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1 Introduction

The production of organisms at lower trophic levels, like seaweeds, was selected as one of the most important
strategies to increase mariculture for future sustainable food production by the SAPEA (Science Advice for Pol-
icy by European Academies) [39]. Seaweeds represent a renewable biomass resource with a global production
of 32 million tons per year, generating a value of 6 billion USD with prospects to increase due to growing food
and ingredient industries [18]. Asian countries contribute 99% of the global seaweed aquaculture production
and have well-developed aquaculture practices, whereas seaweed production in Europe is limited (< 1 %) and
despite a growing number of seaweed farmers still relies mostly on harvest from wild populations. European
seaweed cultivation is underdeveloped and cannot currently provide the biomass needed for the rapidly devel-
oping food industry. Without a guarantee for the requested feedstock amount and quality the process industry
hesitates to invest in product development, and without the demand for delivery of the large quantities that the
food industry would represent the seaweed farmers on the other hand hesitate to scale up. Improved cultivation
technology and a better understanding of the production potential and biomass quality is thus strongly needed
to ensure a growth in this industry also in Europe.

With the desire and need to develop even sustainable aquaculture follow concerns about the environmental
impacts, or at least the need to understand how low trophic aquaculture in general, and seaweed aquaculture
in particular, interact with the marine environment. In fin fish farming, sustainable or otherwise, the release of
particulate organic matter is routinely subject to various monitoring programs [15, 16]. There will be particulate
organic releases also from seaweed aquaculture [55, 19]. Even if the impacts of such releases has not been fully
investigated, it has been suggested that the impacts are modest [56, 52].

Unlike fin fish and shellfish farming, seaweed aquaculture installations, in particular kelps (brown algae of
the order Laminariales), act as sinks rather than sources of dissolved nutrient. Therefore seaweed aquaculture
is often promoted as as a (partial) solution to remediation of anthropogenic release of dissolved nutrients to the
coastal zone. In the present study we investigate the interactions of one of the most important seaweed species
in European aquaculture [49], Saccharina latissima, with the ambient system of dissolved nutrients/DIN (an
important indicator in the European Water Framework Directive). The questions are approached by combining
results from monitoring the growth of S. latissima by farmers in Atlantic Europe (France, Ireland, the Nether-
lands, and Norway) with numerical modelling.

This paper focuses on the work related to the sites in France, Ireland, and Norway. The Dutch case has
been detailed in the companion report by L. Jiang and K. Soetaert “Three-dimensional modelling of Saccharina
latissima farming in the Oosterschelde” presented in the Annex. We include some information from this work
throughout for the sake of completeness.

Organisation of the paper Section 2 is the materials and methodology section. We describe the cultivation
experiments and the sampling protocols that generated the data that forms the basis of this work. This has also
been reported on in D3.1, but for a more self contained exposition some is repeated here. Then acquisition of
environmental data is described. The numerical models used are described, as well as how they were calibrated
and applied in the present specific context. The results are described in section 3. We start with a brief descrip-
tion of the results from the cultivation trials. Next, these results are used for model calibration. Comparisons of
the ocean models with the environmental data sets are provided. Then the updated models are used to assess the
nutrient uptake of large scale farms and the competition with phytoplankton and pelagic primary production.
Finally the results, their significance and shortcomings are discussed in Section 4.

2 Materials and methods

2.1 Cultivation of S. latissima

Sporophytes of S. latissima with mature sori were collected near the cultivation sites and shipped to the
hatcheries for production of seed lines. Seedlings were produced by seeding spores or gametophytes on twine
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or thin rope coiled around PVC spools. The spools were incubated in tanks for 6 weeks in nutrient-rich sea
water and when the seedlings reached a size of 0.5 mm in length the ropes were deployed in three commercial
sea farms.

2.2 Sampling protocol for monitoring S. latissima

A 2-year monitoring program (2018-2019) was carried out by the two S. latissima farmers SES (Frøya, Norway)
and C-Weed (Saint-Suliac, France), using a common protocol for measure of the growth and biomass yield
(Fig.1). In addition, the National University of Ireland Galway (NUIG) did a one year registration at the
commercial farmer Dingle Bay Seaweeds (Ventry Harbour, Co.Kerry, Ireland). CIIMAR (Porto, Portugal)
dis registrations at two cultivation sites joint with with ALGAplus (Matosinhos, Leixões harbour and Aveiro,
Portugal), using the same monitoring protocol as the farmers in France and Norway. Monitoring of the growth
and production of Ulva was done by the farmer ALGAplus in Portugal. Only the data fra Ireland, France, and
Norway will be used and presented in the present paper.

For the sugar kelp registrations were done up to 6 times during the cultivation season, from March to June,
and all sampling and measurements were done ca 2-3 m below the water surface. Each round was done on 5
individual cultivation ropes in each seaweed farm.

For registration of the wet weight all sporophytes on 1 m cultivation rope was harvested and weighted. The
density was measured by counting all sporophytes on 25 cm of the rope, whereas blade length, blade width and
stipes length measurements were done on 10 sporophytes. An evaluation of biofouling was also carried out,
with special attention to bryozoan coverage.

Cultivation of S. latissima was also carried out in the Oosterschelde, at the Zeewaar, Neeltje Jans and the
NIOZ facility, following slightly different sampling procedures.

2.3 Chemical analyses

For the chemical compositional analysis, carried out in GENIALG WP4, samples of 1 kg wet weight was
harvested pr rope, drip drained for ca 1 min and packed in plastic bags before freezing at −20◦C on arrival at
the land base. A scientific paper will be dedicated to the presentation and discussion of the results from the
analysis of these samples, and only one example of chemical composition of S. latissima biomass is presented
in this report.

2.4 Environmental variables/monitoring

NUIG conducted water quality monitoring at the seaweed farm test site operated by Dingle Bay Seaweed Ltd.
in Ventry Harbour, co. Kerry (Ireland).

CTD casts for salinity and temperature profiles were made at the SES farm at Frøya, Norway, at the same
time as the sampling of the S. latissima crops (on March 6, April 11, April 26, May 14, May 29, and June 12,
2018). Continuous temperature logging at 2 m depth was made from Feburary to August, 2017, using Onset
pendant HOBO loggers (ONSET, Bourne, MA) . Water samples for nutrient analysis were taken in 2014 (April
1, April 24, April 29, May 6, May 14 and May 21) and 2018 (same time as sampling/CTD casts). The samples
were filtered using a 0.2 µm pore size cellulose acetate membrane, WVR, and kept under - 20◦C until analysis.
The samples were analysed colorimetrically at 550 nm after reduction of NO−3 to NO−2 through a copperised
cadmium coil in a Flow Solution IV System, O. I. Analytical Auto Analyzer following Norwegian Standard
4746 [38].

2.5 Numerical and ocean modelling

Numerical biophysical models were applied to upscale and interpret the cultivation results. Model domains
were established for all four cultivation locations (Fig. 1). For the regions in France, Ireland, and Norway, the
coupled biophysical ocean model framework SINMOD was used. For the Oosterschelde, the GETM-FABM

PROJECT
GENIALG

Deliverable 6.6 VERSION
1.3 5 of 31



Figure 1: Locations of the cultivation sites and the oceanmodel domains used in the simulations. The cultivation
sites are indicated by purple dots. France: C-Weed farm, Saint-Suliac (48.59◦N, -1.99◦W); Ireland: Dingle Bay
Seaweed farm, Ventry (52.13◦, -10.36◦E); the Netherlands: Zeewaar, Neeltje Jans and NIOZ, Oosterschelde (ca.
51.62◦N, 3.7◦E); Norway: Seaweed Solutions farm, Frøya (63.42◦, 8.52◦E). The green lines indicate oceanmodel
domains for the Arctic and North Atlantic in 20 km horizontal resolution. The red lines indicate the boundaries
of oceanmodel domains of 4,000mhorizontal resolution. The yellow lines indicate the boundaries of the high
resolution model domains (800 m horizontal resolution) used for the seaweed growth simulations in France
(Fig. 2), Ireland (Fig. 3), and Norway (Fig. 4). A model domain for the Oosterschelde and parts of the North Sea
in 300m horizontal resolution is covered by the purple dot in the Netherlands (see the details in Fig. 5). All the
model domains were set up for the ocean model framework SINMOD, except the Oosterschelde model that
was established for the GETM-FABM model system.

model was used. Both model frameworks couple the physical properties of the ocean with biological processes
and growth models for Saccharina latissima.

2.5.1 Ocean model (SINMOD) setup

Hydrodynamic model The hydrodynamic calculations in SINMOD are based on the primitive Navier-Stokes
equations solved by a finite difference scheme on an Arakawa C-grid [2]. The vertical mixing coefficient (Av)
is based on a Richardson scheme [48]. In the present simulations z∗ vertical layers were used for the model
setups in France and Ireland, while z vertical layers were used for the simulation in Norway (Fig. 1). SINMOD
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uses fixed grid size horizontally and nesting to establish models with high spatial resolution. See [44, 48] for
some basic details on the model system.

Model domains, nesting and forcing Three model domains of 800 m horizontal resolution were established
for the coastal regions of southern Ireland, North-Western France and Central Norway (Figs. 2-4). Boundary
conditions for the 800 m models were generated using two models of 4,000 m resolution covering the Western
European waters and the Nordic Seas/Arctic. Boundary conditions for the 4,000 m models were generated by
20,000 m models covering the North Atlantic and the Arctic region. The 20,000 m models were forced with
specified boundary conditions, including tidal components M2, S2, N2, K2, K1, O1, P1, Q1, Mf, Mm, and SSa
at the open boundaries, with data on global ocean tides imported from the TPXO 8.6-model 1.

Bathymetry data for the central Norwegian coastal region is based on data from the Norwegian Mapping
Authority (www.kartverket.no) and IBCAO (International Bathymetry Map for the Arctic Ocean available from
www.gebco.net). For the model domains covering Southern Ireland and North-Western France, data from
General Bathymetry Chart of the Ocean (www.gebco.net).

Freshwater discharges from rivers and land were applied using data from simulations by the Norwegian
Water Resources and Energy Directorate (www.nve.no) with a version of the HBV-model [7]. For other Euro-
pean rivers we have applied historic data from SMHI Hype model data available from https://hypeweb.smhi.se/.
These data include freshwater discharge in addition to nutrient concentrations of the river water. For the North-
Western France model domain we have included the largest rivers (Dordogne, Garonne, Loire, Sienne and
Severn). In addition, 6 smaller river run-offs near the Gulf of St. Malo were included. Two large rivers (Shan-
non and Barrow) are included in the domain established for the coastal regions of Southern Ireland. In addition
the run-off from Laune and Main into the Dingle Bay is included.

The ocean model domains (800, 4,000, and 20,000 m horizontal resolution) were forced by ERA5 atmo-
spheric data (3 hourly wind forcing, air pressure and daily air temperature, humidity and cloud cover to calculate
heat exchange) from ECMWF [29, 1].

Previous comparisons between simulation results from SINMOD and current profiler measurements at a
very high resolution and local scale have been made in [9, 36, 11]. On a larger scale, the model has been shown
to resolve the ocean circulation dynamics on the Norwegian Shelf off, e.g., Northern Norway [45, 43, 5].

SINMOD ecosystem module The biogeochemical and lower trophic ecosystem module of SINMOD simu-
lates nutrient dynamics and production and interactions at the lower trophic levels in the marine ecosystem up
to and including zooplankton [53]. This includes compartments for nitrate, ammonium, and phytoplankton. An
individual based growth model for S. latissima has been developed and coupled with SINMOD [12, 10, 25, 8];
this is described in more (but not full) detail in subsection 2.5.2. The coupled biophysical model system
has been applied to a wide range of problems ranging from aquaculture to ecosystem and climate studies
[25, 30, 51, 46]. Comparison with other models and remote sensing data are provided in [6, 32]. Some illus-
trative diagrams of the structure of the SINMOD ecosystem module and coupling with the S. latissima growth
module can be found in [10, 8].

