depletion dynamics. As the 

hydrodynamic regime was only valid for Skive, further mockups representative of the other 

depletion monitoring sites, to contrast with in situ observations were performed for exploratory 

purposes and are detailed below with transect results (Section 3.2.2). 

1 https://www.frontiersin.org/articles/10.3389/fmars.2020.00371/full#supplementary-material 
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Figure 2. Validation of farm-scale model against field data from Skive 2017, values expressed in wet weight mussel 
biomass per meter spat collector. 

 

Mussel growth, and consequently total mussel biomass is a function of salinity and chl-a in the 

model. When salinity is low (i.e. <10 PSU), there is a reduced impact on the depletion signal as 

mussel growth is hindered by the energetic expenditure for osmoregulation (Figures 3 and 4). 

Salinities higher than 23.3 PSU (i.e. Skive salinity) were tested, but as the osmotic penalty does 

not take effect above 16.2 PSU (Buer et al., 2020), the results were unaffected by increasing 

salinity. The distribution of mussel biomass within the farm simulations was proportional to 

velocity, where higher velocities exhibited greater homogeneity due to increased food flux rates 

(Figure A.5), as well as the highest rates of biomass accumulation.  
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Figure 3: Relative depletion (% difference from ambient chl-a concentrations) patterns within a fully-stocked farm (90 
lies) oriented perpendicular (left) or parallel (right) to predominant currents (mean 2.6°, 1.27 cm s-1). Salinity intervals 
increase centrally, chl-a intervals increase from the bottom to the top of the figure. Note the intensity of relative 
depletion is influenced by all three variables. 
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Provided spatially explicit food limitation within the center and ‘downstream’ parts of the farm, 

increased heterogeneity in mussel growth was observed with an increased relative depletion 

rate; where a Weibull growth relationship between the relative depletion rate [x] and interquartile 

range of wet weight biomass per meter collector (kg) is followed: 

𝑓𝑓(𝑥𝑥) = 1.43𝐸𝐸07 �1 − 𝑒𝑒{− 𝑥𝑥
2395.6}2.2

� (2) 

Figure 4: Relative depletion (% difference from ambient chl-a concentrations) patterns within a fully-stocked farm (90 
lies) oriented perpendicular (left) or parallel (right) to predominant currents at baseline velocities (1.27 cm s-1) and 
moderately increased velocities (2.34 cm s-1). Salinity and chl-a intervals increase centrally. 
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Likewise, increased depletion rates were tended to result in lower mean shell length and 

heterogeneity of shell length within the farm. Modeling total biomass as a nonlinear function of 

depletion rates, salinity, chl-a, and velocity, biomass accumulation rates diminished with 

increasing depletion rates, approaching an asymptote around 64% in the model domain and 

exceeding 90% in the center and downstream sections of the farm; an expected result of 

accelerating food resource limitation. Beta regression demonstrated that orientation of the farm 

to predominant current directions had a drastic effect on the intensity of the signal (Table 4), for 

example, when velocities were 1.27 cm s-1, chl-a at 7.1 µg l-1, salinity at 23.2 PSU, greater 

residence time along the axis of the farm led to an increase of relative depletion from 44.7% to 

52.9%, while the coverage nominally extends from 10.1% to 10.4% of the domain (Figures 3 

and 4). Orientation is the strongest driver in the extent of the depletion signal (LISA), where a 

farm set perpendicular to the predominant currents exhibits greater spatial spread of the signal 

(Table 5, note that perpendicular is the positive value for orientation in the regression). Biomass 

as a function of stocking strategy also has a considerable effect on relative depletion rates 

(Figure 5). 

Table 4: Beta regression model on relative depletion (mean chl-a in the farm / mean chl-a at the boundary). C = chl-a, 
O = orientation, S = salinity, V = velocity, ϕ = precision parameter, ~R2 = pseudo R2. Confidence interval of 
coefficients are presented at 5% and 95%.  

Parameter Estimate Std Error X2 p value 5% 95% 

V -0.255 0.014 340.227 <.0001 -0.283 -0.228 
C -0.076 0.007 108.228 <.0001 -0.090 -0.061 
O -1.283 0.181 50.059 <.0001 -1.638 -0.928 

O*V -0.452 0.076 35.439 <.0001 -0.600 -0.303 
S 0.016 0.004 19.010 <.0001 0.009 0.023 

C*V -0.013 0.003 18.335 <.0001 -0.018 -0.007 
C*S -0.003 0.001 9.457 0.002 -0.004 -0.001 

ϕ 0.028 0.002 193.86 <.0001 0.024 0.032 
~R2 = 0.872 

Log likelihood = 350.164 
BIC = -650.35 
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Table 5: Beta regression model on % area with significant (LISA) depletion patterns. C = chl-a, O = orientation, S = 
salinity, V = velocity, ϕ = precision parameter, ~R2 = pseudo R2. Confidence interval of coefficients are presented at 
5% and 95%.  

Parameter Estimate Std Error X2 p value 5% 95% 

O 0.593 0.019 936.553 <.0001 0.555 0.631 
V -0.032 0.001 659.344 <.0001 -0.034 -0.029 

O*V 0.127 0.009 203.570 <.0001 0.109 0.144 
C 0.016 0.001 127.840 <.0001 0.013 0.019 

C*V -2.16E-03 3.28E-04 43.303 <.0001 -0.003 -0.002 

C*O -0.006 0.002 7.137 0.008 -0.010 -0.002 

ϕ 4.87E-04 4.80E-05 102.6593 <.0001 3.92E-04 5.81E-04 
~R2 = 0.942 

Log likelihood = 864.1 
BIC = -1683.776 

    
    
    

 

 
Figure 5: Relative depletion (% difference from ambient chl-a concentrations) patterns between a fully-stocked and 
partially-stocked farm under identical environmental conditions: mean velocities = 1.27 cm s-1, salinity = 23.2 PSU, 
chl-a = 7.1 µg l-1.  

 

Current velocity is a significant driver of the intensity (relative depletion) and extent of the 

depletion signal (Tables 4 and 5). For example, in the perpendicular orientated farm with 

baseline chl-a and salinity, with a moderate increase in velocity from 1.27 to 2.34 cm s-1 (Figure 

4), the mean relative depletion signal reduces from 44.7% to 30.2% and the extent of relative 

depletion (50% depletion coverage) from 10.1% to 4.6% of the domain, while clustering of 
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significantly low concentrations (LISA) decreases from 3.7% to 2.9% of the domain. At higher 

velocities, such as those observed in As Vig (>6 cm s-1), relative depletion rates and depletion 

extent are extremely diminished (Figure 6 and 7). Increasing chl-a concentrations generally 

diminish the relative depletion signal in intensity and extent, due to sufficient food resources, or 

combined with higher current velocities (Tables 4 and 5; Figures 3, 4, 6, and 7), sufficient flux of 

food, and hence, reduced relative differences in ambient food concentrations.  

 
Figure 6. Effect of salinity (PSU) and chl-a (µg l-1) on biomass (total WW - top) and the relative depletion signal 
(bottom) over different current velocities (cm s-1). Salinity curves are represented as solid lines, chl-a as dashed lines. 

 

The highest relative depletion rates (55%) within the study domain were observed in the 

parallel-oriented farm, fully stocked (90 lines), median velocities of 1.27 cm s-1, with full salinity 

(>23 PSU) and an average of 3.54 µg l-1 ambient chl-a. The lowest rates (1.8%) were observed 

at the lowest salinities (5.81 PSU), highest ambient chl-a (14.17 µg l-1) and highest velocities 

(11.7 cm s-1), in a farm only stocked by half (45 lines). Salinity, chl-a, and current velocity are 
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positive drivers of biomass accumulation, while with increasing chl-a and velocity, salinity and 

biomass become less impactful on the diminishing depletion signal due to increased food flux 

and background concentrations (Figure 6). Overall, biomass accumulation was highest in the 

scenarios run at the highest velocities, full salinity, and chl-a concentrations (Figure 6). The 

lowest salinities, chl-a concentrations, and velocities, at full stock (90 lines) resulted in the 

lowest total biomass loads. Stocking at half (45 lines) in the lowest salinity conditions (5.81 

PSU) resulted in marginally greater biomass accumulation when chl-a concentrations fell below 

5.31 µg l-1, yet the depletion rates are still higher when fully stocked; for example, at a median 

salinity of 5.81 PSU and ambient chl-a concentration of 5.31 µg l-1 in a farm aligned 

perpendicular to the currents, half stocked (45 lines) provides 175 t of mussels and a mean 

relative depletion rate of 35.9%, while a fully stocked farm (90 lines) provides 156 t of mussels 

and a 37.3% relative depletion rate.  

Non-linear interactions in regards to relative depletion and extent (Figure 7) were observed 

between chl-a concentrations, farm biomass, and current velocities. In both cases, the depletion 

signal responds rapidly to reducing current velocities, increasing biomass, and reducing chl-a 

concentrations.  
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Figure 7: Contour plots of relative depletion (top panels) and depletion coverage (% area of the domain with >50% 
depletion, bottom panels) by total biomass in the farm (t), ambient chl-a concentrations (μg l-1), and current velocity 
(cm s-1). Due to the non-linear effects on relative depletion, contours constructed by fitting a hyperbolic tangent 
function over all linear combinations of parameters using mean values over each model run for the parallel orientation 
section setup (top: R2 = 0.98, RMSE= 0.026; bottom: R2 = 0.94, RMSE= 0.01). Relative depletion and depletion 
coverage values are indicated within the plots. Salinity is constant at 23.5 PSU, in the left plots chl-a is constant at 7.1 
µg l-1, in the center plots velocity is constant at 1.27 cm s-1, and in the right plots biomass is constant at 500 t. 

 

3.2 In situ measurements of depletion 

3.2.1 Periodic sampling 

Between 2017-2018, differences in chl-a and Secchi depth were tracked for Skive, Dråby Vig, 

and Sallingsund, while Venø Sund was monitored over 2018-2019. Throughout the growing and 

monitoring season, stratification (Δ salinity, temperature 50 cm-1 > 0.5 PSU, 1°C) was generally 

observed 3.5-4.0 m below the sea surface, and water column profiles were similar between the 

farm area and reference stations with the occasional exception of Venø Sund, of which the 

northern extent of the farm was more saline (e.g. 30.5 PSU) than the southern reference point 

(29.5 PSU) that were located ~3.5 km apart. Reduction in chl-a concentrations over the growing 

season within the farm ranged between 8-42% in Dråby Vig, 13-36% in Sallingsund, 7-42% in 
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Skive, and 6-69% in Venø Sund (Figure 8). Secchi depth improvement ranged between 0.35-

1.5 m in Dråby Vig (10-50%), 0.4-1 m in Sallingsund (20-50%), 0.35-1.25 m in Skive (9-50%), 

and 0.1-1.85 m in Venø Sund (0-67%, Figure 8). These trends tended to follow biomass 

accretion to the maximum relative differences approximating harvest timing (autumn, Table 1). 

As Vig, as a site more representative of open Kattegat waters, has higher current velocities and 

deeper waters than the typical farm site in the Limfjorden, with lower chl-a concentrations (Table 

2). Over the monitoring period, reduction of chl-a ranged between 0-27% (Figure 8), while 

Secchi depth improvements ranged between 0.5-2.25 m (10-50%, Figure 8), with increasing 

trends to the autumn prior to harvest in October 2018. Conditions in GWB differ considerably 

from the other sites, provided considerably higher ambient chl-a concentrations and low salinity 

(Table 2). Between October 2017 and July 2018, prior to loss of mussel biomass (July 2018), 

relative chl-a depletion rates between -14-33% were observed (Figure 8), with no clear 

association with biomass accumulation or chl-a concentrations; in two sampling events, chl-a 

concentrations were higher within the farm. Over all sites, chl-a concentrations were significantly 

lower (F1,110=4.97, MSS = 33.748, p=0.0198) and Secchi depths significantly greater 

(F1,92=16.38, MSS = 18.567, p<0.001) within the farm areas than the reference position. 

Regressing relative depletion of chl-a against relative Secchi depth improvements provided poor 

correlation over all sites and sampling events (R2=0.067, RMSE=0.166, p= 0.072). 
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Figure 8: Relative Secchi depth improvement and relative depletion of chl-a between reference positions and the farm 
over the monitoring period. Colors indicate degree of relative difference, box plots represent measured Secchi depth 
(m) and chl-a (µg l-1) values. The scatterplot on the right presents simultaneous measured relative differences of chl-a 
(x-axis) and Secchi depth (y-axis) over all sites; note the weak positive association. 
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3.2.2 Chl-a transects 

Dråby Vig: A single transect was performed on 14-9-2018 in Dråby Vig, in the northern half of 

the farm area, where depletion rates within the farm were on average 46%, when biomass 

within this farm section was estimated to be 98 t (4.2 t ha-1) and ambient chl-a concentrations of 

1.67 µg l-1, and current directions oriented toward 15°. Significant clustering of low chl-a 

concentrations was found in the center of the farm and immediately northeast of the farm, while 

high concentrations were focused several hundred meters northwest of the farm. The farm-

model scenario corresponding to conditions representative of the site (perpendicular, current 

velocities = 1.27 cm s-1, chl-a = 3.54 µg l-1, salinity = 23.23 PSU) exhibited total biomass yields 

of 497 t and a mean relative depletion rate of 41% and 69% in the center of the farm. Running 

the model for the configuration used at the site at that time (26 lines), total biomass yields were 

103 t, with a mean relative depletion rate of 14% and a maximum of 54% in the farm. 

Venø Sund: Depletion within the Venø Sund farm ranged between 27% and 69%, while the 

intensity of depletion was associated with ambient chl-a concentrations, an increasing signal 

was observed to propagate towards the northern sections of the farm area, following 

predominant current directions. Two transects from June and July of 2019 are presented in 

Figure 9. Spatial estimates of the geostatistical model suggest an extent of the depletion signal 

of several hundred meters around the farm area, which was often observed west and north of 

the farm. Clustering (LISA) of low concentrations was consistently found within the farm area, 

while high values were typically at the southeastern and northeastern extents of the transect 

domain. The farm-model scenario corresponding to conditions representative of the site 

(parallel, current velocities = 2.34 cm s-1, chl-a = 5.31 µg l-1, salinity = 23.23 PSU) exhibited total 

biomass yields of 720 t and a mean relative depletion rate of 31% and 55% in the farm.  
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Figure 9: Bayesian kriging interpolation (Gribov and Krivoruchko, 2020) of continuous chl-a transects at the Venø 
Sund farm. Chl-a isolines were drawn on 10 bins determined by geometric interval over each respective distribution, 
transect paths are presented as dots, and the interpolation bound by a convex hull. Left: June 19 2019, mean current 
velocity = 1.17 cm s-1, estimated farm biomass = 3320 t (44.8 t ha-1), mean chl-a = 1.74 µg l-1, relative farm depletion 
= 0.69, relative domain depletion = 0.59; cross validation: R2 = 0.94, RMSE = 0.088, F1,3425 = 51967.04, p<0.001. 
Right: July 22 2019, mean current velocity = 1.65 cm s-1, estimated farm biomass = 4162 t (56.2 t ha-1), mean chl-a = 
3.29 µg l-1, relative farm depletion = 0.56, relative domain depletion = 0.32; cross validation: R2 = 0.93 RMSE = 0.192, 
F1,1620 = 23736.9, p<0.001. The farm areas are dashed rectangles. Mean current speed and direction over the water 
column at plotted over the transect time period below respective transects in quiver plots. A farm-model setup, 
visualizing mean relative depletion patterns over September, corresponding to environmental conditions 
representative of the site (mean velocity = 1.27 cm s-1, chl-a = 5.31 µg l-1, salinity = 23.23 PSU) is presented in the 
top left. Predominant currents are presented in a rose diagram at the center left. 

 

Skive Fjord: Two transects performed at Skive in the center and east of the farm (29,31-10-

2018) presented relative depletion rates within the farm area between 11-45%, their merged 

interpolations are presented in Figure 10. Low chl-a concentrations were clustered (LISA) within 

the core of the farm, while high values were found immediately east of the farm. A discrete 

transect performed in Skive on 13-9-2017 with seven locations, 5 outside, 2 inside of the farm, 

exhibited an average of 49% depletion within the farm, 28% north, 23% west of the farm with 

decreasing rates south and east of the farm, where it was noted currents were directed north, 

biomass estimated to be 477 t (21.8 t ha-1), and ambient chl-a concentrations of 5.59 µg l-1.  The 
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farm-model run on the same configuration as the 2017 setup exhibited total biomass yields of 

521 t and a mean relative depletion rate of 31% and 44% in the farm. 

As Vig: A discrete transect was conducted in As Vig on 26-10-2018 with 1 point at a reference 

position northwest of the farm, 2 points at the northern and southern corners of the farm, and 

one in the center of the northern section of the farm (Figure A.6). A depletion gradient was 

observed within the farm and south of the farm following currents (305.8°), however, the extent 

of this pattern is uncertain due to limited spatial representation; LISA statistics indicated 

dispersal, with significant low concentrations within the farm and high in the northern points. The 

overall observed relative depletion rate was 16% and 27% in the center of the farm, while mean 

current velocities were 7.15 cm s-1, chl-a concentrations 29.1 µg l-1, and total biomass of 729 t 

(64.5 t ha-1). The farm-model scenario corresponding to conditions representative of the site 

(parallel, current velocities = 8.19 cm s-1, chl-a = 3.54 µg l-1, salinity = 23.23 PSU) exhibited total 

biomass yields of 716 t (729 ± 24.7 t measured in the field) and a mean relative depletion rate of 

15% and 26% in the center of the farm.  
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Figure 10: Bayesian kriging interpolation (Gribov and Krivoruchko, 2020) of continuous chl-a transects at the Skive 
farm between October 29-31 2018. Chl-a isolines were drawn on 10 bins determined by geometric interval. Median 
current velocity = 0.79 cm s-1, estimated farm biomass = 507 t (23.2 t ha-1), mean chl-a = 1.92 µg l-1, relative farm 
depletion = 0.33, relative domain depletion = 0.11; cross validation: R2 = 0.65, RMSE = 0.151, F1,475 = 886.3, 
p<0.001. The farm area is a dashed rectangle. Current speed and direction over the water column are plotted over 
the transect time period below the transect interpolation in a quiver plot. A farm-model setup, visualizing mean 
relative depletion patterns over September, corresponding to environmental conditions representative of the site (man 
velocity = 1.27 cm s-1, chl-a = 5.31 µg l-1, salinity = 23.23 PSU) is presented in the top left. Predominant currents are 
presented in a rose diagram at the center left. 

 

GWB: In the discrete transect (14-6-2018), the center of the farm exhibited 10.8% depletion, 

while ‘downstream’ of the farm was 13.5% using the eastern measurements as reference, while 

currents were predominantly flowing from the east to west (median 85.95°) at 2.16 cm s-1 during 

the sampling period. A depletion gradient is visible in Figure A.7 approximating the current 

direction, however, LISA statistics indicate no clustering of low or high values. The fully stocked 

farm-model scenario corresponding to conditions representative of the site (parallel, current 

velocities = 1.27 cm s-1, chl-a = 12.4 µg l-1, salinity = 5.81 PSU) exhibited total biomass yields at 

406 t and a mean relative depletion rate of 40% and a maximum of 72% in the farm. Running 
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the model for the configuration used at the site (5 lines x 50 m), total biomass yields were 2.5 t 

(2 t measured in the field), with a mean relative depletion rate of 3% and a maximum of 8% in 

the farm. 

 

4 Discussion 

4.1 Mechanisms resolving extent and intensity of depletion signal 

Over the scenario farm-scale model runs, it was clear that moderate changes in current velocity 

(Figures 5-7) and the interaction with chl-a concentrations markedly influenced the intensity and 

extent of the depletion signal, while farm orientation had less effect (Tables 4 and 5, Figures 3 

and 4). The farm-scale model is essentially a dispersed plug-flow reactor design. Orienting the 

farm perpendicular to currents reduces the retention time of a water mass parcel within the area 

of active filtration. This permits greater overall exposure of the cultivation unit to relatively higher 

food concentrations, but limits the local intensity (relative depletion) of water clarification (Figure 

5). Nevertheless, given the same area, depletion intensity is spread to a greater area (note a 

positive coefficient for orientation in Table 5). From a production and nutrient accumulation 

perspective, food limitation is undesirable when heterogeneous growth (bulk mass) leads to 

overall reduced biomass yields (Friedland et al., 2019a; Taylor et al., 2019). From a mitigation 

perspective, where heterogeneity in mussel size is not a quality factor, the local effect is similar 

to placing multiple perpendicular farms in series along the predominant current axis. Previous 

investigations have found inverse linear relationships with current velocities and the intensity of 

the depletion signal, noting the importance of residence time within the cultivation units related 

to orientation (Newell and Richardson, 2014; Nielsen et al., 2016; Petersen et al., 2019b); while 

other studies could not find a correlation (Petersen et al., 2008). In microtidal environments with 

lower current velocities (<4cm s-1), which are prevalent in Baltic coastal waters, these findings 

suggest prioritizing perpendicular orientation for mitigation farms will yield higher biomass 

(nutrient extraction) and greater spread of the depletion signal over the larger water body. High 

wind or current exposure and increased loading on the aquaculture structure in a perpendicular 

orientation can result in loss of biomass and damage to the farm. 

