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Abstract
Kelp cultivation receives increasing interest for its high-value products and ecological
services, especially in Europe and North America. Before industrial kelp farming in
marine ecosystems continue to scale up, evaluation of the site-wide production
relative to ecological carrying capacity of the identified system is essential. For this
purpose, a mechanistic kelp model was developed and applied for hypothetical
numerical experiments of expanding the farming area in a Dutch coastal bay (the
Eastern Scheldt), where cultivation of Saccharina latissima (sugar kelp) is emerging.
The kelp model was implemented within a three-dimensional hydrodynamic-
biogeochemical model to account for the environmental interactions. The model
captured the seasonal growth dynamics of S. latissima, as well as its carbon and
nitrogen contents measured at the Eastern Scheldt pilot sites. The model results
suggest that expanding the kelp farming area to ~1%-30% of the bay (representing
~3.4-75 kt harvest dry weight in the 350-km? bay) had the potential to weaken the
spring bloom and thereby affected the coexisting shellfish culture in the bay.
Competition between S. latissima and phytoplankton mostly occurred in late spring
for nutrients (dissolved inorganic nitrogen). The ecological carrying capacity should
be weighed according to these negative impacts. However, the production carrying
capacity was not reached even when farming ~30% of the Eastern Scheldt, i.e.,
harvesting totally 75 kt dry mass, given that the simulated overall S. /atissima
production kept increasing with the farming activity. Our modeling approach can be

applied to other systems for S. /atissima cultivation and assist in assessing carrying
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capacity and environmental impacts.

Keywords: the Eastern Scheldt, seaweed farming, three-dimensional mechanistic
model, carrying capacity, phytoplankton

Introduction

Seaweed farming is gaining increasing interest globally, for its economic and
ecological values (Hasselstrom et al., 2018; Boderskov et al., 2021), and the world
seaweed production has tripled since the early 2000s (FAO, 2020). The cultivated
seaweed provides sustainable sources for food, feed, biofuels, pharmaceuticals,
cosmetics, and other biotechnological products at no cost of agricultural land,
freshwater irrigation, fertilizers, and pesticides needed by terrestrial crops (Forbord et
al., 2012). Meanwhile, the cultured seaweed is able to assimilate excessive nutrients
from river runoff and fish farms, mitigating coastal eutrophication and hypoxia, to
provide feeding ground, shelter, and nursery habitats for local organisms, increasing
biodiversity, and to damp onshore waves, preventing shoreline erosion (Sanderson et
al., 2012; Broch et al., 2013; Handa et al., 2013; Nielsen et al., 2014; Xiao et al.,
2017; Hasselstrom et al., 2018). In addition to these local ecosystem services, the
macroalgae cultivation, if increased to a considerable scale, may sequester a
substantial amount of carbon to mitigate climate change (Duarte et al., 2017; Krause-
Jensen et al., 2018; Froehlich et al., 2019). On top of the positive ecosystem services,
negative environmental effects of seaweed aquaculture include altering water flow
(Campbell et al., 2019) and polluting the seawater when fertilized (Ogawa and Fujita,

1997), whereas negative impacts seem to be limited if applied at suitable scales in
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some other systems (Walls et al., 2017; van der Molen et al., 2018).

Sugar kelp (Saccharina latissima), a large brown alga naturally distributed in
temperate and polar seas (Bartsch et al., 2008), is one of the most commonly
cultivated macroalgal species in North America and Europe (Lubsch and
Timmermans, 2019; Venolia et al., 2020). There is increasing interest in S. latissima
farming along the European coasts ranging from Norway to Portugal where an
increasing number of commercial farms are set up in coastal systems (Peteiro and
Freire, 2013; Azevedo et al., 2016). It is common practice to set up trial farms and
conduct systematic planning before establishing large-scale culture activities in a
coastal system (Buck and Buchholz, 2005; Nielsen et al., 2014; Broch et al., 2019).
Given the interactions between the seaweeds and environmental factors (light,
temperature, nutrients, currents, salinity, etc.), the farm site and deployment and
harvest time are crucial to the production, chemical composition, and the
bioremediation effects of S. latissima (Marinho et al., 2015; Boderskov et al., 2016;
Bruhn et al., 2016; Nielsen et al., 2016; Sharma et al., 2019; de Jong et al., 2021). It is
also important to understand the carrying capacity of an ecosystem in regards to
seaweed cultivation when planning the culture plot, which has not been as extensively
discussed as other (e.g., fish, shellfish, shrimp etc.) forms of aquaculture (Shi et al.,
2011; Filgueira et al., 2015).