2.5.2 S. latissima growth model and implementation used with SINMOD

We provide a brief overview of the growth model for S. latissima that is used here and point out some important
updates not yet published. The main references for the version of the dynamical S. latissima growth model used
here are [12, 10, 25, 8]. The growth model has four state variables:

• frond area (A);

• nitrogen reserves (N);

• carbon reserves (C);

1http://volkov.oce.orst.edu/tides/TPXO7.2.html
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Figure 2: Model domain for North-Western (Atlantic) France in 800 m horizontal resolution.

Figure 3: Model domain for the Southern Irish seas in 800 m horizontal resolution.

• structural dry mass per unit frond area (kA).
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Figure 4: Model domain for Central Norway in 800 m horizontal resolution. Note the orientation of the map,
with the N direction pointing upwards to the right, also indicated by the latitudinal and longitudinal lines.

The structural dry mass per unit frond area, kA, is calculated by the equation:

dkA

dt
= µ(cAAδ − kA), (1)

where µ is the area specific growth rate [12, 25]. Using this relation the structural dry mass is calculated as

Ws = kAA. (2)

More details on kA can be found in [13].
The total (dry) biomass is divided into structural and reserve parts, so that the total dry weight is calculated

as
total biomass = structural biomass+ reserves,

or using symbols
Wd =Ws +WN +WC. (3)

Here, WN and WC denote the dry weights of the nitrogen and carbon reserves, respectively. The reserves
themselves, N and C, are expressed as units nitrogen and units carbon per unit structural mass, respectively.

The uptake of NO3 has been modified according to recent results [22] on nitrate uptake in S. latissima by
introducing an exponent in the functional response of the uptake to external nutrient concentrations, thus:

J = Jmax fcurrent

(
Nmax−N

Nmax−Nmin

)
[NO3]

ζ

KNO3 +[NO3]ζ
(4)

Recall that fcurrent was updated in [8]. The assumption that J is a linear function of N (the middle factor) is
corroborated by [23]. The uptake of NH+

4 and the correction due to NO3/NH+
4 preference has been retained as

in [25].
Following [37] the effects of salinity on photosynthetic rates have been implemented by multiplying pho-

tosynthetic rates with the following factor

fsalinity =


0.5+0.5(min(S,34)−24)/10, 24≤ S
0.15+0.35(S−26)/7, 16≤ S < 24
0.15(max(S,10)−10)/6, 0≤ S < 16.

(5)

Photoperiodic modification of the growth rates [12, 8] has not been used in the present version of the model.
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Figure 5: Geographic location of the Oosterschelde and the GETM-FABMmodel grid, domain, and bathymetry.
The green, pink, and red dots in the right panel indicate the distribution of three dominant bivalve species in
the Oosterschelde: oysters, mussels, and cockles.

2.5.3 GETM-FABMmodel setup for Oosterschelde and coupling with S. latissima growth model

A model domain of 300 m horizontal resolution for the Oosterschelde was established for the GETM model
system. It was coupled with the FABM model, see e.g. [31].

The Oosterschelde estuary in The Netherlands is different from the other cultivation areas studied in GE-
NIALG as the bay is semi-enclosed and water exchange with the North Sea is regulated by the Delta works.
The Delta works is an engineering project consisting of a series of dams, sluices, locks, dykes, levees, and
storm surge barriers in the South-West of the Netherlands, established to protect a large area of land around
the Rhine-Meuse-Scheldt delta from the sea. The bay is also characterised by a large abundance of wild and
commercial shellfish populations that interact with the biogeochemical model, that with the specific physical
conditions require special attention.

A growth model for S. latissima that is based on the same principles as the one in [12] was implemented for
and coupled with the model system. The details can be found in the companion report by Jiang and Soetaert
(see Annex).

2.6 Parametrisation and initialisation of the S. latissima growth model

The model was parametrised in three steps.

• Firstly, by tuning the NO3 uptake rates (4) to specific laboratory data [23];

• secondly, by tuning selected parameter values against the cost function (6) based on the data from the
cultivation trials (subsection 2.2 above);

• thirdly, by manual tuning to obtain desired qualitative features in the model such as reduced area specific
growth rates in summer.

The following cost function was used for tuning the model to the data:

χ
2 = ∑

time j

5

∑
ropek=1

(Ameas, j,k−Amod, j,k)
2

σ2
j

. (6)
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Table 1: Initial values for the S. latissima growthmodel for each location. The number of individuals indicate the
range of the total number of individuals represented by each of the 10 super individuals for each of 5 replicate
1 m ropes. The values are mean values; where relevant standard deviations are given in parentheses. The data
for the Saint Suliac site were taken from March, 2019

Variable

Location Start date A N C kA # Individuals

Frøya, Norway March 6, 2018 0.44(0.28) 0.01 0.05 0.027(0.008) 38-52
Ventry, Ireland March 8, 2018 1.42(0.66) 0.0126 0.05 0.121(0.028) 22-26
Saint Suliac, France March 18, 2018 3.18(1.20) 0.0126 0.05 0.100(0.016) 40-58

The index j runs over the sampling dates, while k = 1, . . . ,5 indicate the number of (pseudo) replicate rope
segments sampled each time. Ameas, j,k is the mean frond area for rope k at time j, while Amod, j,k is the corre-
sponding simulated value. The standard deviation (in the mean values of the 5 replicate ropes) is denoted by
σ j. The actual frond areas were not measured. Instead, they were calculated from the frond length L and width
W as

A = 0.74LW, (7)

where the factor 0.74 is taken from S. Foldal’s Master’s thesis at NTNU [20]. See also [10].
Following the monitoring protocol (cf. subsection 2.2 above), 10 individuals from each of 5 replicate ropes

were measured at each sampling (monthly), and the model was initialised with the corresponding number of
individuals, with the corresponding frond areas. In order to account for the density of S. latissima sporophytes,
each actual rope segment was represented, in the model, by 10 “super individuals” (see [40]). For each rope
segment (one of 5 replicate ropes for each site), the maximum number of individuals counted per meter substrate
throughout each cultivation cycle was used. Each super individual represented 1/10 of the total number of
individuals.

No precise data on density dependent mortality or dislodgement for S. latissima in culture have been re-
ported. In order to avoid implementing - and using - a model for density dependent mortality that is poorly
linked to empirical evidence we have used the super individual approach. The S. latissima individuals of less
than 10 cm length were not counted. However, especially late in the growing season, these do not contribute
significantly to the biomass, either [20].

The ocean models were run for the year 2018, so the model was tuned against the 2018 data (see the
Appendix). The growth model was initialised (choice of start or initial values) from the growth data presented
in Table 1. No samples before June, 2018, were available for the CWeed site, France. The model for this site
was initialised by using data from 18 March, 2019. The simulations were run from the initialisation time and
past the last June sampling.

2.7 Carrying capacity and environmental interactions

Seaweed cultures interact with the marine ecosystem in a number of ways: by contributing to organic loading,
by serving as a substrate for fouling organisms and possibly invasive species, by genetically interacting with
natural populations, and by extracting dissolved nutrients and hence potentially impacting on pelagic primary
production. Here, we use the simulation results to link the empirical/cultivation results to calculations on the
nutrient uptake by S. latissima cultures, impacts on primary production, and carrying capacity. We consider
carrying capacity and impacts form a “dissolved nutrients-primary production” perspective only, and do not
link any of the results directly to, e.g., economic consequences. Such consequences could be reduction in food
(phytoplankton concentration) and ensuing reduced growth of shellfish etc [4] (see also the Annex), or even
loss in secondary production with further consequences up the food chain. We will approach the interactions
and carrying capacity as follows.

The first approach is following a recent paper by Aldridge et al. [4]. They compare the uptake capacities of
S. latissima and phytoplankton per unit area, and consider the limiting case where the uptake by S.latissima per
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Table 2: Comparison of measured environmental data compared with simulated values for corresponding lo-
cations, periods and depths (measured value / simulated value).

Region Variable Description Mean Minimum Maximum Standard deviation

Ventry, Dingle Bay Temperature, ◦C Buoy, 10 min recordings; period
March-December 2018

9.8 / 10.7 9.8 / 10.7 9.8 / 10.7 9.8 / 10.7

Frøya 6 CTD casts/nutrient samples;
period March-June 2018

Temperature , ◦C 1-3 m depth 7.0 / 7.5 5.5 / 5.3 9.5 / 9.7 1.7 / 1.8
Temperature , ◦C 14-16 m depth 6.8 / 7.2 5.4 / 5.3 9.1 / 9.1 1.6 / 1.5
Nutrients, mmol m−3 3 m depth 0.6 / 2.9 0.2 / 0.04 1.3 / 5.9 0.4 / 2.7

unit area outweighs that of the phytoplankton community. We apply this concept to the three locations/regions
under study here. Let

Ukelp(t) and Uphyto(t)

denote the uptake of nutrients (nitrogen) per m2 per day at time t by kelp and phytoplankton, respectively. We
consider the index

Icc(t) =
Ukelp(t)
Uphyto(t)

. (8)

Whenever Icc > 1 the uptake of kelp is greater than the uptake by phytoplankton.
The second approach is to estimate the nutrient uptake by coupling the S. latissima model with two-way

feedback to the 3D biophysical model.

3 Results

3.1 Data from the cultivation trials

The results here are taken from the Deliverable 3.1 report “Growth characteristics of seaweed strains in relation
to culture conditions" by J. Skjermo et al. (2020) (some are reproduced here in the Appendix).

The average biomass production by C-Weed, France, at the end of the cultivation period was around 12
kg (m cultivation rope)−1 in both 2018 and 2019 (Appendix, Fig. 17). In 2019 the yields between duplicate
cultivation ropes varied more than in 2018 with yields up to 20.5 kg m−1. For the Norwegian farmer SES at
Frøya, Norway, the production was highest in 2018, reaching on average of 11.2 kg m−1. In mid-May all ropes
had biomass > 5 kg m−1. The productivity at this site was much lower the following year, with biomass < 3 kg
m−1 in May and an average total yield of 7.2 kg m−1 (64% of the yield obtained in 2018). The biomass yields
at Dingle Bay Seaweeds were the highest, at 24 kg m−1.

The two cultivation trials made in Portugal, carried out as a demonstration of cultivation of S. latissima
at its Southern most limit in Europe, were successful in that the species clearly can be cultivated also there.
The conditions here were less suitable than at the locations at higher latitudes, however. The registration and
termination of the trial was done after a cultivation period of only 2.5 months with yields at 200 to 600 gm−1.
There was great variation in the sporophyte densities on the cultivation ropes (Appendix, Fig. 16). The number
of individuals increased during the growth phase, a finding probably due to the fact that only individuals > 10
cm were counted, so that an increasing number of larger individuals were counted as the sporophytes grew.

3.2 Comparison of ocean models with measured environmental data

We have compared some measured environmental data and model results in Table 2.
In addition, one nutrient and one temperature time series from Frøya, Norway, were compared with simula-

tion data from SINMOD (Figs. 6,7). There was a significant Pearson correlation (R2 = 0.98, p = 1) between the
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Figure 6: Comparisons of measured and simulated temperature at 2 m depth at the SES farm, February -
August, 2017. Left: Time series of measured temperature (blue curve), simulated temperatures (red curve),
and simulated temperatures corrected by (9) (yellow curve). Right: Scatter plot of uncorrected (red dots) and
corrected (yellow dots) simulated temperatures against corresponding (coinciding) measurements; a perfect
“match” between model and data would leave all points on the grey line.

observed and simulated temperature data at the SES farm in 2017 (2 m depth, February - August; Fig. 6). The
simulation data were sampled daily, while the temperature was logged every 0.25 h; only the data points that
coincided in time have been compared. In addition to the good correlation, the patterns of seasonal temperature
changes in the observations and simulation results were the same, qualitatively speaking. On the other hand the
simulation results were obviously biased (red curves and dots, Fig. 6). Under the family of transformations

Tmod, corr(t) = Tmod(t)+ c, (9)

the bias was minimised for c = 0.91 (yellow curves and dots in Fig. 6)2. Note that i) we are not updating
the ocean model itself in this way, only how the temperature data from the ocean model are used in the S.
latissima growth model, and ii) that the variance remains constant throughout this process and is not subject to
minimisation.