As Newell (2019) illustrates, resolving farm-scale hydrodynamics is critical for accurately 

describing depletion patterns and intensity. An important aspect of farm orientation or 

configuration is hydraulic drag and subsequent hydrodynamic implications (Plew, 2011; Tseung 
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et al., 2016), of which we do not resolve in the model. We use an open source 3D framework 

(FlexSem) with straightforward capabilities of integrating biophysical and biogeochemical sub 

models, but without field measurements of drag coefficients, so we must assume that depletion 

will be enhanced with increased structural density. Several model studies have demonstrated 

that reduced flow within the farm will enhance food depletion within the core of the farm 

(Rosland et al., 2011; Newell and Richardson, 2014), and further exacerbating heterogeneous 

growth gradients as our model has described. Spacing between lines is a critical factor to 

describe the effect of integrated farm hydraulic drag. Rosland et al. (2011) describe nominal 

impacts on depletion above 10m spacing, whereas the farms and the farm-scale model 

investigated in this study implement an 8-40m spacing between longlines or tube-nets. 

Increased velocities will result in greater turbulence within the canopy, which will in turn increase 

velocities around the farm while decreasing within the farm, and further enhance entrainment in 

the vertical field (Stevens and Petersen, 2011; Stevens and Plew, 2019). Normal or tangential 

orientation of the suspended canopy elements (i.e. the continuous loops or other substrate 

configuration) to the flow direction will dramatically influence the distribution of food within the 

canopy (Newell and Richardson, 2014), as well as the physical forces on the farm structure.  

Re-filtration is often not considered in modeling simulations and is important from the coarse 

provision of suitable food to the mussels, and more specifically, to the modified size distribution 

of food within the water mass parcel with diminishing potential capture efficiency (Cranford, 

2019). The present modeling exercise addresses re-filtration from a linear form following current 

vector fields, discretized by mesh cell, by treating chl-a as a 100% efficiently filtered food 

source. The DEB model has been developed with chl-a field data, and assumes a ‘built-in’ 

effective size distribution and pool of nutritional constituents; i.e. while a portion of the chl-a pool 

may not be filtered efficiently or with varying nutritional content, the remaining fraction 

parameterizes chl-a as food and this ratio is assumed to be constant.  

The model moderately overestimated biomass accumulation (Figure 2) and while average 

depletion rates over month-long scenarios cannot be directly compared with transects (as 

snapshots), depletion rates tended to match within the study domain. In GWB, where mussel 

biomass was very low due to low salinity, and chl-a concentrations tending to be high (Tables 1 

and 2), a minimal depletion signal was present (Figures 8 and A.7). The model demonstrates 

that low salinity and elevated chl-a concentrations (Figure 3) at full stocking exhibits low 

depletion signals, and will be even more reduced with reduced stocking density (Figures 6 and 

7). The relationship of salinity to depletion is indirect, as filtration rates are not necessarily 
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reduced by low salinity, rather the reduced somatic growth rates at low salinities yield lower total 

biomass relative to higher salinity conditions (Maar et al., 2015; Buer et al., 2020). While a 

limited number of farm-scale models have previously investigated differential biomass accretion 

with an underlying DEB model (Guyondet et al., 2010; Rosland et al., 2011), gradations of 

salinity as a driver of discrete biomass growth and subsequent depletion signals combined with 

configuration scenarios and seston loads has been seldom investigated. This is an important 

component to consider for implementation of mitigation mussel farms in the greater Baltic Sea. 

In general, the farm-scale model tended to exhibit maximum depletion rates in conditions similar 

to those experienced in the Limfjorden sites, which consistently exhibited higher depletion rates 

than As Vig and GWB. As such, the model served as a useful tool to demonstrate that moderate 

changes in chl-a concentrations and velocity will drive variability in the intensity and extent of 

the depletion signal; in which at most sites we observed there to be a great deal of seasonal or 

shorter-term variability (Figure 8). In terms of eutrophication mitigation services, balancing 

biomass maximization (i.e. nutrient extraction) and seston depletion (water clarification) will 

require consideration of farm configuration relative to the local conditions, where in very general 

terms, we observed an optimization point at approximately 64% depletion within the model 

domain. Exceeding this level may result in stunted growth in heavily depleted sections of the 

farm, which will become exacerbated as mussels at the periphery of the farm continue to grow, 

and reduce the overall mitigation effect. Therefore, in regions or at sites with relatively coarse 

data resolution, the model can serve to provide managers with estimates on expected 

production and scale of depletion for configuring mitigation farms. 

4.2 Resolution of different methods 

Secchi depth and chl-a can often be covariant, however, each are quantifying fundamentally 

different properties in both content and dimension. As an integrated measure of water 

transparency, Secchi depth is a simple metric describing light scattering and attenuation over 

depth that is a product of distributed particle loads (scattering and absorption) and colored 

dissolved organic matter (CDOM; absorption (Kirk, 2011)); of which the inherent properties are 

unknown. Phytoplankton concentrations are primarily quantified by chl-a, and is a point 

measurement in both horizontal and vertical planes, but still represents particles without 

information of their optical properties. The two metrics are often inversely correlated (reduced 

chl-a concentrations, increased Secchi depth) but the direct relationship between the two is not 
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definitive (Harvey et al., 2019), provided variable suspended matter concentrations and 

constitution in different water bodies (Lind, 1986); as such, it has repeatedly been suggested 

that such metrics (integrated and optical) are complementary (Fleming-Lehtinen and Laamanen, 

2012b). The poor correlation found here between chl-a and Secchi depth improvements (Figure 

8) echoes this requirement for complementary indicators. The effect of mussel filtration on water 

transparency, and thereby Secchi depth, depends on the absorbing and scattering constituents 

of the water column, where particles (phytoplankton, particulate organic matter, larger tripton) 

are immobilized, while CDOM is generally unaffected. In basins with elevated concentrations of 

either autochthonous or allochthones CDOM, the depletion effect may not significantly influence 

Secchi depth, and the influence of bivalve grazing on concentration modifications of degradative 

humic compound byproducts has not been studied. Nevertheless, we see here a consistent 

concomitant reduction in chl-a and increasing Secchi depth within farms relative to outside of 

the farms under study (Figure 8), even though their relative improvements were poorly 

correlated. Recent modeling efforts have described increases in Secchi depth 200m around a 

mussel farm (von Thenen et al., 2020). We observed here from in situ (Figures 8-10, A.6 and 

A.7) and modeling that chl-a depletion can be detected hundreds of meters around farms 

(Figures 3-5), increasingly so with biomass loads (Figures 5-7 and 9). As phytoplankton 

(measured as chl-a) constitute a major proportion of the seston mass in mesotrophic and 

eutrophic waters, this depletion measure will consistently represent water clarification in 

eutrophic waters where Secchi depth is substantially influenced by suspended matter.  

The model employed here assumes homogeneous boundary conditions at each time step, 

which as seen in the continuous transects, deviates from reality (Figures 9 and 10). As such, 

depletion patterns will additionally be modified by the heterogeneous horizontal and vertical 

concentration gradients entering the farm. Spatial heterogeneity and gradation of seston 

concentrations and quality (chl-a, organic matter, etc.) are central features of marine, and in 

particular, estuarine waters, having long been recognized in the horizontal, vertical, and 

temporal dimensions (Fegley et al., 1992). Depletion may be confused with natural variability in 

cases with lower biomass (Figure 7, A.7) (Schröder et al., 2014), high ambient chl-a 

concentrations (Figures 3, 4, 6, 7, A.7), or higher current velocities (Figures 4, 6, 7, and A.6). In 

the case of As Vig and GWB, an apparent depletion signal is detected following the direction of 

the currents over the measurement period (Figures A.6 and A.7 respectively), however, multiple 

measurements over several days and optimally under a variety of conditions is needed to 

quantify the interactions of physical processes and mussel filtration. High resolution synoptic 

surveys can reveal small-scale variability in chl-a spatial distribution, which can be helpful in 
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resolving interactions between the farm structure (canopy) and the biophysical regime 

(Cranford, 2019). Using a towed undulating apparatus, volumetric-based depletion rates were 

earlier measured at the Skive site by Nielsen et al. (2016), where 13-31% depletion rates were 

observed. Our transect approach used a fixed depth (2m) which assumes an average 

concentration along a vertical gradient and subsequent average depletion rate in the farm of 

33%.  

In practical terms, continuous transects are very time consuming and susceptible to errors 

related to patchiness and advection. Discrete transects provide a much coarser, yet similar 

overall depletion pattern, but are similarly hindered to a greater degree by potential error due to 

patchiness and variable hydrodynamics (Figures A.6 and A.7) (Jansen et al., 2016). Both 

discrete (point) and continuous transects present a snapshot of a water mass in time. 

Interpolations assume the concentrations at those positions are constant, and the prediction 

error tends to increase with the distance between points (Holbach et al., 2013). In a dynamic 

environment with non-stationary values, it can be difficult to interpret transect data, however, the 

empirical Bayesian kriging model provides a means to deal with non-stationarity (kernel 

convolution) and quantify uncertainty, with greater accuracy of spatial distributions of chl-a in a 

dynamic medium (Figures 9 and 10). Combined with farm-scale model scenarios, transects and 

geostatistical modeling can help resolve and optimize farm configuration for maximizing the 

impacts of mussel mitigation culture.  

4.3 Ecological implications 

The direct effect of mussel farms on chl-a concentrations and Secchi depth imply significant 

immobilization of organic matter in eutrophic waters – a primary goal of water quality 

improvement programs. In terms of water quality management and the concerted use of mussel 

farms for improving these indicators, local conditions and priorities will determine if depletion 

intensity, extent, or overall immobilization of organic matter are optimization points. As a proxy 

for suspended organic matter, mussel biomass accumulation is the most direct measure of 

basin-scale reduction of organic matter when growth is not hindered by salinity stress. On the 

basin scale, it should be expected that organic particle depletion will be proportional to total 

biomass yield. From an ecosystem-scale perspective, leveraging mussel filtration for basin-

scale water clarity requires an evaluation of import and export mechanisms of organic matter. 

Coupling farm-scale models to basin-scale ecological models could facilitate management of 
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chl-a and Secchi depth as ecological indices (Ferreira et al., 2008); where long time series and 

ecosystem modeling are required to evaluate basin-scale impacts (Timmerman et al., 2019). 

If mitigation mussel culture, alone or combined with terrestrial measures, achieves improved 

ecological conditions of estuarine and coastal systems, mussel biomass accumulation will 

become self-limiting; particularly in basins with low retention times (Strohmeier et al., 2008; 

Filgueira et al., 2015). In the case of mitigation culture, a production carrying capacity approach 

is used, as the purpose is to maximize organic particle immobilization and nutrient assimilation 

(Taylor et al., 2019); improved trophic regimes will require adoption of approaches integrating 

broader ecosystem interactions (Grant and Pastres, 2019; Smaal and van Duren, 2019; 

Weitzman and Filgueira, 2020). As either persistent top-down filtration pressure, modified 

nutrient flows, or climate change impact the concentration and composition of estuarine 

planktonic constituents (Winder et al., 2017), updating the DEB model to accommodate specific 

constituents and the use of community indicators can improve the understanding of ecosystem 

responses (Garmendia et al., 2013; Ní Longphuirt et al., 2019). 

5 Conclusion 

The implementation of mitigation mussel culture around the Baltic Sea will require production 

and impact planning at multiple scales. Concerning the impacts on two fundamental ecological 

indicators, chl-a and Secchi depth, the depletion of suspended particles by mussel filtration in 

suspended culture will be a function of farm configuration and interactions of ambient 

environmental conditions. The current study evaluates several of these interactions and mussel 

farm configurations in relation to intensity and spatial extent of particle depletion for a 

generalized understanding of depletion dynamics over varying conditions. Model simulations 

demonstrated that the intensity of the depletion signal was most dependent on current 

velocities, chl-a concentrations, salinity (i.e. biomass regulator) and the orientation of the farm; 

which related to food flux and when exceeding ~64% in the model domain, negatively impacted 

total biomass in the farm. The spatial extent of the depletion signal was exacerbated by 

reorienting the farm perpendicular to predominant currents, which also permitted higher 

biomass accumulation, and by association higher nutrient extractive capacity; although in 

practice, this may jeopardize structural integrity and increase maintenance costs under 

increased loading. Importantly, with the salinity response integrated in the DEB model, the 

integrated model was able to demonstrate reduced biomass accumulation and subsequently 

reduced depletion signals in lower saline waters. Field observations over sites with markedly 
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different ambient conditions and farm setups were scrutinized to evaluate how these predictions 

matched with reality. A great deal of variability in depletion was observed in the field over 

several months and between sites, illustrating that depletion in extent and intensity is truly as 

dynamic as the environmental conditions between these sites. Nevertheless, variation in the 

signal was reflected by general nonlinear relationships predicted by the model. As much of the 

prior work on evaluating depletion has been conducted in limited spatial and temporal contexts, 

the present findings may supplement current knowledge for planning and management 

purposes. The potential for synergistically leveraging mussel cultivation for water clarification 

and nutrient binding for ecological restoration of eutrophic coastal waters could benefit from 

strategic design criteria to best suit a farm and farming strategies to the local environment.  
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Appendix. 

Table A.1. Farm configurations (TN = Tube Net; LL = longlines) 

Farm site Production 
period 

Cultivation 
method 

# 
sections # lines line length 

(m) 

As Vig 2018 TN 3 40 120 

Dråby Vig 2017 LL 2 36 150 

Dråby Vig 2018 TN + LL 2 26 120 + 150 

GWB 2017-2018 LL 1 5 50 

Sallingsund 2017 LL 3 22 145 

Sallingsund 2018 TN + LL 3 22 120 + 145 

Skive 2017 LL 3 48 200 

Skive 2018 TN + LL 3 52 120 + 200 

Venø Sund 2018-2019 TN 5 369 120 
 

 

Table A.2. Calibration and validation statistics for the DEB model run over the 2017-2018 
growth seasons. (DW = dry weight in g; SL = shell length in cm) 

Calibration 
2017-2018 

DW 
observ

ed 
DW 

modeled 
SL 

observed 
SL 

modeled 
µ 0.39 0.37 3.46 3.32 
σ 0.22 0.23 0.97 0.84 
n 26 26 26 26 

% difference -6.3  -4.17   
R2 0.82  0.96   

Validation 
2017-2018         

µ 0.32 0.28 3.27 3.04 
σ 0.21 0.21 1.04 0.97 
n 25 25 25 25 

% difference -11.7  -7.07   
R2 0.84   0.96   
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Figure A.1. 10 year average values of temperature (± standard deviation), salinity (± standard 
deviation), and chl-a (right axis) in the depletion study areas derived from a spatial interpolation 
in Holbach et al. (2020). Note that variance in chl-a is not presented. A: As Vig, Denmark; B: 
Skive Fjord, Denmark; C: Sallingsund & Dråby Vig, Denmark; D: Venø Sund, Denmark; E: 
Greifswald Bay (GWB), Germany. Dashed vertical lines indicate the typical production season 
for mitigation culture for each area. As Vig (A) and GWB (E) are extended over the year as 
growth is generally slower than Limfjorden sites and the dominant spat fall can occur in the 
autumn in As Vig. 
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Figure A.2. Farm-scale model setup. The mesh consists of three zones, within a 1900x1500m 
grid, the central farm area is 700x300m made up of 25x10m elements, surrounded by an 
1100x700m grid made up of 50x50m elements, and an outer grid made up of 100x100m 
elements. Left: perpendicular, right: parallel orientation. Predominant currents flow along a 185°-
5° axis 
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Figure A.3. Calibration (2017-2018; Panels A & B) and validation (2018-2019; Panels C & D) of 
the DEB model. Top panels (A & C) are tissue dry weight (g), bottom panels are shell length 
(cm). 

162



Figure A.4. DEB model calibration results. Modeled results of A) dry weight tissue and B) shell 
length are represented as lines, observation data with standard error bars are represented as 
points. 
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Figure A.5. Example of biomass distribution (kg m-1 substrate) between a fully stocked farm at 
5.3 µg l-1 chl-a with average current velocities of 1.27 cm s-1 and 2.34 cm s-1.
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Figure A.6. Inverse distance weighted interpolation of discrete point measurements in the As 
Vig farm, created with the spatstat package in R (Baddeley et al., 2015), chl-a isolines were 
then drawn on 5 bins determined by geometric interval. Mean current velocity = 7.15 cm s-1, 
estimated farm biomass = 729 t (64.5 t ha-1), mean chl-a = 2.91 µg l-1, relative farm depletion = 
0.27, relative domain depletion = 0.16. The farm area is a dashed rectangle. Current speed and 
direction over the water column are plotted over the transect period below the transect 
interpolation. A farm-model setup, visualizing mean relative depletion patterns over September, 
corresponding to environmental conditions representative of the site (man velocity = 8.19 cm s-1, 
chl-a = 3.54 µg l-1, salinity = 23.23 PSU) is presented in the top left. Predominant currents are 
presented in a rose diagram at the center left. 
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Figure A.7. Smoothed interpolation of discrete point measurements in the GWB farm, created 
with the spatstat package in R (Baddeley et al., 2015), chl-a isolines were then drawn on 10 
bins determined by geometric interval. Median current velocity = 2.19 cm s-1, estimated farm 
biomass = 2 t (6.7 t ha-1), mean chl-a = 9.49 µg l-1, relative farm depletion = 0.11, relative 
domain depletion = 0.08. The farm area is a dashed rectangle. Current speed and direction over 
the water column are plotted over the transect time period below the transect interpolation in a 
quiver plot. A farm-model setup, visualizing mean relative depletion patterns over September, 
corresponding to environmental conditions representative of the site (mean velocity = 1.27 cm s-

1, chl-a = 12.4 µg l-1, salinity = 5.81 PSU) is presented in the top left. Predominant currents 
measured with an ADCP are presented in a rose diagram at the center left.
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Abstract 
The immobilization of organic particulate matter in eutrophic coastal seas and estuaries is 

considered an ecosystem service performed by large bivalve assemblages. In the Limfjorden, a 

eutrophic, enclosed estuary in northern Denmark, the majority of organic matter is 

phytoplankton, and is a direct measure implicating its poor ecological condition. Mussel farming 

as a means to reduce phytoplankton concentrations and storage of nutrients has been proposed 

as a measure to mitigate eutrophication, as filtration directly reduces the concentration of 

chlorophyll-a, a proxy for phytoplankton and a primary indicator of eutrophication. This 

ecosystem service is quantified at different scales, comprising complex ecological modifications 

and environmental interactions. To assess the scale of this service, for the first time, the present 

study couples multiple approaches from the macro-scale (satellite remote sensing) to the micro-

scale (Pulse Shape Flow Cytometry) within and around a large mussel mitigation farm. 

Significant depletion patterns were observed with all methods, and mixing gradients could be 

detected hundreds of meters beyond the farm, with repeatable findings between methods; 

suggesting satellite imagery can be used in place of high-resolution in situ investigation. The 

intensity of the depletion signal was correlated with mussel biomass loads, ambient conditions, 

and hydrodynamic regimes, ranging from 5-91 % relative chlorophyll-a depletion and Secchi 

depth improvements of up to 2 m. Changes in particle size distributions were impacted in all 

downstream areas, as well as phytoplankton diversity, demonstrating the farm was often run 

above carrying capacity. This study presents findings that will be useful for quantifying depletion 

and future deployment of mitigation mussel farms for optimizing ecosystem services.  
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1 Introduction 
Nutrient enrichment of coastal seas and estuaries has long burdened coastal marine 

ecosystems (Bricker and Devlin, 2011), and the effects of eutrophication are expected to 

exacerbate with the warming global climate (Rabalais et al., 2009). In response, water quality 

management programs have been adopted to reduce total nutrient loads to coastal seas and 

estuaries, in order to reduce the deleterious effects of eutrophication; including the Water 

Framework Directive in Europe (Ferreira et al., 2007) and the Clean Water Act in the United 

States (Bricker et al., 2008). Despite the relative successes of load reductions from point and 

diffuse sources in some watersheds, but in addition to persistent internal loading of nutrients, 

expected responses and ecological improvements have not been realized (Carstensen et al., 

2013). The western Baltic Sea is notorious case example of the persistence and challenges in 

managing eutrophication, as most of its waters are still failing to achieve ‘Good Ecological 

Status’; the reference condition of which all European coastal waters are mandated to reach 

(Kristensen et al., 2018). Ecological condition of coastal waters is assessed by a number of key 

indicators, and multiple assessment frameworks have been developed over the past decades 

(Bricker et al., 2003; Ferreira et al., 2007, 2011). Elevated concentrations of suspended organic 

matter constitute two primary, universal indicators of eutrophication: chlorophyll-a (chl-a) and 

Secchi depth (Bricker et al., 2003; Fleming-Lehtinen et al., 2015).  

To mitigate the symptoms of eutrophication, leveraging bivalve filtration has been proposed as a 

means to rapidly decrease the subsequent organic matter and nutrients contained therein 

(Officer et al., 1982; Lindahl et al., 2005; Rose et al., 2014; Bricker et al., 2018; Petersen et al., 

2019a). Recent work has investigated the potential for mussel cultivation, retooled as a 

mitigation instrument, to remove nutrients and ameliorate local ecological conditions (Nielsen et 

al., 2016; Petersen et al., 2016; Taylor et al., 2019). When suspended mussels filter 

phytoplankton-rich waters, a proportion is digested, and further egested or assimilated as 

somatic mass, with the potential for increasing water clarity (Cranford, 2019). Integrated filtration 

by high quantities of mussels can reduce phytoplankton concentrations to self-limiting 

conditions; exceeding production carrying capacity (Smaal and van Duren, 2019). In regards to 

mussel mitigation cultivation, this can be considered as an optimization point as a regulating 

service in eutrophic conditions (Petersen et al., 2016). This direct impact on a primary ecological 

indicator (chl-a) in scale and intensity carries both operational (carrying capacity) and 

management (enhanced ecological state) implications that require several scales of observation 

169



(Cranford, 2019). The improvement of water clarity is also considered an important cultural 

ecosystem service (Lipton, 2004; Breen et al., 2018). 