Carrying capacity (CC) is the “maximum” stock size that an ecosystem can
support and has multiple dimensions (Smaal and van Duren, 2019). The maximum

farm density and/or farmed area cannot exceed the level that a system can
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accommodate in terms of space, water depth, and other physical conditions (physical
CC), that brings unacceptable ecological (ecological CC) or social disturbances
(social CC), or that depletes the resources and reduces the seafood quality or overall
yield (production CC). While the physical CC can be evaluated with fieldwork, GIS-
based methods, and numerical models, the other three CC concepts are somewhat
subjective depending on how ecosystem managers understand the “unacceptable
disturbance” or balance the aquaculture density with the seafood quality. In shellfish
culture, numerical models are applied to calculate the filtration capacity, primary
productivity, and water renewal efficiency and provide a quantitative assessment of
the CCs (e.g., Guyondet et al., 2015; Jiang et al., 2019a), which should be applicable
in seaweed cultivation as well where nutrient assimilation capacity is the equivalent of
filtration capacity.

A number of numerical seaweed models have been developed for various
purposes in prior studies, from statistical to mechanistic models with different
complexity (Petrell et al., 1993; Duarte and Ferreira, 1997; de Guimaraens et al.,
2005; Ren et al., 2014; Zhang et al., 2016; Lavaud et al., 2020). A mechanistic model
is usually formulated to address physiological processes including photosynthesis,
nutrient uptake and storage, biomass accumulation, respiration, etc. (Broch and
Slagstad, 2012). A seaweed model coupled with a hydrodynamic-biogeochemical
model may account for the environmental influences on seaweed growth dynamics
(Aveytua-Alcézar et al., 2008; Shi et al., 2011; Broch et al., 2019) and are practical

tools for CC assessment in ecosystems planned for seaweed farming.



111 We conducted a modeling study to evaluate the production and ecological CCs in
112 the Eastern Scheldt, a Dutch coastal bay where small-scale farming of S. latissima has
113 recently been piloted (van Oirschot et al., 2017). To this end, a S. latissima growth
114  module adapted from Broch and Slagstad (2012) was implemented into a recently

115  developed hydrodynamic-biogeochemical model (Jiang et al., 2020). The simulated S.
116  latissima growth and chemical composition were compared against data measured in
117  the seaweed farms and experimental tanks and assessed in response to various

118  hypothetical farming extents. The modeling approach is designed to provide

119  quantitative CC estimation for ecosystem managers and can be transferred to other
120  regions where seaweed farming is emerging.

121 Methods

122 The study area

123 The Eastern Scheldt is a 350-km? coastal bay in the Southwest Delta region of the

124  Netherlands and is connected to the North Sea through a storm surge barrier (Figure
125  1). The shallow (avg. ~7 m) basin is featured by several tidal channels with a

126  maximum depth of ~50 m and flanking shoals, 110 km? of which are tidal flats. Due
127  to the Delta Works established in the 1980s, freshwater discharge into the Eastern

128  Scheldt is limited (Ysebaert et al., 2016) and semi-diurnal tides, with the mean range
129  of 2.5-3.4 m, exert a dominant influence on the water renewal of the bay (Jiang et al.,
130  2019b). The basin is mostly well-mixed with a salinity of 30-33 (Wetsteyn and

131  Kromkamp, 1994).

132 The Eastern Scheldt is known for its shellfish farming industry, including the
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cultured species blue mussels (Mytilus edulis) and Pacific oysters (Magallana gigas).
The wild cockles (Cerastoderma edule) are also dominant benthic filter feeders
(Smaal et al 2013; Jiang et al., 2019b). Primary production, fueled by allochthonous
(transported from the adjacent North Sea) and autochthonous (regenerated internally)
nutrients, supports the large bivalve stock in the bay, but both primary production and
bivalve stocks decreased from the 1980s to 2010s (Smaal et al., 2013). Farming of S.
latissima has been piloted in the Eastern Scheldt for potential industrial scale-up since
2011 (van der Linden, 2014). In order to prevent the expanding seaweed farms from
interfering unacceptably with the existing phytoplankton and shellfish populations
and optimize the planning process, the CCs of the Eastern Scheldt for S. latissima
cultivation need to be assessed.

Field data

The S. latissima seedlings were deployed and subsequently monitored at three sites in
the Eastern Scheldt: (1) Jacoba Harbor, (2) Neeltje Jans, and (3) NIOZ (Royal
Netherlands Institute for Sea Research), Yerseke. These pilot sites will be named as
numbers hereafter. Suspended ropes were used for seaweed at Sites 1 and 2, while
Site 3 included free-floating individuals that were cultivated in seaweed tanks with
continuously flushed water from the Eastern Scheldt. Information about the NIOZ
seaweed tanks is provided on the webpage

