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Executive summary

Planktonic organisms play a crucial role in marine food webs and are known drivers of biogeochemical
cycles. In addition to these ecosystem services, marine plankton can affect industries in the blue economy
directly, for example by impacting fisheries yield. However, economic activities themselves can alter the
marine environment in such a way that plankton dynamics are affected. Mussel aquaculture, for instance,
introduces additional grazing pressure and can alter nutrient fluxes, whereas offshore wind turbines are
known to be associated with turbid plumes. The Belgian Part of the North Sea (BPNS) is an excellent study
area to investigate how activities in the blue economy might affect local plankton dynamics due to its
variety of active industries and high data coverage. In this thesis, a Nutrient-Phytoplankton-Zooplankton-
Detritus (NPZD) model was used to describe local phyto- and zooplankton dynamics and simulate the
effects of two hypothetical scenarios: the introduction of mussel aquaculture and an offshore wind farm.
The model had been previously calibrated to accurately describe plankton dynamics in the BPNS. It
calculates daily phyto- and zooplankton biomass based on time-series input data on nutrient
concentrations, sea surface temperature (SST) and solar irradiance. After an extensive literature review,
model input and parameters were adjusted to reflect the environmental changes associated with each
scenario (i.e. changed nutrient concentrations, grazing rate, and turbidity). These effects were first
explored individually by calculating phyto- and zooplankton biomass response curves for each scenario.
Then, the model was used to simulate plankton dynamics for both scenarios. Finally, the scenarios were
compared to current plankton dynamics in the BPNS. According to model predictions, the introduction of
mussel aquaculture would be associated with severe phyto- and zooplankton depletion ranging from
96.5% to 99.9% depending on the time of year. Whereas offshore wind farms would increase median
yearly phytoplankton biomass by 50.5% and decrease yearly zooplankton biomass by 95.3%. Additionally,
seasonal patterns shifted from three yearly blooms towards two. These results suggest that commercial
activities in the BPNS have the potential to alter plankton dynamics significantly. This thesis highlights the
need for increased monitoring efforts concerning the environmental effects of economic developments,
as well as the possibility of using modeling as a tool to assist policy makers in the permitting and spatial
planning of commercial activities in the BPNS.
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Abstract

Planktonic organisms drive biogeochemical cycles and play a crucial role in marine food webs.
Additionally, marine plankton can directly or indirectly affect industries in the blue economy. However,
economic activities themselves can alter the marine environment so that plankton dynamics are affected.
A Nutrient-Phytoplankton-Zooplankton-Detritus (NPZD) model was used to describe phyto- and
zooplankton dynamics in the BPNS and simulate the effects of two economic developments: mussel
aquaculture and an offshore wind farm. According to model predictions, introducing mussel aquaculture
in the BPNS would cause severe phyto- and zooplankton depletion with biomass declines ranging from
96.5% to 99.9% depending on the time of year. Whereas offshore wind infrastructure would increase
median yearly phytoplankton biomass by 50.5% and decrease yearly zooplankton biomass by 95.3%.
Additionally, seasonal patterns changed, with a shift from three yearly blooms towards two. It can thus
be concluded that commercial activities in the BPNS have the potential to significantly alter plankton
dynamics. Modeling approaches such as applied in this thesis, in addition to increased monitoring efforts,
can be a valuable tool to assist policy makers decision-making concerning permitting and spatial planning

of economic activities in the BPNS.
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1. Introduction

Marine phytoplankton is responsible for approximately 50% of global primary production and forms the
base of marine food webs (Field et al., 1998). Moreover, both phyto- and zooplankton are important
drivers of various biogeochemical cycles (Cavan et al., 2017; Litchman et al., 2015). In addition to these
ecosystem services, marine plankton directly affects the blue economy in multiple ways. Phytoplankton
can for example be used to produce biofuels, and it is a valuable source of bioactive ingredients and
genetic resources (Naselli-Flores & Padisak, 2022). Planktonic primary production also impacts fisheries
yields (Chassot et al., 2010), enabled by the transfer of energy by herbivorous zooplankton to higher
trophic levels (Lomartire et al., 2021; Sterner, 2009).

Because of its clear biological, societal, and economic importance, a deep understanding of plankton
dynamics is crucial. According to Liebig’s law of the minimum, phytoplankton growth is restricted by the
least available resource in the environment (De Baar, 1994). However, plankton dynamics are usually
more complex, with primary production being determined by co-limitation of resources (Harpole et al.,
2011). In the North Sea, the main limiting factors are nutrients, solar irradiance, and sea surface
temperature (Blauw et al., 2018). Along with these bottom-up restraints, phytoplankton biomass and
species composition are regulated by zooplankton grazing (Welschmeyer & Lorenzen, 1985). Seasonal
variability in these environmental and biological controls results in the annual plankton cycle observed in
temperate regions. High nutrient availability combined with sufficient solar irradiance in autumn and
spring lead to two seasonal phytoplankton blooms, each followed by zooplankton bloom and a period of
increased grazing pressure (Irigoien et al., 2005). As a result of continuously changing environmental
conditions, both phyto- and zooplankton biomass vary at a high-resolution spatiotemporal scale (Otero et
al., 2022). In addition to this natural variation, anthropogenic activities can directly or indirectly alter the
marine environment (Halpern et al., 2007), thereby affecting plankton dynamics. A well-described
example of human activities indirectly altering the marine environment is anthropogenic climate change,
resulting in ocean warming (IPCC, 2021). Linked to these increased sea surface temperatures (SST)
regional changes in primary productivity have been observed (Kdse & Geuer, 2018), as well as shifts in
zooplankton community structure (Heneghan et al., 2023). In coastal ecosystems, direct anthropogenic
stressors such as fishing, shipping, and other economic activities, add to pressure caused by climate
change (Moser et al., 2012; Rockstrém et al., 2009).

The Belgian part of the North Sea (BPNS) is a prime example of a coastal area that has been impacted
heavily by both climate change and local human activities. The SST in the BPNS has risen by approximately
1°C since 1970 (Lagring et al., 2018) and nutrient concentrations are strongly defined by riverine inputs
from continental Europe through the river Scheldt, the Seine, Rhine, and Meuse (Lacroix et al., 2007).
Varying nutrient availability due to land-use changes, as well as the increased SST and a decrease in
turbidity have caused changes in phytoplankton composition, biomass, and seasonality in the BPNS
throughout the last 50 years (Nohe et al., 2020). On top of that, the BPNS is an economically valuable area
with a wide variety of activities ranging from tourism to fisheries and sand-extraction in a small area of
just 3,454 km? (Dauwe et al., 2022). This accumulation of anthropogenic influences could further alter
plankton dynamics, impacting the marine ecosystem as well as the societal and economical services they
provide (Doney et al., 2012). The BPNS is an excellent study area to investigate the effects of economic
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activities on plankton dynamics because in addition to its many stakeholder uses, there are long-term
observations available with high spatial resolution (Dauwe et al., 2022; Mortelmans et al., 2019a).