Quantification of bivalve seston depletion has been conducted largely by discrete monitoring 

procedures with limited spatiotemporal resolution, but now across many different environmental 

contexts and cultivation practices (Cranford, 2019). In terms of improving ecological conditions, 

monitoring of water quality improvements need to sufficiently embrace spatiotemporal resolution 

that can inform management on the scale of the ameliorative effect (Ferreira et al., 2007). 

Recently, high-resolution satellite remote sensing data has become available to the public with 

quality control and tools permitting relatively straightforward means to analyze spectral data 

(Militino et al., 2018). Applied to aquatic water quality monitoring, the improved resolution and 

temporal coverage of global coastal waters provides large-scale time series for evaluating the 

effects of managed water quality improvement mechanisms (Pahlevan et al., 2019). However, 

the adoption of remote sensing is not universal (Schaeffer et al., 2013), and has been rarely 

utilized for monitoring implemented bivalve cultivation for water clarification, and there are no 

standard methods for quantification (Pinkerton et al., 2018).  

There are several challenges related to quantifying the scale of depletion. Phytoplankton 

assemblages are heterogeneous in space and time, requiring monitoring at several 

spatiotemporal scales with the capacity to accurately characterize community composition  

(Zingone et al., 2015; Haraguchi et al., 2017). The particle depletion effect is not straightforward, 

as capture efficiency is variable for particles with different dimensions and can be low or 

negligent with particles below 4 µm diameter (Rosa et al., 2018). Therefore, intense filtration of 

plankton communities has been demonstrated to provide ecological space to picoplankton 

(Riemann et al., 1988; Smaal et al., 2013). Recent work, however, suggests that a substantial 

fraction of picoplankton mass may be captured and assimilated by large bivalve assemblages 

(Sonier et al., 2021). The consequences of community shifts and effective modifications to 

pelagic food webs and in regards to carrying capacity in dynamic conditions such as eutrophic 

estuaries requires further consideration (Filgueira and Grant, 2009; Cranford, 2019). Low 

current magnitude, microtidal, often stratified, eutrophic estuaries provide unique conditions to 

observe farm-scale and sub-basin scale phytoplankton depletion effects, and represent typical 

environmental conditions where mitigation mussel farming will likely be implemented (Petersen 

et al., 2019b).  

As mussel mitigation cultivation may expand, understanding mechanisms underlying seston 

depletion can facilitate strategic deployment, in terms of limited space and detailed 
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configuration, of mitigation units to maximize biomass accumulation and nutrient extraction 

(Holbach et al., 2020; von Thenen et al., 2020). Configuration and associated distribution of 

suspended mussels in high density in relation to hydrodynamics and local conditions can have 

dramatic effects on overall production and subsequent filtration capabilities (Newell et al., 2019). 

Modeling efforts have provided useful insight into the effects of bivalve cultivation on projected 

modifications in eutrophic conditions at the local and ecosystem scales (Grant and Filgueira, 

2011; Timmermann et al., 2019; Lavaud et al., 2020), while field studies have generally been 

conducted in limited spatiotemporal resolution. Incorporating existing and novel methodologies, 

the present study integrates multiple approaches, from satellite remote sensing to in situ 

characterization of plankton communities with Pulse Shape Flow Cytometry (PSFC), to 

investigate the complexity and scale of depletion at a large-scale mitigation mussel farm.  

1.1 Hypothesis 
Phytoplankton mass / particle concentrations as singular cells or aggregates above 5 µm in 

diameter will indiscriminately and successively reduce through the length of the farm parallel to 

current direction. This should increase the proportion of picoplankton in the community 

composition and the spatial structure of this should correspond with reduced mussel size and 

condition. Integrated filtration pressure of this magnitude should be detectable from earth 

observation spectrometery. 
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2 Materials and Methods 
2.1 Study area and farm conditions 

 

Figure 1. Overview of the study area, the western side of Venø Sund (right panel and left panel C, in blue), located in 

the western part of the Limfjorden (B), located in northern Jutland, Denmark (A). In the right panel, the farm areas are 

represented as large rectangles and labeled as ‘FA x’. Sampling stations over the campaign period (September 23-27 

2019) are indicated as green (Fluoroprobe profile) or violet (Flow Cytometry + Fluoroprobe profile) squares and 

labeled according to their station name. Long-term chlorophyll-a monitoring stations are identified by overlap with a 

sampling station (A, B, N) and station ‘mid’; which was located at 56.56571809°, 8.57822710°. ADCP locations are 

indicated as a transducer head. 

A series of large mussel farms in Venø Sund, a 19.26 km2 sound within the greater Limfjorden 

estuarine system, were the focus of the present study (Figure 1). The greater Limfjorden is 

eutrophic, microtidal, shallow (mean depth of 4.8 m) and brackish (22-33 PSU) from annual 

drainage inputs of 2.7 109 m3 and restricted openings at the North Sea and Kattegat (Hofmeister 

et al., 2009). Nutrient loads exceed 11,000 t N annually as 62% of the catchment is agricultural 
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(Thodsen et al., 2018), and consequent chlorophyll-a concentrations designate the system in 

‘poor ecological condition’ according to the WFD (Miljø- og Fødevareministeriet, 2016). Venø 

Sund is shallow (4-6 m) with dynamic current patterns determined by currents running westerly 

or easterly north of the sound, where representative current regimes can be seen in Figure 2, 

derived from the FlexSem 2017 Limfjord hydrodynamic model setup1 (Larsen et al., 2020). 

Along the northwestern side of the sound, where the farms are located, a dominant south-north 

current is driven longshore, mixing with currents from Oddesund straight north of the sound. As 

with greater Limfjorden system, the sound is also microtidal, with an amplitude of 16 cm. 

 

Figure 2. Dominant current patterns in Venø Sund illustrated as vector arrows. Current directions and magnitudes 

were derived from the 2017 FlexSem Limfjorden hydrodynamic model setup (Larsen et al., 2020). The farm areas are 

small red boxes. Moderate currents driven into the fjord system from the west (A) generate a circulation pattern in the 

northern part of Venø Sund, which is driven further south under higher current magnitudes (B). Dominant currents 

moving from east to west under moderate flow (C) drive currents from south to north in the sound, while increased 

velocities drive currents almost tangentially into the farm. Note that in the farm area longshore currents are directed 

north under most conditions. 

1 https://marweb.dmu.dk/Flexsem/ 

173

https://marweb.dmu.dk/Flexsem/


The farms were established in 2018, consisting of 5 farm areas (labeled FA in Figure 1) 

collectively owned and operated by Blå Biomase A/S as a mitigation mussel farm. The farm 

areas cover 0.7144 km2 (~5.5% of the sound), altogether extending 3.24km in length and 350m 

wide. Each farm area consists of sets of tube-nets (Smartfarm AS) each of 120 m long and 3 m 

deep extending from 50 cm depth in 2-3 sections per FA with 25 x 20 cm mesh, aligned parallel 

to the long axis of each FA, with each containing 80, 100, 46, 60, and 80 nets respectively from 

FA 1-5. The estimated summary surface area coverage (2D) of all pipes (28.5 cm Ø) is 

estimated to be 1.25 ha, or approximately 1.75% of the farm areas. Mussels are generally 

harvested semi-continuously (according to markets, weather, etc.) up to the late spring/early 

summer to accommodate primary settlement, and then beginning again in the autumn. The 

optimal production duration of mitigation mussels in the Limfjorden is brief, typically less than six 

months following initial spat settlement (Taylor et al., 2019). Mussels grow rapidly through the 

summer and into the autumn, when filtration capacity as a function of total numbers, individual 

size, temperature, and food supply (phytoplankton) are maximum in the autumn before 

temperature and daylight diminish, where after mussel growth rates reduce and are harvested 

from early winter.   

The standing stock of mussels in all farm areas FA 1-5 was estimated by combining information 

on farm activities such as harvest, thinning and bottom placed nets, and sampling from nets. 

Based on the development in measured biomass over seasons, three linear increments was 

defined and used to assess the total biomass in the rest of the farm. Biomass was measured 

and verified by monthly biomass sampling from October 2018 to the summer of 2020, with an 

intensive sampling program conducted around the field campaign.  Mussel biomass was 

estimated with a depth and longitudinal sampling procedure as described in Taylor et al (2019). 

Briefly, mussels were excised by SCUBA diver from single grid sections at three depths and 

three longitudinal intervals on three nets each from the western, mid, and eastern sections of 

the northern unit for total biomass and population distribution of biometrics (i.e. shell length, 

tissue weight). The remaining units were sampled solely for total biomass at two nets at the 

western, mid, and eastern extents. Farm standing stock was estimated from sampling data by 

linear interpolation within each unit, excluding nets that had been harvested prior to the 

campaign.  
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2.2 Environmental Monitoring 
To evaluate the temporal and spatial extent of the depletion effect, a long-term monitoring 

program was undertaken between June 2018 and the summer of 2020, satellite imagery was 

acquired for the period from 2017 and 2020. An intensive field campaign was conducted from 

September 23-27 2020 to coincide with peak biomass and prior to harvest.  

2.2.1 Long term Monitoring Program 
Discrete water sampling campaigns were conducted monthly or every second month, 

depending on the season to track chl-a concentrations and Secchi depth within and around the 

farm areas; dates are listed in the results, a map of stations is presented in Figure A.1. At each 

discrete sampling station, Secchi depth was captured in triplicate and an integrated CTD-

fluorometer was cast to capture water column chl-a fluorescence. Water samples (500 ml) were 

captured at stations at 1, 2, and 3 m depths and combined for chl-a extraction and calibration of 

the fluorometric signal.  

An ADCP (Workhorse Sentinel, 600 kHz, RD Instruments) deployed on 13 June 2019 with 50cm 

bins, 10 minute ensembles at the south end of the farm until 22 July 2019, next to station A. It 

was then moved to the north of the area, approximately 100 m east of the farm and 100 m west 

of station M, with the same measurement parameters, November 2019.  

Four monitoring buoys were deployed along the axis of the farm on 13 June 2019 to track 

environmental conditions at 2 m depth (Coincident with sampling stations A, C, and N, and 

station ‘mid’, Figure 1). Temperature (°C) and salinity (PSU) were tracked with a Star ODDI DST 

CTD at 5-minute logging intervals. Chlorophyll-a was tracked with a collocated Turner Cyclops 

7F chl-a fluorometric sensor coupled to a custom-built Arduino-based data logging system; 1-

second readings were averaged into 60-second bins every 5 minutes and recorded on an SD 

card. Sensors were serviced semi-monthly and calibrations performed with field samples, which 

were captured by pumping water next to the sensor. Samples were filtered through 25 mm 

Wattman GF/F filters, filters transferred to 10 ml of 96% ethanol, covered and light-sealed in 

refrigeration overnight, then measured for fluorescence before and after acidification in a Turner 

10AU fluorometer (Holm-Hansen et al., 1965).  

Continuous transects tracking chl-a were performed on eight occasions in addition to the field 

campaign period. As described in Taylor et al, 2020, a Turner Cyclops 7F chl-a sensor was 

mounted to a bar, fixed to the side of the boat, approximately at the forefoot (bow) of the vessel, 

at a depth of 2m (Boat draft <50cm). The sensor face was oriented towards the seafloor and 
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shaded from ambient light. The sensor position was tracked with a Garmin GPSMAP 78, and 

the boat traveled at speeds between 0.5-3 knots. Sensor readings were collated every second; 

5-second averages were logged as voltage. Calibration readings were performed by taking 

triplicate water samples and quantified with the extraction method described above. Extracted 

chlorophyll-a values were regressed against the voltage readings. Transformed values were 

then interpolated with an empirical Bayesian kriging function, using a power variogram function, 

over the domain of the positions in a convex hull with 1000 permutations (Gribov and 

Krivoruchko, 2020). Performance of the interpolations was assessed by cross validation of the 

original data. A spatial-statistical approach was employed to evaluate variability and spatial 

association of values (Petersen et al., 2019c; Taylor et al., 2020). Values from the interpolation 

were extracted to a regular 10 m point grid in QGIS 3.12, then an inverse spatial weights matrix 

was constructed from the point set with GeoDa, then analyzed for autocorrelation with Local 

Indicators of Spatial Association (LISA); where significant clustering was assessed at an alpha 

of 0.05(Anselin et al., 2006). Contingency tables were then used to test for categorical 

assignment relative to farm coverage and the entire study domain (514 ha encompassing the 

transect paths; significant low-clusters = 1, significant high-value clusters = 2, non-significant 

areas = 0) by the Pearson Chi Square test (Helsel et al., 2019). Significant clusters were then 

superimposed over the study area to determine areal coverage of the depletion pattern, as 

represented by homogeneous significant low-value clustering dilations originating from farm 

areas (point aggregation by 25m search radius, then edges simplified by 25m radius).  

Satellite imagery from the MultiSpectral Imager, MSI (Sentinel-2a and b) was collected for the 

period between 2017 and 2020 from SciHUB (European Space Agency). Atmospheric 

correction was implemented by applying the POLYMER neural network algorithm, and 

furthermore processed for determining chl-a concentrations from reflectance at 560 and 665 nm 

as described in Darecki et al, 2020; by: 

𝐶𝐶ℎ𝑙𝑙𝑎𝑎(µ𝑔𝑔 𝑙𝑙−1) =  10(1.379−0.201(𝑅𝑅𝑅𝑅𝑅𝑅[560]
𝑅𝑅𝑅𝑅𝑅𝑅[665]) 

Reflectance at the specific bands 560 nm and 665 nm are indicated in the exponent as Rrs[xxx]. 

Areal chl-a statistics from satellite imagery were assessed by extracting pixels with concentric 

polygon masks drawn at 25 m intervals from the farm footprint up to 500 m, then at 50 m 

intervals to 1000 m, and then in 100 m intervals to 2000 m, and an additional mask for the entire 

sound. Masks approaching the shoreline were buffered by 250 m from the shoreline to exclude 

macrophytes in shallow water. As only imagery without cloud cover over the study area was 
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used, a total of 55 images were processed, between 16/1/2017 and 15/8/2020. Distance and 

chl-a concentrations were fit to 3-parameter exponential curves as preliminary analysis 

exhibited exponential decay; then the instantaneous rate over distance was used to indicate the 

intensity of the depletion signal as a spatial gradient. To assess interactions with biomass, 

ambient chl-a concentrations, directionally-transformed day of year, and wind velocity2, a full 

factorial linear model was used for effect leveraging by least squares. Normality of residuals 

was checked by the Shapiro-Wilk test and QQ plots. Monotonicity over each variable was 

evaluated by Theil-Sen pairwise regression. 

 

2.2.2 Field campaign 
A focused field campaign tracking chl-a concentrations by continuous transect, discrete Secchi 

depth and suspended matter quantification, fluorometric profiling, and flow cytometric sampling 

was conducted between 23 September 2019 and 27 September 2019. For comparative analysis 

of local features within the farm depletion ‘footprint’, stations were classified as ‘in’ or ‘out’ side 

of the footprint; where stations ‘in’ were considered: B, E, H, K, and N (Figure 1). Note that 

station N is neither within nor between farm areas, however, it is situated at the tail-end of the 

farm and consistently observed to receive flow exiting FA 1.  

 

Hydrodynamics 

On 23 September 2019 an Aquadopp 600 kHz ADCP (Nortek) was deployed upward facing on 

the seafloor at the center of the unit between nets at approximately point K (Figure 1), collecting 

ensembles every minute over 50 cm bins.  

 

Vertical profiling 

Twice daily, 13 stations (Figure 1, FC and Fluo) were sampled for vertical profiles of in vivo chl-

a concentrations, salinity (PSU), and temperature (°C) at 10 cm depth increments. Chlorophyll-a 

was measured with a Fluoroprobe (bbe-Moldaenke), equipped with excitation LEDs at 370, 470, 

525, 570, 590, and 610 nm and emission detection at 680 nm. The Fluoroprobe software 

furthermore partitions fluorescence into four groups based on excitation spectra: green algae, 

cyanobacteria, brown algae (diatoms, dinoflagellates, small prymnesiophytes and 

prasinophytes), and cryptophytes (Harrison et al., 2016); and has been used to describe 

2 Collected from the Danish Meteorological Institute’s historical weather archive, station Struer: 
https://www.dmi.dk/vejrarkiv/ 
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phytoplankton community dynamics in estuarine conditions (Jakobsen et al., 2015). Values 

were corrected for chromophoric dissolved organic matter (CDOM) and turbidity, and calibrated 

with field samples via the extraction method described above. Simultaneously, a CTD (EIVA 

Arop) was used to measure salinity (PSU) and temperature (°C) at 10 cm intervals. Fluoroprobe 

parameters included chl-a (µg l-1) partitioned by plankton class (blue green, green, cryptophytes, 

brown algae) for each station.  

Table 1. Analytical and statistical methods used for long-term monitoring and field campaign data sets. u.s. = 
univariate summary statistics, R = R Studio. Gower dissimilarity indices were used for PERMANOVA. Bootstrapping 
was performed over 1E5 permutations. References: 1.Davison and Hinkley (1997); 2.Canty and Ripley (2019); 
3.Agostinelli and Lund (2017); 4.Helsel et al. (2019); 5.Anselin et al. (2006); 6.Gribov and Krivoruchko (2020);
7.Komsta (2019); 8.Mishra et al. (2019); 9.SNAP (7.0 – ESA); 10.Arbizu (2017); 11.Oksanen et al. (2019); 12.Kay
and Wobbrock (2019); 13.Edwards (2020); 14.Signmann et al (2020); 15.Hammer et al. (2001); 16.Chao et al.
(2014); 17.Hsieh et al. (2020).

Parameter Time series Stations/area Analysis Method Reference 
Chl-a (µg l-1), Secchi 

depth (m) 6/18 - 6/20 Figure A.1 u.s. R boot 1,2 
Current directions (°) 6/19-10/19 A, K, M u.s. R circular 3 

Current magnitude (cm s-
1) 6/19-10/19 A, K, M u.s. R boot 1,2 

Chl-a (µg l-1), 
temperature (°C), salinity 

(PSU) 6/19-10/19 Chl-a buoys 
u.s., Kruskal-

Wallis (Dunn's) R boot, kruskal.test 1,2,4 

Chl-a transects (µg l-1) 6/18-12/19 Figure A.2 

kriging, LISA, 
Pearson Chi-

Square 

e.B.k., geoDa
Moran's I, Getis-Ord 

G*, R chisq.test  4-6

Chl-a satellite (µg l-1) 1/17-8/20 Figure A.3 
least squares, 

Theil-Sen SNAP, R mblm 4,7-9 

Partitioned chl-a (µg l-1) - 
Fluoroprobe Field campaign A-R

u.s.,
PERMANOVA 

R boot, 
adonis.vegan, 

pairwise.adonis 1,2,10,11 

Secchi depth (m), TPM, 
POM Field campaign A-R PERMANOVA 

R boot, 
adonis.vegan, 

pairwise.adonis 1,2,10,11 

Particle sizes Field campaign FC Figure 1 

Kruskal-Wallis 
(Dunn's), 

Aligned Rank 
Transformation 

ANOVA 
R kruskal.test, 

ARTool 12 

Size distributions Field campaign FC Figure 1 

Ln transform, 
least squares of 

coefficients R SizeSpectra, afex 13,14 

Fractionated particle 
mass (<4 µm ESD pg C l-1) Field campaign FC Figure 1 

PERMANOVA, 
PCA 

R adonis.vegan, 
pairwise.adonis, 

PAST PCA 10,11,15 
Plankton community 

composition Field campaign FC Figure 1 
Hills diversity 

number 
iNEXT, adonis.vegan, 

pairwise.adonis 10,11,16,17 
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Secchi depth and particulate matter 

Secchi depths (m) were recorded at each station by triplicate casts on the non-shaded side of 

the boat. Additionally, on 27 September 2019 a preliminary method to quantify Secchi depth 

remotely at the meso-scale was conducted by setting four white plastic disks at 2m depth 

orthogonal to the long axis of FA 1 (at stations L, between the western-most tube-nets, station 

K, between the eastern-most tube-nets, halfway between station M and the eastern tube-net, 

and station M). A photographic transect was performed with a drone at 176 m altitude over the 

farm; Secchi depths were recorded almost concurrently and regressed against grey values of 

color-desaturated images in ImageJ (Schneider et al., 2012). Water samples were captured in 

triplicate from water pumped at 2m depth for measurement of Total Particulate Matter (TPM), 

Particulate Organic Matter (POM). TPM was determined by vacuum-assisted filtration of water 

samples through a 47mm pre-dried Wattman GF/C microfiber filters, dried at 80°C for >48 

hours, weighed, then combusted in a muffle furnace at 500°C for 4 hours and weighed for 

determination of POM.  Continuous transects monitoring chl-a concentrations over the study 

area were conducted daily as described in section 2.2.1. Transect paths are shown in Figure 

A.2.  