3.3 Parameters for the S. latissima growth model

The uptake rates (4) for NO3 were tuned directly against the data in Forbord et al. 2021 [23]. This resulted in
parameter values KNO3 = 56 and ζ = 1.7 in equation (4). The functional response of uptake rates to external
NO3 concentrations in [23] is linear, and the parameters chosen do, in practice, render the response in the
present model linear, too. The exponent in (4) has been retained in the computer implementation of the model
in order to keep it more flexible.

After tuning against the growth data, the maximum uptake rate for NO3 per unit frond area was substantially
lower than values previously used (Table 3 and [12]). The uptake rates for NH4 were scaled down accordingly
for biological reasons (not mathematical optimisation) for all three parameter sets [3]. After the tuning process,
the maximum nutrient uptake rates from [23] were slightly changed.

The updated parameters for the growth model against the cultivation data for Norway, Ireland, and France
are presented in Table 3. There is a different parameter set for each site.

2The Onset HOBO pendant loggers have an accuracy of ±0.53◦C for T ∈ [0,50] according to ONSET specifications, ONSET,
Bourne, MA. How the observed values in Fig. 6 line up vertically hint at the resolution in the measurements.
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Figure 7: Comparison of simulated and measured depth integrated (0-10 m) NO3 concentrations at the SES
farm, April - May, 2014. Left: Time series of simulated depth integrated (0 - 10 m, continuous red curve and
shaded region) NO3 concentrations at the SES farm in April-May 2014 comparedwithwater samples (blue dots,
light blue shaded region). The shaded regions indicate standard deviations over several depths. Right: Scatter
plot of the measured vs the simulated NO3 concentrations at the coinciding samples.

3.4 Simulated growth, biomass, and nutrient uptake by S. latissima cultures

3.4.1 Frøya, Norway

After tuning the model reproduced the temporal pattern of frond size development well, especially in terms of
qualitative features. The simualtion result indicate that growth continues in summer (June) to a greater extent
than the data (Fig.8A). It also turned out to be possible to describe the temporal development of wet biomass
reasonably well (Fig.8B). The simulated total wet biomass has been calculated as the sum of the wet weights
of each model super individual

Wtot = ∑
super individual j

Wj #(individuals represented by super individual no j).

The biomass from the field data was weighed directly (subsection 2.2).
The model was run for the year 2018 only, but the simulation results for nitrogen and carbon content

(fraction of dry weight, DW) have been compared with tissue sample analyses for both 2018 and 2019 (Fig.8C,
D). Note that the nitrogen and carbon content values were reported only “per month” without specifying the
data, which is why the tissue sample values are presented in the plots as per month. The nitrogen content
is somewhat between the tissue samples from 2018 and 2019. The simulated carbon content fits in a similar
way. However, qualitatively the simulation results showed opposite trends from the tissue sample data: the
simulated carbon content slightly decreased from May to June (Fig.8D), contrary to what the tissue samples
indicate, while the nitrogen content (Fig.8C) slightly increased.

The simulated dry matter content was fairly stable, following the carbon content (Fig.8E, D), with a value
of around 10 % dry matter.

The total nitrogen content of a 1 m rope segment from the data of 2018 and 2019 and the model are
presented in (Fig.8F). Here, the model over estimated the 2018 values, in line with 1) higher dry matter content
and 2) higher nitrogen content than in the tissue samples. The model matched the 2019 values estimated from
the field data well.
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Table 3: Parameters used in the simulations after adjustment of the model to forcing data from the ocean
model (SINMOD) and the growth data (Appendix, Figs. 15-17). The notation and the equations in which the
parameters appear are explained and provided in [12, 10, 25, 8]. (Added in revision: the factor kN , the mass
of the nitrogen reserves per unit nitrogen, has not been updated in the Ireland and France simulations by an
oversight, but this has very little practical consequence for the overall results. We have recorded the values
that were used in the simulations.)

Symbol Description Unit Norway Ireland France

A0 Growth rate adjustment parameter dm2 8 4.5 4.5
Cmin Minimal carbon reserve gC(gsw)−1 0.01 0.05 0.05
Cstruct Amount of carbon per unit dry weight of structural

mass
gC(gsw)−1 0.2 0.2 0.2

γ Carbon exudation parameter gCg−1 0.5 0.5 0.5
ε Frond erosion parameter A−1 0.22 0.22 0.22
Isat Irradiance for maximal photosynthesis µ molm−2 s−1 90 90 90
µmax Maximum area specific growth ratio = m1 +m2 day−1 0.1823 0.14 0.14
Jmax,NO3 Maximum nitrate uptake rate gNdm−2 h−1 2.8×10−5 2.5×10−5 1.×10−5

Jmax,NH4 Maximum ammonium uptake rate gNdm−2 h−1 2.8×10−5 2.5×10−5 1.×10−5

kdw Dry weight to wet weight ratio of structural mass 0.0685 0.0785 0.0785
kC Mass of carbon reserves per gram carbon g(gC)−1 2.1213 2.1213 2.1213
kN Mass of nitrogen reserves per gram nitrogen g(gN)−1 2.8929 2.72 2.72
m1 Growth rate adjustment parameter 0.1778 0.1085 0.12 0.12
m2 Growth rate adjustment parameter 0.0045 0.03 0.02 0.02
Nmin Minimal nitrogen reserve gN(gsw)−1 0.0088 0.0126 0.0126
Nmax Maximal nitrogen reserve gN(gsw)−1 0.0216 0.0216 0.0216
Nstruct Amount of nitrogen per unit dry weight of struc-

tural mass
gN(gsw)−1 0.0121 0.0146 0.0146

α Photosynthetic efficiency gCdm−2 h−1(µ molm−2 s−1)−1 1.204×10−5 1.204×10−5 1.204×10−5

P1 Maxmial photosynthetic rate at T = TP1 gCdm−2 h−1 1.44×10−3 1.8×10−3 1.8×10−3

P2 Maxmial photosynthetic rate at T = TP2 gCdm−2 h−1 1.44×10−3 3.83×10−3 3.83×10−3

TP1 Reference temperature for photosynthesis K 285 285 285
TP2 Reference temperature for photosynthesis K 290 290 290
TPL Reference temperature for photosynthesis, low end

of range
K 271 271 271

TPH Reference temperature for photosynthesis, high
end of range

K 296 296 296

TAP Arrhenius temperature for photosynthesis K 1694.4 1694.4 1694.4
TAPH Arrhenius temperature for photosyntesis at high

end of range
K 25,924 25,924 25,924

TAPL Arrhenius temperature for photosynthesis at low
end of range

K 27,774 27,774 27,774

R1 Respiration rate at T = TR1 gCdm−2 h−1 2.2×10−4 2.785×10−4 2.785×10−4

R2 Respiration rate at T = TR2 gCdm−2 h−1 5.429×10−4 5.429×10−4 5.429×10−4

TR1 Reference temperature for respiration K 285 285 285
TR2 Reference temperature for respiration K 290 290 290
TAR Arrhenius temperature for respiration K 6,200 11,033 11,033
U0.65 Current speed at which J = 0.65Jmax ms−1 0.03 0.03 0.03
KNO3 Nitrate uptake half saturation constant µmol l−1 56 56 56
KNH4 Ammonium uptake half saturation constant µmol l−1 0.88 1.3 1.3
ζ Nitrate uptake exponent 1.7 1.7 1.7
cA Coefficient for structural weight per unit area for

newly formed tissue
g dm−2 0.04 0.1037 0.0637

δ Exponent for structural weight per unit area for
newly formed tissue

0.4282 0.5038 0.4038

3.4.2 Ventry, Ireland

After tuning against the Ventry data, the model reproduced the general trend of the the frond sizes (Fig.9A)
and wet weights (Fig.9B). Qualitatively speaking (eyeballing) the model matched the wet weight development
better than that of the frond sizes. The frond size field data had the same trend as the data from Frøya (Fig.8A)
with high growth rates until April/May, and then little or no size increase from May to June (sigmoid shaped
growth curve). The wet weight, on the other hand, notably increased from May to June.

The simulation results matched the nitrogen content from the tissue samples well in May and less so in June
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Figure 8: Comparison of the results of the tuned model against the SES (Norway) cultivation data. All obser-
vations and simulation results are from the 2018 season, except the data represented by the yellow lines in C
and D. The temporal resolution in the simulation data is 1 h (the simulation time step was 0.25 h). A: Frond
areas, unit: cm2. The blue dots and lines are means and standard deviations, respectively, of the means of
each of 5 replicate ropes. The continuous red line is the corresponding means and SD from the simulation. B:
Wet weights were measured once for each of 5 replicate ropes for each sampling date, and the mean values
(blue dots) are means over the five ropes with SDs (blue lines). The red line represents the mean (with barely
visible SD) wet weight from the simulation results, calculated by multiplying simulated super individual wet
weights with the number of individuals represented by each super individual. C: Simulated nitrogen content
(fraction of DW) against chemical analysis results from 2018 (blue lines) and 2019 (yellow lines). There were
composition results only for May and June with no sampling dates indicated, so the results are presented as
constant values over May and June. D: Simulated carbon content (fraction of DW) against chemical analysis
results from 2018 (blue lines) and 2019 (yellow lines); cf. remarks for C. E: Dry matter content was computed
according to the field sampling protocol for 3 replicate ropes. The blue dots represent average values for over
the three replicate ropes. There was very little variation between samples. F: The total nitrogen taken per m
cultivated rope. The dots are the average measured wet weight multiplied by the dry weight fraction for 2018,
then multiplied by the N fraction for 2018 (blue dots) and 2019 (yellow dots). The red line is the corresponding
value calculated from the simulation results.
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(Fig.9C), but with a tendency for increase from May to June like the tissue samples. The carbon content was
reproduced well (Fig.9D). Again, the values from the tissue samples were reported “by month”.

No values for total dry matter content of the kelp tissue was available from the Ventry site at the time of
writing.

Comparing the total nitrogen content of a 1 m rope segment of S. latissima with the estimate from the model
(Fig.9F) we see that the May values coincide, while there is a very steep increase from May to June in the Field
data estimate. This is consistent with the relatively high tissue sample nitrogen content in June (Fig.9C) and
the fact that the model under estimated total biomass in June (Fig.9B).

3.4.3 Saint Suliac, France

The ocean model for North Western France (Fig. 2) was run for 2018, while the monitoring program was left
with one sample in June from that year. Despite this, the S. latissima growth model reproduced the field data
for 2019 well when initialised in March with the data from 2019 (Fig.10A). As before we see a sigmoid type
curve in the frond sizes. A similar pattern perhaps fit the wet weights (Fig.10B). A specific feature of the data
fro Saint Suliac is that while the frond sizes in 2018 seem to have been significantly smaller in 2018 than 2019,
the wet weight of a 1 m rope segment seems to have been similar.

There were tissue samples for nitrogen and carbon content analysed for May, 2017 (Fig.10C, D), and it is
hard to say much specific about how well the model describes these variables here.

The dry matter content at Saint Suliac was significantly higher than at Frøya (Figs.10 and 8E). Given the
relation between tissue dry matter content and carbon reserves in the model, it seems perhaps that the model is
under estimating the carbon content from April onward, but this is hard to say.