The Belgian blue economy is continuously evolving, with a multitude of plans and developments ahead
that might impact local plankton dynamics. One example is the recent development of the first
commercial mussel farm in the BPNS, with plans for its expansion already approved (Dauwe et al., 2022).
The following increased abundance of filter feeders might affect plankton dynamics through a variety of
pathways. For example, mussels regulate phytoplankton growth through bottom-up effects by adapting
nutrient and oxygen fluxes (Nizzoli et al., 2011; Richard et al., 2006), as well as through top-down effects
by mussel grazing (Cugier et al., 2010). This alters prey abundance for zooplankton, affecting their biomass
and species composition (Nielsen & Maar, 2007). Depending on environmental conditions, mussel grazing
can also directly control zooplankton communities through the removal of pelagic competitors (Maar et
al.,, 2007; Nielsen & Maar, 2007). Another growing industry in the Belgian blue economy is renewable
energy production. Currently, 238 km? of the BPNS is covered by offshore wind farms, with a
supplementary 281 km? assigned for additional offshore wind developments (Dauwe et al., 2022). When
these new projects are finished roughly 1/7%" of the BPNS will be covered by wind turbines. Offshore wind
farms and their effects on marine ecosystems have been extensively monitored and studied but this
research often focused on benthic ecosystems, birds, or marine mammals (Degraer et al., 2020a; Degraer
et al., 2020b). However, some recent studies have highlighted the potential effects of offshore wind farms
on regional primary productivity (Slavik et al., 2017). Increased turbulence at the base of turbines can be
associated with increased vertical mixing, which affects thermal regimes and transports nutrients to the
surface (Floeter et al., 2017). Additionally, turbines are known to produce suspended particulate matter
(SPM) plumes that can be up to several kilometers in length (Vanhellemont & Ruddick, 2014). Although
the origin of these plumes remains unclear, current hypotheses include increased bottom scouring or
sediment resuspension at piles, as well as detritus from biofouling organisms (Baeye & Fettweis, 2015;
Forster, 2018). The reduction of light availability in these plumes could lead to decreased phytoplankton
growth. To date, insight into the effects of environmental changes on local plankton dynamics caused by
blue economy activities in the BPNS remains limited.

The complex effects of environmental changes on plankton dynamics can be explored using ecological
modeling. This approach allows the integration of a wide range of biological and environmental data into
a holistic mechanism for understanding plankton dynamics. Previous studies have used ecological models
to predict and assess the impact of events such as oil spills or hurricanes (Davenport et al., 2012; Gonzélez
et al., 2022).

The goal of this master thesis is to quantify the effects of mussel aquaculture and offshore wind farms on
plankton biomass dynamics in the BPNS through scenario-based analyses. Possible environmental effects
of these developments are inferred from literature and incorporated into a Nutrient-Phytoplankton-
Zooplankton-Detritus (NPZD) model. The outcome of this thesis provides new insights into the impact of
the blue economy on the pelagic ecosystem of the BPNS and could be used to inform future management
practices.
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2. Materials and Methods

An NPZD model was used to quantify the effects of economic activities in the BPNS on local plankton
dynamics. To do so, a three-step approach was implemented. First, two hypothetical scenarios were
developed, inspired by the future development of offshore wind farms and mussel aquaculture. Based on
an extensive literature review concerning these two economic activities, this study focused on three
variables. Nutrient concentrations (i.e. dissolved inorganic nitrate (DIN), PO, and SiO4) and mussel grazing
were taken into account for the mussel aquaculture scenario, and turbidity was studied in the offshore
wind scenario. Depending on how a variable was incorporated into the model, either the input data,
parameter values or the model itself were adapted to simulate its effects on plankton dynamics. Secondly,
the effects of changes in each individual variable on phyto- and zooplankton biomass were explored by
calculating plankton biomass response curves. A classic example of a response curve is the Monod
equation, which describes the relationship between microbial growth and the concentration of a limiting
nutrient in their environment (Monod, 1949). In this thesis, the same principles were applied to describe
how plankton biomass relates to changes in the availability of each studied variable. Finally, the effect of
offshore wind farms and mussel aquaculture on plankton dynamics in the BPNS was quantified. To achieve
this, baseline plankton dynamics were compared to those predicted by the model for each blue economy
scenario.

2.1 Study area and data

Based on the marine spatial plan (MSP) for the BPNS (Verhalle & Van de Velde, 2020) two areas of interest
were identified for a mussel aquaculture site and an offshore wind farm (Figure 1). These are located in
the nearshore and offshore regions respectively, for which the model had been previously optimized to
simulate local plankton dynamics by Otero et al. (2022). Both regions include LifeWatch stations, where
the biotic and abiotic environment are monitored regularly as a part of the European Research
Infrastructure within the European Strategy Forum on Research (ESFRI) (Mortelmans et al., 2019a;
Mortelmans et al., 2019b). Nearshore stations are sampled monthly, whereas offshore stations are visited
seasonally. Because of its location in the nearshore area, station 130 was used as a baseline to study the
potential effects of mussel aquaculture. For the offshore region associated with wind farms, data from all
available LifeWatch stations was combined to account for the lower sampling rate in this region.

Specifically, two open-access datasets from LifeWatch were used for this master thesis. The first dataset
contains zooplankton abundances obtained through Zooscan analysis (Mortelmans et al., 2019b; VLIZ,
2023). Note that only data from selected taxa (i.e. Calanoida, Noctiluca, Harpacticoida and
Appendicularia) was included. These taxa account for 76% of the total zooplankton density (Van
Ginderdeuren et al., 2014) and can accurately represent the main biomass dynamics of zooplankton in
the BPNS. The second dataset contained nutrient concentrations with measurements conducted by a
Skalar Autoanalyser system, as well as in situ pigment concentrations performed by HPLC, and SST
measured by CTD (Mortelmans et al., 2019a; VLIZ, 2021).
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Figure 1: Map of the BPNS highlighting the near- to offshore regions as well as the location of current and
planned offshore wind and aquaculture sites. Additionally, all LifeWatch stations that were consulted for
this master thesis, as well as the Westhinder station are marked.

To infer daily time series for SST and nutrient concentrations required as model input, a higher temporal
coverage than provided by LifeWatch campaigns was needed. For this reason, additional datasets from
the Westhinder buoy and station run by the Flemish Banks Monitoring Network were consulted (IVA MDK,
n.d.). Due to substantial gaps in the Westhinder SST dataset in 2018, a subset from 2014 to 2017 was
used. This data had been previously compiled into two datasets appropriate for the NPZD model by Pint
and Otero (2022).