Flow cytometry 

Ten of the sampling stations were furthermore sampled, twice daily, for particle counts and flow 

cytometry (labeled FC in Figure 1). From each station, water was pumped from 2 m depth into 

150 mL plastic bottles, following a 10-second flushing. A CytoSense™ pulse shape flow 

cytometer (CytoBuoy b.v. Woerden, NL) was used to count and size phytoplankton (Haraguchi 

et al., 2017) with 400 – 800 µL aliquots from each sample. The flow cytometer was equipped 

with a 488 nm excitation laser, red (650−700 nm), orange (600−650 nm), and yellow (550 nm) 

fluorescence emission sensors in addition to side- and forward-scattering sensors. Flow rate of 

the instrument was set at ~8 µL s-1. Data was manually gated using EasyClus ver. 4 (CytoBuoy 

b.v. Woerden. NL). The instrument has a series of parameters that can be combined in two-

dimensional plots. We established six different parameter combination plots, creating a 

multidimensional space, where we gated the different phytoplankton groups using mutually 

exclusion i.e. a cell could only be assigned into one cluster. Gating was performed in a 

sequential fashion until particles unassigned in a cluster constituted ~5% or less of the total 

particle count.  Particle bio-volume was estimated following Haraguchi et al. (2017). Briefly, the 

integrated forward scatter signal was calibrated against a range of commercial beads of known 

diameter/volume using a model II regression. The volume was, in turn, converted into cell-
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specific carbon following the generic protist carbon-to-volume relationship in Menden-Deuer and 

Lessard (2000). As samples are processed following sampling, community profiles are 

measured in vivo, forgoing the requirement for sample fixation and potential loss of cell integrity 

or volume (Choi and Stoecker, 1989; Jakobsen and Carstensen, 2011). Particle loads for each 

transect station are represented as the concentration of particles and carbon (µg L-1). Particle 

sizes, distributions, and mass concentrations were evaluated over stations and days as 

described in Table 1. Proportions of small particles (<4 µm ESD) were additionally analyzed for 

proportion of total phytoplankton mass. Comparative diversity in community compositions of 

gated flow cytometry samples were interpreted by a ‘cytometric diversity index’, calculated as 

the exponential Shannon–Wiener index (Hills diversity number, q=1) (Li, 2002) in the iNEXT 

package in R (Chao et al., 2014; Hsieh et al., 2020).   

3 Results  
• All methods demonstrated repeatable depletion signals following mussel biomass 

accumulation in intensity and extent of the depletion dilation.  

• Spatial patterns of depletion were characterized by significant pronounced intensity in 

the center of farm areas, with variable gradient fields extending downstream and 

tangential to farm areas. 

• Particles above 4 µm ESD were depleted within and around the farm, while particles < 4 

µm were only reduced at the center of farm areas 

• Biomass distribution was affected by food limitation 

• Phytoplankton diversity was diminished within and downstream of the farm 

• Correlations of chl-a depletion signals with mussel biomass loads, wind direction, and 

ambient chl-a concentrations were observed in satellite remote sensing imagery 

3.1 Long term monitoring 

3.1.1 Chlorophyll-a, environmental conditions, discrete water sampling 
Over the monitoring period, chl-a depletion and Secchi depth improvements were consistently 

observed within and north of the far areas.  

The buoy time series exhibited different median concentrations of chl-a (X2
3,33881=37026.5; 

p<0.001) and salinity (X2
3,13769=468.423; p<0.001), but not temperature (X2

3,13769=7.608; p<0.06). 

Mean values and confidence intervals for all variables are presented in Table 2, and a time 

series of chl-a concentrations at the four monitoring buoys are presented in Figure 3. In general, 

concentrations within the farm area and immediately north (Station N) were on average 35% 

180



depleted relative to Station A. Important to notice is the relatively high degree of daily variability 

in chl-a concentrations, particulary at Station N (error bars are plotted daily in Figure 3).  

 

Figure 3. Chlorophyll-a (µg l-1) time series from the four monitoring buoys, continuously logging from June-October 

2019. Buoy positions are shown in Figure 1, labeled according to colocation with sampling station positions, and as 

an asterisk by a representation of the farm in each panel’s upper left corner. 

Discrete sampling of chl-a concentration and Secchi depth in and around the farm areas 

reflected focal depletion patterns within and immediately around farm areas (Table A.1). 

Between June 2018 and June 2020, over all data points, chl-a was depleted on average 34.8 ± 

19.6 [31.9 – 37.6] %, and relative Secchi depth improvement of 14 ± 21 [10.6 – 17.1] % and up 

to 2 m. Average chl-a depletion within the farm was 27-47% and Secchi depth improved 4-25% 

over the interquartile range of all observation dates. Clustering of relatively low chl-a 

concentrations and high Secchi depths was generally focused within the northern farm areas 

(FA1 and FA2). 
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Table 2. Mean (95% CI, 1E5 permutations) and standard deviations of temperature (°C), salinity (PSU), chlorophyll-a 

concentrations (µg l-1), range of average daily concentrations, and relative depletion of chl-a to station A from daily 

averages from monitoring buoys from 6-11/2019. Significance levels are indicated by superscript numbers. 

Station Temperature Salinity Chl-a (µg l-1) 
Chl-a range 

(µg l-1) 

Relative 

depletion 

(%) 

A 
16.0 ± 3.66 

(15.95 - 16.05) 

30.10 ± 0.753 

(30.09 – 30.11) 

6.46 ± 2.091 

(6.44 - 6.49) 
4.88 

B 
16.04 ± 3.59 

(15.97 - 16.09) 

30.10 ± 0.512,3 

(30.10 – 30.11) 

4.10 ± 1.163 

(4.08 - 4.11) 
3.97 

36 ± 15 

(33 – 39) 

Mid 
15.99 ± 3.60 

(15.94 - 16.03) 

30.14 ± 0.632 

(30.13 - 30.15) 

3.83 ± 1.964 

(3.75 - 3.93) 
3.48 

42 ± 20 

(38 – 45) 

N 
15.92 ± 3.61 

(15.87 - 15.99) 

30.42 ± 0.911 

(30.40 - 30.43) 

4.65 ± 1.792 

(4.63 - 4.67) 
5.27 

26 ± 19 

(22 – 29) 

3.1.2 Hydrodynamics – a dominant south-north regime 
Currents in the western Limfjorden are predominantly influenced by wind-driven flux with the 

North Sea. In Venø Sund, relatively strong currents between the larger water bodies north east 

and west of the sound drive a circulation pattern south along the western shore of the island 

Venø and north along the western side of Venø Sound, coincident with the long axis of the farm. 

Acoustic data recorded between June and October 2019 at the south and north of the farm 

(Figure A.3, Table 3) indicate this pattern (south-north) was dominant for 87.4% of the 

measured interval, suggesting food flux should generate a concentration gradient according to 

an compounding filtration effect along the axis of the farm.  
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Table 3. Summary statistics of current magnitudes and directions from ADCP time series. 

Period Direction 
(deg) 

Magnitude 
(cm s-1) 

June-July 
(Station 

A) 

182 ± 34.6 
(22 - 335) 

1.33 ± 0.35 
(0.22 - 4.29) 

July-
October 
(Station 

M) 

160 ± 44.1 
(4 - 353) 

1.21 ± 0.54 
(0.16 - 4.61) 

Campaign 
(Station 

K) 

206 ± 45.4 
(88 - 344) 

1.87 ± 0.41 
(0.71 - 4.01) 

Campaign 
(Station 

M) 

221 ± 36.5 
(89 - 344) 

3.25 ± 0.93 
(0.86 - 6.35) 

 

Regressing current magnitude and direction against relative (to station A) depletion from the 

buoy positioned at station B, the depletion signal significantly weakens (p<0.05) with increasing 

current velocity (% depletion = -0.297 + 0.069* (velocity cm s-1); R2=0.2; p<0.001) and as 

currents shift from west to east (% depletion = -0.292 + 0.005*direction°; R2=0.19; p<0.001). 

Although similar to station B, no significant (R2<0.1, p>0.05) hydrodynamic trends were found 

between the depletion signals at the buoy between mid or at station N relative to station A.  

3.1.3 Biomass – high seasonal variability and food limited 
Biomass over all farm areas varied as a function of individual mussel growth, settlement in the 

late spring/early summer, and stock management (i.e. thinning and harvests); a time series is 

presented in Figure 4. Due to farm area size and harvest strategies, FA 1 and 2 tended to have 

higher biomass than the three areas south (FA 3-5). Condition index, on average over all farm 

areas, was generally inversely related to biomass accumulation (Figure 4a), and tended to 

decrease following spawning in May and June. 
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Figure 4. Total Wet Weight mussel biomass ± standard deviation (t) over all Farm Areas and average Condition Index 

(g Dry Weight tissue / cm3 Shell Length) over all areas from October 2018 – June 2020. (Panel A). Total Wet Weight 

mussel biomass over each Farm Area from October 2018 – June 2020 (Panel B). 
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A detailed sampling on 1 October 2019 in FA 1 demonstrated differential growth throughout the 

area, with highest biomass levels at the periphery, and in particular, the eastern tube-nets 

(Figure A.4); indicating food limitation in the center of the area. Mussels were also significantly 

(F559.4=46.58, p<0.001) smaller in the center of the farm (2.69 ± 0.54 [2.63 – 2.75] cm) 

compared to the western nets (3.32 ± 1.04 [3.20 – 3.44] cm), but not the eastern (2.95 ± 0.77 

[2.87 – 3.04] cm); where size variability was more heterogeneous and densities much higher. 

This suggests food limitation at the center of farm areas when total biomass is high. 

 

3.1.4 High resolution chl-a transects – compounding depletion dilations  
Throughout the monitoring period, similar patterns of depletion were observed within the study 

domain; localized depletion within the farm units and increasing at a spatial gradient to the north 

with relatively limited effects further afield (i.e. a wide scale depletion dilation).  

Assuming significantly low-value clusters in the study area are caused by filtration, the transects 

indicate immediate depletion signals encompass 17-28 % of the study area (514 ha 

encompassing the transect paths). Spatial variability of chl-a concentrations was highest in a 

250-350 m zone around the farm footprint, representative of a dispersed plug flow regime. While 

a clear depletion signal was observed within and around the farms, no clear relationship (p > 

0.05) was found between the breadth of the depletion dilation and either current speed or chl a 

concentration. Current magnitude was positively correlated with depletion coverage, while chl a 

concentration was negatively correlated, however, the degree of correlation was weak (R2 < 

0.11). When regressing against biomass, depletion coverage (dilation area) is positively 

correlated with total biomass over the entire farm domain (R2 = 0.35, p = 0.051), and statistically 

significantly correlated with biomass in the northern two farm areas (FA1, FA2)(R2 = 0.41, p = 

0.034). There was not a clear association between chl-a concentrations and depletion coverage.  

 

3.1.5 Satellite remote sensing imagery – responsive depletion gradients 
Over the observation period (2017-2020), chl-a concentration gradients from the farm became 

increasingly pronounced following the summer of 2018, again in 2019 and with indications of a 

similar trend in 2020 (Figure 5); the last image was acquired in August 2020.
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Figure 5 Time series of biomass (top panel, t), ambient chl-a concentrations (middle panel, µg l-1) over the sound 
from satellite data, and the spatial rate of change of chla-concentrations from the farm (denoted by meters from farm 
in bottom panels). Large fluctuations in total biomass are a result of harvest and rapid growth after new settlement. 
Note an association between the biomass peak, gradient, and low ambient chl-a in September 2019 (thin vertical 
line). Right panel: Example of the masking procedure used to assess the spatial extent of the depletion field 
measured in satellite imagery, distance classes used for visualizing rates of change are indicated at the top of the 
map.
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The sharpest gradient was observed on 31/8/2019 when biomass was estimated at 4829 t, chl-a 

was 5.04 µg l-1 on average over the sound and 4.19 µg l-1 over the farm area, as derived from 

satellite data. The lowest gradients were generally observed in the period prior to production 

(1/2017 – 5/2018), and on 23/3/2020 during the production period. In general, an acute 

depletion pattern could be observed within the farm area during peaks of production periods, 

and were not observed prior to farm installation (an example can be seen in Figure A.5). The full 

factorial interaction model demonstrated significant leveraging (p<0.001, R2 = 0.54) of biomass 

and interactions of other parameters (Table 4). Furthermore, individual effects were significant 

for all parameters except wind speed (Table 4, Theil-Sen regression). These results suggest 

biomass, chl-a concentrations in the sound, time of the year (seasonality), and the 

hydrodynamic regime influence the intensity of the depletion signal as detected with satellite 

remote sensing. The magnitude of this signal was highest with high biomass stocks, higher chl-

a concentrations, autumn time periods, and under current regimes associated with eastern 

winds. Additionally, biomass was negatively correlated with average chl-a concentrations in the 

entire sound (slope = -7.69e-05, V = 478498, p=0.01). The depletion effect, relative to biomass 

stocks, appears to influence ambient chl-a concentrations over the sub-basin. 

Table 4. Statistical results of regressing biomass, ambient chl-a, time of year, and wind velocity with the spatial rate of 
change of chl-a measured in satellite data. Bio = Mussel biomass (t), Chl = satellite ambient chl-a (µg l-1), DOY = 
directional day of year, WD = average wind direction (West = 1, East = 0), WS = wind speed (m s-1) 

Theil-Sen regression Slope V p-value 
Bio 5.04E-04 587946 <.001 
Chl 2.17E-05 619237 <.001 

DOY 5.95E-05 463063 <.001 
WD -3.42E-06 124814 <.001 
WS 4.11E-06 537295 0.803 

      
Full factorial model Estimate X2 p-value 

Bio*Chl*DOY*WD*WS -2.79E-05 109.6647 <.001 
Bio 4.08E-08 109.5939 <.001 

Chla*DOY*WS -2.36E-07 97.79038 <.001 
Bio*Chla*DOY*WS -5.79E-08 87.01141 <.001 

Chla*DOY 1.22E-04 47.39874 <.001 
Bio*DOY*WS 2.28E-08 35.13176 <.001 
Bio*Chla*WD -1.21E-07 35.10246 <.001 
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3.2 Field Campaign  

3.2.1 Physical Conditions and Hydrodynamics – lower velocities in the farm 
Depths between stations were similar, with a maximum difference of 70 cm (5.39 m at station M 

and 6.09 m at station N). Current speeds measured within the farm (Station K) were 

comparatively lower (1.87 ± 0.54 cm s-1) than outside of the farm (Station M, 3.25 ± 0.93 cm s-1) 

during the campaign; indicating increased drag within the canopy. Winds were directed from 

east-west over the campaign period, at an average of 4.91 ± 1.51 m s-1.  

3.2.2 Transects - depletion intensity and extent increasing to the north 
No thermal differences were detected between stations over the campaign in CTD vertical 

profiles (F12,117=0.107, p=0.999). Differences in salinity profiles were detected (F12,117=13.97, 

p<0.001), exhibiting a north-south negative trend, albeit relatively minor, with the lowest at 

station A (30.11 ± 0.05 [30.08 – 30.14] PSU) and highest at station R (30.61 ± 0.21 [30.47 – 

30.74] PSU). Continuous transects over the week demonstrated repeatable depletion foci in the 

farm areas, with consistent dilations extending immediately around the farm areas, forming 

lateral gradients (Figure 6). Gradients became steeper when chl-a concentrations increased or 

current velocities increased. Similar to prior transects, the depletion signal appeared to intensify 

and extend outwards along the axis of the farm areas. Over the study period, on average, 

74.9% of the farm footprint exhibited significantly low chl-a concentrations (Morans I >0.98, p 

<0.001) and 22% of the study domain; corresponding to an average coverage of 113 ha (5.9% 

of the sound). 
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Phytoplankton classes were dominated by brown algae, as partitioned by the Fluoroprobe. 

Concentrations of all phytoplankton classes were significantly different between stations in 

multivariate space (F48,308=2.608, p<0.001), and similarly when classifying stations as inside or 

outside the farm footprint (F4,85=16.31, p<0.001). Class-by-class, no differences were detected 

for clorophytes (F12,77=0.898, p=0.548), or bluegreen algae (F12,77=1.384, p=0.192) between 

stations, however, these two fractions were the least prevalent over all profiles. Between 

stations, brown algae concentrations (F12,77=7.03, p<0.001), cryptophytes (F12,77=5.667, 

p<0.001), and total chl-a (F12,77=13.32, p<0.001) were different, with higher concentrations found 

in stations outside of the farm footprint. Differences (p>0.05) were not identified between 

several of the stations residing outside of the farm footprint (Figure 7).  

Figure 7. Chl-a concentrations of phytoplankton classes over the campaign by stations; numbers above the x-axis 
represent levels of significance, stations falling within the farm footprint are shaded in yellow, outside in blue. 

Depth was a significant negatively proportional driver of variability in chl-a concentrations for all 

classes (F4,5137=354.4, p<0.001), specifically brown algae (R2=0.17, F1,5140=1019, p<0.001), 

cryptophytes (R2=0.16, F1,5140=972.6, p<0.001), and green algae (R2=0.02, F1,5140=96.97, 

p<0.001). As concentrations of bluegreen algae were practically zero for most cases, an 

analysis of variance could not be conducted. The general pattern observed was a reduction in 
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chl-a concentration over the water column within the farm areas relative to outside, with the 

upper 3 m being impacted to the greatest degree. 

 

Regressing Cartesian coordinate units against plankton class concentrations yields significant 

correlation for all classes (p<0.001) except blue-green algae (p=0.07), indicating relative 

location along both longitudinal and lateral axes influenced plankton concentrations. For total 

chl-a and brown algae, significant positive trends (p<0.001) were found in a west-east gradient, 

and north-south gradient, such that concentrations were decreasing along a southeast-

northwest gradient. Diurnal or otherwise daily temporal effects (expressed as hour of day) did 

not significantly contribute to variation in plankton class concentrations (P>0.1). Grouping 

stations by falling within the greater footprint of the entire farm (i.e. stations B, D, E, H, and K as 

inside), total chl-a concentrations were between 52% and 71%, and on average, 63% of 

concentrations measured outside of the footprint. With focus on depletion in FA 1, comparing 

station E with G, total chl-a concentrations within FA 1 were 15-46% of ‘ambient’ concentrations. 

During the campaign period, station R was selected to monitor potential phytoplankton 

concentrations introduced by influent currents from the dominant west-east regime north of the 

sound, however, this station was not markedly different from other external stations (i.e. F, G, L) 

with the notable exception of station C. This is likely due to a larger ‘dilution’ zone where there is 

mixing of filtered water and unfiltered water, or influent recirculation (i.e. Figure 2). These 

stations are located mostly in areas of no significant local spatial association, or in a spatial 

variogram, where spatial variability is greatest; indicating high spatial dynamism. Additionally, 

station C consistently exhibited higher chl-a concentrations than other stations with the 

exception of station A, indicating the ‘dilution’ zone may indeed expand in area as a 

compounding effect as currents drive north along the farm areas.  

 

Concentrations of total seston (TPM) ranged between 2.3 – 8.6 mg l-1, with an average of 5.07 ± 

1.33, 95% CI [4.76 – 5.39] mg l-1. The organic fraction (POM) ranged between 1.6 – 4.1 mg l-1, 

with an average of 2.70 ± 0.56, 95% CI  [2.56 – 2.83] mg l-1. Significantly lower TPM values 

(F14.87=2.812, p=0.04) were measured at station K (95% CI [3.15 – 4.26] mg l-1) relative to 
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station A (95% CI [4.76 – 6.44] mg l-1) as well as for 

POM (F7,58=2.592, p=0.02) between station K (95% CI 

[1.98 – 2.48] mg l-1) and station A (95% CI [2.8 – 3.39] 

mg l-1); no other differences were detected between 

stations. Secchi depths as measured by the drone 

method correlated with in situ Secchi depths; where 

[Secchi depth] = [0.0209*grey value + 0.2795] (R2=0.99, 

Figure 8). Over the campaign period, date was not a 

significant (p > 0.05) factor in differences between 

stations, whereas stations were significantly different 

(F30.27=7.656, p < 0.001). Simplification of station 

classification also demonstrated significant differences 

between stations within the farm footprint with an 

average Secchi depth of 4.13  ± 0.45 m, 95% CI [3.98 – 

4.28], from those outside  3.33 ± 0.52 m, 95% CI [3.19 – 

3.46] (F1,103=57.58, p < 0.001).  

3.2.3 Flow cytometry 
Significant differences in species concentrations were 

found between stations in linear mixed modeling (F239,713 

= 21.49, p < 0.001, R2 =0.8373), where proportions of 

smaller species were higher inside of the farm area (B, 

E, H, K), or outside of the farm in northern and western 

stations (L, N), relative to stations outside and east of 

the farm (A, G, M, R); no differences were found 

between station L and stations inside the farm area. In 

volumetric terms (cell volume load), proportional 

average total volume per plankton class over the study 

period (each class’s volume summed for each sample) 

of all particles were generally suppressed within the 

farm (Stations B, E, H, K; Figure 9). While station L 

(west of the farm) exhibited relatively low chl-a 

concentrations (fluoroprobe figure),  
Figure 8. Aerial photographs of the ‘remote Secchi method’. 
Grey values and associated in situ Secchi depths, in 
parentheses, are displayed for each disk. The transect was 
completed while no cloud cover was present. 
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Figure 9. Total cell volumes per particle ESD size bin over each station. 

In terms of total biomass (µgC L-1), significant differences were found between transect stations 

over all days (F9,59 = 5.823, p < 0.001), and over each day (F9,19.51 = 8.816, p < 0.001). Spatial 

gradients emerged when interpolating average values over the study domain, with the lowest 

concentrations in the center of the entire farm area, and highest at the eastern extents (stations 

A and R, Figure A.6). Grouping stations by ‘in’, ‘out’, or ‘between’ farm areas, differences were 

isolated between stations outside and those within the farm area footprint (in and between)(F2,52 

= 11.88, p < 0.001). Pairwise comparison after PERMANOVA of the linear mixed model 

exhibited differences between several stations, following the same in-out identity (Figure A.7). 

