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using operational oceanographic
model outputs
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Deirdre McElligott1, Simona Paolacci1,7, Julie Maguire1,
Antoine Mangin3 and Philippe Bryère3,4

1Bantry Marine Research Station, Gearhies, Co., Cork, Ireland, 2Ecodiversity Ltd., Schull, Co.,
Cork, Ireland, 3ACRI-ST, Sophia-Antipolis, France, 4ARGANS, Ltd., Brest, France, 5Cofrepeche,
Paris, France, 6Région Hauts-de-France, Lille, France, 7AquaBioTech Group, Mosta, Malta
Large-scale seaweed and shellfish aquaculture are increasingly being considered

by policymakers as a source of food, animal feed and bioproducts for Europe.

These aquacultures are generally thought to be low impact or even beneficial for

marine ecosystems as they are ‘extractive’ – i.e., growing passively on foodstuff

already available in seawater, and with potential habitat provision, fisheries,

climate mitigation and eutrophication mitigation benefits. At some scale

however, over-extraction of nutrients or chlorophyll could potentially have a

negative effect on natural systems. Understanding the likely impacts of

aquaculture production at scale is important to identify when safe limits are

being approached. Taking seaweed aquaculture as the primary focus, this work

uses operational oceanographic model outputs to drive prognostic growth

models to predict the likely optimal distribution of seaweed farms across

European waters to meet different production scenarios. A novel nutrient

transport scheme is then used to model the interacting ‘footprints’ of nutrient

drawdown from aquaculture facilities to demonstrate the likely spatial impact of

large-scale aquaculture. Evaluation of both seaweed and shellfish contributions

to CO2 balance under large scale production, and the potential impact on

fisheries are also considered. The study finds that the impact of intensive

seaweed aquaculture on nutrient availability could be significant where many

farms are placed close together; but at the regional/basin scale even the highest

level of production considered does not significantly impact total nutrient

budgets. Seaweed aquaculture has the potential to extract large amounts of

carbon dioxide, but the impact on carbon budgets depends on the end-use of

the extracted seaweed. Shellfish aquaculture is a net source of CO2 due to the

impact of calcification of shells on the carbonate system (i.e., alkalinity removal).

However, gram-for-gram the CO2 impact of shellfish production is likely to be

less than the impact of land-based meat production. Whilst operational
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oceanographic models are useful for taking a ‘broad brush’ approach to likely

placement and impacts of aquaculture, reliable yield predictions for individual

locations across European waters would require models integrating more

physical and biogeochemical factors (wave environment, local currents,

riverine inputs) at a finer scale than currently achievable.
KEYWORDS

extractive aquaculture, macroalgae cultivation, nutrients, carrying capacity,
environmental impacts, numerical modelling
1 Introduction

Aquaculture plays a major role in developing strategies to address

food security because it provides a relatively sustainable and renewable

source of food (FAO, 2016). Global aquaculture production increased

by 527% between 1990 and 2018 (FAO, 2016), however, Europe

contributed very little to this increase (Gutiérrez et al., 2020). Marine

aquaculture in Europe generated €2.73 billion in 2018 (Carvalho et al.,

2018). Diadromous fishes are the species most produced in Europe,

followed by molluscs, with macroalgae representing only 0.1% of the

aquaculture production in Europe (Hough, 2022).

Seaweed and shellfish aquaculture is extractive, i.e. it removes

naturally occurring food sources (inorganic nutrients, organic

matter) from seawater, compared to finfish aquaculture which is

maintained by addition of food (Buck et al., 2017). As such, both

seaweed and shellfish aquaculture are generally considered to be low

impact compared to caged fish farms and can in many cases have a

net positive impact on the marine ecosystem via the provision of a

range of ecosystem services. For example, macroalgae cultivation

has the potential to mitigate climate change (Duarte et al., 2017) by

absorbing CO2 from water. Its use as a CO2 removal mechanism for

climate mitigation has been proposed (Lehahn et al., 2016; Moreira

and Pires, 2016; Krause-Jensen et al., 2018), but largely depends on

the fate of the seaweed grown i.e. most of the CO2 captured is

released back into the atmosphere if the seaweed is eaten or

ultimately decomposed. Seaweed also improves water quality (e.g.,

Neori et al., 1993), positively impacts biogeochemical cycling,

primary production and food web dynamics (Ramus, 1992; Xie

et al., 2017), provides nursery grounds and habitat for fish (e.g.,

Theuerkauf et al., 2022) and protects coasts and biodiversity

(Sugumaran et al., 2022).

Shellfish can also act to remove excess nutrients via uptake of

particulate organic nitrogen (Buck et al., 2017) and improve water

clarity/quality (e.g., Capuzzo et al., 2015). However, shellfish are

also typically a net source of CO2 to the atmosphere due to the effect

of calcification during shell formation removing alkalinity and

therefore reducing the capacity of the ocean to store CO2 (Li

et al., 2021; Yang et al., 2021). However, any net negative impact

on CO2 must be weighed against the impact of other protein

production systems such as land-based animal sources.
02
Both shellfish and macroalgal farms can potentially have

negative effects on the environment, in certain locations or levels

of intensity (Campbell et al., 2019; Kelly et al., 2020). For example,

the removal of nutrients or chlorophyll below the natural

background level may impact natural macro- and micro-algal

populations and/or the biogeochemistry or food webs of natural

systems (Campbell et al., 2019). There is some evidence of nutrient

depletion in areas of China where Saccharina japonica (formerly

Laminaria japonica, Phaeophyceae) is cultured (UNDP/FAO,

1989). Removal of large amount of nutrients from the water

reduces their availability to phytoplankton and other naturally

occurring primary producers with consequent effects on the food

chain. Therefore, it is important to consider potential impacts when

developing new extractive aquaculture activities, particularly when

there is a large scale of ambition.

The scale at which extractive aquaculture is likely to have

negative impacts on the surrounding environment is not well

understood. Aldridge et al. (2021) defined the level at which

seaweed aquaculture could begin to impact local phytoplankton

populations as the density of seaweed at which demand for nitrogen

is the same for seaweed as for the natural phytoplankton

population. Their modelling study in Strangford Loch (Northern

Ireland) suggests that only at very large farm size (>10000 of 100m

lines of S. latissima) would this criterion be approached. Abhilash

et al. (2019) compared nutrient concentrations, pH, salinity and

chlorophyll in areas surrounding a Kappaphycus alvarezii

(Rhodophyta) farm in India, before during and after farm

deployment and found no impact of the farm overall. Visch et al.

(2020) investigated the environmental impact of Saccharina

latissima (Phaeophyceae) farming in Sweden. The authors found

that benthic oxygen flux, dissolved nutrient concentrations, and

benthic mobile fauna did not differ between the area surrounding

the farm and an area located at between 1.8 and 2.7 km from the

farm (the control). Moreover, the authors found that the farm

positively affected the benthic infauna and attracted pelagic mobile

fauna. Other studies also find no or minimal impact of shellfish and

seaweed farming on the surrounding marine environment (Zhang

et al., 2009; Buschmann et al., 2014). However, as highlighted by the

authors of these studies, the larger the scale of farming, the more

likely are adverse impacts. As the scale of aquaculture in a region
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increases this could not only impact the natural marine

environment but overall nutrient reduction could lead to impacts

on farm productivity, both within and between farms.
2 Background, aims and objectives

2.1 Seaweed and shellfish productivity,
uses and benefits

Most of the seaweed farmed in the world are consumed as food

(Sugumaran et al., 2022). They are also a source of phycocolloids

such as agar, carrageenan and alginates (Chopin and Tacon, 2021);

fibres and protein for livestock feed (Makkar et al., 2016); and

compounds for pharmaceutical and cosmetic uses (Zhang and

Wang, 2015; Couteau and Coiffard, 2016; Hitoe and Shimoda,

2017). The use of seaweed as a source of biofuel is also under

investigation (Cassani et al., 2022) and there is potential for the use

of seaweed for the production of biopolymers that can replace

petroleum-based plastics (Farhan and Hani, 2017; Lim et al., 2021).

