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Foreword 
From the very beginning of BG-PART, the transdisciplinary nature of the project has been a challenge 
that we have systemaƟcally addressed through physical meeƟngs and online interacƟons. The 
internaƟonal workshop in Brussels in October 2023 marked the beginning of an increased 
collaboraƟon between the principal invesƟgators and our internaƟonal colleagues (incl. from the 
Follow-Up CommiƩee). By the end of the third year of this 4-year project, we have gathered a 
substanƟal amount of original data, which we plan to analyze in the coming months. This report 
illustrates the type of data we aim to manipulate to answer the project’s quesƟons. 

ExecuƟve Summary 
The fundamental quesƟon of the project is to elucidate the fine interacƟons between planktonic 
organisms, marine gels and mineral sediments along the coastal-offshore gradient of a turbid and 
Ɵdal system. Our approach included monthly in situ samplings along the gradient (coupled with 
conƟnuous sampling at MOW1 and remote sensing), laboratory experiments (including 
phytoplankton niche characterizaƟon and flocculaƟon experiments), and numerical modeling of 
phytoplankton-sediment interacƟons. 

In the last three years, some efforts have focused on the link between organic maƩer and mineral 
parƟcles, and how these interacƟons influence the dynamics of suspended parƟcles. Some papers 
have been published and, at this stage, we intend to study in more detail how these organo-mineral 
interacƟons fit into the marine carbon cycle. 

Beyond the measured bulk organic maƩer, we aim to beƩer idenƟfy the biological processes 
producing the biomass and marine gels responsible for organo-mineral interacƟons. This story starts 
with the characterizaƟon of phytoplankton and zooplankton species (from pico to micro size), and 
their seasonal succession. Although species assemblages vary each year, we are currently idenƟfying 
their main seasonal paƩerns along the Belgian cross-shore gradient. 

Laboratory experiments have allowed characterizing not only the niche of different dominant 
phytoplankton species, but also their capacity to produce and excrete exopolymeric substances 
under variable condiƟons. Measurements performed in an incubator are now available and describe 
the producƟon of polysaccharides, Transparent Exopolymeric ParƟcles (TEP), and Coomassie 
Stainable ParƟcles (CSP). 

These results – and the substanƟal amount of underlying data – will be further analyzed in the 
coming months to draw general lines explaining the dynamics we observed in the natural system. To 
this end, we also use numerical modeling to simulate the fine interacƟons between phytoplankton, 
marine gels and mineral parƟcles undergoing flocculaƟon in a theoreƟcal water column. The 
approach and first outputs of the model are presented in this report. 

With our datasets, we have gained useful insights into the dynamics of the natural system during the 
first three years. Our challenge during this last year is to interpret this data and produce a new set of 
transdisciplinary, original and useful hypotheses for the scienƟfic community. 
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1. Achieved Work 
 