2.2 NPZD model

Phyto- and zooplankton biomass dynamics in the BPNS were simulated with an NPZD model created by
Soetaert & Herman (2009) and subsequently adapted by Everaert et al. (2015) and Otero et al. (2022).
This closed ecosystem model describes the relationships between four state variables (nutrients,
phytoplankton, zooplankton, and detritus) influenced by two forcing functions (solar irradiance and SST)
(Figure 2) (Appendix A). For each time-step the model is expressed in mmol N m3 day™. As input data,
daily time series for nutrient concentrations (i.e. DIN, PO, and SiO,4), SST, and solar irradiance were
assembled. For nutrients and SST these time series were created based on the Westhinder dataset (see
section 2.1) using general additive models. Solar irradiance on the other hand, is modeled as
photosynthetically active radiation (PAR) which is surface irradiation corrected with the diffuse
attenuation coefficient (Kd), i.e. accounting for light diminishing with depth due to turbidity, based on the
Lambert-Beer law (Kirk, 1994; Lund-Hansen, 2004). The effects of both PAR and nutrient concentrations



How the Blue Economy affects plankton dynamics in the BPNS: a modeling approach

on phytoplankton growth are described by Michaelis-Menten equations (Soetaert & Herman, 2009). The
effect of SST is described by a Thomann and Mueller equation (Thomann & Mueller, 1987). Model
calculations are based on thirteen parameters for which seasonal minimum and maximum values were
defined by Otero et al. (2022) to optimally mimic the biogeochemical processes in the BPNS. All model
calculations were performed in R (R Core Team, 2022; version 4.2.1) (Appendix A).
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Figure 2: Workflow and use of the NPZD model. From left to right: (a.) Data and parameters incorporated
in the model. (b.) Overview of the NPZD model and the flows between state variables (f1-f6). The variables
affected by the offshore wind and aquaculture scenarios are highlighted in green and blue, respectively.
(c.) The expected outcome from the model calculations: a phyto- and zooplankton biomass response curve
for each selected variable and the yearly plankton dynamics for each scenario.

2.3 Scenarios

To quantify the effects of blue economy activities in the BPNS, a scenario-based approach was
implemented. First, the NPZD model was used to simulate plankton dynamics in the near- and offshore
region of the BPNS under present circumstances from 2014-2017 (i.e. baseline scenarios). Subsequently,
these baselines were compared to two hypothetical scenarios concerning mussel aquaculture and
offshore wind farms.

2.3.1 Near- and offshore baseline

To create two baseline scenarios, the calibrated model was run in 5000 iterations with random parameter
values for both the nearshore and offshore region to simulate plankton biomass dynamics from 2014-
2017. These parameter values were selected within a realistic range for the near- and offshore regions
respectively, which was previously determined by Otero et al. (2022). Next, the simulations were validated
by comparison to observed phyto- and zooplankton biomass from LifeWatch campaigns in their respective
region during the study period. The root mean squared error (RMSE) was calculated to evaluate model fit.
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This measure was used to assess the difference between predicted and observed plankton biomass, and
is described by the following equation (Eq. 1):

N .
RMSE =JZi=1(Predlctedi—observedi)z
N

(Ea. 1)
The 10% best simulations (i.e. those with the smallest RMSE) were selected. These best simulations were
used as baseline plankton dynamics for the near- and offshore regions.

2.3.2 Mussel aquaculture

The mussel aquaculture scenario was based on the dynamics in the nearshore region and defined by
changes in two drivers of plankton dynamics: nutrient concentrations and mussel grazing (Table 1). First,
the bottom-up effect of changed nutrient fluxes due to mussel nutrient recycling was considered.
Specifically, mussel presence was assumed to be a net nutrient source with high seasonal variability (Table
2) (Nielsen & Maar, 2007; Nizzoli et al., 2011; Richard et al., 2006). Second, the top-down effect of mussel
grazing on phytoplankton was included as a constant grazing increase equal to 50% of zooplankton grazing
in summer based on findings from Jacobs et al. (2015). Mussel grazing on zooplankton was considered
insignificant in comparison and thus not included in this scenario. Mussel valve closure at extremely low
(0.5 mgL?) and high (8 mgL?) chlorophyll concentrations was also accounted for (Liiskow & Riisgard,
2018).

First, the effects of changes in individual variables (i.e. nutrient concentrations and mussel grazing) on
plankton dynamics were explored by calculating plankton biomass response curves. This was achieved by
running a series of model iterations where all parameters and input data remained at their baseline
values, except for the variable of interest. The parametrization used was a fixed set of optimal values from
the single best simulation for the nearshore region based on a calibrated and validated NPZD model by
Otero et al. (2022) (Table 1). To calculate the plankton biomass response to changes in nutrient
concentrations, the baseline input data for DIN, PO, and SiO4 was multiplied with a range of factors (0,
0.1,0.2, ..., 10) creating three new sets of input data. For each new set, a model iteration was run for every
multiplication factor, thus simulating a range of changes to the nutrient concentrations. Note that for the
purpose of calculating these response curves, a constant multiplication was applied throughout the entire
input data set, not taking the previously described seasonal variation in nutrient flux adaptations into
account. Instead, for each nutrient the maximal concentration increase observed throughout the year was
studied (Table 2) (Nielsen & Maar, 2007; Nizzoli et al., 2011). For example, DIN was increased by 200%
(i.e. the maximal change observed in spring) throughout the year (Table 2). Next, to simulate a range of
grazing rates, a multiplication factor was added to the grazing equation. The model was then run in a
series of iterations where for each this multiplication factor varied in a set range of values (0, 0.1, 0.2, ...,
10). As for the nutrients, in this case a constant increase was applied throughout the year, not taking valve
closure at certain chlorophyll concentrations into account. These simulations, for ranges of grazing rates
and nutrient concentrations, were then used to calculate and visualize the phyto- and zooplankton
biomass responses to the individual environmental changes associated with offshore wind farms.
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Table 1: Set of optimal parameter values for the nearshore region based on a calibrated and validated
NPZD model by Otero et al. (2022)

Nearshore region
Mussel aquaculture

Parameters Spring Fall

Max uptake 0.727 0.583
ks PAR 176 205
ks DIN 3.287 1.896
ks P 0.324 0.346
ks Si 0.599 0.573
Max grazing 0.893 0.887
Ks grazing 2.267 1.610
p Faeces 0.362 0.370
Excretion rate 0.160 0.163
Mortality rate 0.307 0.349
Chl:N ratio 7.807 7.619
T obs 9.978 10.262
Kd 0.859 0.790

Finally, the combined effects of changes in nutrient concentration and grazing rates on plankton dynamics
were studied by incorporating both into the model. Nutrient concentrations were increased in the input
data to mimic the seasonal changes in nutrient fluxes associated with mussel aquaculture (Table 2)
(Nielsen & Maar, 2007; Nizzoli et al., 2011; Richard et al., 2006). The increased phytoplankton grazing
associated with mussel presence was introduced into the model calculations itself by increasing the
zooplankton state variable in the grazing equation with a constant value representing mussel biomass
(0.081 mmol N m?3) (Appendix A). This value equals half of the mean zooplankton biomass in the nearshore
region in summer, as Jacobs et al. (2015) found a 50% increase in phytoplankton grazing due to mussel
presence in this season. A ‘if-else’ function ensured that no additional grazing occurred whenever
chlorophyll concentrations fell outside the filtration range of 0.5-8 mgL? (Liiskow & Riisgard, 2018). For
this adjusted model 5000 iterations were run with parameter values randomly selected within a realistic
range for the nearshore region previously determined by Otero et al. (2022). All of these simulations were
used for further analysis, instead of selecting the best models based on the RMSE since this was a
hypothetical scenario and no in situ data was available in the BPNS for comparison.