China is responsible for approximately 2/3 of global seaweed

production (Zheng et al., 2019). In Europe, wild harvesting of

seaweed has been the main source of macroalgal biomass to date

(Buschmann et al., 2017). However, the European Commission is

actively promoting production and consumption of seaweed in

Europe. The EU Directorate General responsible for EU policy on

maritime affairs and fisheries (DG MARE), is currently focusing on

the development of an EU Algae Strategy. The aim of DGMARE is to

identify areas where macroalgae cultivation can be used to contribute

to the Green Deal. Moreover, the strategy will aim to exploit the

potential of algae sector to contribute to the development of a

sustainable European Blue Economy (Bermejo et al., 2022).

Global shellfish aquaculture has increased by 10-fold from 1985

to 2018. This industry generated an income of USD 104.55 billion in

2018 (Azra et al., 2021). Culture of bivalve molluscs in Europe

represents an important commercial sector. It is estimated that 625

tonnes of shellfish were produced in Europe in 2017, generating

EUR 1.26 B (EU, 2019). Mussels are the bivalves most farmed in

Europe representing 35% of total aquaculture production, followed

by oyster (7%) and clams (3%) (EU, 2019).

Production of filter-feeding species can contribute enormously

to food security for the rapidly growing world population (FAO,

2016). These species require neither land nor fertilization and they

are considered an important source of animal proteins with the

potential, through species diversification, to improve nutrition

(FAO, 2016). Shellfish are rich in proteins, essential amino acids,

bioactive peptides, long-chain polyunsaturated fatty acids,

astaxanthin, and other carotenoids and vitamin B12. Shellfish are

also an important source of a minerals such as zinc, potassium,

selenium and iodine (Venugopal and Gopakumar, 2017). The

presence of other bioactive compounds in marine mussels have

also been demonstrated and their use in non-food industries is

currently under investigation (Grienke et al., 2014).

Shellfish aquaculture attends to two important UN Sustainable

Development Goals: minimizing biodiversity loss and achieving
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sustainable food production (Blanchard et al., 2017). Shellfish

aquaculture can create shelter and foraging ground for other

marine organisms. Farmed shellfish can also promote the growth

of wild shellfish with consequent secondary effect on coastal

protection and biodiversity (Suplicy, 2020).
2.2 European policy landscape and
motivation for study

Extractive aquaculture in European waters has the potential to

feed populations and provide raw materials and growth to the

bioeconomy. Furthermore, transfer of production of food, feed,

pharma and fuel from land to more sustainable production

methods offshore has land-use and associated biodiversity benefits

as well as the potential direct ecosystem services benefits outlined

above. However, key questions have been identified within the

policy community regarding the relative benefits vs disbenefits of

large-scale aquaculture and in particular what level of productivity

can be achieved before risks outweigh the gains.

Campbell et al. (2019) identify potential negative impacts of

large-scale seaweed farming and key knowledge gaps. We focus here

on nutrient extraction, one of the high-risk potential impacts

identified in their study. The removal of nutrients has the

potential to change community structure and ‘undermine’ the

food chain (Campbell et al., 2019) and thereby impact on fin

fisheries as well as the wider marine ecosystem. Likewise,

particulate organic matter extraction by shellfish could

conceivably have a similar effect. These direct effects of the

extraction of food from the natural environment are difficult to

mitigate against, other than by the strategy of targeting locations

where eutrophication or hyper-nutrification artificially increase

nutrient and phytoplankton levels and so extraction can be

considered to be a beneficial consequence (Campbell et al., 2019).

However, the degree to which productivity can be limited to low/

positive impact locations whilst also meeting high-yield targets for

seaweed and shellfish production is unknown. The potential

impacts of both seaweed and shellfish aquaculture on carbon

emissions when conducted at scale are also of key importance

to policymakers.

The current state-of-the-art for broad-domain evaluation of

seaweed or shellfish growth potential to inform policy and decision

making is to use ‘suitability indices’. These rate coastal ocean areas

on the basis of a number of measures of suitability and ultimately

give each location a score to indicate potential suitability (e.g.

Theuerkauf et al., 2019; Thomas et al., 2019). Such approaches

are able to evaluate a wide range of factors - both environmental

limits to growth (nutrients, temperature, flow rate), environmental

technical constraints (water depth, wave height) and socio-

economic factors (workforce availability, distance from land,

competing uses etc.). What they cannot address is nutrient

uptake, greenhouse gas balance or potential impact of nutrient

uptake on fisheries or downstream aquaculture farms. To evaluate

these quantitative effects, realistic spatially-resolved estimates of

yield potential are needed.
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2.3 Scales of impact

The spatial and temporal scale of the potential direct impacts of

nutrient extraction by macroalgae are governed by hydrodynamics

and biogeochemistry. Transport and subsequent mixing of

nutrient depleted water with unaffected water will act to restore

nutrientconcentrations (defined here as ‘hydrodynamic nutrient

restoration’), as willnitrogen cycling (‘biogeochemical nutrient

restoration’). If the timescale of biogeochemical nutrient restoration

is sufficiently slow under a given set of conditions, then we would

expect mixing to dominate the spatial scale of impact. Conversely

biogeochemistry might control this scale if it is relatively rapid, or if

the hydrodynamic nutrient restoration is impaired by multiple other

seaweed farms, for instance. This would be the same for any extracted

substance which is subject to biogeochemical cycling e.g., dissolved

inorganic carbon or chlorophyll. Whilst processes and rates might

vary (dissolved inorganic carbon, for example, being subject to air-sea

exchange of CO2), given a characteristic timescale it is in theory

possible to compare biogeochemical and hydrodynamic restoration

to determine the ultimate mitigator of an extraction signal resulting

from a farm.

The effect of alkalinity removal by shellfish growth, however,

cannot be rebalanced biogeochemically or at any scale of dilution.

One mole of alkalinity is removed from the ocean for every mole of

calcium carbonate precipitated and thus less CO2 can be taken up

by the ocean (by a factor dependent on buffering capacity of the

carbonate system) (Frankignoulle et al., 1994). The only way to

restore the system to its previous state is to add back a mole of

alkalinity (e.g., by dissolving a mole of CaCO3). Therefore, the

argument that is sometimes made that the alkalinity removal effect

of shellfish can be mitigated by their uptake of inorganic carbon or

via DIC uptake by downstream seaweed farms (integrated

multitrophic aquaculture) is false. Whilst the local effect on CO2

uptake might be mitigated by DICmanagement (e.g., Li et al., 2021),

the effect of alkalinity addition is global.
2.4 Aims and objectives

This paper focusses specifically on the European region, its aim

being to contribute to the evidence base for European policymakers

regarding the potential for extractive aquaculture in European seas

to meet food and other needs of the European population,

environment, and economy without leading to unacceptable

negative effects. Specifically, it aims to answer questions over the

possible impacts of large-scale extractive aquaculture at particular

yield targets, on nutrients, carbon emissions and fisheries.

There are few examples of aquaculture yield prediction over wide

spatial areas in the literature, beyond broad extrapolations from

simple assumptions. Typically, mechanistic or statistical modelling-

based predictions of potential yields have only been made in localised

areas e.g., embayments or limited areas of open coast e.g (Broch et al.,

2019; Aldridge et al., 2021); or in a few cases at the sub-basin scale

(Van Der Molen et al., 2018; Kotta et al., 2022). One study does

present an analysis of potential yield of macroalgae globally, by
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application of a mechanistic model to geospatial environmental

data (Lehahn et al., 2016). While a predictive, mechanistic

modelling approach at this scale has significant uncertainty

associated, not least due to the challenges of validation, it is

nonetheless a potentially valuable tool in evaluating potential yields

and impacts of aquaculture at the continental scale.