(https://www.nioz.nl/en/research/expertise/seaweed-centre). S. latissima individuals

were sampled on a biweekly to monthly basis (sometimes interrupted by the COVID-

19 pandemic) for monitoring frond area (cm, all three sites) and dry weight (g, Sites
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1 and 2) (Table 1). The frond area was determined using photographs, which were
analyzed in ImageJ (https://imagej.nih.gov/ij/). Dry weight was determined after
drying kelp tissues at 70 °C until stable weights were established. The culture density
at Site 1 was about 71 ind (individuals) m?, which was estimated prior to harvest by
the overall dry weight per meter line at harvest divided by the mean dry weight per
individual and the interval distance between two parallel lines (1.3 m). Note that only
the individual and total blades were weighed when estimating the farming density.
The farming density at Site 2 was unfortunately not recorded. At Site 3, each set of 5
individuals was grown in one 1400 L seaweed tank, so the density is much lower than
at Sites 1 and 2. The water temperature at Sites 1 and 2 were continuously measured
by HOBO temperature loggers, and the surrounding water was sampled to quantify
DIN (dissolved inorganic nitrogen) concentrations using a SEAL QuAAtro segmented
flow analyzer. Tissue samples were collected from Site 1, in which bulk carbon and
nitrogen contents (%C and N%) were determined. The sample size and measured
indices are listed in Table 1.

The hydrodynamic-biogeochemical-kelp model

Physical conditions of the Eastern Scheldt and part of the adjacent North Sea is
simulated by the open-source hydrodynamic model GETM (General Estuarine

Transport Model, https://getm.eu/) on a 300 m % 300 m Cartesian grid with 10 sigma

layers. The biogeochemical processes were simulated by a NPZD (nutrient-
phytoplankton-zooplankton-detritus) framework in FABM (the Framework for

Aquatic Biogeochemical Models, available at https://github.com/fabm-model/fabm).
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The nitrogen-based NPZD model includes the benthic filtration capacity estimated by

the observed shellfish biomass and filtration rate (annual survey data collected by

Wageningen Marine Research, https://shiny.wur.nl/Schelpdiermonitor Delta). The
simulation was driven by realistic atmospheric forcing and boundary conditions, and
we refer to earlier papers (Jiang et al., 2019a, 2020) for detailed description of model
settings except for those related to the kelp module. The coupled model was calibrated
and validated using the two-year (2009-2010) observational data at four tide gauges
(used for water elevation records), five ADCP (used for current measurements)
stations, seven CTD (used for temperature and salinity measurements) stations, 11
nutrient and chlorophyll a stations in the Eastern Scheldt (Jiang et al., 2019a, 2020).
The simulation-observation correlation coefficients are above 0.9 for hydrodynamic
variables (Jiang et al., 2019a) and over 0.8 for chlorophyll a and DIN (Jiang et al.,
2020).

A S. latissima module that was modified based on the kelp model by Broch and
Slagstad (2012) was added to the NPZD framework as another primary producer,
competing light and inorganic nutrients with phytoplankton (Figure 2). The model is a
polyculture setup with both cultured bivalves and seaweed considered in the
ecosystem. Bivalves feed on phytoplankton, zooplankton, and detritus and release
inorganic nutrients into the seawater by respiration and excretion (Figure 2). The
bivalve biomass and physiological rates are described by Jiang et al. (2019a, 2020). In
contrast to free-floating phytoplankton, S. /atissima was fixed at surface down to three

meters to mimic the cultured individuals and not subject to physical transport. The S.
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latissima simulation started in November, 2009 and ended in June, 2010 to
accommodate the cultivation cycle. The culture density at Site 1 (71 ind m™) was
adopted and kept constant assuming no harvest or grazing mortality during the eight-
month growth. Note that the wild seaweed is not considered in the model for lack of
the distribution and biomass data. Three state variables associated with the S.
latissima biomass (the structural carbon, reserve carbon, and reserve nitrogen) were
implemented in the unit of mmol ind™'. Formulations, variables, and parameters are
explained in Tables 2 and 3, respectively, which mainly focus on the differences of
our model from the Broch and Slagstad (2012) model, including a change from mass
to molar units, addition of new processes (e.g., activity respiration, necrosis) and
parameters tuned for the Eastern Scheldt case. The state variables of the S. latissima
model were converted to the frond area, dry weight, %C and %N (Equations 10—13 in
Table 2) and compared with those measured in the three study sites during 2019-2020
to calibrate the model.
Model scenarios and CC assessment

Two types of scenarios were run in this study: the baseline scenario representing
the current pilot sites and idealized scenarios increasing the farming area
hypothetically. In the baseline scenario, five farm locations with existing or potential
pilot cultivation were set up in the model to cover the S. latissima pilot sites (Figure
3a). Owing to the grid size, each farm accounts for 0.09 km?. In addition, an
increasing farming area was implemented in four model scenarios, covering about
1%, 3%, 10%, and 30% of the entire bay, respectively, where farm locations were
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uniformly distributed not considering any potential (physical) conflict with other user
functions (Figure 3). Through these scenarios, effects of expanding S. latissima
farming on biomass production, nutrients, and phytoplankton were studied, based on
which the CCs of the S. latissima cultivation in the Eastern Scheldt can be assessed.
Results

Comparison of model results to observations

The model output in the baseline scenario was compared with measurements in the S.
latissima study sites. The simulated temperature in 2009—2010 was two to three
degrees cooler than the observations at Sites 1 and 2 in spring 2020 (Figure 4a). Both
modeled and observed DIN concentrations were highest and highly variable in winter
and sharply decreased after the spring bloom (Figure 4b). The DIN depletion was
slightly overestimated in late spring (Figure 4b). Overall, the simulated water
temperature and nutrients captured the general seasonal pattern measured in the
Eastern Scheldt cultivation sites in 2020 and were used to drive the S. latissima
simulation.