Over the whole campaign, spatial associations indicated that Stations E and K had significantly 
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low carbon concentrations (p<0.05) while stations A and R had significantly high plankton 

biomass concentrations (p<0.05); Morans I = 0.436.  

Figure 10. Particle size distributions over each day and station over the campaign (24-27/9/2019). 

194



In general, kurtosis of size distributions of stations within the farm area tended to be constrained 

(leptokurtic, Figure 10) in comparison to distributions outside of the farm. For example, note how 

the spread of particle sizes is distributed more broadly in ‘out’ stations in the lower right panel in 

Figure 9 (day 27); this indicates the range of sizes increasingly narrows within the farm. Median 

particle sizes were different between all stations for the entire campaign period 

(X2
9,1882891=304200; p<0.001), as well as for each day (X2

27,1882891 = 11041, p < 0.001).  

 

Particle size distributions, as determined by fit parameters in the Pareto distribution, were 

significantly different between station A and all other stations (p<0.05), while no other significant 

differences were found between stations in post hoc pairwise comparison. This implies size 

distributions are affected by the farm even outside of the farm immediately ‘upstream’ of the 

lower extent of the farms areas. When partitioning plankton by ESD above or below 4µm for 

total carbon, two significance levels separated stations A and R from E and K (F9,3563 = 3.024, p 

= 0.0013), where those stations within the farm units exhibited lower carbon concentrations than 

the outside for the >4µm ESD plankton classes. Below 4µm ESD, significant differences were 

found (F9,36 = 5.317, p = 0.0096) for the proportion of carbon content between stations, but not 

for numbers of particles (F9,36 = 0.4947, p = 0.8691) or carbon concentration (F9,36 = 1.607, p = 

0.1503), suggesting smaller particles were present in similar concentrations across the study 

area but making up a higher proportion of total plankton biomass within the farm units (p<0.05, 

Stations A:E,K). The proportion of smaller particle mass followed an exponential decay, 

regressed against total particle mass (µg C l-1) (0.002 + 0.0144 * Exp (-2.127E-7 * total C), 

R2=0.48, RMSE = 0.003, p<0.05); such that that on average, depletion tended to retain smaller 

particles in the system. Only at stations B, E, and K (center of units) did the proportion of small 

particles reduce with total carbon, implying a fraction of small particles was immobilized in the 

most heavily-grazed stations. Spatial association of small particle proportions were limited to 

stations A and L (Morans I = 0.279, p<0.05), both with the lowest proportions at 0.1 and 0.2% 

respectively. No spatial associations were observed in the concentration of small particles 

(Morans I = 0.08), however, a spatial gradient of proportion and concentrations was observed 

both within the farm and east of the farm (stations G and M). Ordination (PCA) with proportion of 

small plankton, and fractionated concentrations demonstrated groupings of stations at the 

northeast (M,R), farm-east (E, H, K, G, N) and south-west (A, L; Figure 11).  
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Figure 11. Principle Components Analysis of fractionated particle mass (xsmall < 4 µm ESD < xlarge), grouped by 
station, over total carbon concentration, carbon concentration of small particles, and the proportion of small particle 
mass to total particle mass. Parameters are presented in the lower right hand. 

 

A weak regression of carbon concentration between smaller particles and total carbon was 

observed (27330.6 + 9.49E-4 * total C, R2=0.09, RMSE = 20815, p = 0.04). Lowest carbon 

concentrations in stations E and K corresponded to a 71% reduction of planktonic mass within 

farm areas relative to stations A and R. Assuming a homogeneous distribution of particle 

concentrations over the upper 3 m of the water column, and the depletion of phytoplankton 

mass is proportional to mussel biomass (t ha-1), an average of 4.27 kg C ha-1 is depleted within 

the farm areas; or 668.4 kg over the entire farm. Considering an average velocity of 1.87 cm s-1 

(Table 2), the average residence time per ha farm is ~9 minutes, corresponding to a temporal 

depletion rate of 28.8 kg C ha-1 h-1. 
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Cytometric diversity (Figure A.8) was significantly different between stations (F9,51=6.78, 

p=0.006), where generally higher Hills numbers were observed outside of the farm footprint 

(expH’=20.5 ± 13.5, 95% CI  [15.3 – 25.1]) than within the farm (expH’=11.3 ± 4.6, 95% CI  [9.5 

– 12.8]). Differences between campaign days (F3,57=3.65, p=0.021), were limited to between the 

25th (expH’=13.3 ± 7.5, 95% CI  [9.7 – 16.1]) and the 26th (expH’=23.8 ± 16.9, 95% CI  [13.1 – 

32.4]). This suggests diversity in the plankton community is immediately impacted from the 

southern end of the farm areas. 
 

Accounting for hydrodynamics and the wind regime during the week, it was apparent that some 

water masses ran west of the farm past the southern areas and through the northern farm areas 

later in the week (25-27th), and the northern areas were influenced by influx of water from the 

inner fjord system. Aerial photography on 27/9/19 appears to show a slipstream north of the 

farm and adjacent currents converging to the northeast (Figure A.9), consistent with relatively 

impeded currents within the farm areas. Station G appeared to be a recipient and mixing zone 

for water exiting the southern units, while station M was increasingly influenced by flux of water 

from the east (e.g. Figure A.1). In short distances (<750 m), seston conditions were very 

different, depending on advection out of the farm areas. Stations located in the center of units 

(B, E, K) tended to exhibit simultaneous decreases in particles of all sizes and the proportion of 

smaller particles.  

4. Discussion 
The meso and macro-scale approaches (transects and satellite) reflected similar findings, 

namely that chl-a depletion propagates around the farm areas and in a northern gradient. 

However, picoplankton contribution to the fluorescent signal is not diminished at the same rate 

as plankton volumes or mass. The PSFC and partitioned fluorometry methods provided details 

on both what and how much material was immobilized over different parts of the farm areas, 

where we observed that food-limiting conditions and relatively higher rates of picoplankton 

immobilization were contained to the very center of highly stocked areas (i.e. stations E and K).  

Farm-scale food limitation contributes to lower aggregate somatic growth and consequentially, 

lower biomass (Strohmeier et al., 2005; Taylor et al., 2019). Even in this eutrophic system, we 

observed food limitation in the northern-most unit (Figure A.5). In low-current regimes (<2-4 cm 

s-1), food limitation can quickly develop at the center and downstream sections of a farm, and 

require consideration of farm configuration to minimize residence time (Cranford et al., 2014; 
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Taylor et al., 2020). Different mean current directions between the two ADCPs and lower 

magnitudes within the farm area during the campaign suggests water currents were influenced 

by the suspended canopy (Plew et al., 2006; Stevens and Petersen, 2011; Tseung et al., 2016; 

Stevens and Plew, 2019). Longshore currents were driven north-north-east at the north of the 

sound; given the proximity of farm areas 1 and 2, it is likely that a significant portion of incoming 

water was channelized in between and within the farm areas. Stalling within areas due to 

canopy drag reduces food flux through the center of the areas relative to the periphery, which in 

turn experience higher food flux due to pressure gradients and intrusion of unfiltered water. 

Food concentrations within the core of channelized water will then reduce at a higher rate than 

the periphery, which is party represented by chl-a differences between stations L and M to H, K, 

and N. A compounding effect of refiltration is observed in the high resolution chl-a transects, 

which repeatedly show a depletion dilation centered in the northern section of the entire farm 

domain, extending over 600m from the farm in some cases, and in the PSFC transects with 

diminished plankton volumes and mass. Extending from the north of the farm, the slipstream of 

water exiting the farm area may be compressed by converging currents from the west and east 

of the farm flowing north, and then east along the peninsula (Figure A.9). Current direction and 

magnitude are intricate to food flux, and by association, the extent of the depletion dilation. 

Mixing within the water body and in interaction with water exiting the farm units generates steep 

phytoplankton concentration gradients. As current magnitude was positively correlated with 

depletion coverage (dilation area), and that food quality is highly regulated before reception in 

FA 1, reducing net density or greater longitudinal utilization of the sound may amplify dilation 

coverage. Concertedly, mussel biomass distribution within FA 1 was markedly impacted by 

cumulative ‘upstream’ depletion and to an uncertain degree, exacerbated by recirculated water 

masses under west-east current regimes. Maintaining the present configuration of the farm, 

strategies including thinning and autumn harvests of outer tube-nets, and thereby exposing the 

inner and western sections to higher food concentrations, could be employed to increase 

nutrient extractive capacity of the farm. Higher resolution hydrodynamic profiling or tracer 

studies would be necessary to resolve precise optimal orientation. Provided the proximity of 

tube-nets within each farm area, and areas to each other, increasing spacing between areas to 

permit intrusion of the longshore current and broaden the dilution field could be advantageous 

for increased yields. It is unclear how larger scale hydrodynamics influence food ‘renewal’ with 

unfiltered water as the hydrodynamic regime is complex at the north of the sound, where eddies 

form and may extend into the sound, thereby circulating filtered water at the sub-basin scale 

(Figure 2). 
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While we observed these local effects on chl-a reduction and water transparency, it is less clear 

how the entire sound or greater Limfjorden system is impacted by this large-scale 

immobilization of organic matter.  The proliferation of mitigation mussel farms - assuming they 

are established in a similar scale to the present farm in this study – will likely have a 

compounding effect on the greater Limfjorden system, as seen in other enclosed estuaries 

(Cranford et al., 2011; Grant and Pastres, 2019; Timmermann et al., 2019).  

There is often a fraction of the phytoplankton pool that will not be efficiently filtered, namely 

those free-associated organisms with less than ~4 µm ESD (Rosa et al., 2018), and contributing 

to the remaining chl-a signal. In estuaries and coastal waters heavily stocked with mussel farms, 

or with protracted hydraulic retention, this size-distribution shift may create self-limiting feeding 

conditions for mussels and impact local ecology (Froján et al., 2018). Picoplankton, cells < 2μm, 

tend to dominate phytoplankton communities heavily controlled by filter feeders (Marañón, 

2015), as their predators (ciliates and flagellates) are quickly filtered away by large aggregates 

of mussels, thereby removing the picoplankton’s natural controller (Nielsen and Maar, 2007). An 

alteration in the phytoplankton community towards a higher fraction of picoplankton can 

destabilize the marine food web by unbalancing the resident predator-prey interactions 

(Cranford et al., 2008). In oligotrophic waters dominated by picoplankton, the food web is often 

dominated by microbial recycling of nutrients, rather than transfer of nutrients towards higher 

tropic levels (Marañón, 2015). Mid-higher latitude eutrophic coastal waters, where mitigation 

farms are used to remove excess nutrients does, however, tend to favor the growth and 

blooming of larger phytoplankton (Riegman, 1995; Cloern, 2018). The results of this study 

demonstrate that the change in phytoplankton community size structure is localized within the 

farm areas and to a lesser degree, downstream. Community biomass was dominated by larger 

diatoms and dinoflagellates, similarly to other coastal systems enriched by anthropogenic 

nutrient emissions (Carstensen et al., 2015). This indicates an overall robust phytoplankton 

community size structure in the system, and that increased mussel production in the sub-basin 

with optimized configuration can be accommodated. In terms of mitigation of eutrophication 

symptoms, it has been suggested that pre-industrialization of present day eutrophic water 

bodies were less dominated by larger phytoplankton (Cooper and Brush, 1993), so larger-scale 

implementation of mitigation farming may generate particulate conditions resembling reference 

conditions, and perhaps heterogeneous ecological states between connected sub-basins, 

deserving of further investigation. 
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While the utilization of picoplankton by mussels has historically been considered negligible, 

recent work has demonstrated that picoplankton may contribute to a substantial fraction of 

digested food in mussels. In oligotrophic conditions, local bivalve ecotypes may develop 

adaptations for increased capture rates of smaller particles (Strohmeier et al., 2008, 2012), or 

perhaps more relevant, increased concentrations of picoplankton in heavily grazed estuaries 

enhances aggregation dynamics (Sonier et al., 2016, 2021). We observed indications of 

relatively reduced picoplankton-size plankton at the center of farm areas, where mussel 

biomass and mussel size were also diminished relative to the periphery. It is likely that filtration 

of aggregated, agglutinated, or otherwise clustered picoplankton (Kach and Ward, 2008) occurs 

towards the center and tail-ends of farm areas where most larger plankton classes have been 

filtered, the water column is relatively replete with mucosal substances, as well as smaller 

mussels being able to better capture smaller plankton (Jacobs et al., 2015). Further afield, 

planktonic trophic cascades have not been thoroughly studied in heavily stocked waters, where 

ciliates, for example, may act as a trophic link back to bivalves (Haraguchi et al., 2018). The 

influence of mussel grazing on planktonic ecology is, like the variability in depletion rates, a 

complex interaction of biophysical variables and trophic interactions (Maar et al., 2008). If the 

proportion of smaller phytoplankton increases systemically, growth models developed with 

single food indicators (i.e. chl-a) may require recalibration or incorporation of multiple food 

components (Sonier et al., 2016); however this will unlikely be the case in of the nutrient-rich 

Limfjorden where larger cells have growth advantages (Cloern, 2018). 

Satellite observations confirm an intense depletion signal is localized within the farm footprint, 

with increasing gradients extending further afield under the highest mussel biomass loads. Sub-

basin chl-a concentrations also responded to biomass, indicating this method is sensitive 

enough to monitor the long-term effects of mitigation farming, especially if an expansion of 

mitigation farming develops. The major implications of utilizing satellite remote sensing data to 

evaluate depletion effects at local and basin-scales are: 1) as intensive mitigation farming has 

not been widely implemented, a time series of satellite data can serve as an important study on 

operational management of eutrophication; and 2) if eutrophic conditions precipitously change, 

in situ recalibration and validation of the reflectance algorithm will likely be required to maintain 

accuracy. Nevertheless, spatial variability and depletion patterns will still be detectable from the 

relative differences in reflectance. While we employ these investigative techniques to mitigation 

mussel cultivation, they can likewise be applied to regions with existing or expanding intensive 

bivalve cultivation to evaluate changes related to carrying capacity, such as the Vigo estuary 

(Petersen et al., 2008). Combined with cytometric methods, further development for operational 
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use in observing potential hazards can be employed with satellite data, such a harmful algae 

blooms (Wolny et al., 2020), particularly in light of increasing frequency from the warming 

climate (Gobler, 2020).  

Model setups coupling high-resolution hydrodynamics, mussel energetics (and filtration), and 

farm configuration scenarios could facilitate optimization of biomass yield and maximization of 

depletion coverage. Modeling studies could furthermore help quantify the basin-scale impacts 

on reduction of organic particle loads, similarly as Timmerman et al (2019) had done in Skive 

Fjord, an enclosed sub-basin in the Limfjorden. There, the authors demonstrated a single 

mussel farm reduced basin-scale chl-a and seston concentrations, as well as increasing Secchi 

depth more efficiently than land-based nutrient load reductions. Validation of the extent of 

particle depletion, in terms of Secchi depth and chl-a concentrations, and the top-down effects 

on sub-basin scale phytoplankton communities will be important for the expansion of mussel 

farming. Valuation of water clarification ecosystem services provided by mitigation mussel 

farming can be supported by multilayered documentation of phytoplankton depletion in 

eutrophic estuaries (Ferreira and Bricker, 2016). 

4.1 Technical notes 
It is evident that the characterization of high-resolution local-scale depletion can be biased by 

the measurement position relative to the suspended mussel biomass and current direction. 

Transects cover a limited space and the subsequent analysis interpolates values over space, 

which are often distant in time (minutes-hours), and an assumption is maintained that the 

physical regime is stable so that the depletion signal is fixed in relative space. Continuous 

transects are susceptible to ambient patchiness as well as shifting depletion gradients due to 

hydrodynamics. We observed highly divergent seston characteristics over short distances, due 

to depletion dilations, influx of water from multiple directions across the farm areas, and likely a 

compounded effect of natural variability. 

One weakness of the LISA analysis (Local Indicators of Spatial Association, Table 1) is that 

relative spatial association is based on the distribution of values within the spatial domain. In all 

cases, there are fewer significant areas of spatial association than non-significant, where this 

non-significant region forms a well-defined ‘transition’ zone between significantly low and 

significantly high value regions; and can likewise be visualized in a spatial variogram. This 

means that if the transect domain was broadened in space, the region of significant association 

may increase to envelop much of the transition zone relative to a broader coverage of ‘ambient’ 

values. A reassessment of the depletion coverage over the basin would benefit from expanding 
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the transect domain and repositioning discrete sampling stations, though this will reduce 

temporal overlap and spatial resolution unless multiple vessels are deployed and higher 

throughput of flow cytometry data can be achieved. All parameters measured in the field echo 

this interpretation by revealing hyper-local depletion fields immediately within farm areas, and 

consistently higher chl-a and particle concentrations ‘upstream’ of the greater farm area and at 

the north-eastern station (R). All other station values outside of the farm area tended to fall 

between these extremes, indicating the immediate effects of particle depletion by the farm area 

extended well into the basin.  

Our analytical method of satellite imagery is based on the rate of change of chl-a concentrations 

over space, incorporating intensity and extent of the depletion signal. Pinkerton et al (2018) 

develop an elegant geostatistical approach to quantifying a depletion signal by replacing pixels 

within a farm ‘skirt’ by kriging, based on neighboring pixels and deriving the difference between 

measured and modeled values. This approach could similarly be used in analytical approaches 

regressing environmental conditions and mussel biomass to derive long-term associations and 

interactions. Our approach here differs as we use the empirical spatial rate of depletion in 

response to environmental conditions and mussel biomass, by which we could observe a 

distinct response to biomass and was measureable at the sub-basin scale.  

Conclusion 
Phytoplankton depletion in bivalve aquaculture is characterized by a complex set of biophysical 

interactions, which require sufficient spatiotemporal representation to accurately describe. 

Mitigation mussel farming, as an instrument to reduce concentrations of suspended organic 

matter, should be monitored in this aspect to measure both local-scale effects for optimizing 

nutrient extraction, as well as ecosystem-scale impacts over time. This is important as the 

intensive effects on reducing chl-a concentrations impacts this essential indicator of water 

quality and the eutrophic status of water bodies. All measures and methods employed in this 

study demonstrated a repeatable, significant depletion gradient within and around the farm area 

in agreement with the hydrodynamic regime and mussel biomass stock. The farm is oriented in 

line with predominant current directions and functioned as a multiple-stage, compounding 

plankton filtration unit, limiting mussel growth to some extent at the distal end of the domain. 

While depletion effects limited growth at the center of units, over the sub-basin, minor effects 

were detected, suggesting the farm configuration was suboptimal and expansion of farming is 

suitable in terms of food resources. Expanded production of mussels will likely affect the 
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distribution and composition of seston at increasingly greater scale, so these approaches will be 

important for ecosystem-scale model development and validation. Building upon previous efforts 

evaluating phytoplankton depletion in field conditions, this study represents some initial work on 

coupling methods and scales with prospective for future investigation.  
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Supplementary information 
Table A.1. Discrete sampling of chl-a concentrations and Secchi depths inside and outside of the farm. 

Date In/Out Chl-a (µg l-1) Secchi depth (m) 

27.6.2018 in 1.22 ± 0.24 3.85 ± 0.6 

out 1.26 ± 0.38 4.03 ± 0.39 

7.9.2018 in 2 ± 0.44 4.8 ± 0 

out 3.41 ± 0.83 3.7 ± 0.87 

18.10.2018 in 4.92 ± 0.98 4.5 ± 0.71 

out 4.02 ± 0.52 3.88 ± 0.11 

11.12.2018 in 1.85 ± 0.29 4.27 ± 0.43 

out 2.08 ± 0.39 3.7 ± 0.4 

14.3.2019 in 4.46 ± 0.6 4.48 ± 0.19 

out 5.44 ± 0.43 3.76 ± 0.48 

29.4.2019 in 3.53 ± 0.89 5.16 ± 0.32 

out 4 ± 1.81 4.84 ± 0.65 

11.6.2019 in 7.82 ± 0.67 3.05 ± 0.24 

out 7.55 ± 1.31 3.1 ± 0.14 

19.8.2019 in 2.75 ± 0.28 3.15 ± 0.82 

out 3.44 ± 0.41 2.54 ± 0.25 

20.8.2019 in 2.16 ± 0.34 3.28 ± 0.58 

out 3.21 ± 0.46 2.74 ± 0.37 

21.8.2019 in 2.75 ± 0.67 3.15 ± 0.58 

out 3.91 ± 0.51 2.41 ± 0.17 

22.8.2019 in 2.67 ± 0.29 2.66 ± 0.51 

out 3.6 ± 0.38 2.33 ± 0.39 

24.9.2019 in 5.85 ± 1.03 3.61 ± 0.5 

out 7.01 ± 1.71 3.37 ± 0.15 

10.12.2019 in 4.15 ± 2.33 2.66 ± 0.19 

out 4.77 ± 2.22 2.51 ± 0.26 

3.2.2020 in 2.53 ± 1.17 4.52 ± 0.38 

out 3.24 ± 1.45 4.46 ± 0.82 

9.3.2020 in 27.54 ± 5.76 2.59 ± 0.11 

out 33.86 ± 8.33 2.29 ± 0.28 

20.3.2020 in 24.85 ± 6.79 2.31 ± 0.16 

out 23.89 ± 5.18 2.26 ± 0.16 

23.4.2020 in 7.07 ± 3.38 4.18 ± 0.27 

out 8.64 ± 2.68 3.73 ± 0.33 

26.5.2020 in 5.03 ± 0.89 3.27 ± 0.24 

out 6.02 ± 1.2 2.97 ± 0.45 

23.6.2020 
in 9.21 ± 3.22 2.25 ± 0.14 

out 8.84 ± 3.17 2.21 ± 0.31 
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Figure A.1. Discrete water sampling locations (blue dots) and the farm areas as dashed polygons. 
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Figure A.2 Transect paths recording chl-a concentrations conducted over the campaign period: September 23-27 
2019. 
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Figure A.3. Current roses from ADCP deployments at station A (June-July 2019), station M (July-October 2019), and 

during the campaign period (23-27 September 2019) at stations K and M. Directions represent where currents are 

originating. Note the difference in magnitude and direction variability between stations K and M during the campaign. 
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Figure A.4 Biomass density (kg mussels m-2 net) over the center of FA 1. Tube-nets are represented as vertical lines, 
oriented north. The interpolation was completed by ordinary kriging (Haas and Wackernagel, 2006). The frame is 
oriented with the north at the top of the frame. 
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Figure A.6. Average carbon concentrations (µg C l-1) interpolated by empirical Bayesian kriging over the study 
domain during the campaign, bounded by a convex hull.  
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Figure A.7. Carbon concentrations (µg C l-1) over each station, numbers above the x-axis represent levels of 
significance; stations falling within the farm footprint are shaded in yellow, outside in blue. 