In order to be i) tractable in terms of human- and computer-

resource use, ii) consistent across the European domain and iii)

reproducible and easily updated; yield modelling would ideally be

driven by operational data. In this case, operational means

geospatial data that is complete (i.e., no missing data), validated

and updated automatically. Furthermore, potential yields must be

predictable by a generalised model i.e., not relying on local

adjustments or knowledge to ‘tweak’ the model. Minimum viable

models are needed, with the fewest input data requirements. Simple

growth models which can represent multiple species through

modifying parameter values will maximise the robustness of

the results.

In this study we use published seaweed and shellfish growth

models to predict potential extractive aquaculture yields in

European waters and a nutrient transport scheme to investigate

the impacts of large-scale seaweed farming on local nutrient

concentrations and regional nutrient budgets with particular

focus on potential fisheries impacts.

The specific objectives of the study are:
- To develop a computationally efficient geospatial analysis

framework for predicting seaweed and shellfish aquaculture

potential yields and impacts using operational

oceanographic model output.

- To use yield predictions to allocate seaweed or shellfish farms

to meet high-yield targets for European extractive

aquaculture production.

- To quantify the impact of nutrient uptake by seaweed farms

on local and regional nutrient concentrations and provide

an estimate of how productivity of ‘downstream’ seaweed

farms might be impacted by reduced nutrient availability in

the large-scale seaweed aquaculture scenarios.

- To quantify the direct impact on CO2 emissions of extractive

seaweed and shellfish aquaculture.

- To outline the steps needed to improve qualitative and

quantitative estimates of biomass yield, farm interactions

and impacts achieved by this approach.
3 Methods

3.1 Input data

The seaweed growth model (Section 3.2) takes as input

temperature, current velocities, nitrate, ammonium, phosphate,

and PAR fields. Current velocity fields are also used in the

advection model. The shellfish model (Section 3.3) requires

chlorophyll-a, current velocities and temperature.
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All data except the PAR (Photosynthetically Available

Radiation) were sourced from the Copernicus Marine Service

(CMEMS - https://resources.marine.copernicus.eu/products), the

data used originating from large-scale hydrodynamic and coupled

biogeochemical model runs which are run operationally by various

modelling centres around Europe and the latest validated data made

available through CMEMS. Henceforth we will refer to these

downloaded model outputs as ‘CMEMS model outputs’ for

brevity. PAR was downloaded from the OceanColor data

provided by NASA (https://oceancolor.gsfc.nasa.gov/l3). Daily

data were used for all the forcing parameters, except for PAR, for

which month-averaged data were used, due to data availability.

CMEMSmodel output data are provided by areas (Arctic, Baltic

Sea, Northwest Shelf, Iberia-Biscay-Ireland, Mediterranean Sea and

Black Sea). Data extraction and growth model runs were conducted

separately for each area. For all the areas except the Baltic Sea we

used analysis and forecast 2021 data, as this was the most

commonly available year across all areas. During the runs on the

Baltic Sea we used reanalysis 2020 data. The analysis and forecast

model outputs for the Baltic were found to have unrealistically high

nutrient concentration and were therefore not useable. Reanalysis

data was only available up to 2020. Full details of the originating

models are provided in the Supplementary Material Table 1.1.
3.2 Macroalgal growth model

Macroalgal growth was modelled using a modified version of the

multi-species growth model presented by Hadley et al., (2015). The

model currency is nitrogen and the key state variables of the model

are related to the quantity of seaweed nitrogen per unit volume of

seawater. Seaweed in the model is able to uptake nutrient nitrogen

into an internal store from where it is fixed into new biomass, rate

limited by nutrient availability, temperature and light. Full details of

model equations and setup are presented in Section 3 of the

Supplementary Material. Alternative, more complex models using

frond area to quantify seaweed growth and nutrient interactions are

commonly used (e.g. Broch and Slagstad, 2012) and may be more

refined than the per-unit-volume approach but present significant

challenges in terms of additional complexity, which is undesirable

when applying a model over a wide spatial domain as in this work.

Applying the model to a large seaweed farm requires accounting

for the quantity of nutrient taken up within the farm (i.e., where

productivity is high, uptake in one part of the farm may affect the

nutrient availability downstream in the farm). In order to make the

model computationally tractable when running across the whole of

European waters, the whole farm is considered as a single box in

which the model operates, with parameterisations of water flow,

nutrient availability and spacing between notional lines of seaweed

accounting for average nutrient availability within the farm (See

Section 3 of the Supplementary Information).

3.2.1 Species selection and parameterization
The present study focuses on three commonly farmed species of

seaweed: Saccharina latissima, Alaria esculenta (both brown algae)
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and the green species Ulva lactuca. S. latissima was chosen because

it is the most cultivated species in Europe and also the most studied

(e.g. Bermejo et al., 2022). A. esculenta, also commonly farmed and

studied, was included as an alternative kelp species that can be

grown successfully at lower nutrient concentrations and colder

temperatures than S. latissima (Buggeln, 1978). U. lactuca was

selected for its tolerance to a broad range of temperature and

nutrient concentrations. This ubiquitous species is mostly farmed

in land-based facilities but lately its potential for near-shore or even

deep ocean cultivation is gaining increasing attention (Lehahn et al.,

2016; Steinhagen et al., 2021). Parameter values for each species

were selected from a synthesis of literature values and are presented

in Tables 4–6 of Section 3 of the Supplementary Material.

3.2.2 Tuning and validation
Tuning of the model was undertaken using time-series data for

the growth of A. esculenta and S. latissima in Bantry Bay (IDREEM

project, Pers. Comm.). Details are provided in section 3.2.7 of the

Supplementary Material.

Validation was conducted by comparison of predicted yields vs

published yields for seaweed farms of the same species. Data on

yield was compiled from the literature, identifying European sites

where one or more of the 3 species have been grown and sufficient

ancillary is data available to reproduce the conditions appropriately.

In particular, the deployment and harvest month were considered

of greatest importance for validating yield, along with initial

biomass (where available) and farm-specific information

(cultivation depth, farm dimensions etc.), which were used to

modify the model runs to best represent the farm data. Table 1

summarises the validation data used.

This exercise is a holistic validation of input data, growth model

structure and parameterisation and as such divergence between

modelled and observed yields is to be expected. Overall, however,

the performance of the model is remarkably good, as demonstrated

in Figure 1. Most of the available data are for S. latissima, but

performance appears reasonable across species and is sufficient for

the aims of this work. There is an issue with underperformance of

the model when driven with Northwestern Shelf (NWS) model

output data from 2021 (Figure 1). This leads to the underprediction

of potential yields in this region in the analysis below. This affects

the distribution of seaweed farms in the scenarios subsequently

presented, because farms are placed in highest productivity

locations, so other regions are favoured; however it does not

quantitatively affect the conclusions drawn in this paper.
3.3 Shellfish growth model

Shellfish growth and harvest yield was modelled using an

adapted version of the multi-species dynamic energy budget

model presented by Hawkins et al., (2013), known as ShellSIM.

The model balances energy inputs and outputs to yield net growth

based on allocation between shell and soft tissue. Growth of

reproductive biomass and subsequent spawning is modelled

explicitly in the model. The model is an individual-based model
frontiersin.org
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so a simple population model was implemented to scale up to unit

volume of seawater, which introduces mortality when there is

insufficient food to support the extant population (described in

Section 3 of the Supplementary Material). Parameter values for the

Pacific Oyster, Crassotrea gigas and the Blue Mussel, Mytilus Edulis

are taken from the source paper (Hawkins et al., 2013). The model is

used to evaluate potential impacts on CO2 emissions from large-

scale shellfish aquaculture and does not consider farm-

farm interactions.