Despite under estimating the dry matter content, the model over estimated the total nitrogen per 1 m rope
culture (Fig.10F). It should be noted that the estimate from the tissue and field data have been made by com-
bining nitrogen content data from 2017 with biomass estimates from 2018 and 2019, so it should be used with
care.

3.5 Carrying capacity and interactions with the pelagic environment

The simulation results on total nitrogen content in Figs. 8F, 9F, and 10F are translated into daily uptake rates
per m rope culture in Fig.11A-C. The corresponding simulated daily uptake rates (proportional to primary
production) by phytoplankton are also plotted (blue curves).

The uptake rates per m rope culture ukelp(t) are translated into uptake rates per m2 by

Ukelp(t) = νkelpukelp(t) (10)

where νkelp is the number of 1 m S. latissima cultivation ropes per m2. It is of course possible to generalise
this in any number of ways if other configurations are used, for example sheets, vertical or diagonal droppers,
frames, circular cages etc. [47].

“Heat map” plots of Icc as a function of t and νkelp for all three locations are presented in Fig. 12A, C, E.
By considering the average biomass of a 1 m rope segment at the end of the simulation (in June) in each case,
we can also translate this into potential cultivation yields in terms of tons per hectare (Fig. 12B, D, F).

The yellow lines are the isocurves Icc = 1, cf. (8). This is the interface where the kelp nutrient uptake
per unit area is exactly (if such a word is at all appropriate to describe simulation results) balanced by the
phytoplankton production. Above the line the kelp cultures absorb more nutrients than the phytoplankton. This
is thus one possible metric for the carrying capacity of the system.

According to the results, all three regions may sustain a reasonably high production of around 50 tons per
hectare without exceeding the carrying capacity. It should be noted that the index has a greater total impact later
in the season due to the higher biomass extracted then (cf.Figs. 8-10F). At Frøya (Fig. 12A, B) the carrying
capacity is higher in spring than in summer. At Ventry (Fig. 12C, D) it is relatively stable throughout, while at
Saint Suliac it seems to be higher in summer than in spring (Fig. 12E, F).
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Figure 9: Comparison of the seaweed growth model against the Ventry (Ireland) cultivation data. The model
was tuned against the Ventry cultivation data, mostly to account for significantly higher biomasses. All obser-
vations and simulation results are from the 2018 season. The temporal resolution in the simulation data is 1
h (the simulation time step was 0.25 h). A: Frond areas, unit: cm2. The blue dots and lines are means and
standard deviations, respectively, of the means of each of 5 replicate ropes. The continuous red line is the
corresponding means and SD from the simulation. B: Wet weights were measured once for each of 5 replicate
ropes for each sampling date, and the mean values (blue dots) are means over the five ropes with SDs (blue
lines). The red line represents the mean (with barely visible SD) wet weight from the simulation results, cal-
culated by multiplying simulated super individual wet weights with the number of individuals represented by
each super individual. C: Simulated nitrogen content (fraction of DW) against chemical analysis results from
2018 (blue lines). There were composition results only for May and June with no sampling dates indicated, so
the results are presented as constant values over May and June. D: Simulated carbon content (fraction of DW)
against chemical analysis results from 2018 (blue lines); cf. remarks for C. E: Simulated dry matter fraction. No
dry weight samples from the field cultivation were available. F: The total nitrogen taken per m cultivated rope.
The dots are the average measured wet weight multiplied by the dry weight fraction for 2018, then multiplied
by the N fraction. The red line is the corresponding value calculated from the simulation results.

By coupling the kelp growth model with the 3D ocean model get an impression of how the consumption
of e.g. nutrients impact on the growth conditions (Fig. 13). The average plant sizes decrease with higher
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Figure 10: Comparison of the seaweed growthmodel against the CWeed (Saint Suliac, France) cultivation data.
Themodel was tuned against the CWeed cultivation data for 2018 (just one sample in June) and 2019. The envi-
ronmental /forcing data used were from a 2018 SINMOD simulation. The temporal resolution in the simulation
data is 1 h (the simulation time step was 0.25 h). A: Frond areas, unit: cm2. The blue dots and lines are means
and standard deviations, respectively, of the means of each of 5 replicate ropes for 2018. The yellow lines and
dots are corresponding data for 2019. The continuous red line is the means and SD from the simulation. B:
Wet weights were measured once for each of 5 replicate ropes for each sampling date, and the mean values
(blue dot 2018, yellow dots 2019) are means over the five ropes with SDs (blue and yellow lines). The red line
represents the mean (with barely visible SD) wet weight from the simulation results, calculated by multiplying
simulated super individual wet weights with the number of individuals represented by each super individual.
C: Simulated nitrogen content (fraction of DW) against chemical analysis results from 2017 (purple line). There
were composition results only forMay no sampling date indicated, so the value is presented as constant values
over May . D: Simulated carbon content (fraction of DW) against chemical analysis results from 2017 (purple
line). E: Simulated dry matter fraction. The yellow dots and lines are means/SDs of 2019 data, while the blue
dot and line is data from 2018. F: The total nitrogen taken up per meter cultivated rope. The blue dot is the
average measured wet weight multiplied by the mean dry weight fraction for 2018 multiplied by the N fraction
from 2017, while the yellow dots are the corresponding values from 2019, but also multiplied by the N fraction
from 2017. The red line is the corresponding value calculated from the simulation results (2018).
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Figure 11: Comparison of simulated daily nitrogen uptake of a 1m long rope of cultivated S. latissima (red cures)
against simulated 1 m2 depth integrated daily uptake of nitrogen by pelagic primary production (blue curves).
A: Frøya, Norway. B: Ventry, Ireland. C: Saint Suliac, France.

cultivation density, and the nitrogen content of the dense culture is lower. These effects do not seem very
dramatic, but it should be noted that the farm site at Frøya, considered here, is located in more open waters than
e.g. the Oosterschelde, and that water transport is replenishing nutrients at Frøya to a great extent.

3.6 Overview of the results from the Oosterschelde work

Several simulation scenarios were designed and run with different seaweed farm densities, covering about 1,
3, 10 and 30 % of the total area of the Oosterschelde region. According to the results of the simulations, the
farming density impacted both the biomass of phytoplankton and the sizes of kelp individuals. Farming 30 %
of the area in the Oosterschelde lead to a decrease in average phytoplankton biomass of up to around 30 % from
a scenario without any kelp aquaculture, depending on time and location. The dry weight of cultivated kelp
individuals decreased similarly. This illustrates well how very extensive and intensive aquaculture may not only
impact on the ambient environment, but may also reduce the quality of the aquaculture products themselves.

It was found that temperature explained most of the differences in S. latissima yields in different parts of
the bay. The model was also used to consider farming strategies, like when it is best to deploy and harvest the
crops.

This was but a brief summary of the work presented in the Annex.
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Figure 12: “Heat map” of the index Icc as a function of time (along the horizontal axes) and the cultivation
intensity (along the vertical axes): the index is represented by the colour in the legend to the right of each
panel. A,B: Frøya, Norway. C,D: Ventry, Ireland. E,F: Saint Suliac, France. The yellow lines are the isocurves
Icc = 1. In A, C, E the index is presented in terms of the density of 1 m rope segments, while in B, D, F it is
presented in terms of the number of tons per hectare at the end of the simulation in June.

4 Discussion

4.1 Comparison of ocean model results with observations

SINMOD is a well established coupled model system that has previously performed well against observations,
e.g. [5, 32, 36, 11]. To ground truth the model results used in the present study, we have compared simulation
data to available observations from the project. The simulation results on temperature (absolute values and
seasonal development) fits very well with observations available from Frøya and Ventry. Simulated nutrient
concentrations at 3 m depth were compared to data from Frøya. The spring bloom starting in March/April
in this region leads to depletion of nutrients in the surface layer [26]. Simulated nutrients in early April is
higher in simulation results than in measurements, indicating a small delay in the simulated spring bloom start.
Checking other possible sources of data such as EMODnet.eu, we could not find any nutrient or temperature
data available from the three case areas.

The time series presented generally indicated the same trends as the observed nutrient and temperature time
series since the simulation results were correlated with the observation data (NO3: 0.80, T : 0.98).
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Figure 13: Comparison of simulation results with two-way coupling between the S. latissima growth model
and the 3D ocean model SINMOD. The red lines indicate the frond size (A) and nitrogen content (B) at at an
extensive farm by Frøya, Norway, with a target production of around 200 t/ha. The blue lines represent the
corresponding results for a target production of around 100 t/ha in June.

4.2 S. latissima growth model and results

Model tuning and adaption Generally speaking the model tuned against the data from each of the regions
resolved the temporal features in the plant seized through the growth seasons. A better match between model
and results is always desirable, but in the present circumstances, the amounts of data available for tuning were
not sufficient for finer tuning. In particular there was little environmental forcing data to tune against. One can,
on the other hand, regard the complete model system - including environmental data forcing and coupling with
the ocean model, hens subjecting this to the tuning.

There always the danger of over fitting a model to data (the bias-variance problem). Parameter values
should not be “mathematical optimal” choices, but also reflect biologically meaningful rates. There are simply
features not resolved by a model, and one should to some extent accept this. Including new, further features
also introduces the danger making the model even less parsimonious [50].

The fitting of the model against the nitrogen and carbon content was particularly difficult. This would
have required slightly higher temporal resolution of the tissue sample analyses. The general match between
simulated and observed nitrogen and carbon content seems to have been slightly better for the Norwegian site
than the other two. One reason for this may be that the model, from first principles, has been developed based
on Norwegian data. On the other hand, different parameter sets have now been developed for each site. This
should, to some extent at least, reflect the potential for geotypic/ecotypic differentiation as plant material was
collected locally for each site, cf. subsection 2.1. Future data sets may improve the model skill.

Uptake rates Using data from Forbord et al [23] means that the maximum uptake rates of nitrogen per unit
area are now lower than in [12]. From a mass perspective this makes sense, since the structural weight per
unit area is a lot lower than previously, due to the introduction of dynamically calculated weights (equations 1,
2) (typically 0.05-0.25 rather than the fixed 0.5). This is also reflected in reduced photosynthetic rates, as the
demands for nitrogen and carbon per unit frond area are now lower than in previous versions of the model. A
main reason for the changes are that the original model in [12] was developed mainly from data for natural kelp
populations, and in particular old/mature S. latissima individuals [41, 42], while the sporophytes in culture are
(usually) a lot smaller and younger.

Comparing model and empirical results Comparing the cultivation results at the three locations (France, Ire-
land, Norway), it is interesting to note that the biomass (kg WW per m rope substrate) at Ventry, Ireland, in 2018
was significantly higher than at Frøya, Norway and Saint-Suliac, France. At the same time, the average frond
areas were similar, and the densities of plants at Ventry was lower than at Frøya and Saint-Suliac (Appendix,
Figs. 15 to 17). This indicates that the S. latissima individuals at Ventry must have had thicker or denser tissue
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Figure 14: Photographs from the field work at Ventry in June, 2018. The left photograph shows how both
the S. latissima sporophytes and the growth substrate are fouled by various organisms. The right photograph
indicates the extend of fouling of the S. latissima fronds by, e.g., encrusting bryozoans. Photo credits: José
Maria Fariñas-Franco.

than at the other two locations. Another explanation may be that fouling organisms have contributed signifi-
cantly to the overall biomass, in particular for the June sampling (Fig. 14). The simulation results seem to tell
a similar story: it is hard to find a good parametrisation with both suitable frond areas and biomass. Of course,
this may also be because the model is not flexible enough to resolve such features (but see the discussion above).
The very high nitrogen content at Ventry could be attributed to fouling as well if some of the tissue form the
fouling organisms was included in the chemical analyses. For assessments of nutrient uptake potentials and
environmental impacts, perhaps one should include fouling organisms in the equation, since they contribute to
nutrient uptake and even filtering of phytoplankton.