The modeled S. latissima growth was comparable to the measurements at three
sampling sites (Figure 5). The simulated frond area, an indicator of structural carbon
(Table 2), grew fast before slowing down in May and June (Figure 5a). The S.
latissima individuals at Site 3 that were cultured with continuously flushed Eastern
Scheldt water showed a higher growth rate than those cultured on long lines at other
sites (Figure 5a). Our modeled S. latissima exhibited a similar final frond size to the
observations despite an underestimated frond area in February and March (Figure 5a).
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Dry weight is the sum of reserve and structural mass in S. latissima and displayed a
better agreement between modeled and measured data (Figure 5b).

In addition to the frond area and dry weight, seasonal variations of the
modeled %C and %N were consistent with the measurements at Site 1 (Figure 6).
Both the modeled and measured %C was minimal in winter and gradually increased
in spring (Figure 6a). In contrast, %N showed a winter maximum and declined from
spring to summer (Figure 6b). As a result of the underestimation of DIN in late spring
(Figure 4b), the model underestimated the S. /atissima %N (Figure 6b) and therefore
overestimated the C:N ratio in May and June (Figure 6c¢).
The impact of increasing S. latissima farming area in the Eastern Scheldt
With the increasing area for S. latissima cultivation, the total DIN consumption was
enhanced, causing an earlier DIN depletion and lower concentration in late spring
(Figure 7a). Compared to the baseline scenario, the average DIN concentration in late
June decreased by 4.8%, 12.4%, 34.9%, and 73.9% in the scenarios where farming
comprised about 1%, 3%, 10%, and 30% of the entire bay, respectively (Figure 8a).
Due to the introduced competition with the increasing S. latissima coverage, the other
primary producer, phytoplankton, was constrained, and the spring bloom magnitude
and duration were significantly reduced (Figure 7b). Reduction in phytoplankton net
primary production (NPP) was similar to that of biomass as a consequence of
introduced seaweed culture (Figure 7c). The average phytoplankton biomass in the
four scenarios expanding the S. latissima farming area was 2.1%, 5.6%, 16.2%, and
31.7% lower than the baseline scenario in June (Figure 8b). Owing to decreasing
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abundance in phytoplankton, i.e., the primary prey of bivalves, shellfish biomass was
greatly affected by scale-up of S. latissima tarms (Figure 8c). For instance, the blue
mussel biomass at harvest decreased by 3.4%, 8.9%, 29.3%, and 65.5% in these
scenarios, respectively (Figure 8c), which was much more than the reduction in
phytoplankton biomass (Figure 8b).

In the S. latissima farming area, phytoplankton contributed to a larger proportion
of primary production before S. latissima took over from April to June (Figures 7¢
and 9c¢). As the farming area expanded, the S. latissima growth was mainly affected
during this period of S. latissima dominating primary production, i.e., from April to
June (Figure 9). When the farming area was increased to around 1%, 3%, 10%, and
30% of the bay (representing a biomass of 3.4, 9.4, 28 and 75 kt in June), the overall
reductions in S. latissima peak NPP were 1.1%, 3.3%, 8.5%, and 25% (Figure 9c),
and the plants were on average 1.3%, 3.9%, 10.3%, and 28.3% smaller in terms of the
frond area, and 1.2%, 3.7%, 9.9%, 27.2% lighter in terms of dry weight in comparison
to the baseline scenario, respectively (Figure 10). In spite of the diminished individual
harvest size, the overall yield increased with the upscaled farming coverage in these
hypothetical scenarios (Figure 10). In addition to a smaller individual size, the S.
latissima cultured at a higher coverage in the Eastern Scheldt seemed to accumulate
less nitrogen but more carbon per individual, but the inter-scenario difference was far

less than the seasonal variation of %C and %N (Figure 11).

13



285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

Discussion

Performance of the hydrodynamic-biogeochemical-kelp model

Driven by the three-dimensional hydrodynamic-biogeochemical model of the Eastern
Scheldt, which was well verified (Jiang et al., 2019a, 2020), the individual-based
seaweed model reproduced the S. /atissima seasonal growth and chemical contents
measured at field sites, which was also comparable to other in sifu measurements and
modeling studies.