Table 2: Environmental and biological effects of mussel aquaculture

Case study Variable  Expected changes Literature

Mussel Nutrients winter  spring summer  fall Nizzoli et al. (2011)

Aquaculture DIN +100%  +200%  +100% no Nielsen & Maar (2007)
PO, +40% +20% +8% change

SiO4 +25% +50% +25%
Grazing Chla < 8ug/L: +0,081 mmolN m™ mussel biomass  Liiskow & Riisgard (2018)
Chla > 8ug/L: no additional grazing Jacobs et al. (2015)

10
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2.1.3 Offshore wind farm

The offshore wind farm scenario focused on increased turbidity due to SPM plumes associated with wind
turbines and used plankton dynamics in the offshore region of the BPNS as its foundation. A 43% increase
in the diffuse attenuation coefficient (Kd) was assumed based on SPM measurements in offshore wind
farms (Forster, 2018) and the relationship between SPM and Kd (Devlin et al., 2008) (Table 1). Thermal
regimes and nutrient availability could also be affected due to increased vertical mixing at turbines, but
this was considered negligible in the BPNS because of its well-mixed waters (Lacroix et al., 2007). Grazing
effects by biofouling organisms were not included either, because in comparison to the kilometers-long
SPM plumes, the scale of their effect was considered insignificant.

Similar to the aquaculture scenario, first the effects of changes in turbidity on plankton dynamics were
explored by calculating plankton biomass response curves. The parametrization in this scenario was a
fixed set of optimal values from the offshore region (Otero et al., 2022) (Table 3). Several parameter sets
were created where each value remained constant, except for Kd, which was multiplied with a range of
factors (0, 0.05, 0.10 ..., 5). For each new parameter set a model iteration was run, resulting in a range of
simulations showing the effect of different Kd values on phyto- and zooplankton biomass.

Table 3: Set of optimal parameter values for the offshore region based on a calibrated and validated NPZD
model by Otero et al. (2022)

Offshore region
Offshore wind farms

Parameters Spring Fall

Max uptake 0.536 0.419
ks PAR 186 182
ks DIN 2.367 2.796
ks P 0.427 0.394
ks Si 0.494 0.666
Max grazing 0.880 0.901
Ks grazing 1.754 1.216
p Faeces 0.280 0.298
Excretion rate 0.122 0.114
Mortality rate 0.352 0.322
Chl:N ratio 7.038 4.329
T obs 11.955 13.060
Kd 0.298 0.357

Finally, the effect of offshore wind farms on plankton dynamics was quantified. To achieve this, 5000
model iterations were run with random parameter values within a realistic range for the offshore region
determined by Otero et al. (2022). Based on in situ SPM measurements in the turbid wake of offshore
wind turbines, the range of the Kd parameter was shifted upwards with 43% (Table 4) (Devlin et al., 2008;
Forster, 2018). Since the findings from this hypothetical scenario could not be validated by in situ data, all
simulations were used for comparison to the baseline scenario.

11
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Table 4: Environmental and biological effects of offshore wind

Case study Variable Expected changes Literature
Offshore Turbidity Kd parameter range +43% Forster (2018)
Wind Devlin et al. (2008)

2.4.1 Statistical analysis

Due to model spin-up time, only simulated biomass from 2015-2017 was used for further analysis
(Appendix B). Phyto- and zooplankton biomass for each scenario were tested with a Shapiro-Wilk test (p
> 0.05), from which it was concluded that the data was not distributed normally. Hence, potential
differences in phyto- and zooplankton biomass between scenarios were tested using the non-parametric
Wilcoxon rank sum test. All statistical analyses were performed using the package ‘stats’ in R (R Core
Team, 2018).

12
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3. Results

3.1 Mussel aquaculture

3.1.1 Response curves

An NPZD model was used to create phytoplankton and zooplankton biomass response curves for variables
related to mussel aquaculture, i.e. changes in nutrient concentrations and grazing rate. When the
concentrations for all nutrients were increased simultaneously, a steady rise in both phyto- and
zooplankton biomass was predicted until an eventual model collapse from a 90% nutrient increase
onwards (Figure 3a,c). Throughout this rise, seasonal phytoplankton dynamics remained constant (Figure
3b). However, the maximal seasonal zooplankton biomass shifted from summer towards spring when the
nutrient increase exceeded 30% (Figure 3d). With declining nutrient availability, zooplankton disappeared
almost completely (1.12*10%* mmol N m3), whereas phytoplankton biomass reached a minimum of 3.63
mg Chl m?3. This phytoplankton biomass decrease was associated with strong seasonal shifts: the regular
spring phytoplankton bloom gave way to a summer bloom (Anutr. = -60%), fall bloom (Anutr. = -80%), and
eventually another summer bloom (Anutr. =-90%) (Figure 5b). These shifts were reflected in the maximal
zooplankton biomass which shifted from summer to fall (Anutr. = -40%), and back to summer (Anutr. = -
60%) until zooplankton depletion was reached (Figure 3d).
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The calculation of response curves for individual nutrient changes related to mussel aquaculture was used
to quantify their separate effects on plankton biomass (Figure 4). A constant 200% increase of DIN
throughout the year resulted in a 7.3% (W = 972894, p = p < 0.001) overall rise in phytoplankton biomass
(Table 5), along with a 31.7% (W = 946525, p = p < 0.001) zooplankton biomass increase compared to the
nearshore baseline (Table 6). A 40% increase in PO, was calculated to have similar effects with
phytoplankton biomass rising by 7.4% (W = 968770, p = p < 0.001) (Table 5) and a zooplankton biomass
increase of 36.9% (W =942428, p = p <0.001) (table 6). For both DIN and PO, response curves, the effects
of an increase associated with mussel aquaculture on phytoplankton biomass was strongest in spring
(Figure 4g,h), whereas zooplankton biomass was affected most in summer (Figure 4j,k). Finally, a 50%
increase in Si04 did not significantly affect phytoplankton, nor zooplankton biomass (Table 5, Table 6).

Table 5: median phytoplankton biomass (overall and seasonal) for the nearshore baseline scenario as well
as the responses to changes in single variables according to a mussel aquaculture scenario.

phytoplankton (mg Chla m™)
change compared to baseline (%)

nearshore DIN PO, Sio, Kd
baseline +200% +40% +50% +50%
overall 7.568 8.119 +7.3%* 8.131  +7.4%* 7.759  +2.5% 3457 -54.3%*
spring 15.441 15.859 +2.7% 15.824 +2.5% 15.632 +1.2% 6.074 -60.7%*
summer 8.094 8.537  +5.5%* 8.496 +5.0%* 8.160 +0.8%* 4113 -49.2%*
fall 6.230 6.153  -1.2%* 6.242 +0.2%* 6.235 +0.1% 2.661 -57.3%*
winter 4.572 4,677 +2.3%* 4.680 +2.4%* 4.596 +0.5% 3.108 -32.0%*

* Wilcoxon rank rum test p < 0.05

Table 6: median zooplankton biomass (overall and seasonal) for the nearshore baseline scenario as well
as the responses to changes in single variables according to a mussel aquaculture scenario.