It was not possible to find suitable data to perform a robust

validation of the model. Given that ShellSIM has previously been

tuned and validated for the species of interest we are confident that

the model results used to calculate the CO2 balance of shellfish
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aquaculture are sufficiently robust to have confidence in the

conclusions drawn. Optimised spatial distributions and yields at

any particular location derived from this analysis should however

be considered uncertain.
3.4 Nutrient deficit transport model

To run simulations that account for the impact of farms on the

concentration of nutrients, and subsequently on downstream farms,

a model framework was set up to represent advection of the nutrient

deficit resulting from uptake by seaweed farms. A coupled solution

re-running the large scale hydrodynamic-biogeochemical models

with multiple farm placement scenarios was not computationally

tractable, nor practicable for rapid and repeatable exploration of

farm placement options. Instead, we developed a post-processing

scheme that models transport of nutrient impacts from farms using

hydrodynamic outputs from the CMEMS model outputs. Given the

complexity of implementing and running such a scheme in 3

dimensions we selected to implement the model as 2-dimensional

lateral advection scheme. Vertical mixing is addressed through the

restoration timescale parameter, t (defined below).

We define, for each parameter of interest, the concentrations

over time and space (Equation 1):

Cf = Cr + Cd (1)

Where Cr (“reference”) is the concentration of a parameter

(nitrate or ammonium) in the CMEMS model output; Cf (“farms”)

is the total concentration of the same parameter if farms were

present, and Cd (“difference”) is the difference between the two,

representing the impact that farms have on their environment. We

refer to Cd as the “deficit” because for Nitrate its value will always be

negative and for ammonium almost always negative (in occasional

cases net nitrogen uptake but net ammonium production is

observed in the model).

The input data Cr was originally computed by the large scale

hydrodynamic-biogeochemical models by solving numerically the
FIGURE 1

Results of validation exercise for macroalgal farm model. Error bars
represent range of yield values in observed data, where applicable.
Yield is presented per metre of rope.
TABLE 1 Summary of validation data used for macroalgal yield prediction validation.

Location Latitude/Longitude Species Growth period Reference

NW Spain coast 43.42 N
8.26 W

S. Latissima December – April Peteiro and Freire, 2013

N Spain coast 43.50 N
3.78 W

S. Latissima March – June Peteiro et al. (2014)

NW Scottish Sea loch 56.38 N
5.54 W

S. Latissima, A. Esculenta February – August Kerrison et al. (2020)

Danish Baltic coast 56.82 N
10.13 E

S. Latissima September – June Boderskov et al., 2021

Swedish Baltic coast 58.86 N
11.07 E

U. fenestrata October – April Steinhagen et al. (2021)

Norwegian coast 63.65 N
8.65 E

S. Latissima September – June Forbord et al. (2020)

Norwegian coast 63.78 N
5.54 E

S. Latissima December – April, May, june Monteiro et al. (2021)
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advection diffusion equation (Equation 2):

∂Cr

∂ t
+ U m Cr − Dm2 Cr = s(Cr) (2)

With U being the current fields obtained from the physical

model, and s being the biogeochemical terms of the equation.

In the presence of farms, the total concentration Cf would follow

the same equation, but with a new biogeochemical term є(Cf)

added, which corresponds to the sources and sinks of the

modeled parameter that are introduced by the farms:

∂Cf

∂ t
+ U m Cf − Dm2 Cf = s (Cf ) + є(Cf ) (3)

In the absence of any aquaculture farms, є=0 and Equation 3 is

equivalent to Equation 2. We assume that the natural

biogeochemical cycle as modelled by the CMEMS models is not

significantly altered by the presence of farms i.e. s(Cf)≈ s(Cr), then

by linearity of the advection-diffusion equation we have (Equation

4):

∂Cd

∂ t
+ U m Cd − Dm2 Cd = є(Cr + Cd) (4)

We then simplify the equation to only model the 2D advection

(neglecting diffusion) in a well-mixed surface layer. Under such

strong simplifications and as we do not use the same grid, time step,

or numerical scheme as CMEMS model outputs or the underlying

models, our advection model will not fit precisely with CMEMS. To

compensate, we introduce an attenuation (henceforth ‘restoration’)

term which represents how, away from farms, the concentration of

each parameter returns to its base value Cr, which is equivalent to

Cd returning to 0. This return to the baseline represents the

combined effect of the biogeochemical nutrient restoration and

vertical mixing processes, which are not otherwise modelled in our

equations. We represent this term as an exponential decay with a

time constant t. The 2D equation that we solved is finally (Equation

5):

∂Cd

∂ t
+ u

∂Cd

∂ x
+ v

∂Cd

∂ y
=   є(Cr + Cd) −

Cd

t
(5)

This equation was numerically solved on the grid of CMEMS’

physical model outputs, restricted to one surface layer, with a Euler-

upwind scheme. The time step duration was chosen at each time

step to ensure that the Courant–Friedrichs–Lewy condition

(Courant et al., 1967) was at most 0.9 and that the nutrient

concentrations in farms never dropped by more than 90% in one

time step (to avoid negative values), whichever required a shorter

time step. In practice, the CFL requirement was much more

restrictive than the requirement for the biogeochemical term.

The water current fields u and v obtained from CMEMS model

output data and averaged over the considered upper layer are

available as an average value in each grid cell. In order to use u

and v in the Euler-upwind scheme, we needed values estimated at

cell interfaces that also respected an incompressibility constraint.

Full details of how this was achieved are available in the

Supplementary Material (Section 5). In summary, we want to find

the u and v values at interfaces of grid cells that are as close as
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possible to the arithmetic mean of the two adjacent cell values while

respecting the zero-divergence constraint. This is a constrained

optimization problem that we demonstrate to be analytically

equivalent to a linear equation system, which is numerically

solved for each day of data.

The farms modify nutrient concentration in a surface layer of

uniform thickness, related to Zfarm, the depth of the algae farm. And

we define the upper layer thickness h1 as:

h1 =  Zfarm +  lm (6)

It is assumed that the upper layer of thickness Zfarm is mixed

under the effect of the momentum fluxes at the air-sea interface

(wind, waves, tide) and the oscillatory movements of the algae

fronds. A turbulent mixing length lm is introduced to simulate the

turbulent mixing closed to the bottom of the farming layer and

caused by the presence of the algae layer.

Numerous models based on algebraic relations of lm exist

(Prandtl, 1932; Blackadar, 1962; Tsanis, 1989). Following Stocking

et al. (2016), we write: lm = k.z (k is the Von Karman constant,

k ≈0.4).

Thus (Equation 7):

h1 =  Zfarm(1 +  k) (7)

Vertical fluxes of water - and consequently, nutrients - between

the considered surface layer and underlying layers, are not directly

computed in order to keep computation rapid. Instead, we

considered that vertical dilution of the signal is represented in the

restoration term, t, of Equation 5.
3.4.1 Restoration of nutrient deficit signal
t, the nutrient restoration term in the nutrient deficit transport

scheme is used to represent both vertical mixing with underlying

waters, which will tend to dilute the signal, and biogeochemical

nutrient restoration (i.e. the rebalancing of the nutrient

concentration by the natural system via nitrogen cycling).

Seaweed lines tend to be deployed over winter and most growth

and harvest happens in early spring. During this time, shallow shelf

seas tend to be well mixed (i.e., no seasonal thermocline) and

mixing tends to be relatively rapid due to wind and wave conditions.

Typically, mixing throughout the water column in a well-mixed

layer driven by tidal and wind-driven mixing is unlikely to be

greater than a week under normal winter conditions, although this

is dependent on both water column structure and wind regimes as

well as the total depth of the water column (e.g., Rippeth, 2005). A

simple restoration term is a coarse approximation to the vertical

mixing and therefore we take the conservative assumption that

dilution of the deficit to undetectable levels by vertical mixing will

happen on a timescale of between 1 and 2 weeks i.e. ~10 days.