The harvest frond size in the model (642 + 232 cm?) was within the range
observed and modeled in the Norwegian coastal seas (350-900 cm?, Broch et al.,
2019). Compared to the individual frond area, production per meter line is a more
common indicator of macroalgae culture in previous field and modeling studies. The
yield in our study (0.94 + 0.33 kg dry mass m™' line) was lower than that measured in
a Spanish coastal bay (1.4-1.9 kg dry mass m™! line, Peteiro and Freire, 2013), in the
upper range of the estimated production in the British and Dutch coastal waters (0.06—
1.0 kg dry mass m! line, van der Molen et al., 2018), and much higher than the yield
in a Danish fjord (<0.1 kg dry mass m™' line, Bruhn et al., 2016). The inter-system
variations are a result of various environmental influences. For example, S. latissima
individuals in the filtered and flushed tanks at Site 3 grow faster than those in the
other farms and modeled. These data at least corroborate that our modeled S. latissima
yield is comparable to that in prior studies and within a reasonable range.

Seasonal variations of S. latissima C% and N% were significant but distinct, as
found in our and previous studies (e.g., Black, 1950; Marinho et al., 2015; Sharma et
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al., 2018). The internal nitrogen and protein contents usually accumulate in winter due
to the luxury uptake of the abundant DIN in the water column, while the carbon and
carbohydrate build up in summer as a consequence of the high photosynthesis rate
(Gevaert et al., 2001). Our model simulated this seasonal pattern and resolved %C
(20% to 40%) similar to that in other cultured populations (e.g., Gevaert et al., 2001;
Nielsen et al., 2014; Fossberg et al., 2018). The maximum nitrogen uptake rates (11.7
umol cm? day™?) in still (velocity < 0.01 m/s) waters are similar to that measured
under lab conditions (Lubsch and Timmermans, 2019), and %N that is primarily
controlled by the DIN concentration in the water column (Chapman et al., 1978;
Boderskov et al., 2016) varies considerably in different systems. Bruhn et al. (2016)
suggest a threshold tissue %N (1.88%) for maximum growth of S. latissima. The
nitrogen levels found in our study, cultured S. latissima in a eutrophic Danish fjord
(2.5%—4.8%, Bruhn et al., 2016), and wild species in the Easter English Channel
(2.2%-3.4%, Gevaert et al., 2001) were mostly above this level. In contrast, the
cultured S. latissima nitrogen level consistently fell below the critical value in
nutrient-depleted summer months in other systems (e.g., Sjatun, 1993 as in Figure 6b;
Nielsen et al., 2014; Marinho et al., 2015; Fossberg et al., 2018), even reaching as low
as 0.14%, reported in inner Danish waters in August (Nielsen et al., 2016). These
studies reveal that the S. /atissima growth and chemical composition are highly
variable and dependent on multiple environmental factors.

Our S. latissima model coupled with the three-dimensional hydrodynamic-
biogeochemical model has the advantages of simulating the in situ environmental
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parameters (e.g., temperature, current velocity, nutrients, light) and thus resolving the
spatiotemporal variability in S. latissima biomass and chemical contents. However,
our model was not without limitations. For instance, our model was nitrogen-based
without considering phosphorus, although phosphorus can be limiting for short
periods in late spring in the Eastern Scheldt (Jiang et al., 2020). Although S. latissima
was found to maintain high growth rates for longer periods under phosphorus
limitation (Lubsch and Timmermans, 2019), the lack of phosphorus in the model may
have contributed to overestimation of DIN consumption by phytoplankton in late
spring and hence, underestimation of S. latissima %N in May and June. Additionally,
the model did not account for wave dissipation or turbulence changes caused by the
cultivation structures and seaweed thalli, which may generate intra-farm variations in
the nutrient uptake and photosynthesis rates (Wheeler, 1980; Stephens and Hepburn,
2014; Zhu et al., 2021). The current model considered only an annual farming cycle
(November to June) without addressing the macroalgal reproduction or epiphytes
infesting S. latissima in summer. Further development of the S. latissima model will
rely on the experimental data on these environmental and physiological processes. As
the model was capable of characterizing the seasonal S. latissima growth dynamics in
the Eastern Scheldt, it can be further used for CC assessments.

The production carrying capacity

The production CC is the stock size that supports the largest yield or highest quality in
a system (Dame and Prins, 1998). Food availability is usually the main driver of
production CC in aquaculture. For example, the plankton and organic matter in the
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water is assessed to estimate the production CC in shellfish culture (Guyondet et al.,
2015). For primary producers such as S. latissima, light and nutrients are potential
limiting factors defining the production CC. In our application in the Eastern Scheldt,
S. latissima individuals were growing in the surface water with little light limitation,
so that nutrients (DIN) exert a first-order control on the production, especially in late
spring.