 
Figure A.8. Cytometric diversity (exponential Shannon’s Index) over the campaign period; numbers above the x-axis 
represent levels of significance, stations falling within the farm footprint are shaded in yellow, outside in blue. 
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Figure A.9. Surface currents immediately north of FA 1. Currents flowing adjacent to the farm appear to have higher 
velocities than those flowing through the farm, where a slipstream is formed and longshore currents along the 
western side of the farm flow northeast. The image on the left is oriented to the north. 
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Abstract 
Mussel farming has been proposed as a mechanism to mitigate eutrophication in coastal 

waters. However, localizing the intensive filtration of organic matter by mussels can result in a 

concomitant enrichment of organic matter on sediment surfaces below the farm, which may 

influence biogeochemical processes and fates of nutrients in the system. In the context of 

mitigating eutrophication, it is important to describe and take into account how sedimentary 

changes induced by mussel farming impact these processes. Accordingly, this study investigated 

how a newly established mussel farm affected sedimentation rates, sediment characteristics, 

sediment-water solute fluxes and nitrate (NO3-) reduction rates (measured in situ with benthic 

chamber landers) during the first year of production. Sedimentation rates were enhanced at the 

farm relative to a reference station, and both organic and inorganic carbon accumulated in the 

sediment with time. The increased organic matter input was likely the driver behind slightly but 

significantly elevated sedimentary effluxes of ammonium (NH4+) and dissimilatory inorganic 

phosphorus (DIP) at the farm. Low sedimentary pigment concentrations indicated a reduced 

presence of microphytobenthos at the farm, which likely also influenced sediment-water solute 

fluxes. There was a relative increase in the remobilization of bioavailable nitrogen underneath the 

farm, as the denitrification efficiency was 46 % lower compared to the reference station and the 

rate of dissimilatory nitrate reduction to ammonium (DNRA) was enhanced. The increases in 

sedimentary effluxes of NH4+ and DIP underneath the farm were relatively small; yet calculations 

suggest that over the production period, the total releases amounted to half of the nitrogen and 

three times the phosphorus that was removed through mussel harvest. Impacts of the mussel 

farm at this location were thus measurable already under the first year of establishment. These 

immediate changes to the sediment biogeochemistry, as well as long-term effects, should be 

taken into account when estimating the environmental impact of mussel aquaculture. 

 

  

221



Introduction  
High-density mussel cultivation is finding favor in nutrient management plans due to its 

potential to mitigate eutrophication, one of the largest threats to coastal environments (Diaz and 

Rosenberg, 2008; Fennel and Testa, 2019). Aquaculture is further an important food source and 

was the fastest growing livestock sector in the world between 1990 and 2009 (Little et al., 2016), 

with mussel farming alone increasing about four times in volume over the last 40 years (Suplicy, 

2018). Mussel farming is considered more sustainable than traditional fish farming as mussels 

feed on the algae and particles in the water without external inputs.  

By providing suspended hard substrate for mussel spat attachment and growth, mussel farms 

function as locus of particle filtration as mussels feed on suspended organic matter. A proportion 

of this organic material, with constituent nutrients, is assimilated in mussel somatic tissues. 

Harvest of mussels is thereby utilized as a means to extract nutrients from the marine environment 

and prevent eutrophic ecological conditions (Kotta et al., 2020; Petersen et al., 2019). Mussel 

farming is used to reduce nutrient loads from internal sources in many coastal water bodies and 

estuaries, as well as from marine point sources (i.e. finfish culture). Furthermore, local particle 

depletion by mussel farming can reduce chlorophyll a  concentrations, increase water 

transparency, and reduce basin-scale organic sedimentation (Timmermann et al., 2019).  

However, it has been proposed that the local impact of mussel farms on nutrient cycling might 

offset the benefits (Nizzoli et al., 2011; Stadmark and Conley, 2011). Sedimentation rates below 

farms can be up to a factor two to three times higher compared to reference stations in the same 

area (Carlsson et al., 2009; Hartstein and Stevens, 2005; Holmer et al., 2015). Increased 

deposition of organic matter can lead to elevated oxygen (O2) consumption rates in the sediment, 

followed by decreased sedimentary O2 penetration depth (Christensen et al., 2003; Mirto et al., 

2000) or even anoxia. As O2 is depleted, anaerobic respiration processes succeed, exemplified 

by increased sulfate reduction rates under many mussel farms (Carlsson et al., 2012; Dahlbäck 

and Gunnarsson, 1981; Holmer et al., 2015).  

Changes in O2 concentrations and redox conditions strongly impact the sedimentary nutrient 

cycling. Under mussel farms, nitrate (NO3-) reduction is often observed to be diverted from 

denitrification to dissimilatory NO3- reduction to ammonium (DNRA, Christensen et al., 2003; 

Nizzoli et al., 2006). The result is a shift from removal (nitrous oxide (N2O) and nitrogen gas (N2) 

production) to recycling (ammonium (NH4+) production) of the bioavailable nitrogen within the 

system. This shift is believed to be a result of more reducing conditions underneath mussel farms, 

higher concentrations of organic matter and the presence of hydrogen sulfide; factors that favor 

DNRA (Giblin et al., 2013; Hardison et al., 2015; Kraft et al., 2014). There are also observations 
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of increased release of dissolved inorganic phosphorus (DIP, mainly phosphate) from sediments 

below mussel farms (Holmer et al., 2015; Nizzoli et al., 2011). Sedimentary iron(III)-oxides that 

adsorb DIP under oxic conditions are reductively dissolved in anoxic conditions, which enhances 

the DIP release to the water column (Mort et al., 2010; Mortimer, 1941). Mussel farms can thus 

create sedimentary conditions that enhance nutrient recycling, and thereby hamper attempts to 

decrease coastal eutrophication.  

In shallow coastal systems, sediment-water nutrient fluxes can also be strongly regulated by 

benthic microalgae. The algae act as a filter by taking up nutrients produced in the sediment and 

thereby decrease the sedimentary nutrient release (Seitzinger et al., 2001; Sundbäck and Granéli, 

1988). During photosynthesis, they also increase the O2 penetration depth and thereby stimulate 

removal or retention of bioavailable nitrogen and phosphorus (Fenchel and Glud, 2001; Sundbäck 

and Granéli, 1988). However, it is not clear how mussel farming is affecting benthic microalgae 

abundance and activity. Some studies have observed decreased abundance in benthic 

microalgae below farms (Christensen et al., 2003), while others report increases (Franzo et al., 

2014; Mirto et al., 2000). Due to their important role as ecosystem engineers, changes in benthic 

microalgae abundance and activity could have large implications for nutrient cycling below mussel 

farms. 

As mussel aquaculture is expanding, it is important to understand under what conditions, and 

to what extent, mussel farms influence the benthic environment. The effect of mussel farms on 

local sediment nutrient cycling can vary, seemingly dependent on factors such as hydrodynamics 

(Hartstein and Stevens, 2005) and general eutrophication status (i.e. ambient sedimentation 

rates) in the area (Carlsson et al., 2009). Another important aspect is the age of the farm (Carlsson 

et al., 2012; Franzo et al., 2014). Previous studies of sediment biogeochemistry underneath 

mussel farms have mainly focused on well-established farms where years of impact have caused 

large changes in the sedimentary processes (e.g. Alonso-Pérez et al., 2010; Christensen et al., 

2003; Nizzoli et al., 2006)(; although see Holmer et al., 2015). However, an understanding of how 

fast the sedimentary environment changes after establishment of a farm is required to accurately 

assess the environmental impact of mussel farms. 

The goal of this study was to evaluate how a newly established mussel farm in As Vig, 

Denmark, affected the sediment-water nutrient exchange. To this end, we conducted in situ 

measurements of sediment-water fluxes and NO3- reduction rates below a mussel farm and at a 

reference station over a whole growing season, representative of the production cycle. This is to 

our knowledge the first study to characterize these processes in situ by measurements with a 
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benthic chamber lander. We further measured sedimentation rates and examined sediment 

characteristics, to follow changes in the benthic environment over the growing season.  

 

  

Materials and Methods 
Study area 

As Vig is an exposed cove in eastern Jutland between the mouths of Horsens Fjord and Vejle 

Fjord (Figure 1a). Sediments in the cove are mainly sand, muddy sand, or diamicton; the 

immediate study area is classified as sandy sediments (GEUS, 2015). Pertinent to nutrient 

compensation services, this region is host to many finfish aquaculture operations (Oncorhynchus 

mykiss).  

An existing permitted mussel farming area was used as the experimental setup for this study. 

The farm was established in 2012 but was disused by 2014, before the beginning of this study in 

2017. The 11.25 ha farm consisted of 40 tube-net mussel cultivation units (SmartUnit, 

www.smartfarm.no), with 15 units each in the northern two sections and 10 units in the southern 

section (eastern half); each unit moored 10-20 m from each other, and each section was 

separated with a 30 m gap (Figure 1b). These units serve the purpose of both wild mussel spat 

collection and on growth of attached mussels. Cultivation units were installed in the first week of 

June 2017, while the major settlement events occurred in October-November of 2017 and May 

2018. Mussels were harvested at the beginning of November 2018 when the total harvestable 

mussel biomass was 729 ± 24.7 t, which equals to 1406 mussels per m2 (6.5 kg biomass m-2). 

The total harvestable concentrations of nitrogen and phosphorus were 10 050 kg and 529 kg, 

respectively, calculated following methods described in Taylor et al. (2019).  

The reference station was selected as it shared similar sediment characteristics, water depths, 

and current regimes as the farm. It was further positioned contrary to predominant current 

directions downstream from the mussel farm. The water depths were 9.5 – 10.5 m at the reference 

station and 10 – 12 m at the farm, varying by tides (generally < 0.5 m), bathymetry, and barometric 

or wind-driven sea level in the Kattegat (Gustafsson, 1997). Four intensive sampling campaigns 

were carried out over the course of the study period (Table S1). A pre-settlement reference study 

was conducted on 26-30 June 2017; a post-settlement, high-growth period on 9-12 July 2018; a 

pre-harvest biomass maximum period on 22-27 October; and a final post-harvest period on 18-

26 February 2019 when the nets had been removed.  
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Water column conditions and sedimentation rates 
Prior to any other work, CTD casts (EIVA Arop) were performed at 0.1 m depth intervals to 

profile the whole water column for salinity (conductivity), temperature, and chlorophyll a 

fluorescence. Illuminance (lux) was measured with pairs of sensors (HOBO Pendant 

Temperature/Light Data Logger 64K) placed 0.5 m from the seafloor in both the farm and 

reference stations, logging every 15 minutes over the field campaigns. In July and October 2018 

and February 2019, currents were measured with a 600 kHz Teledyne Marine Workhorse Sentinal 

ADCP. Ensembles were collected every 30 s in 50 cm bins. At the farm, the ADCP was placed in 

the center of the farm, in between two nets. 

Sedimentation rates were measured using twin tube (⌀ 8.0 cm) sediment traps, equipped with 

a steering fin. Within the farm, two sets of traps were placed in between units of tube-nets (labelled 

Figure 1. Description of the study site. a) Location of stations and their relative placement in As Vig, Denmark. b) Structure of the 
mussel farm. 

a) b) 
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‘Mid-farm’), and two sets were placed in close proximity to a net (labeled ‘Net’). Two trap sets 

were simultaneously positioned at the reference station. Tubes were filled with filtered (0.45 µm) 

seawater on site from depth, and positioned 1.5 m above the seabed to avoid potential 

interference from resuspension of soft sediments. Traps were uncapped at depth by SCUBA diver 

and replaced with pre-filled capped tubes after 24-48 hour durations. Total particulate matter 

(TPM) was determined by vacuum-assisted filtration of water samples through pre-dried 

Whatman GF/C glass microfiber filters (47 mm) which were dried at 80°C for > 48 hours and 

weighed to the nearest 0.1 mg. The filters were then combusted in a muffle furnace at 500°C for 

4 hours and weighed for determination of particulate organic matter (POM).  

 

Sediment characterization and benthic microalgae 

Sediment cores (⌀ 9.5 cm) from the reference station and within the farm were captured by 

SCUBA diver or sub-sampled from a box corer. Triplicate cores were sectioned in intervals of 0.5 

cm at 0-2 cm, 1 cm at 2-6 cm, and 2 cm at 6-10 cm depth. Porosity and dry sediment density 

were determined for each interval from 2 ml subsamples that were weighed, freeze dried and then 

weighed again for the difference in water content (corrected for salinity). The dried sediment was 

ground into a homogeneous powder and analyzed for total carbon (Ctot) and total nitrogen (N), as 

well as organic carbon (Corg) after treatment with HCl (37 %) fumes, by elemental analysis isotope 

ratio mass spectrometry (EA-IRMS, Sercon). Inorganic carbon (Cinorg) was calculated as the 

difference between Ctot and Corg.  

In 2018 and 2019, triplicate sediment cores were collected as described above for pigment 

analysis. Samples of 1 ml were collected from the top 0-0.5 and 0.5-1 cm sediment layers and 

were frozen immediately in liquid nitrogen. Pigments were extracted in 10 ml acetone:methanol 

(80:20 v:v) at -20°C for 24 hours. The samples were sonicated for 60 s and filtered through 0.45 

µm nylon filters prior to separation and identification by high performance liquid chromatography 

(HPCL, Shimadzu LCsolutions System). Chlorophyll a, fucoxanthin, pheophorbide a and 

pheophytin a were quantified using pigment standards (DHI LAB). While chlorophyll a often is 

used as a proxy for photoautotrophic biomass, fucoxanthin is characteristic for diatoms. 

Pheophorbide a and pheophytin a are degradation products of chlorophyll a; in the rest of the 

text, their collective concentrations will be discussed using the term pheopigment. 
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Benthic in situ flux measurements 
Over the course of the four field campaigns, a total of 18 benthic lander deployments were 

conducted to characterize fluxes of dissolved inorganic carbon (DIC), ammonium (NH4+), NO3-, 

nitrite (NO2-), O2, DIP and methane (CH4). The Gothenburg big and small landers were deployed 

so that six chamber measurements were done at each station during all sampling occasions.  

The big and small landers were equipped with four and two open-bottomed chambers, 

respectively, each covering 400 cm2 of sediment surface and overlying water (Almroth-Rosell et 

al., 2009; Tengberg et al., 2004). The chambers were equipped with turbidity sensors model 

3612A, O2 optodes model 3830 or 3835 and conductivity and temperature sensors model 3919A 

(Aanderaa Data Instruments, Norway), operating at a 1-minute sampling interval. To prevent 

concentration gradients, a paddle was carefully stirring the water in each chamber. Incubations 

were preceded by a 2-hour ventilation period. Chambers were then sealed and injected with 60 

ml of Milli-Q water for chamber volume determination (0.5-1 % chamber volume). Nine sampling 

syringes per chamber collected 60 ml samples of chamber water at pre-set times, starting 10 

minutes after the Milli-Q injection and every 150 minutes thereafter for a 21 hour incubation period. 

Water samples from the syringes were collected immediately after lander recovery. Nutrient 

samples were filtered through pre-rinsed cellulose acetate filters (0.45 µm, Sartorius) and frozen 

at -20°C until segmented flow analysis (QuAAtro, XY-3 Sampler, Seal Analytical 2015) of NH4+, 

NO3-, NO2- and DIP. Samples for CH4 were transferred to Exetainer vials (12 mL, Labco, UK) and 

biological activity was immediately terminated by adding 100 µL of a 7 M zinc chloride (ZnCl2) 

solution. Vials were preserved upside down at 4 °C until analysis, which was performed within 

one month from sampling. Concentrations of CH4 were determined by headspace analysis on a 

gas chromatograph (GC 8A, Shimadzu) equipped with a PorapakTM N column (80-100 mesh) 

and a flame ionization detector (FID), and using dinitrogen (N2) as carrier gas. The CH4 

concentrations in the water were calculated based on the distribution coefficient dependent on 

temperature and salinity (Yamamoto et al., 1976). Precision of the method was ±1 nM. Analysis 

of DIC concentrations was performed immediately after sampling using an automated system 

based on infrared detection of CO2 (Li-Cor 6262)(Nilsson et al., 2019). Dissolved carbonate 

species were converted into CO2 by acidification with 8.5 % phosphoric acid followed by N2 

stripping. Measurements of certified reference material (Dickson Laboratory, Scripps Inst. of 

Oceanography, San Diego) were conducted in parallel to acquire a two-point calibration with Milli-

Q water as a zero point, as well as to correct for possible instrumentation drift. The analytical 

precision was typically better than 0.3 % (relative standard deviation).  
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Benthic fluxes were calculated as the change in concentration per unit area and time in each 

chamber. Calculations were first corrected for the small dilution by ambient water that occur each 

time water inside the chamber is withdrawn by a syringe. Subsequently, a simple or quadratic 

linear least square regression was performed to find the slope of concentrations in the water 

samples versus time. Cook’s distance values and studentized deleted residual index were 

calculated for each data point to identify unusual observations such as leverage points and 

outliers, and diagnostic graphs of the data were used to ensure that assumptions of linear 

regression were fulfilled. The actual fluxes were then calculated by multiplying the chamber height 

with the slope of the regression line at the first time point. Only fluxes for which the p-value of the 

slope was lower than 0.05 were used in further evaluations. The O2 fluxes were calculated from 

linear fits of the chamber O2 time series. To determine what range of the O2 data to use in the 

calculations, we used the number of data points during a minimum of 30 min in the initial portion 

of an incubation that gave the highest r2 value (typically better than 0.99). 

 

In situ measured nitrate reduction rates 
Nitrate reduction processes were measured in situ in three out of the six chambers of the 

benthic landers, following the procedure described in De Brabandere et al. (2015) and Bonaglia 

et al. (Bonaglia et al., 2017). A first sample was taken 10 minutes after the chamber was sealed, 

followed by the injection of a 9 mM 15NO3- solution (in place of the Milli-Q water) 10 minutes later. 

The remaining eight samples were collected 10 minutes later and then every 150 minutes for a 

21 hour period. Upon recovery, samples for measurement of the isotopic composition of N2 and 

N2O were transferred to 12 ml Exetainers (Labco) and immediately capped. To stop microbial 

activity, 100 µL of ZnCl2 (7 M) was added to each sample before storage in cold and dark 

conditions until analysis.  

The isotopic compositions of N2 and N2O were analyzed by coupled gas chromatography–

isotope ratio mass spectrometry (GC-IRMS). A 2 ml helium headspace was created in the 

Exetainers, which were then left upside down for one day in order for the gases to equilibrate. 

Subsamples of the headspace were injected to a custom-made GC extraction line coupled to an 

IRMS (Thermo Delta V Plus). Denitrification rates were calculated using the isotope pairing 

technique (IPT; Nielsen, 1992). Samples for analysis of 15NH4+ were filtered through pre-rinsed 

cellulose acetate filters (0.45 µm, Sartorius) and frozen at -20°C until analysis. The samples were 

treated with alkaline hypobromite to oxidize NH4+ to N2 (Warembourg, 1993) prior to analysis as 

described above. Rates of DNRA were calculated according to Christensen et al. (2000). Since 
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the lander only captures solutes that diffuse to the water column, total denitrification and DNRA 

rates were calculated by using a correction factor obtained from sediment core incubations (see 

below). Finally, the fractions of denitrification and DNRA driven by NO3- from the water column 

(Dw and DNRAw) or sedimentary nitrification (Dn and DNRAn) were calculated based on total rates 

and the water column concentrations of NO3- according to Risgaard-Petersen and Rysgaard 

(1995). Fluxes of NO3- and NO2- were not measured in chambers where 15NO3- was injected. 

 
Sediment core and slurry incubations 

In October and February, sediment core incubations with 15NO3- were used to obtain a 

correction factor to account for any N2, N2O and NH4+ that did not diffuse to the water in the benthic 

chambers. Sediment cores (⌀ 4.6 cm, length 30 cm, n = 3-4), filled with half sediment and half 

water, were captured by SCUBA diver or sub-sampled from a box corer. Three replicate bottom 

water samples were also collected in situ and were divided into three subsamples. One aliquot 

for analysis of the isotopic composition of N2 and N2O was transferred to a 12 ml Exetainer to 

which 100 µl of 7 M ZnCl2 was added. The other two aliquots were filtered through pre-rinsed 

cellulose acetate filters (0.45 µm, Sartorius) and frozen at -20°C until analysis of nutrients and 
15NH4+.  