At first glance the Saint Suliac data seem to indicate a similar story to the one at Ventry: the fronds in 2018
were smaller than in 2019 while the recorded biomass was just as high (Appendix, Figs. 15 to 17). However,
here the number of sporophytes per m rope in 2018 was on average almost twice as high as in 2019.

According to the cultivation results, the biomass growth seems to have mostly stopped by June, while the
simulation results suggest further growth from June onward. This is commonly observed from S. latissima
cultures [28, 21]. This feature can be attributed both to lack of detail in the growth model, and that the ocean
model may provide slightly higher nutrient concentrations in June, thus catering for some further growth in the
model. In the present simulations photo periods [33, 12] have not been included. This provide a better match
between model and data, but may have had some impact on the sustained “summer growth” according to the
model. Another issue is that of fouling [24, 34, 35], which has not been included in the present model either
(though a rudimentary one exists: Broch, MACROSEA project, unpublished), and which may lead to reduced
growth and increased deterioration of the frond.

Finally, it should be noted that the spatial (horizontal) model resolution used here is a bit coarse to resolve
all relevant physical features of the cultivation sites. For example the Saint Suliac site lies in a small tidal bay,
and the model resolution used here is not strictly speaking high enough to resolve all features in the dynamics.
Thus, the results must be interpreted in an average sense. They are still useful for developing the concepts
presented here.

4.3 Carrying capacity

We have approached carrying capacity strictly from the view point of nutrient consumption. There are a number
of other, equally important, angles to carrying capacity and environmental impacts of seaweed aquaculture
[54, 14]. Some other aspects of carrying capacity are already implemented in various management systems of
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aquaculture. For example, several European countries routinely monitor organic loading in aquaculture [16,
15, 9], so management practices are in place even if organics form kelp farming may behave differently from
e.g. fish faeces and feed pellets. Norway used to practice a precautionary principle for seaweed aquaculture,
meaning that material material for seedling production should not be collected more than 40 km away from the
cultivation site; there is evidence to support this [17].

The metric introduced by Aldridge et al. [4] does provide a relatively simple concept for quantifying
“pelagic carrying capcity” of kelp aquaculture. An advantage of the index (8), an adaption of Aldrige et al.’s
original concept, is that is is completely independent of large or small scale production, although of course
it makes little sense to implement it for, say a single, stretch of rope culture. Another advantage is that it
incorporates, implicitly, a lot of different information like choice of cultivation substrate, quality and density
of seedlings. The index may further be used completely independent of any numerical modelling, though it
is necessary not only to establish nutrient uptake by kelp but also the phytoplankton production. One could
for example imagine recordings of yields an content from spring to early summer, for instance, and use this to
monitor progress.

Previous simulation results have indicated an average S. latissima cultivation potential of around 75 t ha−1

inside the maritime baseline in Norway [8]. This number did not take into account any aspects of carrying
capacity other than a high potential for biomass production. One should also note that the simulation results,
used as a basis for the the cc calculations, generally over estimated total N uptake by seaweed farm, except
for late in June at Ventry. From a precautionary perspective this seems fine, while from an economic side, one
should of course get as close to the “truth” as possible.

What is lacking is perhaps good evidence on exactly where to set the limit in equation (8) - is it 1, above
or below? The empirical results available from GENIALG are not sufficient for a hard conclusion as to where
the carrying capacity limits for European seaweed aquaculture lie, and it is not altogether clear how great the
differences between different countries really are in terms of carrying capacity. Recent results from the project
“KELPPRO: Potential impacts on coastal ecosystems” (financed by the Research Council of Norway) seem to
support the view that coastal kelp aquaculture may not have that great impacts on nutrient concentrations and
primary production [27].

The simulation results on how the carrying capacity varies in time and between sites indicate that there may
be periods of the year when the the marine ecosystem is more “vulnerable” to perturbations than at others. The
results here relate to the final harvested biomass. Thus, it is not possible to completely decouple the index, say,
early in spring from the values later in summer. However, the total amounts of nutrients extracted in summer
are also higher than in spring, and the total impacts in terms of reduced pelagic primary production may be
higher. From this perspective, the carrying capacity concept may be used to plan harvest to minimise the period
when the cc is over extended. This requires substantial monitoring, which is probably beyond the means of the
average European kelp farmer at present.
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Appendix. Some results form the cultivation trials and Deliverable 3.1

For the sake of completeness we reproduce here some figures from the report to Deliverable 3.1.

Figure 15: Measured frond areas.

Figure 16: Counted densities of S. latissima sporophytes.

Figure 17: Wet weights of a 1 m long S. latissima cultivation rope segment.
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Summary 

As an alternative food source, seaweed is cultivated with growing interest around the 

world, including the sugar kelp (Saccharina latissima) cultured in the coastal regions 

around the Atlantic. In order to facilitate a science-oriented aquaculture 

management, within the GeniAlg project a three dimensional macroalgal module was 

developed and coupled in a hydrodynamic-biogeochemical model to assess the 

potential impact of S. latissima culture on the Oosterschelde ecosystem, a Dutch 

tidal bay adjacent to the North Sea. The model has been used to simulate the 

nitrogen uptake and biomass production of S. latissima throughout a production 

cycle. The growth parameters are consistent with the measurements conducted in 

two seaweed farms and an experimental tank system in 2020. The validated seaweed 

model is then applied to assess the production carrying capacity and the interaction 

of cultured seaweed and native phytoplankton.  

The model is also a useful tool in evaluating different farming strategies, including 

determining the optimal location for seaweed culture and the proper time of 

deploying and harvesting seaweed lines, and it was shown that growth of kelp was 

highest in the western compartment of the bay as a result of higher winter 

temperatures. As DIN concentrations are also higher in this compartment, better 

quality, in terms of nitrogen content was observed. The developed model can be 

applied in assisting decision-making related to macroalgal farming in other similar 

estuarine-coastal ecosystems. 

1. Introduction

The sugar kelp (Saccharina latissima) is a brown alga widely distributed in the 

northern Atlantic, which can provide substrates for sessile organisms as well as serve 

as shelter and nursery area. As an important primary producer, the sugar kelp has 

also been farmed with growing interest for human food and commercially important 

extracts (e.g., alginate). Seaweed farming is a clean and efficient food source with 

zero usage of farmland, freshwater irrigation, fertilizers, and pesticides. Farming kelp 

absorbs nutrients from the water column and carbon dioxide from the atmosphere, 

which, in case the areal extent is substantial, may contribute to alleviation of cultural 

eutrophication and climate change. 

Despite the advantages of seaweed farming, the awareness of its impact on carrying 

capacity should be raised for a given ecosystem. The farmed kelp is an introduced 

component on the food chain, competing for light, nutrients, and hence ecological 

niches with other primary producers. By doing so, it will reduce the ecological 

carrying capacity of the natural environment, which should be well quantified to 

avoid irreversible disruption on the local ecosystem. It is also necessary to assess the 

optimal farming density that can maximize the crop yield, which is known as the 
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production carrying capacity. In addition, both the location and timing of farming 

activities play an important role in the assessment of carrying capacity and harvest.  

A systemwide three-dimensional seaweed model coupled with a hydrodynamic-

ecological model is developed in this project to answer the above questions.  

 

The growth of S. latissima in the Oosterschelde is modeled, taking into account the 

interactions with nutrient and phytoplankton dynamics, and filter feeders in the 

basin. 

 

The model is used for the following purposes: 

 Simulation of the nitrogen uptake and biomass production of S. latissima and 

the phytoplankton, for a specific seaweed farm in the Oosterschelde, for an 

annual cycle. 

 Determination of the optimal positioning of seaweed cultures in the 

Oosterschelde. 

 Provide an estimate on the limits for the carrying capacity of the 

Oosterschelde, more specifically, the maximal seaweed production that does 

not impair the ecology of the system. 

  

2. Methods 

A macroagal model for the species “Saccharina latissima” is applied to seaweed 

farming in the Oosterschelde. The model is based on the paper from Broch and 

Slagstad, 2012, but in contrast to this paper, the state variables in the model are 

expressed in mass per individual rather than in ratios. To use this model in an 

ecosystem context, the number of individuals per m2 is also explicitly described. 

 

2.1. State variables 
There are 5 state variables: 

• Structural biomass (STRUCTURE.C) is represented in terms of carbon per 

individual, [mmolC/ind]. Structural mass also contains nitrogen, which has a 

fixed ratio with carbon, and can thus be estimated based on the carbon 

content. Structural mass sets the maximum rate for all processes. 

• Intracellular nitrogen (RESERVE.N) is expressed in [mmolN/ind]. 

• Reserve carbon (RESERVE.C) is expressed in [mmolC/ind]. 

• Individual DENSITY of the macroalgal cohort, expressed in [Number of 

individuals/m2]. 

• Dissolved inorganic nitrogen in the environment (DIN) is expressed in 

[mmolN/m3]. 
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2.2. Mass balance equations: 

Density 

Macroalgal density is initiated with the number of (successful) recruits per m2. It 

decreases by mortality (which includes dislocation) and by harvesting. The dynamics 

is very simple: 

 

dDENSITY/dt = −mortality − harvest 

  

Harvest is a human intervention, occurring at a specific time and which 

instantaneously removes a fraction of total biomass. Mortality is assumed to occur at 

a constant rate: mortality = rmort · DENSITY . 

  

  
Figure 1: Schematic representation of the seaweed model. 

  

Reserve Carbon 

Reserve carbon is produced by photosynthesis, and lost by exudation, respiration and 

erosion. Growth of structural components also occurs at the expense of reserve 

carbon. 

 

dRESERVE.C/dt = Photosynthesis · (1 − eC) − Growth − Respiration − qRS · Erosion 

 

Here eC is the exudated fraction of photosynthate, qRS is the ratio of reserve.C over 

structural carbon (this ratio is necessary as Erosion is expressed in terms of mmol 

structural C/individual). 

Respiration comprises both a basal term (a fixed fraction of biomass per day) and a 

term related to growth. 

 

Structural Carbon 

Growth produces structural carbon, which is decreased by erosion and necrosis. 

Necrosis only occurs in case the amount of reserve carbon is insufficient for basal 

respiration, in which case the energy is supplied by structural carbon. 
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dSTRUCTURE.C/dt = Growth – Erosion − Necrosis 

 

Reserve Nitrogen 

Uptake of DIN from the external environment adds to the nitrogen reserves, while 

the production of structural mass (growth) consumes it; nitrogen reserves are also 

lost by erosion. 

  

dRESERVE.N/dt = Nuptake − NCstruct · Growth − qNS · Erosion 

  

where NCstruct is the fixed N:C ratio in structural mass, and qNS is the reserve 

nitrogen over structural carbon ratio. 

  

DIN 

Finally, the combined uptake of DIN by all individuals affects the external DIN 

concentration. DIN is also exchanged with the environment. 

 

dDIN/dt = DENSITY/depth·(−Nuptake + (NCstruct + qNS) · Erosion 

+ NCstruct · Necrosis) + Exchange 

 

See Appendices 1, 2 and 3 for variables, rate expressions, and parameters in this 

model. 

 

2.3. Implementations of the macroalgal model 
The model has been implemented in several modes, including 0-D and 3-D 

implementations. 

 

0-D implementation 

The stand-alone (0-D) model, is implemented in R (R core team 2020) and solved 

with R-package deSolve (Soetaert et al., 2010). 

 

Here the macroalgae are growing in a volume of water whose characteristics are 

imposed (light, temperature, current speed, external DIN concentration). This model 

is implemented in FORTRAN (for speed) and linked to R (for flexibility). The model is 

wrapped in an R-package; a web interface developed using the shiny R-package 

(Chang et al., 2020) is used to facilitate model application. This implementation is 

used for model calibration. 

 

3-D Implementation 

The same macro-algal model is also implemented in the 3-D coupled hydrodynamic-

ecosystem model of the Oosterschelde developed at NIOZ (briefly introduced below). 