When extending the farming scale in the Eastern Scheldt, DIN noticeably
reduced, as seen in some Asian coastal bays with extensive seaweed farm coverage
(Xiao et al., 2017). Decreasing NPP and individual harvest size with DIN shows that
at large farming intensity competition for nutrients aftfected the S. /atissima growth.
However, competition for DIN were hardly noticeable until mid-April, when the
overall S. latissima biomass built up and DIN became limited (<10 mmol m™).
Moreover, the individual S. latissima growth was not proportionally affected by the
increased farming area. For example, comparing the scenarios in which 10% versus
30% of the bay were used for seaweed cultivation and the number of cultivated S.
latissima tripled, the peak seaweed NPP reduced by 18.1% (from 3718 mg C m™ day’!
to 3044 mg C m2 day™!), and the average individual biomass (in dry weight) declined
only by 19% (from 9.2 g ind™! to 7.4 g ind™!). Accordingly, the overall yield kept
increasing with the farming area. If farm managers and the market accept smaller S.
latissima size and lower %N, the model scenarios suggest that the production CC was
not exceeded even when expanding the seaweed farms to occupy 30% of the Eastern
Scheldt.
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This is not the case everywhere. For instance, in the Chinese Sanggou Bay, a
10% reduction in the present farming scale may increase the final production of
Saccharina japonica, an extensively cultivated kelp species in East Asia (Shi et al.,
2011). In Sanggou Bay, the DIN concentration (1-16 mmol m~, Zhang et al., 2016)
was much lower than that in the Eastern Scheldt, so that the cultured S. japonica
experienced a longer time of nitrogen limitation and a stronger intra-species
competition for DIN (Shi et al., 2011). As argued in previous section, the DIN
concentration in the water column induces variations in the S. latissima %N in diverse
ecosystems, which implies that the production CC may vary substantially among
these systems. Therefore, results from our and other studies cannot simply be
extrapolated to other areas; rather the production CC of seaweed culture should be
comprehensively assessed considering at least the light climate and nutrient budget on
a system-specific and species-specific basis.
The ecological carrying capacity
In contrast to the production CC, the ecological CC evaluates how the aquaculture
activities impact the ecosystem, particularly the predators, prey, and competitors of
the cultivated organism (Smaal and van Duren, 2019). In the Eastern Scheldt, the wild
and cultured shellfish is supported mainly by phytoplankton and particulate organic
matters (Smaal et al., 2013). Introducing the cultured S. latissima and adding its
competition with phytoplankton exert a potential influence to zooplankton and
bivalves, as well as the ecosystem structure, which highlights the importance of
assessing the ecological CC before large-scale farming of S. latissima.
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With changing composition of primary producers in aquatic or terrestrial
systems, the overall ecosystem primary productivity seems to stay the same, but
partition of each primary producer is reallocated (Niklas and Enquist, 2001; Miller et
al., 2011). In our case, the overall S. latissima production increased with the farming
extent, while the modeled phytoplankton biomass and NPP during the spring bloom
decreased with the introduced competition with S. latissima. In the low-light winter
months, neither phytoplankton nor S. latissima were sensitive to the extent of the S.
latissima farming area. This indicates that their competition in spring was most likely
for nutrients rather than light. In fact, the cultivated S. latissima was implemented in
the surface layers with favorable light conditions. This is different from the
phytoplankton-macroalgae competition in natural waters of Mohawk Reef, California
USA, where phytoplankton may delay the growth of understory macroalgae by light
absorption in the surface layer (Miller et al., 2011). Our results indicate that it is only
at low DIN concentrations (approximately <10 mmol m=) when the phytoplankton
and seaweed biomass were notably constrained by extending the S. latissima farming
area.

Phytoplankton and macroalgae take different strategies against nitrogen
limitation. At low DIN concentrations, nitrogen uptake by macroalgae may not be as
fast as phytoplankton, partly indicated in the model by a lower DIN uptake half-
saturation concentration for phytoplankton (1 mmol m?, Jiang et al., 2020) than for S.
latissima (4 mmol m™ or higher, Broch and Slagstad, 2012; Forbord et al., 2021).
Hence, phytoplankton develop the peak NPP earlier than S. /atissima in each model
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scenario, and similar phenomena are found by Miller et al. (2011). However,
phytoplankton can continue growing at a reduced rate for only a few days under
nutrient-depleted conditions, whereas macroalgae can store a substantial amount of
nitrogen in nutrient-rich seasons, which allows them to maintain growth in 7-34 days
under nitrogen limitation and adds to their advantages in the phytoplankton-kelp
competition (Pedersen and Borum, 1996). In our study, the effect of nitrogen
limitation on S. latissima NPP is 10—15 days later than that on phytoplankton NPP,
due to the seaweed nitrogen storage.