1.1. QuanƟfying the organic carbon associated to suspended mineral 
parƟcles in shelf seas 

1.1.1. IntroducƟon 

Organic carbon associates with suspended clay parƟcles in the marine system by adsorbing onto 
their mineral surfaces (Keil et al., 1994). This interacƟon stabilizes organic carbon, slowing or 
prevenƟng further degradaƟon, whether the organic maƩer is intrinsically labile or not (Hemingway 
et al., 2019; Kleber et al., 2021). Such organo-mineral associaƟon accounts for a major carbon sink in 
land soils and marine sediments, controlling the long-term balance of oxygen and carbon dioxide in 
the atmosphere. ParƟcles and associated organic carbon flow from rivers or from cliff erosion into 
the sea (Dobrynin, 2009; FeƩweis et al., 2007). Unless it has been processed already in the upstream 
estuary, most of this terrestrial organic maƩer is stripped from its mineral matrix and efficiently 
degraded in the receiving marine system, which explains why terrestrial organic carbon is 
proporƟonally lesser in marine sediment or dissolved pools than expected from river loads (Hedges 
et al., 1997). Through the adsorpƟon/desorpƟon kineƟcs, the mineral-associated terrestrial organic 
carbon can be replaced by organic carbon from marine origin, although that exchange dynamic 
depends on the mineralogical composiƟon of the phyllosilicates (BlaƩmann et al., 2019). Clay 
parƟcles are eroded from conƟnental or marine deposits and journey throughout marginal seas, 
while being subject to conƟnuous seƩling and resuspension cycles at Ɵdal to seasonal scales 
(FeƩweis et al., 2022). The suspended clays can be seen as a reservoir of parƟcles hosƟng and 
transporƟng preserved organic carbon. In sediments, the preservaƟon of organic carbon relies on the 
opposiƟon between protecƟon via mineral interacƟons and degradaƟon processes, whether 
heterotrophic metabolism or abioƟc redox and oxidaƟve degradaƟon (Keil & Mayer, 2014; Kleber et 
al., 2021). In marginal seas, organic carbon accumulates in surficial seabed sediments at a rate of 
approximately 0.126–0.350 Pg per year (Keil, 2017). At the scale of the global ocean, the 
accumulaƟon of organic carbon in sediment consƟtutes a standing stock of the order of 87 ± 43 Pg in 
the top 5 cm of oceanic sediment (Lee et al., 2019) and 2322 Pg in the top meter (Atwood et al., 
2020). While esƟmates of seafloor carbon stocks are underway at local and global scales, the stock of 
organic carbon associated with mineral parƟcles suspended in the water column remains poorly 
understood. Yet, it reflects a sink of carbon, and the dynamics of suspended parƟcles influence the 
distribuƟon and accumulaƟon paƩerns of associated organic carbon in the marine environment. 
Here, we provide an esƟmate of the stock and fluxes of mineral-associated organic carbon 
suspended on average in the water column across the North Sea shelf. 

1.1.2. Methods 

Our methodology combines monthly satellite products of surface SPM concentraƟons, in situ records 
of verƟcal profiles of SPM concentraƟon, and a model esƟmate of the mineral-associated POC.  

1. Satellite product of surface SPMC: this provides monthly SPM concentraƟons at the sea 
surface (SenƟnel-3 and OLCI resoluƟon, atmosphere algorithms, water color to SPMC 
algorithm, possibly DINEOF?, validaƟon is provided by D. Van der Zande) 

2. In situ SPMC verƟcal profile (Ɵdal averaged): data from Belgian monitoring campaigns and 
from the German monitoring campaigns (ScanFish) allow calculaƟng Ɵdal averaged verƟcal 
profiles of SPM concentraƟon from shallow turbid to straƟfied areas in the North Sea. When 
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the verƟcal profiles are expressed as exponenƟal funcƟons, we use this simple model to 
integrate SPM concentraƟon on the verƟcal. Otherwise, we use a raƟo between sea surface 
SPM concentraƟon and the verƟcal averaged SPM concentraƟon. 

3. DiagnosƟc model of POC:SPM content: the diagnosƟc model of Schartau et al. (2019) allows 
esƟmaƟng the mineral-associated POC concentraƟon as a funcƟon of SPM concentraƟon. 
However, this approach is subject to the fiƫng assumpƟons of the diagnosƟc model. 
Another esƟmate of the mineral-associated POC will be made at a later stage based on the 
mineralogy of SPM (see FeƩweis et al., subm.) 

1.1.3. Results and Discussion 

Surface concentraƟons of suspended parƟculate maƩer (SPM) can be esƟmated with remote sensing 
from SenƟnel-3, providing reliable monthly averages (Fig.1; see Methods for details). 

 

Figure 1 (a) Bathymetry in the studied domain of the North Sea shelf (data: GEBCO); (b) surface SPM 
concentraƟon in winter (Dec, Jan, Feb) and (c) summer (Jun, Jul, Aug) in 2021 (data: SenƟnel-3, OLCI sensor). 