This implementation will be used to calculate the impact of macroalgal growth on 

the Oosterschelde dynamics (Figure 2). 
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Figure 2: Conceptual diagram of macroalgae implemented in the 3-D ecological 

model. 

 

A three-dimensional hydrodynamic-biogeochemical model GETM-FABM (General 

Estuarine Transport Model coupled with the Framework for Aquatic Biogeochemical 

Models) was applied in a two-year (2009–2010) simulation in the Oosterschelde 

(Jiang et al., 2020). GETM and FABM are open-source models, available from 

websites https://getm.eu/ and https://github.com/fabm-model/fabm. The model 

was implemented on a 300 m × 300 m rectangular grid with 10 equally-divided 

vertical layers, covering the Oosterschelde and part of the North Sea (Figure 3). The 

hydrodynamic model using GETM version 2.5.0 is driven by realistic meteorological 

forcing (winds, irradiance, air pressure, etc.) and tides and the output water level, 

temperature, salinity, and current velocity are calibrated and validated with 

observational data (Jiang et al., 2019). Jiang et al. (2019) provide a detailed 

description of the GETM setup and model verification. 
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Figure 3: Geographic location of the Oosterschelde and the GETM-FABM model grid, 

domain, and bathymetry. Green, pink, and red dots in the right panel indicate the 

distribution of three dominant bivalve species in the Oosterschelde: oysters, mussels, 

and cockles. 

 

The biogeochemical model is coupled online with GETM on the FABM platform 

(Bruggeman and Bolding, 2014). The physical and biogeochemical simulations were 

conducted simultaneously with a time step of 8 s. In each time step, GETM provides 

FABM with the environmental variables, such as temperature, water elevation, and 

irradiance. The transport and mixing of nutrients and plankton biomass is 

represented by the same equation as that of salinity except that phytoplankton sink 

at a speed of 0.2 m per day. 

 

The biogeochemical model is nitrogen-based and consists of a pelagic and benthic 

module (Figure 2). The pelagic module is a typical NPZD framework comprising state 

variables Nutrient (DIN, dissolved inorganic nitrogen), Phytoplankton, Zooplankton, 

and Detritus (unit: mmol nitrogen m-3), while the benthic variables (in mmol nitrogen 

m-2) include benthic detritus, microphytobenthos, and the three dominant bivalve 

species in the Oosterschelde: mussels, oysters and cockles. The main formulations, 

variables, and parameters are summarized in Jiang et al., 2020. The climatological 

data in December and January averaged using the 19-year observations is used as 

the initial model condition. The shellfish distribution (see Figure 3) and annual 

biomass in 2009 and 2010 are estimated by Wageningen Marine Research (Jiang et 

al., 2019). The model output is compared with available observational DIN, chl-a, and 

net primary production (NPP). 

 

The farmed S. latissima is implemented as an extra primary producer. It is initially 

setup at five locations with existing or potential seaweed farms (Figure 4). The 

seaweed has been idealized set to grow on the surface three meters of the water 

column. The farming density in the model was 94 individuals per m2 based on the 

calculation (dry weight per line divided by dry weight per individual) in Zeewaar farm 
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by Blommaert (unpublished data).  

 

The measured seaweed growth data (from NIOZ and WMR) including the frond area 

(size), the dry weight, carbon and nitrogen contents, and the C:N ratio of the plants 

were collected in NIOZ seaweed tanks, and the Zeewaar and Neeltje Jan farms 

(Figure 5) in spring 2020 and are used for model calibration and validation. 

 

 

 

 

Figure 4: Locations of seaweed farming implemented in the 3D model. The left panel 

shows the satellite image of the Zeewaar farm. 

 

 

Figure 5: The farm locations where the measurements were undertaken. 
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3. Modeling growth of S. latissima: Model calibration and 

validation 

3.1. Calibration of key environmental variables in the 3D model 

Temperature 

Temperature was simulated with the boundary conditions, atmospheric input, and 

hydrodynamic settings for the years 2009 and 2010. We have calibrated the 

hydrodynamic model with observational data in these two years. The hydrodynamic 

model shows a good agreement with water elevation and current velocity at 

observational stations of the Oosterschelde (Figure 6). The accuracy of temperature 

and salinity simulations was also evaluated by comparing them against monthly or 

biweekly NIOZ shipborne monitoring data. The model captured the main annual 

cycle of temperature and salinity (Figure 6). The statistical analyses of all model-data 

comparisons over the two years indicated correlation coefficients of 0.998 (p < 0.001) 

and 0.951 (p < 0.001) and root mean standard errors of 0.580 °C and 0.303 for 

temperature and salinity, respectively (n = 210, Figure 7). Overall, the model 

displayed acceptable skills in reproducing realistic hydrodynamic conditions, 

especially temperature. This rendered confidence in applying the model in realistic 

ecological modeling endeavors since the advection and dispersion of nutrients and 

phytoplankton were computed similarly to those of temperature and salinity.   

 

 

Figure 6: Time series of modeled and observed (a) water elevation at Bergse 

Diepsluis west, (b) temperature at Station 3, (c) salinity at Station 7, and (d) eastward 

and (e) northward current velocity at 2143m10001. 

 



10 
 
 

 

Figure 7: Comparison of observed and simulated temperature and salinity in the 

Oosterschelde in the Years 2009 and 2010. 

 

The observational data for S. latissima growth were collected in spring 2020, while 

the hydrodynamic simulation was for the year 2009-2010. Thus, we compared the 

temperature in the spring of 2010 and 2020. The year 2020 is two to three degrees 

warmer than the 2010 (Figure 8), which may lead to an earlier phytoplankton bloom 

and a shorter growth period for seaweed. 

 

 

Figure 8: Comparison of modeled temperature in 2009 and 2010 and observed 
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temperature at two seaweed farms. See Figure 5 for farm locations. 

 

Nutrients and phytoplankton 

The model results compared to observed concentrations of DIN (dissolved inorganic 

nitrogen) and chl-a in a two-year simulation are shown in Figure 9. Most DIN 

consumption happens during the spring bloom, and the regenerated DIN 

accumulates over winter until the next bloom sets off. The simulated chl-a during the 

bloom demonstrates the same gradient between the western and eastern bay as 

observed (OS1 > OS3 > OS8, Figures 9d–9f). The model skill is quantified by 

correlation coefficients (CC = 0.94 for DIN and 0.81 for chl-a) and root mean square 

errors (RMSE = 6.0 mmol m-3 for DIN and 3.9 mg m-3 for chl-a) between simulation 

and observation. Despite capturing the major seasonal and spatial patterns, the 

model seems to miss some details such as overestimating the recycled DIN at OS8 

and showing a slower collapse of spring blooms than observed.  

 

 

Figure 9: Comparison between simulated and observed dissolved inorganic nitrogen 

(DIN) and chlorophyll a (chl-a) in the years 2009–2010 at NIOZ monitoring stations 

OS8 (in the eastern basin of the Oosterschelde), OS3 (in the central basin of the 

Oosterschelde), and OS1 (in the western basin of the Oosterschelde).  

 

We also compared the modeled DIN with measurements at seaweed farms in 2020 

(Figure 10). The model data shows a later consumption of DIN compared to the 

measurements at seaweed farms, which agrees with the colder temperature in the 

modeled year 2010 (Figure 8). The DIN concentration in early summer (after the 

spring bloom) was lower than the observation, which is also found in the years 2009 

and 2010. The NPZD model considers nitrogen only and assumes no phosphorus or 

silicon limitation in phytoplankton/macroalgae growth. In late spring, phosphorus or 

silicon may become limited in the Oosterschelde, which likely explains the faster DIN 
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consumption in the simulated data compared to the observation. Overall however, 

the ecological model with the macroalgae implementation is capable of capturing 

the seasonal cycle of DIN and phytoplankton. 

 

 

Figure 10: Comparison of modeled DIN in 2009 and 2010 and observed DIN at two 

seaweed farms in 2020. See Figure 5 for farm locations. 

 

3.2. Calibration of S. latissima growth in the 3D model 

Growth indices 

The frond area is a function of the structural carbon with a conversion factor of 

0.0012 m2/mmol carbon in the model. The frond area can be measured directly in 

the farm as a quantification of the plant growth. The modeled final seaweed size is 

consistent with measurements in the three locations (Figure 11). However, the 

modeled frond area grows much slower in early spring and catches up in late spring, 

likely due to lower water temperature in 2010. 
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Figure 11: Comparison of the modeled S. latissima frond area in 2009-2010 and the 

measured frond area in 2020 at three seaweed farms. See Figure 5 for farm locations. 

 

In contrast to the frond area, the dry weight is the sum of carbon content, both 

reserved and structural, and the nitrogen content. The modeled dry weight is in 

better agreement with the measurements compared to the frond area (Figure 12). 

The growth rate in late winter (February) is slightly underestimated and in the lower 

range of the measurements. Overall, the developed 3D macroalgal model is capable 

of capturing the S. latissima seasonal growth pattern indicated by the frond area and 

dry weight. 
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Figure 12: Comparison of the modeled S. latissima dry weight in 2009-2010 and the 

measured frond area in 2020 at two seaweed farms. See Figure 5 for farm locations. 

 

Carbon and nitrogen contents 

The carbon content of S. latissima is normally lower in winter, when the DIN is high in 

the seawater and the plant accumulates its nitrogen reserves. The measurements 

conducted in the 1990s and 2020 shows similar seasonal cycles of carbon contents in 

S. latissima, ranging from 20% to 35% (Figure 13). The macroalgal model mostly 

follows the seasonal variation of the S. latissima carbon content (Figure 13). It is 

noteworthy that the carbon content is underestimated in March (Figure 13), the 

same period as the frond area is underestimated (Figure 11). Thus, it is inferred that 

the 2-3 degrees lower temperature in 2010 than 2020 likely accounts for the 

underestimation of the structural carbon accumulation and overall carbon content. 
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Figure 13: Comparison of the modeled S. latissima carbon content in 2009-2010 and 

the measured carbon content in 2020 at the Zeewaar seaweed farm (See Figure 5 for 

its location) and earlier measurements by Sjøtun (1993) in Norway (blue and red 

crosses).  

 

The nitrogen content of S. latissima has an opposite seasonal pattern, i.e., high in 

winter and low in summer, compared with the carbon content. The measurements 

conducted in the 1990s by Sjøtun (1993) show a much lower nitrogen content in 

winter, which may result from the age of the plants and different measurement 

methods (Figure 14). Our modeled nitrogen content is similar to what is measured in 

2020 (Figure 14). The modeled seaweed nitrogen content is lower than the 

observation in late spring (Figure 14), which is a consequence of DIN 

underestimation in that period (Figure 10). 
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Figure 14: Comparison of the modeled S. latissima nitrogen content in 2009-2010 

and the measured nitrogen content in 2020 at the Zeewaar seaweed farm (See 

Figure 5 for its location) and earlier measurements by Sjøtun (1993) in norway (red 

and blue crosses).  

 

Similar to the carbon content, the modeled C:N ratio in S. latissima is also high in 

winter and low in summer ranging from 5 to 35 (Figure 15). The model overestimates 

the C:N ratio in late spring as a consequence of N underestimation (Figures 14 and 

15).  

 

Through comparing the modeled growth curve, and carbon and nitrogen contents 

with the data collected from S. latissima farms, the macroalgal model is calibrated 

and validated in the Oosterschelde case study. The model is then used to run further 

scenarios to answer scientific and management-oriented questions associated with 

seaweed carrying capacity and ideal farming strategies. 
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Figure 15: Comparison of the modeled S. latissima carbon-to-nitrogen (C:N) ratio in 

2009-2010 and the measured C:N ratio in 2020 at the Zeewaar seaweed farm (See 

Figure 5 for its location). 