zooplankton (mmol N m?)
change compared to baseline (%)

nearshore DIN PO, Si0, Kd
baseline +200% +40% +50% +50%
overall 0.097 0.128 +31.7%* 0.133 +36.9%* 0.111 +13.9% 0.038 -60.8%*
spring 0.074 0.165 +124.4%* 0.168 +128.2%* 0.086 +16.0% 0.049  -33.7%*
summer 0.162 0.181 +11.8%* 0.183 +13.2%* 0.167 +3.3%* 0.059 -63.5%*
fall 0.119 0.131 +10.1%* 0.133 +11.9%* 0.125 +4.7% 0.045 -62.1%*
winter 0.004 0.005 +7.3%* 0.005 +11.34%* 0.004 -1.6% 0.004 -10.3%*

* Wilcoxon rank rum test p < 0.05
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15



How the Blue Economy affects plankton dynamics in the BPNS: a modeling approach

In response to increasing changing grazing rates, a decrease in phytoplankton and zooplankton biomass
was predicted (Figure 5). Throughout all simulations, spring remained the season with maximal
phytoplankton biomass (Figure 5b) and summer remained the season with maximal zooplankton biomass
(Figure 5d). Note that an 85% grazing increase, as well as a 10% decrease caused the model to collapse
(Figure 5). For grazing rates associated with mussel aquaculture a 54.3% (W = 1832389, p < 0.001) decline
in phytoplankton biomass was predicted compared to the nearshore baseline scenario, with the greatest
effect observed in spring with a decline of 60.7% (W = 127642, p < 0.001) (Table 5). Overall zooplankton
biomass decreased by 60.8% (W = 133356, p < 0.001) with a maximal decrease in summer with 63.5% (W
=120126, p < 0.001) (Table 6).
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Figure 5: Response of phytoplankton (a, b) and zooplankton (c, d) biomass to changes in grazing rate. Gray
curves represent median biomass overall, whereas colored curves represent seasonal median biomass. For
each curve the interquartile range is marked as well. The biomass where the grazing rate is at nearshore

baseline values is marked with a dot and a triangle marks the grazing rate increase associated with mussel
aquaculture.

3.1.2 Mussel aquaculture scenario

Plankton biomass dynamics in the nearshore region of the BPNS were simulated for a baseline as well as
a mussel aquaculture scenario, where nutrient availability and grazing rates were adjusted in the model
accordingly. Based on simulations from 2015-2017, the introduction of mussel aquaculture in the BPNS
would cause severe phyto- and zooplankton depletion. In baseline circumstances, plankton dynamics
followed a clear seasonal pattern in the nearshore region. As depicted in Figure 6a, phytoplankton
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biomass ranged from 3.23 to 14.75 mg Chla m3, with a spring and fall phytoplankton bloom. The maximal
yearly biomass was reached during the spring bloom in May and the lowest biomass was in December.
Both phytoplankton blooms were followed by a zooplankton bloom, with an approximately delay of one
month. Maximal zooplankton biomass (0.20 mmol N m?3) could be observed in June, whereas the
minimum (1.26*10* mmol N m3) was in March, right before the start of the phytoplankton spring bloom.
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Figure 6: Phyto- and zooplankton biomass dynamics in the nearshore baseline (a) and mussel aquaculture
(b) scenario. The curves represent median phytoplankton (red) and zooplankton (green) biomass
simulations from 2015-2017 and their respective interquartile ranges on a logarithmic scale.

Compared to the baseline scenario, the integration of mussel aquaculture induced a total shift of plankton
dynamics (Figure 6b). In this scenario, phytoplankton biomass ranged from 5.61E-3 Chla m3to 0.038 Chla
m3. The phytoplankton maximum shifted from May towards September and was 99.7% (W = 23, p < 0.001)
lower compared to the phytoplankton peak in the baseline scenario. Similar drastic phytoplankton
declines were predicted in all seasons (Table 7). Alongside this phytoplankton depletion, zooplankton
biomass ranged from 9.23*10° to 1.16*10° mmol N m in March and October, respectively. Maximal
zooplankton biomass decreased by 99.4% (W = 23958, p < 0.001) compared to the peak in the baseline
scenario. As for phytoplankton, zooplankton depletion was predicted to persist throughout the year
(Table 7).
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Table 7: Median phyto- and zooplankton biomass (overall and seasonal) for the nearshore baseline and
mussel aquaculture scenario.

phytoplankton zooplankton
(mg Chla m?3) (mmol N m?3)
nearshore mussel nearshore mussel

baseline aquaculture change baseline aquaculture change
overall 5.801 0.012 -99.8%* 0.065 2.56*%10% -99.6%*
peak 14.749 0.038 -99.7%* 0.20 1.16*103 -99.4%*
spring 10.284 6.30*10%3 -99.9%* 8.71E-03 1.04*10%4 -98.8%*
summer 7.107 0.018 -99.8%* 0.159 4,00*10°* -99.8%*
fall 5.017 0.031 -99.4%* 0.104 9.62*10%* -99.1%*
winter 3.695 0.009 -99.8%* 0.006 2.07*10% -96.5%*

* Wilcoxon rank rum test p < 0.05

3.2 Offshore wind farm

3.2.1 Response curves

To explore the effect of suspended particulate matter plumes caused by offshore wind infrastructure, the
phyto- and zooplankton biomass responses to changes in turbidity were calculated using the NPZD model.
For changes in Kd ranging from -100% to +80%, no clear positive or negative trend in overall phytoplankton
biomass was predicted by the model. However, within this range the seasonal dynamics were
continuously shifting (Figure 7b). For zooplankton biomass a negative trend was predicted in relation to
increasing turbidity, with a continuously shifting seasonality as well. Note that this trend was especially
prominent at low Kd values beneath a 40% decline. At a 70% Kd increase, zooplankton was predicted to
be almost completely depleted with the biomass never again reaching 1.11*10? mmol N m?. Following
this lack of zooplankton, from a Kd increase of 75% onwards the phytoplankton biomass starts to decrease
down to a minimum of 0.935 mg Chl m. Compared to the offshore baseline scenario, a Kd increase of
43% associated with offshore wind infrastructure was predicted to decrease overall phytoplankton
biomass by 9.1% (W = 1181637, p < 0.001) (Table 8), though there was no significant change in overall
zooplankton biomass (Table 9). However, in fall and winter the model simulated a decrease in zooplankton
biomass of 64.5% (W = 80527, p < 0.001) and 39.1% (W = 74572, p < 0.001), respectively (Table 9).
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median biomass, whereas the shaded ribbons represent the interquartile range. A dot and a triangle mark
the phyto- or zooplankton biomass in the offshore baseline scenario and the offshore wind scenario
respectively.