The extrapolaƟon of surface SPM concentraƟons throughout the enƟre water column is done with 
verƟcal profiles measured in situ at an hourly frequency and averaged over a Ɵdal cycle (Fig.2). 
Though the lambda parameter of the exponenƟal increase of SPM concentraƟon on the verƟcal 
varies with the Ɵde, it is quite stable on a seasonal average in our well mixed water column. Note 
that other data collected in the German Bight (ScanFish) must sƟll be analyzed to provide a beƩer 
esƟmate of verƟcally-integrated SPM concentraƟon in straƟfied areas (not done for this report). 

The typical decrease of the SPM concentraƟon between winter and summer is featured on these 
graphs at both the top and the boƩom end-members of the water column. Such seasonal decrease is 
due to the enhanced flocculaƟon of parƟcles in the summer following the accumulaƟon in the water 
column of sƟcky exopolymeric substances excreted during the phytoplankton bloom (FeƩweis et al., 
2022). 
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Figure 2 Surface (blue) and boƩom (red) SPM concentraƟons (in situ observaƟons) with their calculated 
exponenƟal verƟcal increase (grey lines) during several Ɵdal cycles (hourly samplings) at three staƟons along 
the Belgian cross-shore axis and during two seasons (winter, top, and summer, boƩom). Larger dots and black 
lines show the average values per staƟon and per season. 

The calculaƟon of the verƟcal profiles of SPM concentraƟon is subject to several assumpƟons. Firstly, 
observing that turbid coastal and clear offshore waters exhibit different parƟcle composiƟon and 
dynamics (FeƩweis et al., subm.), we assume that such inshore-offshore disƟncƟon is the most 
relevant feature explaining the verƟcal profiles of SPM concentraƟons on the shelf sea. Thus, we 
assume that the verƟcal profiles measured along the Belgian cross-shore gradient of SPM 
concentraƟons can be used everywhere else as long as the water masses are classified between 
coastal and offshore systems with respect to parƟcle dynamics (as, for instance, in Desmit et al., 
2024). Secondly, we assume that the monthly-averaged surface SPM concentraƟon delivered by the 
satellite is also a Ɵdal averaged concentraƟon in each pixel. Hence, we use a Ɵdal-averaged verƟcal 
profile of SPM concentraƟon. Thirdly, we assume that the seasonally straƟfied waters exhibit verƟcal 
profiles of SPM concentraƟons similar to the non-straƟfied offshore waters where we made our 
observaƟons [this is not correct and must be refined using ScanFish data]. These assumpƟons allow 
esƟmaƟng grossly the monthly mass of SPM in the water column corresponding to each pixel of a 
monthly satellite image. The last step is to convert the SPM mass thus obtained into a mineral-
associated organic carbon mass, which can be done with the diagnosƟc model of Schartau et al. 
(2019) and FeƩweis et al. (2022). The diagnosƟc model reproduces the cross-shore gradient of the 
parƟculate organic carbon (POC) content of SPM as a funcƟon of the SPM concentraƟon (Fig.3). 
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Figure 3 Monthly POC content of SPM as a funcƟon of SPM concentraƟon. Dots depict observed values at 
sampling staƟons, line is the model fiƫng and grey areas are the 5% confidence intervals of the model. 

More criƟcally, the model is able to disƟnguish between the mineral-associated POC, considered 
more refractory, and the freshly produced POC, considered to be degraded at daily to monthly scales. 
In that step, we also assume that the monthly parameter coefficients obtained by fiƫng the model 
on observaƟons collected along the Belgian cross-shore gradient can be used at any locaƟon 
elsewhere on the shelf sea. That assumpƟon is supported by a previous comparison of model fiƫng 
on Belgian versus German Bight observaƟons along the cross-shore gradient of SPM concentraƟon. 
The total mass of the suspended mineral-associated POC in Winter is esƟmated close to ~0.003 Pg C 
on the North Sea shelf (see domain in Fig.1), which is equivalent on average to 5.8 10-9 Pg C/km2. 
That amount is of the order of 2% of the carbon standing stock found on a global average in the first 
5 cm of the ocean bed sediment (2.4 10-7 Pg C/km2, adapted from Lee et al., 2019). The 
quanƟficaƟon of mineral-associated POC stock can be refined but will not significantly increase. 