A host of processes will tend to act against any perturbation to

the nitrogen cycle; for example, where nitrogen is removed from the

surface waters, the ratio of uptake to remineralisation of inorganic

nitrogen will be reduced leading to net remineralisation

(Johnson et al., 2007); and in shallow waters the release from

underlying sediments will increase when overlying nutrient

concentrations are reduced (e.g. Couceiro et al., 2013; Hull et al.,
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2020). The characteristic attenuation timescale of this

biogeochemical nutrient restoration is likely to be different for

different nitrogen species, and again sensitive to local physical

and topographic conditions. The turnover of ammonium in the

surface ocean is commonly on the timescale of a few days (Johnson

et al., 2007, 2013) whereas that of Nitrate is typically on a scale of

10-100 days (e.g., Weston et al., 2004).

A reasonable representative value for t that integrates vertical

mixing and nitrogen cycle response is therefore taken to be 10 days.

The sensitivity of the nutrient transport model to this key term is

investigated below.

3.4.2 Situation where Cr + Cd< 0
Where a large value of nutrient deficit (Cd) is propagated by the

nutrient transport scheme into relatively low-nutrient-concentration

water, the resulting deficit can be larger than the modelled ambient

concentration of nutrient. Therefore, some cells can present apparent

negative values of total nutrient concentrations. These negative values

are dissipated over time in the model by the restoration term as well as

by numerical diffusion, or by further advection of the large deficit to

areas with greater ambient concentration values. The seaweedmodel is

set up to stop the nutrient uptake in any cell where the total

concentration value is zero or negative. Whilst negative

concentrations are clearly not physically realistic, the benefit of this

approach is that mass is conserved in the nutrient transport scheme.

Negative values (or apparent >100% nutrient utilization values) should

be interpreted as being representative of locations of extremely high

nutrient pressure, where the model cannot meaningfully predict the

degree of nutrient uptake or the resulting nutrient concentration.

These areas require further study to fully understand the impact of

intensive aquaculture on local nutrient concentrations.

In an example run with high production (IBI area, S. latissima,

target production of 10MT of fresh weight), at the end date of the

simulation, 29% of all grid cells affected by farm nutrient uptake (i.e.

non-zero values of Cd) had negative values of nitrate but these

values are relatively small compared to typical positive values of

nitrate: less than 2% of grid cells had a value of nitrate lower than

-0.01 mg m-3. Largely then, grid squares where Cd >= Cr are

locations where there is high pressure on nutrient availability due

to surrounding seaweed farms and near zero nutrient

concen t ra t ions wou ld be expec t ed under in t ens ive

aquaculture locally.
3.5 Target productivity scenarios

Yield scenarios were run for seaweed and shellfish species

separately. All whole-domain runs are summarised in Table 2. In

the case of seaweed, 2 methods (A, B) were used to estimate farm

yields. In A, each farm is treated separately and independently from

all other farms, driven by unmodified nutrient fields from CMEMS

model outputs. A therefore represents the potential yield of a farm

in any grid square in isolation from any other farms. In B, run for

the seaweed model only, farms are placed in high-productivity
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regions to meet target yield scenarios and the impact of these farms

on nutrient fields is estimated using the nutrient transport model,

allowing for the bidirectional interaction of nutrient drawdown and

yield between any number of farms placed across the region.

For the target yield scenarios (1,2,5,10 Mt fresh weight), each

species is considered in isolation, and farms of that species are

placed, using scenario A farm locations, starting with the highest

yield square and allocating farms in order of decreasing yield until

the total yield target is met. Initially, farms were only placed where

the total water column depth was less than 30 m, to keep to realistic

present-day engineering limitations to farm deployment. For U.

lactuta, farms had to be allowed up to 100 m water depth to achieve

the 10 Mt yield. To minimize the nutrient impact between farms,

the minimum distance between them was set initially at 10 km, and

subsequently reduced to 5 km where yield at 10 km spacing was

insufficient to meet the scenario target. This allocation of farms is

then used in the B runs to investigate interacting nutrient impacts.
3.6 Impacts on CO2 emissions

Seaweeds, as primary producers, fix carbon from dissolved CO2

into organic matter. This uptake in the water leads to a roughly

equivalent quantity of CO2 being taken up from the atmosphere.

This local uptake may be negated by the release of CO2 where the

harvested seaweed is eaten or otherwise respired. Seaweeds have

been proposed as a source of refractory organic matter to sediments

and the dissolved organic carbon pool in seawater (Duarte et al.,

2017; Legge et al., 2020), which would provide an addition carbon

sink during seaweed cultivation. However, the fraction of

macroalgal growth that is converted to this pool of carbon is

highly uncertain, and possibly zero, so we do not consider this

process here and therefore provide a lower estimate of carbon

uptake. Local CO2 uptake is calculated from the harvested yield of

seaweed (Equation 8):

CO2 _ uptakeMA = (Nf =MWN )   ∗C :NMA ∗MWCO2 (8)
TABLE 2 Scenarios evaluated.

Scenario Description/purpose

A Predict the production potential in each grid square in isolation
for seaweed and shellfish farms i.e., no nutrient deficit
propagated out from farms. Gives the solution in each grid
square as if the farm in that square was outside the area of
influence of any other farms.

B Nutrient deficits from farms propagated by nutrient transport
model and affecting downstream farm yields.

1Mt (A,B) Placement of farms such that 1 megatons of each species can be
produced most efficiently in Scenario A, then run under Scenario
B to assess impact of interactions.

2Mt (A,B) As 1Mt but 2 megatons productivity

5Mt (A,B) As above but 5 megatons productivity

10Mt (A,B) As above but 10 megatons production
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Where Nf is the per-unit area macroalgal fixed N harvested

from a farm, MWN is the molar weight of Nitrogen (=14 g/mol),

MWCO2 is the molar weight of CO2 (=44 g/mol) and C:NMA is the

molar C:N ratio of macroalgal biomass (see SM for details and

source of values). Higher C:N ratio algae are responsible for greater

CO2 uptake per unit fresh weight, but less nutrient uptake.

Shellfish accumulate carbon in their shells and also in their

biomass. However, as heterotrophs they are net respirers of organic

matter and further the process of calcification removes alkalinity

from the ocean and therefore drives CO2 emission to the

atmosphere. It is fair to assume that most or all the respired

organic matter is readily bioavailable and would be respired by

other organisms in the natural system if the shellfish were not

present. Therefore, we do not consider the respiration of organic

matter by shellfish as a net release of CO2. The net effect on CO2 of

producing a given quantity of shellfish (expressed as dry soft tissue

weight in the model) is therefore:

CO2 _ uptakeSF

=  CO2 _ uptakeSF _ biomass –  CO2 _ releasecalcification (9)

Where

CO2 _ uptakeSF _ biomass

= DSTW ∗C :DSTWSF ∗ ((MWC=MWCO2)) (10)

and

CO2 _ releasecalcification = DSHW ∗ (MWCO2=MWCaCO3) ∗BF (11)

In Equations 9–11, DSTW is dry soft tissue weight and DSHW

is dry shell weight (state variables of the shellfish model, see

Supplementary Info). C:DSTWSF is the carbon to dry soft tissue

ratio of shellfish (assumed to be constant at 0.45), BF is the buffer

factor in seawater which controls the response of the carbonate

system to a change in alkalinity and represents the fraction of CO2

uptake/release in seawater due to alkalinity change that is emitted to

the atmosphere.
4 Results

4.1 Potential yields across European waters

Potential seaweed fresh weight yield for S. latissima, U. lactuca

and A. esculenta are presented in Figure 2. These results represent

the potential yield in each location assuming no influence of

reduced nutrient from other farms ‘upstream’ i.e. the farm in

each grid square is considered in isolation (Scenario A in Table 2).