Upon return to the laboratory, externally driven magnetic stirrers were positioned halfway down 

the water column of each core, gently stirring the water. One ml of a 9 mM 15NO3- solution was 

carefully mixed into the water before a nutrient sample was collected, filtered through pre-rinsed 

cellulose acetate filters (0.45 µm, Sartorius) and frozen at -20°C until analysis. The cores were 

then capped with rubber stoppers, avoiding bubbles, and incubated at in situ temperature for 4-6 

hours. The O2 concentration was measured (OxyGuard Handy Polaris 2) immediately before 

capping and after opening of the cores to ensure that the concentration did not decrease below 

30 % of the original value. At the end of the incubation, water samples for measurement of 

nutrients and the isotopic compositions of N2, N2O and NH4+ were collected and preserved as 

described above. The remaining water was then mixed with the top 7 cm of sediment. From the 

slurry, 12 ml of sample were transferred to an Exetainer to which 200 µL of 7 M ZnCl2 was added, 

while pore water was extracted using Rhizon samplers (Rhizosphere research products) from two 

other samples which were then frozen at -20°C until analysis of nutrients and 15NH4+. The 

denitrification and DNRA rates in the water column (RWC) and slurry (RS) phases of the cores were 

used to calculate the total NO3- reduction rate in the lander: 

total rate = RWC-L x (RS / RWC) 
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where RWC-L is the rate measured in the water column of the lander chambers. 

During the same sampling campaigns, slurry incubations were used to estimate the relative 

contribution of anammox to the N2 production. At each site, two sediment cores (⌀ 9.5 cm) were 

captured by SCUBA diver or by box corer. The top 2 cm of each core were homogenized and 100 

ml of sediment were mixed with 900 ml of filtered (0.45 µm cellulose acetate filters, Sartorius) 

anoxic bottom water in a glass bottle. The slurry was bubbled with helium for 10 minutes to remove 

any oxygen entering during sampling. Using Viton™ tubing, the slurry was transferred to 12 ml 

Exetainers (n = 35), each containing a 4-mm glass bead. The samples were left to pre-incubate 

for about 10 hours to remove any residual O2 and NO3-. The slurries were then treated either with 

150 µL of 9 mM of 15NO3- (n = 15) or 15NH4+ + 14NO3 (n = 15), injected through the vial septa (final 
15NO3- or 15NH4+ + 14NO3 concentration 113 µM each), or were left without additions to serve as 

controls (n = 5), before incubation for 8 hours. Both the pre-incubation and the incubation were 

conducted at in situ temperature and the samples were shaken every 15 minutes to keep the 

slurries in suspension. Directly after addition of the tracers and every 2 hours during the 

incubation, 200 µL of 7 M ZnCl2 were injected to triplets of Exetainers from each treatment and 

one control (n = 7) to stop the incubation. The samples were stored dark and cold until analysis 

of the isotopic composition of N2 as described above. 

 

Statistical analyses 
All analyses were made using a purpose-built script applied in the R statistical software (R 

Core Team, 2019) and the RStudio desktop interface (R Studio Team, 2019). Fluxes across the 

sediment-water interface were fitted with linear mixed effects models using the lmerTest package 

(Kuznetsova et al., 2017). All tests were two-sided, using a significance level of 0.05. Data was 

checked visually for normality and homogeneity of variance before analysis and data were log(+1-

minimum value) transformed if deemed necessary. The functions anova() and ranova() were used 

to conduct a type III ANOVA with Satterthwaithe’s method and obtain p-values for fixed and 

random factors respectively, as implemented in the ‘lmerTest’ R package. The model involved 

two fixed factors (station and time) and one random factor, deployment (nested within station and 

time). Sedimentation and pigments in surface sediment content were evaluated using analysis of 

variance with station and time as factors. For sedimentation rates factors, sampling(time) and 

site(sampling, time, station) were also included in the analysis. Two-tailed F-ratios were 

constricted by dividing the largest variance by the smallest and tested at a = 0.025. Light data 

(lux) was analyzed by transforming time of day into directional time (0-360), then in a Gaussian 
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generalized additive model with an identity link function in the ‘mgcv’ R package. The correlation 

between chlorophyll a and fucoxanthin concentrations was tested using Pearson’s correlation 

coefficient. Full results from the statistical analyses are presented in the Table S2-S6. 

 

 

Results 
Water column profiles and sedimentation rates 

The water column profiles and bottom water conditions were generally similar at the two sites 

(Figure 2). On all occasions, a pycnocline was present around 2-3 m above the sea floor. This 

pycnocline was strongest in June and July and was not present in October. The chlorophyll a 

concentration did not differ between sites. Bottom water O2 concentrations measured with the 

lander were within 197-251 µM at all samplings. Current roses are presented in Figures S1-3. 

 

Figure 2 Water column profiles of temperature (°C), salinity and chlorophyll a (µg l-1) in the mussel farm (top) and 
reference station (bottom). 

 

The sedimentation rates changed with the season at both sites (F3,54 = 26,42, p < 0.01, Figure 

3), with the highest rates measured in October. Over the course of the entire study, there was no 

statistically significant difference in sedimentation rates between sites, but there was a trend of 

higher rates in the farm and net relative to the reference station. In October, the sedimentation 
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rate of TPM was notably high at both sites and the POM fractions were low compared to the other 

sampling occasions (~20 % vs 30-58 %).  

There were statistically significant differences between the net traps and reference site for TPM 

in June, July and October (p < 0.05) as well as for POM in October for both the reference (p < 

0.05) and mid-farm (p < 0.05); while no other pairwise differences were found. Sampling site (trap 

location), nested within sampling, time, and station, was a significant (p < 0.01) effect for both 

TPM and POM rates, indicating considerable spatial variability in sedimentation within the farm. 

A negative correlation between current velocities (mm s-1, Figure S1-3) and both TPM (R2 = 0.79, 

slope = -0.084) and POM (R2 = 0.37, slope = -0.008) sedimentation rates was observed at both 

stations in July and October, where the highest TPM sedimentation rates occurred over days with 

the lowest current velocities. No correlation was found in February, where sedimentation rates 

were very low. Comparison of hydrodynamics between the farm and reference is limited as only 

one ADCP was used over the campaign. 

 

Figure 3. Sedimentation rates of total particulate matter (TPM) and particulate organic matter (POM) at the reference 

station and farm (traps in between sets of tube-nets = ‘Mid-farm’, close proximity to a net = ‘Net’). Large circles show 

average values, small circles are values from replicate traps and error bars show the standard errors. 

 

Lux levels (Figure 4) differed significantly (p < 0.001) between the farm and reference station, 

with lower light at the farm. The difference was most notable in July when total light levels were 

highest. Interestingly, one sensor in the farm in February (Farm 2 in Figure 4) registered 

significantly lower illuminance levels than at the reference station. That sensor was placed 0.9 m 
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deeper at the farm than the other due to a depth gradient, which is likely the cause of the lower 

light levels campaign as the farm superstructure had been removed. 

 

Figure 4. Light intensity (lux) measured at the farm and reference station in July (top), October (middle) and February 
(bottom). 

 

 

Sediment characteristics and benthic microalgae 
The porosity profiles at the farm site were straight with values between 0.6 and 0.8 (Figure 

S4). At the reference station, the porosity values instead decreased with sediment depth. While 

the profiles from July and February were similar with surface values around 0.75, the porosity 

profiles from October were consistently lower and started around 0.4. The average porosity of the 

top cm at the reference station was 0.62. The Corg content at the farm site was 3-4 % (Figure 5). 

In July and October, the Corg content was slightly lower at the surface than at depth, whereas the 

profile was straight in February. The Cinorg content was around 0.5 % throughout the sediment in 

July. In October, the surface Cinorg content had increased to over 2 %, followed by a slight 

decrease to 1.5 % in February. The N content was stable at 0.5 % throughout the sediment and 
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over all seasons. At the reference station, the Corg content in the surface sediment was always 

slightly higher than at depth. However, the Corg content varied substantially between samplings, 

with values from about 1 % in July to 3.5 % in October. The Cinorg and N profiles also decreased 

slightly with depth, with values of 0-1.5 % and 0-0.5 %, respectively. At both stations, the Corg:N 

ratio was 8-9 throughout the sediment and during all samplings. 

 

Figure 5. Sediment solid phase profiles of organic carbon (Corg), inorganic carbon (Ciorg) and nitrogen (N) 

 

Benthic microalgae were visibly present on the sediment surface at both the reference station 

and underneath the farm. The chlorophyll a and fucoxanthin concentrations in the sediment 

correlated strongly (r = 0.94, p < 0.001). Ratios between fucoxanthin and chlorophyll a of 0.47-

0.49 agree with those found in diatoms (Sundbäck et al., 2004). The concentrations of both these 

pigments were generally higher at the reference site (Figure 6), and there were statistically 

significant differences between sampling sites. On the other hand, a statistically significant 

seasonal variability drove differences in pheopigment coverage. The highest concentrations were 

measured in October and thus coincided with the peak in sedimentation rates.  
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Benthic fluxes  
The sediment-water fluxes (Figure 7) of O2, DIC and NH4+ followed statistically significant 

seasonal patterns (p < 0.05). The O2 fluxes were always directed into the sediment and were 

highest in July. The O2 fluxes furthermore showed significant differences between lander 

deployments (p = 0.03), indicating that the deployment positions differed in metabolic activity even 

within stations. The differences between deployment could be attributed to the patchy deposition 

of organic matter seen in the sedimentation rates (Figure 3). 

The fluxes of DIC and NH4+ were elevated in June and October, with the highest fluxes 

measured in the farm in October. These elevated fluxes coincided with the peak in sedimentation 

rates, indicating that October was the sampling campaign with the highest sedimentary organic 

matter mineralization rates. The NH4+ and DIP fluxes were generally higher in the farm than at 

the reference station, and were statistically different between sites (p < 0.01). Significant fluxes 

of CH4 could only be measured in the farm, except for a low flux at one occasion at the reference 

station. The CH4 fluxes followed the same trend as the DIC and NH4+ fluxes and peaked in 

October, suggesting that they were strongly related to organic matter mineralization. 

The NO3- fluxes followed statistically significant seasonal patterns. The sediment was generally 

a source of NO3-, except for the reference station in June when an uptake was observed. High 

effluxes of NO3- were measured at both sites in February. Significant NO2- fluxes were only 

measured at a few occasions. The NO2- fluxes showed a tendency to vary between stations; 

Figure 6. Inventories of chlorophyll a (Chl a), fucoxanthin (Fuco) and pheopigments (Pheo) in the top cm of 
sediment in July, October and February. Large circles are average values, small circles are values from replicate 
cores and error bars show standard errors.  
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however, this was not significant, probably due to small sample sizes. The NO2- fluxes in the farm 

peaked in October 2018.  

 

Figure 7 Sediment–water fluxes measured with the benthic lander. Positive fluxes are directed out of the sediment, 

negative fluxes are sedimentary uptake. Large circles are average values, small circles are values from replicate cores 

and error bars show standard errors. n.d. = no data. 

 

Nitrate reduction rates 
Complete denitrification (NO3- to N2) and DNRA were measured at both stations at all 

occasions (Figure 8), while anammox or production of N2O by incomplete denitrification were not 

detected during any of the sampling campaigns. The October lander samples for N2 and N2O from 

the reference site were unfortunately damaged during storage, so denitrification rates from the 

core incubations are presented instead. Core incubations and lander incubations can be difficult 

to compare due to methodological differences (Robertson et al., 2019). However, the two methods 

generally gave similar results in this study, so we believe that the use of core incubation results 

instead of lander results is motivated for this single occasion. Since the total NO3- reduction rates 

(denitrification + DNRA) and contribution from denitrification to the total NO3- reduction rates could 

not be calculated for the lander chambers at the reference station in October, average values 

based on the core incubations (denitrification) and lander incubation (DNRA) are presented for 

that sampling (Figure 8). 

n.d. 
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Figure 8. Top panel: denitrification rates, dissimilatory nitrate reduction to ammonium (DNRA) rates and total nitrate 
reduction (denitrification + DNRA) rates. Bottom panel: fraction of denitrification (Dn) and DNRA (DNRAn) driven by 
nitrification, contribution of denitrification to the total nitrate reduction. Large circles are average values, small circles 
are values from replicate cores and error bars show standard errors. 

 

The DNRA rates showed statistically significant differences between stations (p < 0.001) and 

seasons (p < 0.05). There were similar trends in the denitrification and total NO3- reduction rates, 

but these were not statistically significant. Denitrification was the dominant NO3- reduction process 

at all sampling occasions and there were no trends in the ratio between denitrification and DNRA. 

The highest denitrification rates were measured in the farm in July, while DNRA rates peaked in 

the farm in October. 

In June, the fractions of denitrification and DNRA driven by nitrification were relatively low 

(around 25 and 50 %, respectively). The low Dn and DNRAn fractions in June coincided with 

uptake of NO3- at the reference station and low NO3- in the farm. During the following samplings, 

Dn and DNRAn increased to almost 100 % of the total NO3- reduction. The Dn fraction decreased 

in February, but was still > 75 %.  
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Discussion 
Sedimentation rates and sediment characteristics  

Benthic metabolic rates and subsequent fluxes of solutes are regulated by site specific 

sedimentary conditions (e.g. concentration of organic matter) and the ambient biophysical 

environment (temperature, stratification, hydrodynamic transport, irradiance, etc.). Mussels in a 

suspended canopy influence these factors by modifying hydrodynamics and localizing organic 

matter deposition at increased rates via feces production (McKindsey et al., 2011).  

As observed, sedimentation rates were elevated inside of the farm, and particularly underneath 

nets, relative to the reference station. Significantly heightened rates of sedimentation in the farm 

directly underneath nets relative to between nets indicates that patterns of sedimentation were 

very local. Since the tube-net units were staggered throughout the farm and could drift with 

currents within a ~20 m space, the patterns of sedimentation might have shifted and led to a 

patchy distribution of organic matter. Yet the extent of dispersion will depend on sinking advection, 

fecal composition (density), resuspension, and rates of decay (Weise et al., 2009). Prior study of 

fecal particle dispersion has demonstrated little or no impact beyond 50 m from the canopy edge 

in similar depths and higher current velocities (Hartstein and Stevens, 2005). The presence of 

mussels thus led to an increase in sedimentation rates, but likely very locally.  

Although sedimentation rates were elevated directly underneath the nets, spatial and temporal 

variability were the most important drivers of differences in rates. While sedimentation rates 

generally followed total mussel biomass growth in time, very high ambient TPM sedimentation 

rates were observed in October, while POM rates were less elevated. This is likely due to 

persistent high winds during October and transport of inorganic sedimentary materials from shore. 

The rates of TPM sedimentations were in the range of what has been measured previously in 

mussel farms and reference stations in another Danish estuary (Skive Fjord, Holmer et al., 2015) 

and on the Swedish west coast (Carlsson et al., 2012). The POM sedimentation rates were similar 

to previously reported values in this area for June and higher for the productive periods in July 

and October (Christiansen et al., 1997).  

The cultivation units were deployed already in June 2017 but without successful recruitment of 

mussels. Since suspended canopies can influence current flows (Tseung et al., 2016), it is 

possible that the sedimentation rates were affected by their presence alone. However, the 

sedimentation rates in June (when the nets were empty) were similar to those in February (when 

the nets had been removed), and did not differ between the farm and the reference station. Nets 

were oriented longitudinal to predominant current directions (Figure S1-S3) and were spaced at 
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10-20 m intervals, further reducing potential influence on ambient hydrodynamics and 

sedimentation rates (Stevens and Petersen, 2011; Tseung et al., 2016). We therefore consider 

the June sampling to represent true pre-settlement conditions and conclude that nets alone did 

not measurably affect particle sedimentation. 

Whereas the changes in sedimentary Corg content followed the sedimentation rates at the 

reference station, the same pattern was not as clear at the farm. Increasing Corg content with 

sediment depth in June 2018 indicates that the deposition of organic matter previously had been 

higher at the farm. This observation is in agreement with a mussel farm being situated at the 

location between 2012 and 2014. After one season with an active mussel farm and seemingly 

elevated POM deposition on the site, the Corg distribution was uniform throughout the sediment. 

The Cinorg content also increased in the sediment underneath the farm over the course of the 

sampling campaign, likely due to deposition of mussel shells. 

Although the deposition of organic matter seems to have increased underneath the farm, the 

sediment composition did not change. Unlike many older mussel farms (e.g. Carlsson et al., 2012; 

Christensen et al., 2003; Hartstein and Stevens, 2005), the sedimentary Corg:N ratio was not 

elevated at the farm compared to the reference site. High Corg:N ratios underneath mussel farms 

have been suggested to result from efficient uptake of N by mussels, since mussel tissue 

generally has a lower Corg:N ratio than the phytoplankton they feed on (Jansen et al., 2012). 

However, no changes in the Corg:N ratio were observed underneath another newly established 

mussel farm (Carlsson et al., 2012), in accordance with this study. Furthermore, elevated 

concentrations of pheopigments are often observed underneath bivalve farms due to 

biodeposition of degraded phytoplankton (Christensen et al., 2003; Dahlbäck and Gunnarsson, 

1981; Mirto et al., 2000). However, changes in pheopigment concentrations at our sites were 

driven by season rather than station. It thus seems like these changes to sediment composition 

generally take place at longer time scales than during the first year of establishment.  

 

Benthic fluxes and sediment metabolism 
While we did observe increases in solute fluxes at the farm, these changes were smaller and 

affected fewer solutes than seen at other bivalve farms (Alonso-Pérez et al., 2010; Carlsson et 

al., 2009; Christensen et al., 2003; Nizzoli et al., 2011). However, the higher degree of 

sedimentary impact in those farms may reflect their longer time in operation, whereas the farm in 

this study was newly established. Our results thus agree with those from Holmer et al. (2015), 
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showing that effects of mussel farming on the sediment are relatively small during the first year of 

production.  

Both stations showed clear seasonal patterns in the benthic fluxes. Concomitant with the 

increased sedimentation of POM in July, there was an increase in the sedimentary uptake of O2 

and release of DIC and NH4+ (Figure 7) , likely as a result of intensified organic matter 

mineralization. Since the DIC fluxes did not differ significantly between stations, we conclude that 

the elevated input of Cinorg to the sediment underneath the farm did not affect the DIC fluxes during 

this first year of establishment.  

Although the mineralization rates changed with season at both stations, elevated effluxes of 

CH4 and NH4+ suggest that the farm sediment was more reduced at all times. Shifts toward a 

higher proportion of anaerobic respiration and more reduced conditions in sediments below 

bivalve farms have been reported previously (e.g. Carlsson et al., 2009; Gilbert et al., 1997; 

Hargrave et al., 2008). Release of CH4 from the farm sediment the measured at all sampling 

occasion, following the same seasonal trend as DIC and NH4+, confirming that methanogenesis 

was active. Furthermore, the increased sedimentary NH4+ release at the farm may indicate 

reduced nitrification activity, possibly caused by O2 limitation or inhibition by hydrogen sulphide 

(Henriksen and Kemp, 1988; Joye and Hollibaugh, 1995). The trend of higher NO2- fluxes at the 

farm could also be a result of low O2 availability, since the first step of nitrification (NH4+ oxidation) 

is less sensitive to O2 deficiency than the second step (NO2- oxidation) (Henriksen and Kemp, 

1988).  

A small increase in organic matter deposition is expected to provide NH4+ for nitrification and 

thereby stimulate nitrification-driven NO3- reduction (Newell et al., 2002). Conversely, high loads 

of organic matter can lead to O2 depletion and inhibition of nitrification in the sediment, which may 

decrease NO3- reduction rates unless there is a sufficient supply of NO3- from the water column. 

Apart from the June (pre-settlement) sampling, the contribution of Dn and DNRAn to the total NO3- 

reduction approached 100 % both under the farm and at the reference station. It thus seems clear 

that nitrification was active, an observation supported by a sedimentary efflux of NO3- at all but 

one occasion. Despite the increase in nitrification-NO3- reduction rates, elevated NH4+ fluxes at 

the farm show that the nitrifying capacity of the microbal community did not increase at the same 

rate as the production of NH4+ from organic matter.  

The load of organic matter affects the rate of NO3- reduction as well as the partitioning between 

NO3- reduction processes. Studies from other marine environments have shown that organic-rich 

and reduced sediment conditions generally favor DNRA over denitrification (Christensen et al., 

2000; Giblin et al., 2013; Hardison et al., 2015; Kraft et al., 2014). Since denitrification constitutes 
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a sink for bioavailable nitrogen while DNRA retains nitrogen in a bioavailable form, the rates of 

and ratios between these processes strongly impact the fate of nitrogen in the marine environment 

(Kuypers et al., 2018; Thamdrup, 2012). Several studies have been aimed at investigating the 

effect of increased organic matter loading on NO3- reduction processes underneath bivalve farms. 

Reported results include increased denitrification rates (Carlsson et al., 2012), a dominance of 

DNRA but increases in both denitrification and DNRA rates (Erler et al., 2017; Gilbert et al., 1997; 

Lunstrum et al., 2018; Nizzoli et al., 2006), as well as decreased NO3- reduction rates (Carlsson 

et al., 2012; Christensen et al., 2003; Nizzoli et al., 2006). Although not all of these studies report 

bivalve density or sedimentation rates, the general trend points toward increased denitrification 

and DNRA rates at moderately impacted farm locations, while increases in DNRA rates are higher 

at strongly impacted farms or after pulses of organic matter input (e.g. phytoplankton blooms), 

thus agreeing with findings from other marine systems.  