Based on previous works esƟmaƟng the SPM loads from rivers entering the North Sea and the 
erosion of Suffolk and Holderness (Dobrynin, 2009), and the SPM net flux entering from the Channel 
(FeƩweis et al., 2007), we esƟmated the total SPM flux entering the North Sea equal to ~40 106 ton 
yr-1. This amount roughly corresponds to a flux of 0.001 Pg yr-1 of mineral-associated POC. This flux is 
comparable to the amount of mineral-associated POC in suspension on the North Sea shelf (0.003 Pg 
C), and it remains small compared to the fluxes of organic carbon accumulaƟon on the seabed 
0.126–0.350 Pg yr-1 (from Keil, 2017). 
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1.2. Phytoplankton and zooplankton succession on the Belgian conƟnental 
shelf 

We are close to determine the succession of phytoplankton species from picoplankton to 
microplankton by combining the data from different sources (under work). The following secƟon 
mainly depicts the pico- and nanoplankton succession. It also provides informaƟon on the 
zooplankton species present at the Belgian staƟons throughout the year. 

1.2.1. Phytoplankton from CytoSense flow cytometry 

The CytoSense flow cytometer has been successfully deployed on 15 consecuƟve BG-PART 
campaigns, analyzing phytoplankton samples from surface and boƩom waters between January 2022 
and May 2023. This marks the longest uninterrupted period of use in the device’s operaƟonal history 
(purchased in 2012), thanks to a decade of insƟtuƟonal experience and significant investment in 
preventaƟve maintenance (mulƟple cleaning runs and frequent operaƟon to prevent fouling and 
clogging). AŌer checking, our cytometric data maintain high and consistent quality throughout the 18 
months of BG-PART operaƟons. Although the picture quality declined sharply aŌer 6 months (likely 
due to camera misalignment caused by bumping during transport), the images were of secondary 
importance since the opƟcal resoluƟon is insufficient for accurate species descripƟon in the pico- and 
nanophytoplankton range we targeted (FlowCam or microscopy are superior for 
microphytoplankton). 

In the last two years, we developed a new automated data processing pipeline for the CytoSense 
using a historical dataset. This pipeline automaƟcally removes erroneous parƟcles (electrical noise, 
fragments, bubbles, calibraƟon beads) and irrelevant output variables, and calculates addiƟonal 
parameters, such as the raƟos of each fluorescent signal and the raƟo between forward and side 
scaƩer. We then applied a machine learning algorithm called Phenograph, iniƟally developed for the 
medical sciences, to separate clusters in highly mulƟdimensional flow cytometry data. Phenograph 
uses the k-nearest neighbor approach weighted by the Jaccard similarity coefficient and employs the 
Louvain method for rapid modularity opƟmizaƟon. This enables us to detect groups of cells with 
similar size, shape, density, and color (‘cytometric clusters’) within each sample. In a second step, we 
run the same Phenograph algorithm on the parameter means of each cluster found in all the samples 
to detect ‘metaclusters’, which are clusters present in one or more samples, thereby connecƟng our 
samples across depths, staƟons, and months. This is the first data pipeline for Cytosense data that 
allows us to intercompare clusters across samples. We can now track the relaƟve and absolute 
density and biovolume of each metacluster across the enƟre BG-PART monitoring period. 
AddiƟonally, the idenƟficaƟon of metaclusters helps us describe the richness and composiƟon of 
each sample, allowing us to idenƟfy different communiƟes. 
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Figure 4: On the leŌ: total number of “hits” the FCM detected as cytometric parƟcle in the Nano to Pico size 
range. On the right: total concentraƟon of cytometric parƟcles present aŌer the data clean-up step. 