There is broadly good agreement between the locations of near-

coast high yield locations identified in the model and those areas

with substantial active offshore aquaculture production (e.g., NW

France, Portuguese and Spanish Atlantic coast for multiple seaweed

species and Mediterranean river plumes (for U. lactuta).

There are substantial inter-species differences in both gross yield

and distributions of high yield areas under Scenario A. These are due

to the differing physiological properties of the 3 species, represented
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in the parameter sets for each species. For example, A. esculenta has

lower nutrient affinity (i.e., it is able to uptake nutrients more rapidly

at lower concentration) than the other two species and can thrive at

lower temperatures and lower light levels. There is therefore higher
FIGURE 2

Scenario A macroalgal farm potential yields across Europe for (A) S.
Latissima; (B) A Esculenta and (C) U. Lactuta using default species
and farm parameters (see Supplementary Material Section 3) Units of
kg/m2 represents yield in a hypothetical 1x1 km farm where 40% of
the area is farmed, the remaining 60% is unfarmed to allow for
access, shipping and other uses of the area. Similar ‘scenario A’
maps for the shellfish species considered are provided in the
Supplementary Material (Section 6).
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potential yield in the North Sea and Norwegian coast/Arctic

predicted for A. esculenta than the other species.

Note that for all species, there are clear discontinuities in model

yield at CMEMS model output domain boundaries. These are due

to discontinuities in the data from the CMEMS model output for

different regions, due to structural and tuning differences between

models run for different domains. This reflects a key challenge with

utilising operational model outputs to resolve and predict potential

aquaculture yields.
4.2 What is the typical nutrient footprint of
a seaweed farm?

The nutrient deficit propagation model is used to investigate the

impact of a single farm on local nutrient fields and the sensitivity of

this to t, the nutrient restoration timescale, representing both the

biogeochemical restoration and vertical mixing out of the surface

layer. Figure 3 presents the analysis of a single seaweed farm located

in Bantry Bay, Ireland; Figure 4 the same for the Atlantic coast of

Portugal. The largest nutrient deficit observed in each grid square

during the growth period is presented, with values masked below 1.4

mg (N) m-3 (approximately 1% of winter ambient concentration) for

nitrate and 0.3 mg (N) m-3 (approximately 10% of typical ambient

concentration) for ammonium. Given the much faster

biogeochemical turnover of ammonium these different cutoff values

are selected to give comparable areas of influence, beyond which we

can be confident of near-zero impacts on natural systems.
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As expected, the value of t is found to be important in the size of

footprint and the magnitude of the impacts in grid squares

surrounding the farm. In the ‘advection only’ panels in Figures 3

and 4 the situation where only horizontal mixing dilutes the signal

away with no restoration signal (t =∞) is presented, showing a wide

area of influence, although with the most intense nutrient deficit

dying away exponentially with distance from the farm. Even under

this unrealistic regime of no biogeochemical restoration or vertical

mixing out of the very surface layer, the impact of an individual

large seaweed farm on ambient nutrient concentrations is

relatively minor.

Our best estimate of restoration rate, t, of the nutrient deficit

signal, with a characteristic timescale of 10 days gives a footprint in

Bantry Bay, Ireland of 5-10 km. However, in the higher-flow

environment of the Portuguese coastal system, the spatial extent

of the footprint is considerably greater – extending 50-100 km north

and south from the farm located close to the coast at the latitude of

Porto, and about 10 km in total east-west. Footprints of a similar

size to those at Porto were found for a farm placed at the opening to

the Ria de Betanzos in NW Spain (data not shown), a similarly

high-flow environment. It is important to note that much of the

area of influence, particularly in the high-flow environment, is only

impacted to a very minor degree, with nutrient deficits of only a few

percent of ambient concentration for nitrate or little over 10% of

typical ambient for ammonium, which tends to be at much lower

concentrations overall.

Therefore we can conclude that the spatial scale of significant

modifications to nutrients (i.e. at a scale likely to have a measurable

although not necessarily large or negative effect on natural

ecosystems) downstream of an individual seaweed farm is likely

to be confined to a 1-5 km area around the farm in most cases. The

impact of multiple farms in close proximity could of course have a

larger impact, although in most cases, where high productivity

seaweed aquaculture is feasible it will be in regions of elevated

nutrient concentrations due to anthropogenic activity, where large-

scale removal of excess nutrients is likely to be net-beneficial to the

natural environment.
4.3 How much does nutrient interaction
between farms affect productivity?

In order to address the question of the degree to which farm-

farm interaction could affect total yield, nutrient transport model

(Scenario B) runs were undertaken with farms placed to target

yields of 1,2,5 and 10 Mt, as described in Methods, with t=10 days.
The total yield of farms in each basin and for the whole domain in B

runs and the percentage of the yield achieved by the same farms in

A (no nutrient interactions) are presented in Table 3.

Unsurprisingly, the percentage of the maximum (Scenario A)

yield achieved in B runs decreases as the number of interacting

farms increases, with a relatively steep drop-off between 5 and 10

Mt scenarios (Table 3, Figure 5). Results are presented for S.

lat i ss ima but s imi lar resul ts were found with other

macroalgal species.
TABLE 3 Summary of seaweed target yield runs.

Yield
Scenario
(S. latissima)

No.
of farms

FW yield
per region,
B run (Mt)

% of FW
yield in
A run*

1Mt
IBI
MED

TOT

36
3
39

0.899
0.034
0.9327

98.09
99.71
98.15

2Mt
IBI
MED
BS

TOT

87
8
1
96

1.723
0.087
0.018
1.828

98.08
98.11
100
98.10

5Mt
IBI
MED
BALT
BS

TOT

325
29
2
1
357

4.280
0.317
0.029
0.018
4.644

97.98
99.10
98.55
100
97.98

10Mt
IBI
MED
BALT
BS

TOT

798
112
68
2
980

7.798
0.905
0.618
0.029
9.349

95.94
96.83
88.45
100
95.50
*Note yields in A runs are also below target yield by a small percentage due to land mask
interference with farm placement.
IBI, Iberian-Biscay-Ireland region; MED, Mediterranean; BALT, Baltic Sea; BS, Black Sea.
Bold values are totals summed across all regions.
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The data presented in Figure 5 is indicative of the inhibition of

yield in large-scale intensive aquaculture across Europe as farm

density reaches levels at which nutrient extraction begins to

become significant. It is not possible from this analysis to

predict the level at which returns from additional farms
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diminish to an unsustainable level (i.e., the total maximum

viable yield for Europe) for the following reasons: firstly, the

distribution of farms is uneven across the domain. By allocating

farms based purely on highest potential yield, they are inevitably

placed close together – thereby maximising the possibility of
FIGURE 3

Nutrient footprint of a 1x1 km S. latissima farm located in Bantry Bay Ireland, showing the nutrient deficit propagated downstream, in units of mg (N)
m-3. Each panel is a composite image showing the greatest month-averaged nutrient deficit predicted in each square over the 8 months growth
period. Data only plotted where deficit is >1.4 mg m-3 (nitrate) or >0.3 mg m-3 (ammonium).
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nutrient drawdown lowering overall yield. In these yield scenarios

no farms are placed in Arctic or NWS model regions due to

predicted lower productivity and few farms are located in the

Baltic or Black seas. Secondly, we restrict farm placement to

shallow water (<30m in most cases – see methods section).
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Therefore, with a wider spread of farms, particularly if deep

water farms were permitted in the runs, a much higher total

yield could likely be achieved without significant inhibition of

yield by nutrient loss, albeit with a lower average productivity per

individual farm.
FIGURE 4

Nutrient footprint of a 1x1 km S. Latissima farm located off the Portuguese coast, showing the nutrient deficit propagated downstream, in units of
mg (N) m-3. Each panel is a composite image of the greatest nutrient deficit observed in monthly data over the 8 months growth period. Data only
plotted where deficit is >1.4 mg m-3 (nitrate) or >0.3 mg m-3 (ammonium).
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4.4 What is the impact of large-scale
extractive aquaculture on nutrient
distribution and budgets?