Table 8: Median phytoplankton biomass (overall and seasonal) for the offshore baseline scenario as well
as the response to changes in Kd associated with an offshore wind scenario.

phytoplankton (mg Chla m3)
change compared to baseline (%)

offshore Kd

baseline +50%
overall 1.589 1.445 -9.0%*
spring 1.982 2.165 9.2%
summer 1.505 1.374 -8.7%*
fall 1.292 0.978 -24.3%*
winter 1.379 1.726 25.1%

* Wilcoxon rank rum test p < 0.05
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Table 9: Median zooplankton biomass (overall and seasonal) for the offshore baseline scenario as well as
the response to changes in Kd associated with an offshore wind scenario.

zooplankton biomass (mmol N m3)
change compared to baseline (%)

offshore Kd

baseline +50%
overall 3.21*10% 4.04*10% 25.9%
spring 1.71*10° 4.98*10% 190.8%
summer 1.87*10 2.50%10%  1235.8%
fall 8.79*10% 3.12*10%  -64.5%*
winter 6.69*%10% 4.08*10%  -39.1%*

* Wilcoxon rank rum test p < 0.05

3.2.2 Offshore wind farm scenario

Plankton biomass dynamics were simulated for the offshore region in a baseline and offshore wind farm
scenario. When simulations from 2015-2017 were compared, shifts in both phyto- and zooplankton
dynamics were observed. In the offshore region, baseline phytoplankton dynamics were characterized by
a large spring bloom, and a smaller summer and fall bloom (Figure 7a). Phytoplankton biomass ranged
from 2.15 to 6.51 mg Chla m3 throughout the year, with maximal biomass in February during the early
spring bloom and a minimum in September. Zooplankton biomass followed this three-bloom pattern as
well with a minimum biomass in June (0.017 mmol N m3) and a maximum biomass (0.14 mmol N m™3) in
March.

The introduction of offshore wind infrastructure into the model resulted in a shift in the plankton bloom
pattern from three yearly blooms towards two (Figure 7b). Throughout this pattern phytoplankton
biomass ranged from 3.25 to 9.27 mg Chla m=. The phytoplankton biomass maximum in this scenario was
predicted to be in June and increased by 42.5% compared to the nearshore baseline (W = 7134528, p <
0.001) (Table 10). The median phytoplankton biomass throughout the year increased as well by 50.5% (W
= 1096259904, p < 0.001). In fact, increased phytoplankton biomass was predicted in all seasons except
winter, where a 14.8% decline was calculated (W = 37220153, p < 0.001) (Table 10). Associated with the
shift of the yearly phytoplankton biomass peak from February towards June, the greatest seasonal
phytoplankton biomass change was seen in summer with a 231.9% increase (W = 92251210, p < 0.01).
Contrary to phytoplankton, overall zooplankton biomass declined by 95.3% in the offshore wind scenario
(W = 344648495, p < 0.001) and ranged from 3.94*10° to 0.041 mmol N m?3. The zooplankton peak
biomass decreased by 71.2% (W = 3109515, p < 0.001) and a zooplankton decline was predicted in all
seasons with the largest differences observed in spring and summer (Table 10).
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Figure 8: Phyto- and zooplankton biomass dynamics in the offshore baseline (a) and offshore wind (b)
scenario. The curves represent median phytoplankton (red) and zooplankton (green) biomass simulations
from 2015-2017 and their respective interquartile ranges on a logarithmic scale.

Table 10: median phyto- and zooplankton biomass (overall and seasonal) for the offshore baseline and
offshore wind scenario.

phytoplankton zooplankton
(mg Chla m3) (mmol N m3)
offshore offshore offshore offshore
baseline wind change baseline wind change
overall 3.092 4.653 +50.5%* 0.049 2.29%10°3 -95.3%*
peak 6.507 9.273 +42.5%* 0.141 0.041 -71.2%*
spring 3.932 4,924 +25.2%* 0.075 5.91*10% -99.9%*
summer 2.541 8.433  +231.9%* 0.028 0.011 -60.0%*
fall 2.571 4.716 +83.4%* 0.046 0.018 -59.9%*
winter 4.049 3.450 -14.8%* 0.049 2.41*10% -95.1%*

* Wilcoxon rank rum test p < 0.05
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4. Discussion

An NPZD model was used to quantify the effects of potential blue economy developments on plankton
biomass dynamics in the BPNS. Specifically, the impact of mussel aquaculture and offshore wind farms
were investigated, two commercial activities for which the effect on phyto- and zooplankton biomass had
not yet been fully explored in the BPNS.

4.1 Mussel aquaculture

To assess the impact of mussel aquaculture on plankton biomass dynamics, this thesis study focused on
how this commercial activity alters nutrient concentrations and phytoplankton grazing rates. Both
changes were found to affect phyto- and zooplankton biomass significantly. Alterations in separate
nutrient concentrations (DIN, POy, SiO4) as well as in all nutrients simultaneously were investigated. All of
the resulting plankton biomass response curves indicated a positive relationship between nutrient
availability and plankton biomass (Figure 3, Figure 4). A simultaneous concentration increase in all
nutrients of 90% led to model collapse, whereas separate response curves rose to a phyto- and
zooplankton biomass limit in a manner that approaches logarithmic growth curves. This maximum is likely
reached when phyto- and zooplankton biomass are no longer limited by the concentration of the nutrient
of interest. The stronger plankton biomass response to changes in all nutrients compared to changes in
single nutrients (Figure 3, Figure 4), can be explained by nutrient co-limitation (Harpole et al., 2011). In
addition, previous studies have shown that when nutrient availability is high, competition for light
becomes increasingly important (Burkholder & Glibert, 2013). Laboratory experiments by Burson et al.
(2018), for example, found that increasing nutrient loads change phytoplankton species composition due
to a shift from interspecies competition for competition for light. Response curves for zooplankton
biomass were similarly shaped to those for phytoplankton biomass. This suggests food availability (i.e.,
phytoplankton) to be the main limiting factor for zooplankton growth in the BPNS. Notably, previous
studies have shown phyto- and zooplankton biomass can also respond in opposite manners to
environmental changes. For example, in the Bohai Sea a decrease in zooplankton has been observed
alongside increased phytoplankton biomass related to ocean acidification and warming (Wei et al., 2022).
The absence of such an effect could be due to either local conditions in the BPNS, or the nature of the
NPZD model. For example, oxygen levels were not incorporated in the model calculations whilst
deoxygenation is often associated with eutrophication and can negatively impact zooplankton growth
(Wishner et al., 2018). By projecting the specific changes in nutrient concentrations associated with
mussel aquaculture (Table 2) onto the response curves, it became clear that both the expected DIN and
PO, increases would significantly affect phyto- and zooplankton biomass throughout the year (Table 5,
Table 6). Whereas the expected increase in SiO4 did not significantly affect either overall phyto- or
zooplankton biomass. Note that the strongest overall phytoplankton (+7.4%) (Table 5) and zooplankton
(+36.9%) (Table 6) biomass increases were predicted for PO,4. This is in accordance with results from
Burson et al. (2016) who determined phosphorus to be the most limiting nutrient in the coastal waters of
the Southern Bright of the North Sea. Bear in mind that in these response curves the seasonality of
changes in nutrient concentration due to mussel aquaculture was not incorporated. This could cause the
predicted plankton biomass response to be magnified.
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Next, the response of plankton biomass to changes in phytoplankton grazing was investigated, and a
negative relationship was found between plankton biomass and grazing rates (Figure 5). A small grazing
decline of 10% resulted in a model collapse due to phytoplankton concentrations reaching the realistic
maximal value allowed by the NPZD model. This suggests a strong top-down grazing control of
phytoplankton biomass at baseline circumstances, although the relative importance of top-down and
bottom-up controls in marine ecosystems remains contested (Hunt & McKinnell, 2006). At rising grazing
rates, the model collapses at an 85% grazing increase, because the realistic minimal phytoplankton
biomass allowed by the model is reached. When grazing rates associated with mussel aquaculture were
projected onto the response curves, an overall 54.3% decline in phytoplankton (Table 5) and a 60.8%
decline in zooplankton biomass (Table 6) were predicted. This is in accordance with previous findings that
reported bivalve grazing to induce top-down control on phytoplankton biomass and community
composition (Prins et al., 1998). Note that the dependence of mussel grazing on phytoplankton biomass
due to valve closure was not incorporated in these response curve calculations.