In accordance with previous studies, we observed elevated DNRA rates in the farm, although 

the contribution from DNRA to the NH4+ flux was low (1-10 %). However, denitrification still 

dominated at both stations, even though the differences in denitrification and total NO3- reduction 

rates between stations were not statistically significant. The seasonal trends in denitrification and 

DNRA rates suggest that input of organic matter to the sediment was favoring these processes, 

either directly by the supply of an electron donor (organic matter) or indirectly by providing NH4+ 

for nitrification. The release of NO3- from the sediment suggests that lack of this electron acceptor 

was not limiting the NO3- reduction processes. However, due to the sediment heterogeneity and 

vertical distributions of the processes, it is possible that nitrification and NO3- reduction were 

spatially separated and that access to NO3- was in fact limiting. Inhibition of heterotrophic 

denitrification by hydrogen sulfide (Sorensen et al., 1980) or lack of electron donors for 

chemolithotrophic denitrification and DNRA (e.g. Caffrey et al., 2019; Roberts et al., 2014) could 

be other possible explanations for the apparent mismatch between nitrification and NO3- 

reduction. 

 

 
Benthic microalgae as a nutrient filter 

In this study, we measured higher concentrations of chlorophyll a and fucoxanthin at the 

reference station. While pigment concentrations are not easily converted to biomass or 

abundance (e.g. de Jonge, 1980), the observation indicates higher benthic algae biomass at the 

reference station. Light can be one factor affecting the abundance, since we did observe lower 

illuminance levels at the farm, likely due to shading from the superstructure or potentially reduced 
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backscatter from the sea floor as a result of relatively increased organic enrichment (Fogarty et 

al., 2018). Furthermore, the benthic solute fluxes suggested that the sediment environment at the 

farm site was more reduced and thus could have been harmful to benthic microalgae. 

It is unclear under what circumstances mussel farms affect benthic microalgae abundance, as 

previous studies have shown varying results. Christensen et al. (2003) found that the abundance 

of benthic microalgae was substantially lower under a mussel farm compared to a reference 

station. It has been suggested by these and other authors that shading cultivation units may 

decrease the amount of light reaching the seafloor under mussel farms, which would negatively 

impact benthic microalgae (Barranguet et al., 1996; Christensen et al., 2003; Franzo et al., 2014). 

Simultaneously, water transparency within the farm can in fact be significantly higher than ambient 

conditions, due to filtration of particles in the water column (Cranford, 2019). The transformation 

of higher concentrations of small particles (phytoplankton) into lower concentrations of larger 

particles (feces) within the farm may counteract some of the shading effect of the farm structure. 

The configuration of cultivation units, density of mussels, ambient suspended particle 

concentrations, and currents are all factors that can affect shading and fecal particle dispersion 

(Weise et al., 2009) and thereby have an effect on the light field conditions underneath mussel 

farms. In addition to decreased light, high sulfide concentrations in sediments under mussel farms 

have also been proposed to negatively impact benthic microalgae (Christensen et al., 2003). 

Despite many unfavorable environmental factors, Franzo et al. (2014) measured higher diatom 

abundance underneath an old mussel farm compared to a reference station. However, the relative 

abundance of certain diatom species differed between stations, as a species that prefer organic 

matter dominated under the farm while another species with higher light requirements was more 

common at the reference station.  

Differences in benthic microalgae abundance may have impacted solute fluxes at the two 

stations. The algae can affect sediment-water nutrient exchange directly by uptake of solutes, 

and indirectly through photosynthetic production of O2 which in turn regulates the sediment 

geochemistry. The lander incubations were effectively dark incubations and did not include the 

effect of primary production (i.e. uptake of DIC and production of O2). The DIC and O2 fluxes thus 

represent community respiration rates, which seem to have been equal at the two stations. It is 

worth noting that if the benthic microalgae biomass was indeed lower in the farm, the presented 

sediment-water fluxes could underestimate the effect of mussel farming on sediment-water fluxes. 

In light conditions, the uptake of nutrients and production of O2 would be expected to be higher at 

the reference station. The total nutrient release integrated over a daily cycle would then be even 

higher at the farm station. 
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Although light incubations were not conducted in this study, benthic microalgae could have 

affected the dark incubations as well. Benthic microalgae are able to continue the uptake of 

phosphorus and nitrogen in the dark (Clark et al., 2002; Cochlan et al., 1991; Cornwell et al., 

2014), so the higher release of DIP and NH4+ at the farm could have reflected a lower algae 

abundance at that location. Furthermore, production of O2 during light hours can contribute to the 

formation of iron(III)-oxides, which continue to act as a DIP trap during dark conditions (Cornwell 

et al., 2014). The effect of benthic microalgae on the removal of bioavailable nitrogen is more 

complicated. Production of O2 can increase nitrification, potentially benefiting NO3- reducing 

organisms (Risgaard‐Petersen, 2003; Risgaard‐Petersen et al., 1994). At the same time, benthic 

microalgae compete with nitrifying and NO3- reducing organisms for substrate in nitrogen-limited 

systems (Risgaard‐Petersen, 2003; Risgaard‐Petersen et al., 1994; Sundbäck et al., 2004). 

Previous studies show that coupled nitrification-denitrification is generally suppressed in settings 

with benthic microalgae, thereby lowering the removal of nitrogen through denitrification 

(Risgaard‐Petersen, 2003). In this study, the elevated NO3- reduction rates at the farm station 

were driven by increases in Dn and DNRAn. It is thus possible that a lower benthic microalgae 

abundance under the farm decreased the competition for substrate, and favored NO3- reduction. 

However, NO3- assimilation by benthic microalgae has been shown to be a more efficient nitrogen 

sink than sedimentary denitrification, even at deeper sites than those in this study (Risgaard‐

Petersen, 2003; Sundbäck et al., 2004). This balance between benthic microalgae and 

denitrification thereby needs to be taken into account when evaluating changes to the sediment 

biogeochemistry. Our results are thus in line with those from Christensen et al. (2003), suggesting 

that loss of the benthic microalgae filter function could increase the sedimentary nutrient release 

under bivalve farms.  

 

Ecosystem implications 
The total releases of DIP and dissolved inorganic nitrogen (DIN; NH4+ + NO2- + NO3-) were 6.8 

and 3.8 times higher at the farm than at the reference station, respectively, when integrated over 

the production period (291 days) and the area affected by mussel biodeposition (19.25 ha, 

assuming deposition up to 50 m from the canopy edge (Hartstein and Stevens, 2005); Table 1, 

Supplementary material). The increased release of DIP and DIN immediately underneath the farm 

thus amounted to 352 % of the phosphorus and 54 % of the nitrogen removed by mussel harvest. 

Furthermore, bioavailable nitrogen was removed less efficiently at the farm, where the 

denitrification efficiency (N2-N/(N2-N + DIN) x 100 %, sensu Eyre and Ferguson (2002)) was 
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diminished by half relative to the reference site. However, regression estimates for the integrated 

flux models exhibited generally weak correlations and high variability, particularly in farm data 

points (Supplementary material). The integrated flux estimates should therefore be interpreted as 

general trends in the degree of difference between the farm and reference site. Still, these results 

evoke questions about the effect of mussel farming on an ecosystem scale. 

In eutrophic basins, it is a fundamental goal to reduce the total nutrient loads on the system, 

whether they are regularly introduced from the watershed, atmosphere, or internal loads from 

legacy pools. As mussels feed on suspended organic matter present within the ecosystem, their 

active feeding and growth reduces the total load of organic matter from the system (Timmermann 

et al., 2019). Nutrients transported by suspended organic matter are transformed by mussels into 

somatic tissues, metabolic byproducts (i.e. NH4+, DIP), and solid/semi-solid fecal waste. One 

fraction of this nutrient pool is removed when mussels are harvested, while other fractions are 

buried or transferred to further ecological processes, namely the regeneration of organic matter 

or removal by denitrification (Petersen et al., 2019). At the ecosystem or basin-scale, bivalves 

function both as sinks (harvest and denitrification) and sources (enhanced organic matter 

degradation and DNRA) of nutrients within the system (Jansen et al., 2019; Newell et al., 2002). 

Although the increased benthic recycling of nutrients underneath the mussel farm could 

counteract attempts to mitigate eutrophication, several factors will affect the total ecosystem 

impact of the farm. First, the fates of the recycled nutrients are unclear. Release of DIN and DIP 

from mussel farms into the water column can stimulate phytoplankton growth further afield (Hulot 

et al., 2018). However, this has yet to be demonstrated in situ as water column chlorophyll a 

concentrations around mussel farms typically are reduced relative to reference conditions 

(Cranford, 2019). One possible fate of the released DIN is removal within the suspended canopy, 

as the high surface area in 3D and availability of interstitial organic matter can promote 

denitrification (Kaspar et al., 1985; Nizzoli et al., 2006). This relocation of denitrification could 

potentially balance the decrease in sedimentary denitrification observed here and in other bivalve 

farms (Carlsson et al., 2012; Lunstrum et al., 2018). Second, decreased sedimentation rates in a 

larger part of the basin can compensate for increased deposition of organic matter underneath a 

mussel farm (Timmermann et al., 2019). Increased sedimentation rates can in turn lead to a higher 

burial efficiency (fraction of organic matter input that is buried; (Blair and Aller, 2012)) and an 

increased sink of bioavailable nutrients. Organic matter burial efficiencies underneath mussel 

farms could thus substantially influence the net removal of bioavailable nutrients; yet, to the best 

of our knowledge, the topic has not been studied sufficiently and should be a focus of future 

investigations.  
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In this study, removal of nutrients at mussel harvest compensated for the increased 

sedimentary release of DIN, but not DIP. Relative to nitrogen, a larger proportion of the ingested 

phosphorus is excreted by the mussels (Jansen et al., 2012), which will lead to enrichment and 

possibly enhanced recycling of phosphorus underneath mussel farms. The enhanced recycling 

of phosphorus suggests that mussel farms may not be efficient tools to mitigate eutrophication in 

phosphorus limited systems, where other mitigation mechanisms may be more suitable. 

Alternatively, if mussel farms are established, extensive monitoring should be undertaken to 

quantify and avoid adverse environmental effects. 

 

Table 1. Integrated sediment fluxes. Release of DIP and DIN and denitrification, integrated over the production period 
(231 days) and calculated for an area of 19.25 ha. The denitrification efficiency were calculated from the DIN release 
and the denitrification.  

Station DIP release  
(kg P) 

DIN release  
(kg N) 

Denitrification  
(kg N)  

Denitrification efficiency  
(%) 

Farm 2186 7383 318 4.13 

Reference 322 1963 162 7.62 
 

 

Conclusions and future outlook 
In this study, we investigated biogeochemical changes and solute exchange in sediment below 

a mussel farm under the first year of establishment. Impacts at this site were generally low, but 

sedimentation rates were elevated directly underneath the farm and DNRA rates and fluxes of 

NH4+ and DIP were higher at the farm site compared to a nearby reference site. Furthermore, 

sediment pigment data suggested that the benthic microalgae biomass was lower underneath the 

farm. Our study points to the importance of benthic microalgae as ecosystem engineers in these 

settings. Long-term effects of bivalve farming on the role of benthic microalgae as a nutrient filter 

are currently unknown and require investigation. 

While local conditions and cultivation practice will determine the degree and extent of benthic 

impacts from mussel farming, sedimentary nutrient cycles can be negatively affected already 

during the first year of production. The results presented here suggest that over the whole 

production cycle, relatively small increases in the sedimentary releases of DIN and DIP under 

mussel farms can decrease or offset the removal of bioavailable nutrients through harvest. 

Although other potential changes to the system have to be taken into account, these results 

highlight the need to classify the sensitivity of benthic habitats in the local system before 

establishment of a farm. In many environments, it can be expected that consecutive years of 
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production will promote localized hypoxic conditions and further increase the sedimentary release 

of bioavailable nutrients. An understanding of how sedimentary processes underneath mussel 

farms change over time should be used in conjunction with monitoring to accurately assess 

environmental impacts. This would allow informed management decisions and efficient use of 

mussel farms as tools to mitigate coastal eutrophication. 
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Table S1. Bottom water conditions at the farm and reference sites, measured by the benthic chamber landers. 
Temperature and salinity values are the range measured in the ambient bottom water, O2 values are averages of the 
initial chamber concentrations (± sd, number of chambers within brackets). * 3 deployments of the small lander (2 
chambers); otherwise simultaneous deployments of the big lander (4 chambers) and the small lander.  

Sampling 
occasion Station Temperature (°C) Salinity O2 (μM) 

June 2017 Reference 9 – 12 27.5 – 29.5 197 ± 7 (6) 

 Farm 11 – 15 26 – 28.5 226 ± 11 (6) 

July 2018 Reference 12 – 16 25.5 – 28.5 251 ± 11 (5) 

 Farm 13 – 15 26.5 – 28.0 232 ± 15 (5) 

October 2018 Reference 12.5 – 13.0 25.2 – 25.4 218 ± 6 (4) 

 Farm * 11.5 – 12.5 24.8 – 25.4 218 ± 6 (6) 

February 2019 Reference* 4.6 – 5.1 24.6 – 27.6 238 ± 2 (6) 

 Farm * 4.3 – 5.2 25.4 – 27.8 228 ± 18 (6) 
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Table S2. Results from the type III ANOVA of sediment-water solute fluxes. a) Oxygen (O2), dissolved inorganic 
carbon (DIC) and dissolved inorganic phosphorus (DIP). b) Ammonia (NH4+), nitrite (NO2-) and nitrate (NO3-). *2 for 
NO2-. 

a)              
  O2    DIC    DIP    

Source NumDf DenDf MS F p DenDf MS F p DenDf MS F p 

Station = S 1 8.583 0.048 1.03 0.37 10.42 1.211 2.25 0.16 26 1.088 9.97 <0.01 

Time = T 3 8.571 1.241 26.45 <0.001 10.453 2.011 3.74 <0.05 26 0.081 0.75 0.53 

S * T 3 8.571 0.029 0.62 0.62 10.453 0.362 0.67 0.59 26 0.258 2.36 0.09 

Residual   0.047     0.538   0.109   

b)              
  NH4+    NO2-    NO3-    

Source NumDf DenDf MS F p DenDf MS F p DenDf MS F p 

Station = S 1 32 1.575 23.87 <0.001 0.944 0.0081 7.09 0.24 4 0.0774 2.79 0.17 

Time = T 3 32 0.433 6.55 <0.01 2 0.005 4.35 0.19 4 0.4845 17.47 <0.01 

S * T 3* 32 0.101 1.52 0.23 2 0.003 2.63 0.28 4 0.1419 5.12 0.07 

Residual   0.066     0.0011   0.0277   

 

 

 

Table S3. Results from the type III ANOVA of nitrate (NO3-) reduction rates. a) Total NO3- reduction and dissimilatory 
NO3- reduction to ammonium (DNRA). b) Denitrification and nitrification-driven denitrification (Dn). 

a)          
  Total NO3- reduction  DNRA    

Source NumDf DenDf MS F p DenDf MS F p 
Station = 
S 1 17 73.06 1.47 0.242 18 282.25 16.49 <0.001 

Time = T 3 17 37.04 0.745 0.54 18 85.84 5.01 <0.05 

S * T 3* 17 13.88 0.279 0.76 18 28.98 1.69 0.2 

Residual   49.71    17.12   

b)          
  Denitrification Dn    

Source NumDf DenDf MS F p DenDf MS F p 
Station = 
S 1 22 96.45 2.33 0.14 22 61.12 1.62 0.22 

Time = T 3 22 34.35 0.83 0.49 22 41.3 1.1 0.37 

S * T 3 22 15.16 0.37 0.78 22 15.6 0.41 0.74 

Residual   41.43    37.66   
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Table S4. Results from the ANOVA of sedimentation rates of total particulate matter (TPM) and particulate organic 
matter (POM). 

TPM POM 
Source df MS F p MS F p 

Station = S 2 1.06 1.34 0.31 0.059 1.94 0.19 
Time = T 3 38.5 26.4 <0.01 1.37 25.4 <0.01 
S * T 6 0.48 0.60 0.73 0.029 0.93 0.51 
Sampling(Time) = Sa(T) 5 1.46 39.4 <0.001 0.054 5.45 <0.01 
S*Sa(T) 10 0.8 21.5 <0.001 0.031 3.1 <0.01 
Site(Sampling, Time, Station) 27 0.04 2.48 <0.01 0.01 2.87 <0.001 
Residuals 54 0.02 0.003 

Table S5. Results from the ANOVA of pigment content in the sediment. 

Chlorophyll a Fucoxanthin Pheopigment 

Source df MS F p MS F p MS F p 
Station = 
S 1 42.27 5.71 <0.05 14.06 4.98 <0.05 2.18 0.36 0.56 

Time = T 2 1.62 0.22 0.81 2.99 1.06 0.38 55.6 7.03 <0.01 
S * T 2 7.08 0.96 0.41 1 0.35 0.71 19.59 2.48 0.13 
Residuals 12 7.4 2.82 7.91 

Table S6. Results from the ANOVA of lux values measured 50 cm from the sea floor. 

Lux 
Source df SE F p 

Station = S 1 13.404 6.108 0.0135 
Time = T 2 19.597 480.219 <0.001 
S * T 2 27.74 81.36 <0.001 

edf df residuals 

s(time of day) 8.621 8.956 229.8 <0.001 
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Figure S1. Current roses from the July 2018. Roses are presented from the upper half and lower half of the water 
column. Vertical profiles of current magnitude for each station are presented below the roses. 
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Figure S2. Current roses from the October 2018 campaign. Roses are presented from the upper half and lower half of 
the water column. Vertical profiles of current magnitude for each station are presented below the roses.
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Figure S3. Current roses from the February 2019 campaign. Roses are presented from the upper half and lower half 
of the water column. Vertical profiles of current magnitude for each station are presented below the roses. 
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Figure S4. Sediment porosity profiles from the farm and reference (Ref.) station. Circles show average values, error 
bars show standard deviations.
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Calculation of total sedimentary nitrogen release 

The denitrification rates, DIN, and DIP fluxes were integrated over the production period (231 
days). Linear or quadratic polynomial trends were fit to median flux rates (µmol solute m-2 d-1) 
from each campaign, where linear fits were selected if no improvement in the correlation 
coefficient (R2). Mass fractions were subsequently calculated for each integral. 

Formulae for budget calculations: 

Denitrification farm  ∫ 676.43927 −  1.4379821𝑥𝑥 ∗ 𝑑𝑑𝑥𝑥 =  117891.4231
0  

R2 = 0.568, RMSE = 144.11, F2,8 = 9.197 p = 0.019 

Denitrification ref.  ∫ 223.9923 +  0.3133869𝑥𝑥 ∗ 𝑑𝑑𝑥𝑥 = 60103.54 231
0

R2 = 0.618, RMSE = 122.82, F2,8 = 6.465 p = 0.0213 

NH4+ farm ∫ 14064.81 − 7.846021𝑥𝑥 −  0.5862893 ∗ (𝑥𝑥 − 113.294)2 ∗ 𝑑𝑑𝑥𝑥 = 2436740 231
0

R2 = 0.247, RMSE = 4708.8, F2,14 = 3.618 p = 0.0541 

NH4+ ref. ∫ 3283.8982 − 11.264434𝑥𝑥 ∗ 𝑑𝑑𝑥𝑥 = 458039.8 231
0

R2 = 0.546, RMSE = 1090.4, F2,13 = 15.633 p = 0.0016 

NO2- farm ∫ 309.54578 +  0.4213801𝑥𝑥 −  0.0183337 ∗ (𝑥𝑥 − 92.5)2 ∗ 𝑑𝑑𝑥𝑥 = 61674.98 231
0

R2 = 0.542, RMSE = 104.21, F2,3 = 3.96 p = 0.144 

NO2- ref. ∫ 75.713713 −  0.069109𝑥𝑥 −  0.0016247 ∗ (𝑥𝑥 − 111.75)2 ∗ 𝑑𝑑𝑥𝑥 = 13971.84 231
0

R2 = 0.143, RMSE = 63.253, F2,8 = 0.084 p = 0.9256 

NO3- farm ∫ 705.42091 + 0.1014692𝑥𝑥 +  0.0557235 ∗ (𝑥𝑥 − 79.2857)2 ∗ 𝑑𝑑𝑥𝑥 = 239780.1 231
0

R2 = 0.254, RMSE = 926.06, F2,4 = 0.6827 p = 0.556 

NO3- ref. ∫ −867.6157 +  13.448713𝑥𝑥 +  0.0948479 ∗ (𝑥𝑥 − 111.75)2 ∗ 𝑑𝑑𝑥𝑥 = 256135 231
0

R2 = 0.997, RMSE = 157.33, F2,1 = 145.764 p = 0.0059 

DIP farm ∫ 714.93744 +  6.3613𝑥𝑥 +  0.0307873 ∗ (𝑥𝑥 − 113)2 ∗ 𝑑𝑑𝑥𝑥 = 366542.4 231
0

R2 = 0.172, RMSE = 1495.94, F2,12 = 1.246, p = 0.3223 

DIP ref. ∫ 363.74656 −  1.377315𝑥𝑥 +  0.0054104 ∗ (𝑥𝑥 − 103.636)2 ∗ 𝑑𝑑𝑥𝑥 = 54011.5 231
0

R2 = 0.618, RMSE = 122.82, F2,8 = 6.465 p = 0.0213 
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