At higher seaweed farm density, the compound effect of

nutrient extraction will mean that mixing processes in surface

waters will be increasingly ineffective in diluting away the

nutrient deficit signal. Vertical mixing and biogeochemical

nutrient restoration processes will become increasingly important

in determining the timescale and therefore spatial impact in a
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region. Here we focus on the IBI region, which was the most

productive in our scenarios (Table 3).

Figure 6 presents the maximum percentage reduction of the

ambient surface nutrient concentration observed at each pixel of the

IBI region throughout the growth period. A value of 100 represents

the removal of all of the available nutrient during at least 1 month of

the growing period. Substantial areas in these plots, particularly in

the 10 Mt scenario, appear to have completely exhausted the

nutrients in some areas of the coastal seas, particularly off the

coast of North Africa and in the English Channel. This is an artefact
TABLE 4 Summary of nitrogen extraction in target yield scenario for S. latissima.

Yield Scenario No. of farms Average N extraction
per farm (tonnes)

Total N
extraction (kt)

Ratio of stored to
fixed nitrogen
in harvested seaweed

1Mt
IBI
MED

TOT

36
3
39

56.9
25.4
(54.5)

2.04
0.07
2.12

0.65
0.67
(0.65)

2Mt
IBI
MED
BS

TOT

87
8
1
96

45.2
24.5
42.2
(43.4)

3.93
0.19
0.04
4.17

0.65
0.66
0.73
(0.65)

5Mt
IBI
MED
BALT
BS

TOT

325
29
2
1
357

29.4
25.3
26.1
42.2
(29.1)

9.55
0.73
0.05
0.04
10.4

0.61
0.70
0.35
0.73
(0.62)

10Mt
IBI
MED
BALT
BS

TOT

798
112
68
2
980

21.4
16.6
15.0
34.03
(20.4)

17.0
1.86
1.02
0.07
20.0

0.54
0.51
0.21
0.75
(0.52)
IBI, Iberian-Biscay-Ireland region; MED, Mediterranean; BALT, Baltic Sea; BS, Black Sea.
N extraction values are per growth period (i.e., effectively per year) and are calculated as the sum of fixed and stored N in the harvested seaweed. Bold values are totals summed across all regions.
FIGURE 5

Percentage of target yield achieved when nutrient interactions are included decreases rapidly as yield passes 5MT.
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of the deficit transport model as discussed in the methods section –

in reality farms will only be able to extract nutrient to the point at

which they are uncompetitive with microalgae or their uptake is

slowed by their nutrient uptake affinity (i.e., kinetic limitation at low

nutrient concentration). Values of apparent 100% nutrient

utilisation indicate where the model has broken down due to

extremely high nutrient pressure (see methods section). Thus, this

highlights regions of potentially substantial pressure on natural

algal populations and the wider ecosystem in these areas. In order to

fully quantify the magnitude of this effect a more refined model is

required in future studies.

The total N extraction by region is shown in Table 4. The

nutrient deficit model conserves mass and therefore these regional-

scale values are correct in spite of local scale artefacts (above).

Considering the potential impact of such large-scale seaweed

aquaculture on nutrient concentrations at a regional/basin scale,

we take 3 illustrative examples:
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1) The nitrogen flow into the North Sea from the English

Channel is estimated to be 170 kt (N) yr-1 (Brion et al., 2004). This is

ten times the nitrogen extracted across the whole IBI region by

seaweed farms in the 10 Mt yield scenario.

2) The Iberian upwelling system provides a supply of new water

along the Portuguese coast of between 0.3 and 6 Sv (Coelho et al.,

2002; Huthnance et al., 2002)). Taking an estimated year-round

average of 2 Sv for on-off shelf exchange and a modest deep water

nitrate concentration of 10 μM (140 mg m-3), the total nitrogen

supply to the Portuguese coastal system is estimated to be 2x106

m3s-1 x 31.536x106 (s y-1) x 140 x 10-12 kt (N) m-3 = 8830 kt (N) yr-1.

Therefore, for the IBI region the basin-scale N budget is many

orders of magnitude larger than the nitrogen extraction due to

large-scale aquaculture at the 1-10 Mt scale (2 to 17 kt (N), Table 4).

This is even before account ing for r iver input and

atmospheric deposition.

3) For the Mediterranean Sea, inflow of water (and therefore

nutrients) from the Atlantic is a relatively small term. A nitrogen

budget integrating riverine, atmospheric and other inputs to the

Mediterranean basin estimated a total N budget of 1.67 +/- 0.55 Mt

(N) yr-1 (Strobl et al., 2008), vastly greater than the 1.9 kt of N

extracted from the Mediterranean Sea in the 10 Mt yield scenario.

Thus, we can confidently conclude that the impact of

aquaculture at this scale will not significantly impact nutrient

budgets at the basin scale.

This analysis demonstrates that regional-scale impacts of

nutrient extractions due to large-scale seaweed aquaculture are

likely to be small, whereas local impacts are potentially large

where areas of the sea are intensively farmed. To avoid over-

exploitation of nutrients it is important to focus seaweed farms in

areas of hyper-nutrification to avoid undermining food chain and

maximise net beneficial impacts. This also highlights the
TABLE 5 Summary of impacts on net uptake of CO2 in target yield
scenarios for S. latissimi, blue mussel, M. edulis and Pacific oyster,
C. gigas.

Yield
Scenario

Net CO2

uptake by S.
latissima
(kt CO2)

Net CO2

uptake by
M. edulis
(kt CO2)

Net CO2

uptake by C.
gigas (kt CO2)

1Mt 83.5 -68.6 -270.6

2Mt 163 -137.3 -541

5Mt 416 -343.2 -1350

10Mt 836 -686.4 -2710
Negative values represent net production of CO2.
FIGURE 6

Percentage nutrient reduction calculated from nutrient deficit signal and ambient (CMEMS model output) nutrient concentration in each grid square
for farm placement in the IBI region under the (left) 1Mt and (right) 10Mt target yield scenarios for S. latissima. Colour scale cuts off at less than 1%.
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importance of nutrient monitoring in areas of intensive

seaweed aquaculture.
4.5 Impacts of extractive aquaculture on
CO2 emissions

Table 5. lists the net effect of yield targets on CO2 emissions

calculated for the seaweed S. latissima, and the shellfish M. edulis

(Blue Mussel) and C. gigas (Pacific Oyster). This analysis

demonstrates that, as expected, extraction of seaweed biomass

results in a net uptake of CO2 from the atmosphere. This

potentially contributes to climate change mitigation, depending

on the fate of the extracted seaweed. If the seaweed is eaten or

otherwise processed for extraction of particular biomolecules, the

majority or the entirety of the fixed carbon is likely to relatively

rapidly end up returned to the atmosphere through respiration by

consumers, or decomposition of waste material. However, if the

seaweed is harvested directly for carbon storage (e.g. for biochar), or

the waste materials left over from biomolecule extraction are

processed in such a way to store the carbon long-term, then a

proportion of the macroalgal CO2 uptake could potentially be

counted as long term storage (and therefore contribute to

mitigation of atmospheric CO2 i.e. negative emissions).

Also as expected, the net effect of shellfish production is to drive

emission of CO2 from (or inhibit uptake by) the ocean. As discussed

above this is a global effect that can only be ameliorated by adding

more (carbonate) alkalinity to the ocean. Grinding up and

dissolution of waste shells after shellfish consumption and adding

back to the ocean is one approach to partially mitigate the negative

effects of shellfish production on ocean acidification and CO2

balance (Morris et al., 2019).