Finally, to quantify the effect of mussel aquaculture on plankton biomass dynamics, both changes in
nutrient concentrations (including seasonal dynamics) and mussel grazing (including dependence on
chlorophyll concentration) were incorporated in the model. The simulations indicate that the introduction
of mussel aquaculture in the nearshore region of the BPNS would cause severe phyto- and zooplankton
depletion with seasonal biomass declines ranging from 96.4% to 99.9% (Table 7). In comparison, reported
phytoplankton depletion in the presence of commercial mussel aquaculture ranges from no depletion at
all to a 30% phytoplankton concentration decrease (Cranford et al., 2008; Ogilvie, 2000; Petersen et al.,
2008). The extreme depletion predicted in this thesis, was calculated based on a closed ecosystem model,
which can result in exaggerated effects of a changing environment on plankton biomass dynamics.
Previously reported changes in phytoplankton biomass associated with mussel aquaculture vary strongly
based on local conditions. In certain areas, such as Beatrix Bay in New Zealand, a phytoplankton
concentration increase has been reported in winter instead of depletion (Ogilvie et al., 2000). In these
instances, the bottom-up phytoplankton biomass driver of mussel nutrient regeneration may have
outweighed the top-down control of mussel grazing (Prins et al., 1998). This highlights the spatiotemporal
variability associated with plankton dynamics and their responses to environmental changes (Heinle et
al., 2021; Yebra et al., 2022).

4.2 Offshore wind farm

Offshore wind farms are associated with suspended particulate matter (SPM) blooms and thus increased
turbidity, which could affect plankton dynamics (Forster, 2018; Vanhellemont & Ruddick, 2014). This was
confirmed by the Kd response curves calculated in this thesis, based on the NPZD model. At low turbidity
levels (< Kd -40%) phytoplankton biomass remains constant, whereas zooplankton biomass shows a strong
positive relationship with increasing light availability (Figure 7). This suggests that when light would not
be a limiting factor in the BPNS, top-down control by zooplankton grazing could become increasingly
important. At high turbidity levels (> Kd +70%) on the other hand, phytoplankton biomass starts
decreasing whilst zooplankton biomass is almost completely depleted (Figure 7). In this case,
phytoplankton biomass appears to be mainly bottom-up controlled. In general, the relative importance
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of bottom-up and top-down controls has been shown to be highly variable in marine ecosystems related
to local environmental conditions (Hunt & McKinnell, 2006; Lindegren et al., 2018; Litzow & Ciannelli,
2007). Whenever the change in turbidity remains within a range of Kd -40% and +70% an unstable balance
between bottom-up and top-down control results in continuously shifting seasonality in both phyto- and
zooplankton biomass (Figure 7). When the estimated turbidity increase associated with SPM plumes (Kd
+43%) was projected onto these response curves, an overall decrease in phytoplankton biomass of 9.1%
was predicted (Table 8). Overall zooplankton biomass did not increase significantly when turbidity levels
reflected those for offshore wind farms, although a seasonal decrease was predicted in both fall (-64.5%)
and winter (-39.1%) (Table 9). This was likely in response to the seasonal declines of phytoplankton in
summer (-8.7%) and fall (-24.2%) (Table 8), since zooplankton blooms usually follow phytoplankton
blooms with some time lag (Almén & Tamelander, 2020).

Finally, the NPZD model was used to simulate the presence of a wind farm in the offshore region of the
BPNS, resulting in a shift in seasonal plankton biomass dynamics. The simulations indicated a wind farm
in the offshore region of the BPNS would increase overall phytoplankton biomass by 50.5% and decrease
overall zooplankton biomass by 95.3% (Table 10). Similar biomass shifts were observed throughout all
seasons. As stated previously, opposite phyto- and zooplankton biomass responses to changes in the
marine environment have been recorded before in the Bohai Sea (Wei et al., 2022). However, these
predicted phyto- and zooplankton dynamics differ strongly compared to the results of the Kd response
curves. These curves suggested that a 43% Kd increase would cause a decrease in overall phytoplankton
biomass and an unchanged zooplankton biomass. This disparity is likely due to the methodological
differences between the response curve calculations and the plankton dynamics simulations. In essence,
the response curves were based on a single model iteration, whereas for the plankton dynamics 5000
iterations were run. In addition to the introduction of increased model variation, the 43% Kd increase also
falls within the section of the response curve where there was an unstable balance between top-down
and bottom-up control either way. Most previous studies observed phytoplankton biomass declines
associated with decreased light availability (Alpine & Cloern, 1988; Marzetz et al., 2020). In estuaries for
example, a primary productivity gradient can be observed following the turbidity gradient of a river plume
(Cloern, 1987). In addition to biomass changes in both phyto- and zooplankton, the seasonal pattern in
the offshore region of the BPNS shifted from three seasonal blooms towards two according to model
predictions (Figure 8). During the past four decades, phytoplankton seasonality shifts have been observed
in the BPNS associated with changes in nutrient concentrations, turbidity, and SST (Nohe et al., 2020).
Notably, the predicted plankton dynamics for an offshore wind farm look similar to nearshore baseline
dynamics. In this region there are also two seasonal phytoplankton blooms, although the timing is slightly
different compared to the offshore wind farm scenario. This might be explained by the baseline turbidity
in the nearshore area, which is generally higher compared to more offshore regions in the North Sea
(Fettweis & Van Den Eynde, 2003).