 

The newly developed pipeline significantly enhances the informaƟon we can extract from CytoSense 
flow cytometry, surpassing all other available tools for these data types (Fig.4). By implemenƟng this 
approach, we go beyond the typical classificaƟon into funcƟonal groups (e.g., micro-, nano-, 
picophytoplankton). The downsides of this approach include the need to process and analyze the 
enƟre year's data simultaneously, causing lengthy calculaƟon Ɵmes for such a large dataset. The data 
pipeline has been applied on the enƟre BG-PART dataset. 

We see in Figure 5 that the funcƟonal group “Pico red” dominates throughout the year. It is also 
evident from Figure 6 that there is a fairly consistent number of flow cytometric groups at each 
staƟon during the sampling period. However, as seen in Figure 7, different flow cytometric groups 
comprise the community observed in Figure 6. 
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Figure 5: The relaƟve abundance of cytometric funcƟonal groups at the three sampling staƟons, across the 
enƟre BG-PART sampling period. The acquisiƟon protocol mainly targeted parƟcles in the pico- to nano-size 
class. 
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Figure 6: The total number of cytometric metaclusters present at each staƟon throughout the sampling period. 
The nearshore diversity of nano- and picoplankton appears to be higher than the diversity further offshore. 

 

Figure 7: The relaƟve abundance of individual cytometric metaclusters, revealing seasonal succession of pico- 
and nanoplanktonic cells at all three staƟons. 
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1.2.2. Zooplankton succession 

Zooplankton samples were gathered using a WP2 verƟcal plankton net covering the enƟre water 
column at all staƟons when current speeds permiƩed deployment. 260 samples were collected and 
processed on a Zooscan using the protocol set in place by the LifeWatch Belgium project. The 
Zooscan produces individual pictures of parƟcles from raw scans. The individual pictures, circa 
800,000, produced from the BG-PART samples were annotated using the Ecotaxa plaƞorm through 
an algorithm trained on LifeWatch data from the Belgian part of the North Sea. The data was then 
individually checked by PhD student Jens Dujardin. This quality control step took several months. The 
data has recently been presented to the core team of the project and will be combined with the 
phytoplankton data to answer quesƟons about the seasonality and Ɵdal effects on the biota in the 
Belgian part of the North Sea. Furthermore, these data will be uƟlized to idenƟfy crucial zooplankton 
species for future experiments within the project. 

Zooplankton grazing experiments have been postponed aŌer the motorized plankton wheel we 
designed has proven to be too unwieldly for use within the climate rooms at VLIZ. This setup will be 
replaced with a simplified setup using Duran boƩles wire-suspended in temperature-controlled 
water tanks. This setup will be easier to implement at VLIZ and was recently used at sea by the 
promotors of the project. While simpler, the approach is sƟll considered to be suitable for the aim of 
invesƟgaƟng the consumpƟon/consumpƟon rate of marine gels by zooplankton. 

 

Figure 8: The total abundance of all zooplankton groups present at each staƟon throughout the sampling 
period. Missing bars represent sampling days where the weather did not permit the safe deployment of the 
WP2-net. 