In eutrophic systems or around fish farms, seaweed cultivation can sequester the
excessive nutrients, so that the luxury nutrient uptake may provide positive ecological
services (Petrell et al., 1993; Broch et al., 2013; Handa et al., 2013; Reid et al., 2013;
Xiao et al., 2017). Thus, seaweed and fish are frequently incorporated into integrated
multi-trophic aquaculture (IMTA) for higher efficiency, and less waste (Marinho et
al., 2015; Fossberg et al., 2018). In contrast to the IMTA applications, in a system
where extensive shellfish culture has strong grazing pressure on phytoplankton
growth (Smaal et al., 2013), our study suggests that polyculture of shellfish and
seaweed may, to some extent, suppress the phytoplankton spring bloom and curtail
shellfish production to a larger extent. The ecological CC for S. latissima farming in
the Eastern Scheldt is subject to frame of reference adopted by the ecosystem
managers. Based on the chosen criteria, the ecological CC can be estimated according
to the “what if” scenarios of expanding the S. /atissima farms in our or similar studies.
For example, in our case if it is deemed essential that the present phytoplankton and
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shellfish standing stocks cannot be reduced by more than 5.6% and 8.9%,
respectively, the farming area should probably not exceed 10 km?, representing 9.4 kt
harvest dry weight (Figure 10b), which is about 3% surface area of the bay.
Perspectives

Due to its high economical value and the provision of ecosystem services (e.g.,
eutrophication mitigation, carbon sequestration), S. latissima cultivation is receiving
increasing interest and is fast developing around the world, especially in Europe and
North America (Krause-Jensen et al., 2018; Venolia et al., 2020). However, our study
suggests that the cons of expanding S. /atissima cultivation should not be neglected.
In the Eastern Scheldt, the initiation and expansion of S. latissima farms introduce
intra- and inter-species competition for nutrients among primary producers, lower the
production of the existing shellfish culture, and likely change the ecological balance.
The susceptibility or vulnerability to large-scale S. /atissima farming largely depends
on the ecosystem properties (oligotrophic versus eutrophic, high versus low turbidity,
complex versus simple food web structure, etc.). Therefore, the CC assessment, using
models and relevant ground truthing, should be carefully performed in each system
planned for S. latissima cultivation. Despite the fact that the production and ecological
CCs of seaweed farming vary substantially among systems, our study provides a
transferrable approach for such assessments. In order to further aid decision-making,
the three-dimensional hydrodynamic-biogeochemical-kelp model can be linked to
bioeconomic or social models (Timmermann et al., 2014; Tsani and Koundouri, 2018)
to add ecological and sociological dimensions of the CC evaluation in the future.
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Conclusion

In this study, we presented a S. latissima model coupled with an existing three-
dimensional hydrodynamic-biogeochemical model in order to assess the CC of S.
latissima cultivation in a Dutch tidal bay, the Eastern Scheldt. The S. latissima model,
based on Broch and Slagstad (2012), displayed reasonable skills in capturing the in
situ measurements of S. latissima seasonal growth dynamics, %C, and %N. The CC
assessments were conducted based on the hypothetical scenarios of increasing the
farming area in the bay. Model results suggest that the production CC was likely not
exceeded even when 30% of the Eastern Scheldt was used for cultivating S. latissima
at the current farming density. However, with the expansion of the farming area, the
primary production, biomass and duration of the spring phytoplankton bloom, and
wild and cultured shellfish biomass were reduced. During this time, the competition
between the cultured S. /atissima and phytoplankton was more for nutrients (DIN)
than light in the Eastern Scheldt. Overall, our study puts an emphasis on the
ecological CC for seaweed cultivation that is likely reached earlier than the
production CC in the bay. It is also implied that the CCs of seaweed cultivation may
vary substantially with system properties (e.g., trophic status, turbidity, and ecosystem
structure) and seaweed species (e.g., different nutrient uptake and photosynthetic
kinetics). Conducting numerical CC assessments may be as important as setting up
pilot farms before introducing seaweed cultures to a new region, to set the right scope
or ambition for commercial production. Our modeling approach is easy to transfer to
other estuarine and coastal systems for such applications.
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724  Table and Figures

725  Table 1 8. latissima sampling details in this study.

Sites Measured indices Sampling Sampling time (No. of individuals)
depth

1 Temperature, DIN, 0.5-1m 19-Feb-2020 (30), 2-Apr-2020 (30),
frond area, dry 30-Apr-2020 (30), 9-Jun-2020 (30)
weight, %C, and %N

2 Temperature, DIN, 0.5-1m 19-Mar-2020 (36), 15-Apr-2020 (46),
frond area, dry weight 7-May-2020 (49), 26-May-2020 (48)

3 frond area N.A. 20-Feb-2020 (5), 28-Feb-2020 (5),

5-Mar-2020 (6), 13-Mar-2020 (6)
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727  Table 2 Formulations used in the kelp model. Parameters and variables in each
728  equation are described in Table 3.