4.3 NPZD model: advantages, limitations, and future prospects

In research on complex ecosystem interactions such as plankton dynamics, laboratory studies are often
used to discern the effects of multiple environmental drivers. This has the advantage that species can be
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kept in optimal conditions to isolate the effects of any stressor in question. However, it can be difficult to
generalize observed effects from a laboratory setting, since in nature these optimal situations generally
do not occur (Aziz, 2017). Modeling approaches based on field data can bridge this gap, allowing the
implicit integration of natural variation into study results. The model calculations applied in this thesis
were based on input data collected in the field (i.e. SST, nutrients, and solar irradiance), although for the
two hypothetical scenarios, currently no in situ plankton biomass data is available to validate model
findings. Additionally, since the model adjustments associated with mussel aquaculture and offshore wind
farms were based on data from different study areas, it cannot be guaranteed that the same activities in
the BPNS would have similar environmental effects. It is also important to note that the NPZD model is a
closed ecosystem model. This could result in exaggerated plankton biomass changes in response to
altered environmental conditions. Alternatively, spatially explicit models allow the inclusion of
hydrodynamics, which may be an important driver of plankton dynamics. Such a model has been
developed previously by Grant et al. (2008), for example, to investigate how mussel aquaculture in
Tracady Bay (Canada) affects phytoplankton concentration. Extending the current model into a spatially
explicit model could be a valuable next step to investigate the effects of commercial activities on plankton
dynamics in the BPNS. Nevertheless, the modeling assessment of mussel aquaculture and offshore wind
farms conducted in this thesis, indicates that both economic developments have the potential to impact
phyto- and zooplankton biomass dynamics in the BPNS. This highlights the need to monitor such economic
developments. Additional data collected in the field could be used to further calibrate and validate the
NPZD model to accurately describe plankton dynamics in mussel aquaculture sites and offshore wind
farms. The model could also be used to assess the impact of other commercial activities. This could then
become a useful tool for legislators and stakeholders to improve the assessment, permitting and marine
spatial planning of commercial activities in the BPNS.

5. Conclusion

In this thesis, the potential effects of mussel aquaculture and offshore wind farms on plankton dynamics
in the BPNS were explored and quantified. Both commercial activities were found to affect plankton
biomass, as well as seasonal bloom patterns. According to the model predictions, the introduction of
mussel aquaculture in the nearshore area of the BPNS would cause severe phyto- and zooplankton
depletion in all seasons. The development of a wind farm in the offshore region could alter seasonal
plankton dynamics, reducing the number of yearly blooms from three to two. A modeling approach such
as described in this thesis can be used to study several other economic developments, as well as climate
change effects on plankton dynamics in the BPNS. This could be a useful tool for legislators and
stakeholders to promote science-supported decision making, by assessing and predicting the ecological
impact of economic activities and to improve marine spatial planning practices.

6. Data and script availability

Datasets and scripts related to this master thesis can be found at https://doi.org/10.14284/603, hosted
on the Integrated Marine Information System (IMIS) from the Flanders Marine Institute (VLIZ).
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Appendix A: Nutrient-Phytoplankton-Zooplankton-Detritus (NPZD) equations

Phyto-
Solar plankton
irradiance 4
SST
Nutrients Zoo-
DIN PO, SiO, plankton
f4
f6
Detritus

f1: net N uptake by phytoplankton f4: zooplankton excretion
f2: zooplankton grazing f5: zooplankton mortality
f3: phytoplankton faeces f6: detritus mineralization

Figure A1: Nutrient-Phytoplankton-Zooplankton-Detritus (NPZD) model structure

Phytoplankton and zooplankton biomass was simulated from 2015-2017 using the NPZD ecosystem model
created by Everaert et al. (2015) based on Soetaert en Herman (2009), and subsequently adjusted by
Otero et al. (2022). The following equations determined the daily rates of change in the abundance
phytoplankton (PHYTO), zooplankton (ZOO), and detritus (DET):

dPHYTO/dt = Nuptake (f1) - Grazing (f2)
dZ0O0/dt = Grazing (f2) - Faeces (F3) - Excretion (f4) - Mortality (f5)
dDET/dt = Mortality (F5) + Faeces (F3) - Mineralization (f6)

for which t indicates time in days.

Daily nutrient abundance is determined as the sum of DIN, PO, and SiO, based on the generalized additive
models (GAM) for each. For a detailed description of GAM in this model, consult Otero et al. (2022).

NUTRIENTS = GAM (DIN) + GAM (PO4) + GAM (SiO4)
The model flows (Figure A1) were calculated as follows:

Nuptake (f1) = maxUptake * PAR_lim * Temp_lim * P_lim * DIN_lim * Si_lim *PHYTO
Grazing (f2) = maxGrazing* (PHYTO/(PHYTO+ksGrazing))*ZOO

Faeces (f3) = pFaeces * Grazing

Excretion (f4) = excretionRate * ZOO

Mortality (f5) = mortalityRate * ZOO?

Mineralization (f6) = 0.1*DET
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where maxUptake, mineralizationRate, excretionRate, maxGrazing, ksGrazing, pFaeces and mortalityRate
are model parameters. And for which Nuptake is the phytoplankton nitrogen uptake, PAR_lim the
limitation factor for photosynthetically active radiation (PAR), Temp_lim for sea surface temperature
(SST), P_lim for PQ4, DIN_lim for DIN and Si_/im for SiO4.

The limitation factors included in the previous equations were defined according to saturating Michaelis-
Menten equations (Soetaert & Herman, 2009):

PAR_lim = PAR/(PAR+ksPAR)
DIN_lim = DIN /(DIN+ksDIN)
P_lim = P/(P + ksP)
Si_lim = Si/(Si + ksSi)
where ksPAR, Tobs, ksDIN, ksP and ksSi are parameters of the model.
The equation for PAR was defined based on the Lambert-Beer law (Kirk, 1994; Lund-Hansen, 2004):

PAR(f7) = loe™™

where |y is the surface irradiance (uEinst m™2 s™), z depth (m), and Kd the diffuse attenuation coefficient
(m).

Temperature limitation was described by a Thomann and Mueller equation (Thomann & Mueller, 1987)
Temp_lim = glTemp - Tobs)

9=1.185-0.00729*Temp

Model output for phytoplankton biomass is expressed in chlorophyll concentration. This was converted
as follows:

Chlorophyll = chINratio * PHYTO

In the mussel aquaculture scenario, the grazing equation itself was adapted to simulate mussel grazing on
phytoplankton. This was done by adapting the grazing equation as follows:

Grazing (f2) = maxGrazing* (PHYTO/(PHYTO+ksGrazing))*(ZOO + 0,081)

Note that an ‘if...else’ function from Base R ensured this constant would only be included when
phytoplankton biomass was between 0.5 and mglL™.
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All model calculations were performed in R (R Core Team, 2022; version 4.2.1) using the following

packages:

- doParallel (Microsoft Corporation and Weston, 2020)
- dplyr (Wickham et al., 2020)

- foreach (Microsoft and Weston, 2020)

- ggplot2 (Wickham, 2016)

- ggpubr (Kassambara, 2019)

- lubridate (Grolemund and Wickham, 2011)
- parallel (R Core Team, 2018)

- plyr (Wickham, 2011)

- stats (R Core Team, 2018)

- viridis (Garnier, 2018)

- xts (Ryan and Ulrich, 2020)
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Appendix B: Model spin-up time

In the mussel aquaculture and offshore wind farm scenarios variation was very high in 2014. This becomes
clear when plotting the mean and standard deviation for the model simulations for each scenario (Figure
B1). However, by 2015 the biomass predictions appear to be stabilized. This increased model spin-up time
is likely due to the lack of model validation by comparison to in situ plankton biomass. Hence, 2015-2017
was selected for analysis in this thesis.
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Figure B1: Median and interquartile range for the model simulations of each scenario from 2014-2017: (a)
nearshore baseline, (b) offshore baseline, (c) mussel aquaculture and (d) offshore wind farm.
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