 

4. Modeling the S. latissima carrying capacity in the 

Oosterschelde 

4.1. Ecological carrying capacity 
Ecological carrying capacity is the maximal extent of the culture so that the cultured 

species won’t affect the native species in the ecosystem. In the Oosterschelde, S. 

latissima is a introduced primary producer that competes with the native 

phytoplankton for nutrients, light, and space. In order to assess the impacts of the 

cultured seaweed on the DIN and phytoplankton in the Oosterschelde, a series of 

numerical experiments with increasing farming intensity are conducted. In these 

experiments, the farmed plants are placed randomly in the basin covering various 

areas of the basin surface (Table 1 and Figure 16). 
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Figure 16: Farming locations in the idealized numerical simulations (Scenarios 0-4) 

shown in Table 1. 
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Table 1 Idealized numerical scenarios assessing the S. latissima carrying capacity in 

the Oosterschelde. 

Scenarios Description Farming Area (km2) 

0 Baseline 0.45 

1 Farming ~1% of the basin 3.6 

2 Farming ~3% of the basin 10.17 

3 Farming ~10% of the basin 32.45 

4 Farming ~30% of the basin 107.19 

 

When increasing the farming area of the Oosterschelde, the average DIN 

concentration in the basin is gradually decreased due to the consumption of S. 

latissima, especially in the scenarios of farming over 10% of the basin area (Figure 

17). The difference is extremely significant in the late spring when DIN is mostly 

depleted (Figure 17). Assuming the S. latissima is harvested in late June, the average 

DIN concentration in the basin at the harvest time is apparently lowered by the 

increasing cultured S. latissima population (Figure 18). 

 

 

Figure 17: The DIN concentration in the five idealized numerical simulations of 

increasing farming area in the Oosterschelde. 
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Figure 18: The averaged DIN concentration in the five idealized numerical simulations 

of increasing farming area in the Oosterschelde in late June. 

 

As a result of cultured seaweed, the competition for DIN is translated into reducing 

the phytoplankton biomass (Figure 19). In the scenario of culturing seaweed in ~30% 

of the basin area, the peak phytoplankton biomass is decreased by ~20% during the 

spring bloom and ~35% in the late June compared to the baseline scenario (Figures 

19 and 20). Moreover, the spring bloom collapses earlier owing to the reduced DIN 

concentration in the seawater (Figures 17 and 19).  

 

Phytoplankton is the dominant primary producer in the Oosterschelde before the 

culture of sugar kelp and supports the entire food web including the commercial 

filter feeders such as blue mussels (Mytilus edulis) and Pacific oysters (Crassostrea 

gigas). Based on the model results, the phytoplankton population can be suppressed 

given an unlimited space to culture plots of S. latissima. The model thus provides a 

useful tool of running “what-if” projections. Based on the model results, ecosystem 

managers are able to figure out the proper farming area in the Oosterschelde 

without significantly affecting the native phytoplankton proliferation and further, the 

other consumers that are relying on phytoplankton. 
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Figure 19: The phytoplankton biomass in the five idealized numerical simulations of 

increasing farming area in the Oosterschelde. 

 

 

Figure 20: The averaged phytoplankton biomass in the five idealized numerical 

simulations of increasing farming area in the Oosterschelde in late June. 
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4.2. Production carrying capacity 
Production carrying capacity describes the potential aquaculture yield of a farming 

area, which is associated with the food (nutrient supply), hydrodynamic conditions, 

and other environmental factors. The seaweed crops of a high density can compete 

with each other for light and nutrients and affect the growth of each individual. By 

utilizing the 3D macroalgal model and running the five aforementioned numerical 

cases of different farming extents, the harvest size is assessed. 

 

 

Figure 21: The average individual frond area in the five idealized numerical 

simulations of increasing farming area in the Oosterschelde. 

 

In the early growing season (November to March), the frond area and dry weight of 

the individual plant are not affected by the farming extent (Figures 21 and 22). Due 

to the gradually developed DIN limitation in late spring, the frond area and dry 

weight of the plants decline in the scenarios with high farming coverage (Figures 21 

and 22). The harvest size reduced linearly with the increasing farming area (Figures 

23 and 24). These relationships should be helpful for a systematic planning for the 

economically and environmentally friendly farming area in the Oosterschelde and 

can be adopted in other similar estuarine-coastal ecosystems. 
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Figure 22: The average individual dry weight in the five idealized numerical 

simulations of increasing farming area in the Oosterschelde. 

 

 
Figure 23: The average individual frond area in the five idealized numerical 

simulations of increasing farming area in the Oosterschelde in late June. 
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Figure 24: The average individual dry weight in the five idealized numerical 

simulations of increasing farming area in the Oosterschelde in late June. 

 

5. Optimal S. latissima farming strategies in the 

Oosterschelde 

5.1. Optimal S. latissima farming locations in the Oosterschelde 
The growth of seaweed relies on multiple environmental factors, e.g., light, 

temperature, nutrients, low current speed, relatively fast water renewal, etc. 

Therefore, selecting a suitable farming location has a great influence on the yield of 

the seaweed culture. In previous studies (Jiang et al., 2019, 2020), the Oosterschelde 

is divided into four compartments: eastern, central, western, and northern, which 

show distinct circulation pattern, nutrient distribution, and primary production. Thus, 

it is necessary to explore the effect of S. latissima farming in these four subregions of 

the bay. 

 

In the scenario farming ~1% of the basin (Scenario 1 in Table 1), four locations are 

selected to represent the conditions in the eastern, central, western, and northern 

Oosterschelde, respectively (black dots in Figure 25). 
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Figure 25: Farming locations (red dots) in the idealized Scenario 1 shown in Table 1. 

Black dots indicate four farming areas representing the western, central, eastern, and 

northern Oosterschelde used for spatial analyses. 

 

 

Figure 26: The modeled individual S. latissima frond area at four locations of the 

Oosterschelde simulated by the idealized Scenario 1 (Table 1). The observational data 

in the three farms are also listed. See Figure 25 for the four locations selected and 

Figure 5 for the three farm locations. 
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Figure 27: The modeled individual S. latissima dry weight at four locations of the 

Oosterschelde simulated by the idealized Scenario 1 (Table 1). The observational data 

in the two farms are also listed. See Figure 25 for the four locations selected and 

Figure 5 for farm locations. 

 

The frond area and dry weight of the seaweed at these four locations show the 

following relationship: Western > Central > Eastern > Northern (Figures 26 and 27). 

The growth curve of the four spatial locations starts to separate in winter, i.e., from 

December to February (Figures 26 and 27). It turns out that temperature is the main 

driver of the spatial discrepancy in growth rates. The land-bounded eastern basin is 

the shallowest part of the Oosterschelde, which shows the lowest water temperature 

in winter (Figure 28). The western basin is closest to and mostly influenced by the 

North Sea, and therefore warmer in winter (Figure 28). Temperature in the central 

and northern parts lies between that in the western and eastern basin (Figure 28). 

The spatial variation in temperature contributes to the differences in S. latissima 

growth rates (Figures 26 and 27). 
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Figure 28: The modeled temperature at four locations of the Oosterschelde 

simulated by the idealized Scenario 1 (Table 1). See Figure 25 for the four locations 

selected. 

 

 
Figure 29: The modeled DIN concentrations at four locations of the Oosterschelde 

simulated by the idealized Scenario 1 (Table 1). See Figure 25 for the four locations 

selected. 
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Figure 30: The modeled individual S. latissima nitrogen content at four locations of 

the Oosterschelde simulated by the idealized Scenario 1 (Table 1). The measured 

nitrogen contents in 2020 at the Zeewaar seaweed farm (See Figure 5 for its location) 

and earlier measurements by Sjøtun (1993) are also listed. See Figure 25 for the four 

locations selected. 

 

During wintertime, DIN is abundant in the water column (Figure 29), and the 

nitrogen contents follows a similar spatial variation pattern to temperature and 

growth rates (Figure 30). Seaweed in the northern basin shows the higher nitrogen 

content in May and June than that at the other three locations (Figure 30). In this 

season, DIN is relatively limited in the seawater, and the higher DIN concentration 

fueled by the high regeneration rate in the northern station contributes to the higher 

nitrogen content in the plant (Figure 29). 

 

Based on these analyses, the western part seems to be an optimal area for the S. 

latissima culture in the Oosterschelde. In the early summer, the locations with higher 

DIN concentrations appear to induce higher nitrogen contents and likely better food 

quality in the harvested sugar kelp. 

 

5.2. Optimal S. latissima farming time in the Oosterschelde 
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Figure 31: The modeled individual S. latissima frond area with different deployment 

time. The observational data in the three farms are also listed. See Figure 5 for the 

three farm locations. 

 

 
Figure 32: The modeled individual S. latissima dry weight with different deployment 

time. The observational data in two farms are listed. See Figure 5 for farm locations. 
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The timing of deploying the seaweed lines and harvesting the crops can largely affect 

the size and values of the sugar kelp. With the assistance of the 3D Saccharina 

latissima model, it is possible to evaluate different deployment strategies.  

 

Here we arbitrarily plan three deployment times: 1 September, 1 November, and 1 

January. Early deployment results in larger final size given the long growth period, 

but the growth rate in September and early October is fairly slow (Figures 31 and 32). 

Thus, deploying the seaweed lines in early October may be a cost-effective option. 

Additionally, the growth rate drops sharply in May and June given the warm-up of 

the water column and nutrient depletion (Figures 31 and 32). Thus, according to the 

model results, harvest may be arranged as early as late May in the Oosterschelde. 
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Appendix 1. Model variables 

Name Unit Description 
time day time of simulation 
STRUCTURE.C mmolC/ind Structural carbon biomass per individual 
STRUCTURE.CHL mgChl/ind Chlorophyll biomass per individual 
RESERVE.C mmolC/ind Carbon reserve biomass per individual 
RESERVE.N mmolN/ind Nitrogen reserve biomass per individual 
DIN mmolN/m3 Dissolved inorganic nitrogen in the water 
DENSITY ind/m2 Number of individuals per m2 
SurfaceArea m2/ind frond surface per plant 
DryWeight mg/ind total dry weight of sporophyte 
WetWeight mg/ind total wet weight of sporophyte 
ALGAE_N mmolN/ind total nitrogen biomass per individual 
ALGAE_C mmolC/ind total carbon biomass 
gC_gdw gC/gDW carbon/ dry weight ratio 
gN_gdw gN/gDW nitrogen/ dry weight ratio 
gS_gdw gC/gDW gram structural carbon/gram dryweight 
RN_SC molN/molC ratio reserve nitrogen /structural carbon 
RC_SC molC/molC ratio reserve carbon/structural carbon 
Chl_SC gChl/molC chlorophyll/structural carbon ratio 
NCratio molN/molC ratio total nitrogen/total carbon 
CNratio molC/molN ratio total carbon/total nitrogen 
ChlCratio gChl/molC chlorophyll/total carbon ratio 
ChlNratio gChl/molN chlorophyll/total nitrogen ratio 
pReserveC - fraction of Carbon in reserves 
pReserveN - fraction of Nitrogen in reserves 
Growth_rate /d specific growth rate of structure 
Gross_SurfaceProd m2/ind/d gross surface increase per individual 
Photosynthesis_rate /d photosynthesis rate 
Respiration_rate /d basal+growth respiration rate 
Nuptake_rate /d nitrogen uptake rate 
Erosion_rate /d frond erosion rate 
beta /day/(uE/m2/s) photosynthesis parameter 
Growth mmolC/ind/d growth of structure 
Photosynthesis mmolC/ind/d photosynthesis 
Respiration mmolC/ind/d respiration 
Exudation mmolC/ind/d exudation of DOC 
ExudFrac - fraction of photosynthesis exudated 
Necrosis mmolC/ind/d decay of structure if not enough reserves 
Nuptake mmolN/ind/d DIN uptake 
Erosion mmolC/ind/d erosion of plant 
DINlimNup - limitation of nitrogen uptake by DIN 
RN_SClimNup - limitation of nitrogen uptake by N:S quotum 
fVelocityNup - dependency of nitrogen uptake on current 

velocity 
fAreaGrowth - dependency of growth on frond surface area 
RN_SClimGrowth - limitation of growth by N:S quotum 
RC_SClimGrowth - limitation of growth by R:S quotum 
QlimGrowth - growth limitation by internal R:S or N:S 

quotum 
fTempPhoto - temperature effect on C-fixation and 

respiration 
fTempGrowth - temperature effect on growth 
fTempResp - temperature effect on respiration 
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fLightPhoto - light limitation of C-fixation 
rhoChl_SC gChl/molC Chl:C production ratio (per struct C) 
SurfLight uEinst/m2/s light at water surface (forcing) 
Temp dgC temperature (forcing) 
µ m/s current velocity (forcing) 
fDLGrowth - dependency of daylength on growth (forcing) 
DINext mmolN/m3 external DIN (forcing) 

sumN mmolN/m2 total nitrogen 
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Appendix 2 Rate formulations 

Key rate calculations in the macroalgal model are listed as follows. Please refer to 

Broch and Slagstad, 2012 for details of these calculations. The parameters in the 

equations are listed in Appendix 3. 