dSTRU_C
—— = Gro — Ero — Nec M
dt
Gro = Umax * f(A) ' f(DL) 'fg(T) ' f(S) f(Q) "STRU_C (2)
NSpin GRS
£(0) = min(1, max (0, (1 — max (q e 1 ; R@‘")))) 3)
Nec = (T)-STRU_C-(1 aRS” 4
ec=1,f; 0= per) @
dRES_C
dt_ = Pho-(1—eC)— Gro — Res — qRS - Ero 5)
Res = (T) - (RES_C + STRU_C ars” +y-G (6)
es=ry," [ ( _ P TER qRS%in) y - Gro
dRES_N
Framie Nupt — NCstru - Gro — gNS - Ero @)
Nupt = ryype - f(DIN) - f(U) - f(q) - STRUC ®)
dDIN den
——— = ——"(NCstru- (Ero + Nec) + qNS - Ero — Nupt) + Exc 9)
dt Dep
A = gAS * STRU_C (10)
DW = 12 g (mol €)™ - (STRU_C + RES_C) + 0.014 g (mol N)™*
(11)
- (RES_N + NCstru - STRU_C)
C% = 12 g (mol €)1 - (STRU_C + RES_C)/DW (12)
N% = 14 g (mol N)~ - (RES_N + NCstru - STRU_C)/DW (13)

k= ko + ks TSS + ke (P + D) + kepp (14)

729
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730  Table 3 The main variables (bold) and parameters (underlined) in equations in Table
731 2. The variables and parameter that are the same as Broch and Slagstad (2012) and

732 Broch et al. (2019) are asterisked.

STRU C, structural carbon (mmol ind™!); ¢, time (day); Gro, the kelp growth
rate (mmol ind™! day!); Ero, the kelp erosion rate (mmol ind™! day!)*; Nec,
the kelp necrosis rate if the carbon reserve is depleted (mmol ind™! day™)

(1)

Umax = 0.18 day’!, the maximum growth rate; f{4), the effect of size on
growth (dimensionless)*; fADL), the effect of daylength on growth
(dimensionless)*; fo(T), the effect of temperature on growth
(dimensionless)*; f(iS), the effect of salinity on growth (dimensionless)*;
Q) the effect of carbon or nitrogen limitation on growth (dimensionless)

)

gNS, the quota reserve nitrogen per structural carbon (mol N mol C!); gNSuin
= 0.1, the minimum quota reserve nitrogen per structural carbon (mol N mol
C); gRS, the quota reserve carbon per structural carbon (mol C mol C™');

qRSmin = 0.08, the minimum quota reserve nitrogen per structural carbon (mol
N mol C)

)

r,=0.001 day!, the basal respiration rate; f,(T), the effect of temperature on
respiration (dimensionless)*

4

RES C, reserve carbon (mmol ind™'); Pho, the photosynthesis rate (mmol
ind! day")*; eC, carbon exudation fraction (dimensionless)*; Res, the
respiration rate (mmol ind™! day™)

)

y = 0.3, growth respiration, a fraction of growth

(6)

RES N, reserve nitrogen (mmol ind™'); Nupt, the kelp nitrogen uptake rate
(mmol ind™! day!); NCstru =0.1 mol N mol C*!, structural nitrogen per
structural carbon

(7)

nupe = 0.5 mol N mol C! day™!, the maximum nitrogen uptake rate per mole
structural carbon; f{DIN), the effect of water-column DIN concentration on
its uptake (dimensionless)*; f{U), the effect of current velocity on DIN
uptake (dimensionless)*; f(q), the effect of the nitrogen reserve on DIN
uptake (dimensionless)*

(8)

den =71 ind m, the kelp farming density; Dep, the layer depth (m); Exc, the
physical exchange and sources and sinks of DIN in the NPZD model (mmol
m™ day™)

)

A, the kelp frond area (m? ind'); g4S = 0.0012 m*> mmol C™', the kelp fond
area per mole structural carbon

(10)

DW, the kelp dry weight (g ind ™)

(11)

C%, the kelp carbon content (dimensionless)

(12)

N%, the kelp nitrogen content (dimensionless)

(13)

k, the overall light attenuation coefficient, ko = 0.038 m™, the background
attenuation coefficient by water, ks -TSS, the attenuation coefficient by total
suspended solids (ks = 0.094 m? g, TSS in g m?), kc {P + D), the attenuation
coefficient by phytoplankton and detritus (k; = 0.008 m> mmol N P and D,
phytoplankton biomass and detritus in mmol N m=), kielp, the attenuation
coefficient by kelp*

(14)
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Figure 1. The location of the Eastern Scheldt (the right panel) and the model domain
(the left panel). The three marked locations are the S. latissima sampling sites in this
study. A storm surge barrier is located near Sites 1 and 2 (around X = 28 km).
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739  Figure 2. Conceptual diagram of the biogeochemical-kelp model. Boxes and arrows
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747  deviations at the modeled farms in the baseline scenario (Figure 3a).
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