It is interesting to note the large difference in magnitude of

impact on CO2 betweenM. edulis and C. gigas. The reason for this is

the substantial difference (~a factor of 4) in the ratio of shell to

tissue weight in the two organisms. C. gigas has a much higher ratio

(more shell produced per unit mass of food) and therefore the

effects of calcification are much greater for a given total weight yield

(and the edible proportion much smaller).

The CO2 impacts of shellfish aquaculture cannot be considered

in isolation and must be weighed against the costs of protein

production on land. For example, 10 Mt of C. gigas will produce

roughly 0.5 Mt of Oyster meat (Mazón-Suástegui et al., 2018), for a

net CO2 emission of 2.7 Mt of CO2 (Table 5). The mass ratio of

animal meat production to CO2 emissions varies from 6kg CO2/kg

meat for poultry to 60kg/kg for Beef (Poore and Nemecek, 2018).

Therefore, an equivalent amount of 0.5Mt of chicken and beef will

result in 3 and 30 Mt CO2. This is not an entirely fair comparison as

we are not accounting for farming and extraction related emissions

in the shellfish production, nor the production of strong greenhouse

gases. Nonetheless, it appears that, if choosing less shell-heavy

organisms than oysters to grow in aquaculture facilities there is a

net carbon as well as land use gain from switching diets from land-

based meat to shellfish.
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5 Conclusions

5.1 Impacts and recommendations

Large scale extractive aquaculture has potential benefits, from

mitigation of carbon emissions and ocean acidification to nutrient

removal and reducing pressure on land use. However, it is not

without risks of negative impacts, and these must be considered

carefully and quantified where possible. This paper provides an

initial estimate of the likely impacts of extractive aquaculture on

nutrients and carbon emissions. A target extraction yield of 10 Mt

of seaweed, if limited to near-shore, shallow sea locations, could

have significant local impacts on nutrient concentrations,

potentially impacting local natural seaweed communities and

phytoplankton community structure, particularly when many

farms are placed close together (i.e., within 5-10 km of each

other). The larger and more intensive the farms, the greater the

spacing between farms will need to be to minimise impacts under

any given set of conditions.

Targeting extractive aquaculture to ameliorate eutrophication

or hyper-nutrification from runoff maximises the benefit and

minimises the risk of negative impacts caused by undermining

the food chain. Spreading extractive aquaculture out into deeper

waters would reduce impacts for a given target yield. Interspersing

seaweed farms with shellfish aquaculture (to remineralize nutrients)

would likely provide some mitigation of over-extraction of nutrients

and could usefully be investigated in a future study.

At the wider scale, the production of 10 Mt of seaweed or

shellfish (the largest amount considered in this study) distributed

around European waters has only a marginal effect on regional

nutrient budgets so the larger scale impacts on e.g. fisheries or

natural populations of algae and natural carbon uptake by the ocean

is likely to be minimal. There is inevitably some level of yield target,

however, at which regional scale impacts would be seen. As

aquaculture activities intensify in European waters it is essential

to increase monitoring efforts for chlorophyll, nutrients and the

response of the natural ecosystem to ensure negative effects are

identified and mitigated at the earliest possible stage.
5.2 Challenges of the analysis, next steps

We have presented a novel modelling approach to predicting

the capacity for large scale seaweed aquaculture, accounting for

nutrient interactions between farms, without the need to run

coupled aquaculture – biogeochemistry – 3D transport models.

This represents a first effort towards such a framework, which

already yields useful results and provides valuable insights as

presented. However, further refinements will be necessary before

this approach could be used as a policy or planning tool.

Specifically, the nutrient deficit restoration term, t, is a

workaround for two unrelated issues – firstly the lack of vertical

dilution of the nutrient deficit signal and secondly the mitigation of

the nutrient deficit through biogeochemical cycling. In a future
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version of the model, separation of these two restoration terms and

improved constraint on their values should be attempted. Ideally,

spatially variable restoration terms based on physical and

biogeochemical outputs from the CMEMS model data would be

implemented. Such improved restoration terms would be likely to

mitigate somewhat the complex interactions between nutrient

deficits and spatially variable concentrations leading to zero or

negative apparent nutrient concentrations. Nevertheless, this

phenomenon will always be a possibility within the framework,

where intensive aquaculture scenarios are explored. Better

constraint of the nutrient restoration terms will improve the

utility of zero or negative concentrations in the model as a red

flag for over-intensive aquaculture. Furthermore, a future version of

the model might incorporate the potential to place shellfish farms

and seaweed farms in the same model run to facilitate nutrient

regeneration scenarios, thus increasing potential yield.

Using operational oceanographic model output to predict

potential yields comes with significant challenges. For example,

there are discontinuities visible in the potential yield maps in

Figure 2. These are due to the differing input data from CMEMS

for the different regions. Different models are used in the different

regions, with differing tunings and sometimes with structural

differences. Therefore, it is possible to get substantially differing

yield predictions for the same location arising from two different

CMEMS model outputs.

This is particularly the case in near-shore locations where river

influence is most important. In a comparison of the yield

predictions driven by the CMEMS NWS and IBI regional model

outputs, the near-coast behaviour is quite different. This is partly

due to model resolution but largely due to the riverine inputs being

used to drive the different models. Figure 7 compares modelled

nitrate concentrations in the same section of the coast of SW Ireland

and clearly shows the signal of riverine inputs to Bantry Bay in IBI

but absent in NWS data. Furthermore, there is a different intensity

of nutrient input further north, from the Shannon estuary. While
Frontiers in Marine Science 16
the seaweed yield predictions for Bantry bay are good in the

seaweed model when driven by IBI inputs, they substantially

underpredict when driven by NWS data, due to the absence of

nutrients. In Kenmare Bay, the next embayment north from Bantry

Bay, yield predictions are similar between NWS and IBI, but both

significantly underpredict the true seaweed yield due to the absence

of riverine input to Kenmare Bay in both models.

Riverine inputs used to drive regional scale operational

oceanographic and biogeochemical models are poorly

documented and have previously been recognised as a significant

shortcoming of European operational modelling strategy (Capet

et al., 2020) and the differences between salinity fields due to river

inputs to different regional models and from different forcing

datasets has been recently highlighted (Sotillo et al., 2021). When

evaluating the potential for aquaculture, which is typically

undertaken near to coasts for both practical (access, shelter) and

operational (availability of high nutrient concentrations from river

inputs) reasons, these shortcomings and differences between models

are significant impediments to consistent and representative

estimates of near-shore production potential, whatever yield

modelling or suitability index approach is used. This is a key area

of improvement needed in operational models to allow better near-

shore productivity estimates.

A further challenge to such modelling effort is the applicability

of complex seaweed and shellfish growth models across wide spatial

domains covering a broad range of environmental forcing values.

Growth models are generally tuned for a particular locale to make

predictive evaluation of yield potential. This corrects the models for

i) the traits of local organisms of interest; ii) the role of all real-world

environmental forcings not considered by the model and iii) details

of local aquaculture practices, conventions and equipment set-up.

None of these factors can be accounted for at a large geographic

scale and therefore, whilst the yield predictions are useful for

indicative distribution of farms in high-yield scenarios of

European aquaculture, site-specific estimates of yield could not be
FIGURE 7

Annual mean modelled nitrate concentration in CMEMS model output for (left) NWS regional model and (right) IBI regional model.
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relied upon for e.g. precise optimal location of a farm or economic

modelling of farm viability, without local tuning of the growth

models and potentially additional input data.

Therefore, the analyses presented here should be revisited as

European operational oceanographic model outputs improve and

converge over the coming years. The application of these models to

yield predictions for specific locations could only be operationalised

with a new generation of adaptive models incorporating local

parameter variability.
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