Figure 8 shows the total abundance of zooplankton and suggests there were higher abundances in 
winter and early spring 2022 than in 2023. Zooplankton communiƟes were mainly dominated by 
benthic (HarpacƟcoida) and pelagic (Calanoida) copepods, with the occasional occurrence of larval 
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stages (e.g. Echinodermata). Figure 9 furthermore reveals varying degrees of free-swimming 
tunicates (Appendicularia, also known as Larvaceans). Their importance in the North Sea ecosystem 
is less well defined than the copepods, though indiscriminate grazing on TEP parƟcles has been 
previously described in literature (REF). Following these observaƟons, copepods will be the 
organisms of focus in the planned grazing experiments. Amongst the copepods, the dominaƟng 
group is Calanoida (Fig. 9 and 10), suggesƟng that there was not a significant disturbance of the sea 
bed, as HarpacƟcoida is closely associated with the sea bed. Figure 10 shows that during the year 
2022, the dominance of copepods in certain months decreases while phytoplankton Bellerochea 
grows, especially in the coastal zone. Bellerochea is a genus of large, chain-forming diatoms that has 
recently appeared in large numbers in the LifeWatch long-term monitoring dataset. We hypothesize 
that shiŌs in summer temperatures are causing heat stress for the calanoid copepods, leading to 
predator release and summer blooms of this species. 

 

 

Figure 9: The relaƟve abundance of the zooplankton groups present at each staƟon throughout the sampling 
period. 
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Figure 10: (leŌ) The total number of the two copepod groups present at each staƟon throughout the sampling 
period. The benthic HarpacƟcoida can be considered an indicator for the quality of sampling, as their presence 
signifies that a proper verƟcal transect was taken of the enƟre water column. (right) The relaƟve abundance 
of Calanoida and Bellerochea at each staƟon throughout the sampling period. 
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1.3. ParƟcle composiƟon and marine gel producƟon by phytoplankton 
1.3.1. IntroducƟon 

At the end of the winter/early spring in the Belgian part of the North Sea, the spring phytoplankton 
bloom is iniƟated by species that appear to be able to grow despite the low light (~high SPM and 
turbidity) and low temperature condiƟons. We hypothesize that these early bloom species produce 
marine gels that cause the SPM to aggregate, acƟng as a glue between the parƟcles in the water 
column, thus forming bigger, denser parƟcles that sink. This decrease in the SPM concentraƟon 
would then allow for the more light demanding strains to grow.  

1.3.2. Results 

The FlowCam data (Fig.11) shows a more or less extended bloom of large phytoplankton (100-300 
µm, i.e. large-celled phytoplankton and colonies/chains) at the coastal staƟon M0W1, namely from 
spring to autumn (although with lower values in early summer), with a community mainly dominated 
by Rhizosolenia spp. and Pseudo-nitzschia spp. (spring-summer) and Bellerochea sp. (autumn). A 
single spring bloom was observed in the transiƟon and offshore zones (respecƟvely W05 and W08). 
The offshore community (W08) is dominated by Rhizosolenia spp., Melosira spp. and Pseudo-
nitzschia spp., and the transiƟon zone community (W05) shows mostly an intermediate of the two 
previous staƟons, but also presents some unique traits, such as the presence of Guinardia spp. The 
spring bloom in 2022 is larger than in 2023, which is also supported by the chlorophyll a data (taken 
by INS, Fig.12). 

 

Figure 11: Large phytoplankton (100-300µm) community composiƟon (FlowCam analysis) per season: top 20 
most abundant genera. Red dashed line indicates the end of the year. 
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Figure 12: LeŌ panels: concentraƟon of chlorophyll a (µg/L) (green) and suspended parƟculate maƩer (SPM) 
(brown) (mg/L), average values (samples taken, processed by INS, data provided by INS) for the three staƟons. 
Right panels: spectrophotometrically determined concentraƟon of CSP (mg BSA/L) (dark blue) and TEP (µg 
XG/L) (light blue), average values ( samples taken and analysed respecƟvely by UGent and by INS). Note the 
different scales between the subfigures. Red dashed line indicates the end of the year. 