𝑃ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 = 𝑃𝑆 ∙ 𝑓(𝐼) 

𝑓(𝐼) = (1 − 𝑒(−𝛼∙𝐸/𝑃𝑆))𝑒(−𝛽𝐸/𝑃𝑆) 

𝑃𝑆 = 𝛼 ∙ 𝐼𝑠/(log(1 + 𝛼/𝛽)) 

β is calculated such that: 𝑃𝑚𝑎𝑥 = 𝑃1 ∙ 𝑓(𝑇) =
𝛼∙𝐼𝑠

log(1+
𝛼

𝛽
)
∙

𝛼

𝛼+𝛽
∙ (

𝛽

𝛼+𝛽
)𝛽/𝛼 

𝑓(𝑇) =
𝑒
(
𝑇𝐴𝑃
𝑇𝑃1

−
𝑇𝐴𝑃
𝑇

)

1 + 𝑒
(
𝑇𝐴𝑃
𝑇

−
𝑇𝐴𝑃
𝑇𝑃𝐿

)
+ 𝑒

(
𝑇𝐴𝑃𝐻
𝑇𝑃𝐻

−
𝑇𝐴𝑃𝐻
𝑇

)
 

𝐺𝑟𝑜𝑤𝑡ℎ = 𝜇𝑚𝑎𝑥 ∙ 𝑓(𝐴) ∙ 𝑓(𝐷𝐿) ∙ 𝑓𝑔(𝑇) ∙ 𝑓(𝑄) ∙ 𝑆𝑇𝑅𝑈𝐶𝑇𝑈𝑅𝐸. 𝐶 

𝑓(𝑄) = min(1,max (0 , (1 − max (
𝑞𝑁𝑆𝑚𝑖𝑛

𝑞𝑁𝑆
,
𝑞𝑅𝑆𝑚𝑖𝑛

𝑞𝑅𝑆
)))) 

𝑓(𝐴) = 𝑚1

𝑒
−(

𝐴
𝐴0

)2

+𝑚2

𝑚1 +𝑚2
 

𝑅𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛 = 𝐵𝑎𝑠𝑎𝑙. 𝑟𝑒𝑠𝑝 + 𝐺𝑟𝑜𝑤𝑡ℎ. 𝑟𝑒𝑠𝑝 

𝐵𝑎𝑠𝑎𝑙. 𝑟𝑒𝑠𝑝 = 𝑟 ∙ 𝑓(𝑇) ∙ 𝑅𝐸𝑆𝐸𝑅𝑉. 𝐶 + 𝑟 ∙ 𝑓(𝑇) ∙ 𝑆𝑇𝑅𝑈𝐶𝑇𝑈𝑅𝐸. 𝐶 ∙ (1 − 𝑝𝑁𝑒𝑐𝑟𝑜𝑠𝑖𝑠) 

𝑝𝑁𝑒𝑐𝑟𝑜𝑠𝑖𝑠 = 1 −
𝑞𝑅𝑆3

𝑞𝑅𝑆3 + 𝑞𝑅𝑆𝑚𝑖𝑛3
 

𝑁𝑒𝑐𝑟𝑜𝑠𝑖𝑠 =  𝑟 ∙ 𝑓(𝑇) ∙ 𝑆𝑇𝑅𝑈𝐶𝑇𝑈𝑅𝐸. 𝐶 ∙ 𝑝𝑁𝑒𝑐𝑟𝑜𝑠𝑖𝑠 

𝐺𝑟𝑜𝑤𝑡ℎ. 𝑟𝑒𝑠𝑝 = 𝛾 ∙ 𝐺𝑟𝑜𝑤𝑡ℎ 

𝐸𝑟𝑜𝑠𝑖𝑜𝑛 = 𝑟. 𝑒𝑟𝑜 ∙
0.000001 ∙ 𝑒𝑒𝑟𝑜∙𝐴

1 + 0.000001 ∙ (𝑒𝑒𝑟𝑜∙𝐴 − 1)
∙ 𝑆𝑇𝑅𝑈𝐶𝑇𝑈𝑅𝐸. 𝐶 

𝑁𝑢𝑝𝑡𝑎𝑘𝑒 = 𝑟𝑁𝑢𝑝 ∙ 𝑓(𝐷𝐼𝑁) ∙ 𝑓(𝑈) ∙ 𝑓(𝑞) ∙ 𝑆𝑇𝑅𝑈𝐶𝑇𝑈𝑅𝐸. 𝐶 

𝑓(𝑞) = min (1,
𝑞𝑁𝑆𝑚𝑎𝑥 − 𝑞𝑁𝑆

𝑞𝑁𝑆𝑚𝑎𝑥 − 𝑞𝑅𝑁
) 

𝑓(𝐷𝐼𝑁) =
𝐷𝐼𝑁

𝐷𝐼𝑁 + 𝑘𝑠𝐷𝐼𝑁
 

𝑓(𝑈) = 1 − 𝑒
−

𝑈
𝑢065 
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Appendix 3 Model parameters 

Name Value Unit Description 

surf_SC 0.001

2 

m2/mmolC Unit area per structural 

carbon 

gdw_SC 60 gdw/molC Gram dry weight per mol 

structural carbon 

gdw_RN 38.08 gdw/molN Gram dry weight per mol 

reserve nitrogen 

gdw_RC 25.4556 gdw/molC Gram dry weight per mol 

reserve carbon 

gdw_gww 0.0785 gdw/gww Gram dry weight per gram 

wet weight 

minRC_SC 0.08 molC/molC Minimal quotum reserve C 

per structural mass 

minRN_SC 0.1 molN/molC Minimal quotum reserve N 

per structural mass 

maxRN_SC 0.19 molN/molC Maximal quotum reserve N 

per structural mass 

SN_SC 0.1 molN/molC Structural N per structural 

carbon 

Chl_SCopt 0.3336 gChl/molC Optimal 

chlorophyll/structural carbon 

ratio 

maxExudFrac 0.5 molC/molC Maximal fraction 

photosynthesis exudated 

maxEroRate 1 /d Maximal erosion rate 

pEro 142 /m2 Frond erosion parameter 

GrowthparSurf 0.06 m2 Growth rate parameter 

m1Growth 0.1085 - Growth rate parameter 

m2Growth 0.03 - Growth rate parameter 

maxGrowthRat

e 

0.18 /d Maximal C-specific growth of 

structural biomass 

maxPhotoRate 0.24 /d Maximal C-specific 

photosynthesis rate at T_P 

maxNupRate 0.5 molN/molC/d Maximal C-specific nitrogen 

uptake rate 

ksDIN 4 mmol/m3 Half-saturation constant for 

DIN uptake 

u065 0.03 m/s Current speed where 

nutrient uptake=0.65*rNup 

T_P 285 dgK Base temperature for 

photosynthesis 
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T_PL 271 dgK Lower temperature for 

photosynthesis 

T_PH 296 dgK Upper temperature for 

photosynthesis 

T_AP 1694.4 dgK Arr coeff4 for photosynthesis 

T_APH 25924 dgK Arr coeff5 for photosynthesis 

T_APL 27774 dgK Arr coeff6 for photosynthesis 

T_R1 285 dgK Arr coeff7 for respiration 

T_AR 11033 dgK Arr coeff8 for respiration 

alpha 0.0083 /day/(uE/m2/s) Photosynthetic efficiency 

Isat 200 uE/m2/s Irradiance for maximal 

photosynthesis 

basalRespRate 0.001 /d Specific respiration of the 

total biomass 

growthRespFra

c 

0.3 - Activity respiration, a 

fraction of growth 

mortality 0 /d Plant mortality 

optTL 10 dgC Low end of optimum 

temperature for growth 

optTH 15 dgC High end of optimum 

temperature for growth 

maxT 15 dgC Maximum temperature for 

the growth 

optSL 16 - Low end of optimum salinity 

for growth 

optSH 25 - High end of optimum salinity 

for growth 

Ka 0 m2/mgC Self-shading coefficient 

 

 

  



36 
 
 

References 

Broch, Ole Jacob, & Slagstad, Dag. (2012). Modelling seasonal growth and 

composition of the kelp Saccharina latissima. Journal of applied phycology, 24(4), 

759-776. 

Broch, Ole Jacob, Morten Omholt Alver, Trine Bekkby, Hege Gundersen, Silje 

Forbord, Aleksander Handå, Jorunn Skjermo, and Kasper Hancke (2019). The kelp 

cultivation potential in coastal and offshore regions of Norway. Frontiers in Marine 

Science 5: 529. 

Chang Winston, Joe Cheng, JJ Allaire, Yihui Xie and Jonathan McPherson (2020). 

shiny: Web Application Framework for R. R package version 1.4.0.2. https://CRAN.R-

project.org/package=shiny. 

Jiang Long, Theo Gerkema, Jeroen W. Wijsman and Karline Soetaert: Comparing 

physical and biological impacts on seston renewal in a tidal bay with extensive 

shellfish culture, Journal of Marine Systems, 194, 102–110, 

http://doi.org/10.1016/j.jmarsys.2019.03.003, 2019. 

Jiang Long, Theo Gerkema, Jacco C. Kromkamp, Daphne van der Wal, Pedro 

Manuel Carrasco De La Cruz and Karline Soetaert (2020). Drivers of the spatial 

phytoplankton gradient in estuarine-coastal systems: generic implications of a case 

study in a Dutch tidal bay. Biogeosciences, 17, 4135–4152, 2020. 

https://doi.org/10.5194/bg-17-4135-2020 

Lubsch, Alexander, and Klaas R. Timmermans (2019). Uptake kinetics and storage 

capacity of dissolved inorganic phosphorus and corresponding dissolved inorganic 

nitrate uptake in Saccharina latissima and Laminaria digitata (Phaeophyceae)." 

Journal of phycology 55(3): 637-650. 

R Core Team (2020). R: A language and environment for statistical computing. R 

Foundation for Statistical Computing, Vienna, Austria. URL https://www.R-

project.org/. 

Sjøtun K (1993) Seasonal Lamina Growth in two Age groups of Laminaria 

saccharina (L.) Lamour. in Western Norway. Botanica Marina 36:433–441. 

Smaal, Aad C., Joao G. Ferreira, Jon Grant, Jens K. Petersen, and Øivind Strand 

(2019). Goods and services of marine bivalves. Springer Nature. 

Soetaert Karline, Thomas Petzoldt, R. Woodrow Setzer (2010). Solving 

Differential Equations in R: Package deSolve. Journal of Statistical Software, 33(9), 1–

25. URL http://www.jstatsoft.org/v33/i09/ DOI: 10.18637/jss.v033.i09. 

 