The TEP-microscopy concentraƟon (total area of TEP, µm²/L) (Fig.13b) shows a minimum in summer 
in all 3 staƟons, although the paƩern is strongest at the offshore staƟon. AddiƟonally, the values 
decrease with increasing distance from the coast. Furthermore, this summer decline arrives slightly 
earlier in the season at W08, and later on as we get closer to shore. Also the second peak occurs 
earlier offshore than inshore. The CSP-microscopy concentraƟon (µm²/L, Fig.13b) shows a peak in 
winter at the coastal staƟon, but much less strong paƩerns in the transiƟon zone, and interesƟngly 
an opposite paƩern at the offshore staƟon. The transiƟon zone has a slightly higher abundance of 
CSP during April (both years). The average parƟcle surface area (~ size, µm²) (Fig.13a) follows the 
same paƩerns as the total area of parƟcles for W05 and W08, but not for M0W1. It has been shown 
that TEP – like other organic components – is subject to interacƟons with mineral parƟcles through 
adsorpƟon and embedding due to ionic or Van der Waals interacƟons (Keil et al., 1994; Keil and 
Mayer, 2014). This results in TEP being separated into two disƟnct fracƟons: a mineral-associated 
fracƟon, considered more stable and less sƟcky, and a fresh fracƟon seen as more labile and more 
sƟcky (FeƩweis et al., 2022). At MOW1, where mineral parƟcles in suspension are very abundant, we 
expect to find mineral parƟcles covered with mineral-associated TEP. The spectrophotometrically 
determined concentraƟons of TEP at MOW1 shows indeed a higher TEP concentraƟon in winter and 
spring. The summer decrease in SPM concentraƟons induces a decrease of TEP concentraƟon 
(Fig.12), and concomitantly we expect – based on FeƩweis et al., 2022 – an increase in fresh, sƟcky 
TEP. The average size (in µm2) of TEP at MOW1 (Fig.13a) illustrates this dynamics: it is higher in 
winter than in summer at the surface of the water column because large SPM parƟcles and their 
mineral-associated TEP tend to seƩle to the boƩom of the water column in the summer. 

More generally, TEP and CSP concentraƟons (Fig.12) tend to show a maximum value in the winter-
spring at MOW1 and in the spring at W05 (transiƟon) and W08 (offshore). 
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Figure 13: Average parƟcle surface area (~ size) (leŌ) and total surface of parƟcles (right) for CSP (dark blue) 
and TEP (light blue) microscopic data. Red dashed line indicates the end of the year. 

In the 1-100µm size fracƟon (I-FCM), the following small parƟcle types were disƟnguished: parƟcles 
containing microalgae (idenƟfied by chlorophyll autofluorescence) and parƟcles containing other 
material (heterotrophs, bacteria, minerals…) (Fig.14). The parƟcles without autofluorescence can be 
split into 2 categories: free living bacteria and parƟcles colonized by bacteria. The parƟcles 
containing autotrophs also contain 2 groups: healthy, free living phytoplanktonic cells and degraded 
and/or parƟcle-aƩached phytoplanktonic cells (Fig.14). The abundance of parƟcles without 
autotrophs more or less follows the paƩern of the chlorophyll a concentraƟon in MOW1 and MOW5 
(figures 12, 15), which is interesƟng because these do not actually contain any chlorophyll a, and the 
SPM peak is in winter (although there is a local maximum in the winter as well, most notably at the 
transiƟon zone and offshore staƟon) (Fig.12). The reason of this discrepancy is as yet unknown. The 
free living bacteria seem to be most abundant in late spring and summer. Bacterial colonizaƟon 
(number of bacteria/µm² of parƟcle) (Fig.16) of parƟcles increases with season (maximum in 
summer) at the coastal staƟon, but remains rather invariant in the other staƟons. The amount of 
parƟcle aƩached phytoplankton is much higher at the coastal staƟon, likely due to its high SPM 
concentraƟon. InteresƟngly, we saw earlier that the chlorophyll a and the large cells abundance 
(FlowCam data) was higher in spring 2022 than spring 2023, and we noƟce here that the abundance 
of small phytoplanktonic cells was much higher in 2023. 
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Figure 14: Example data acquired with imaging Flow Cytometry (iFCM). Channels indicate biological content 
of parƟcles: Ch01 and Ch09 are Brighƞield images at different focus depth, Ch02 is SybrGreen signal (DNA and 
RNA), Ch11 is autofluorescence signal (chloroplasts). Top row - parƟcles without autotrophs <100µm: free 
living bacteria (leŌ) & parƟcles containing heterotrophs and/or mineral material colonised by bacteria (right). 
BoƩom row - parƟcles containing autotrophs <100µm: parƟcles aƩached to and/or containing degraded 
phytoplankton (leŌ) & free living, healthy phytoplankton (right). 

 

 

Figure 15: Abundance of parƟcles <100µm (iFCM): pink: parƟcle aƩached and/or degraded phytoplankton, 
beige: free living and/or healthy phytoplankton, brown: free living bacteria & yellow: parƟcles containing 
heterotrophs and/or mineral material colonised by bacteria. The x-axis is date-coded as last 2 digits of the 
year + month number from January 2022 to May 2023. Red dashed line indicates the end of the year. 
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Figure 16: Bacterial colonisaƟon of parƟcles <100µm (iFCM): pink: parƟcle aƩached and/or degraded 
phytoplankton, beige: free living and/or healthy phytoplankton & yellow: parƟcles containing heterotrophs 
and/or mineral material. The x-axis is date-coded as last 2 digits of the year + month number from January 
2022 to May 2023. Red dashed line indicates the end of the year. 

The growth experiments (Fig.17) allow us to characterize the temperature – light niche of the 
abundant species of the studied area. We can see that Rhizosolenia sp. grows best at medium to high 
light, and within a temperature range of 12-18°C. In the other condiƟons, its growth is impeded (high 
variability between replicates, low regression slope) or even prevented enƟrely. From this we can 
best define the condiƟons in which to proceed with the marine gels producƟon experiments; the 
selected condiƟons were 12°C/low light, 18°C/high light and as a control 15°C/medium light. Similar 
graphs were produced for the other species (data not shown). 

The marine gel producƟon experiments give us an insight under what condiƟons the dominant 
strains of the Belgian Part of the North Sea produce marine gels. Marine gels: dissolved sugars 
(Fig.18), TEP (Fig.19), CSP (Fig.20) producƟon is highest during the staƟonary phase of the 
experiment, most likely because the cells are stressed by lack of nutrients in the medium. TEP 
producƟon appears to be higher under high light condiƟon (stress), but this has yet to be staƟsƟcally 
validated. The dominant strains of the phytoplanktonic community not only parƟcipate differently to 
the marine gels producƟon, but they perform differently under different condiƟons, and therefore 
physiological state. Thalassiosira sp., Odontella sp. and Chaetoceros sp. (all early to mid spring 
species) seem to have a constant sugar and TEP producƟon rates, except under high light condiƟons. 
PhaeocysƟs sp. produces beƩer in opƟmal condiƟons, while Skeletonema sp. and Rhizosolenia sp. 
show a high variability in their sugar and TEP producƟon throughout their range (with a high rate of 
producƟon for Rhizosolenia under medium light intensity and lower nutrient concentraƟon). 
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Figure 17: Growth experiment niche characterizaƟon for Rhizosolenia. 

 

 

Figure 18: ProducƟon of total dissolved sugars (monosaccharides + polysaccharides)(orange) in comparison to 
the esƟmated biovolume (black) calculated on the basis of measured cell size and cell count (Hillebrand et al. 
1999). X-axis is Ɵme in days (see Fig.17). Top to boƩom illustrates low to high light condiƟons. 
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Figure 19: ProducƟon of TEP (blue) in comparison to the esƟmated biovolume (black) calculated on the basis 
of measured cell size and cell count (Hillebrand et al. 1999). X-axis is Ɵme in days (see Fig.17). Top to boƩom 
illustrates low to high light condiƟons. 

 

 

Figure 20: ProducƟon of CSP (green) in comparison to the esƟmated biovolume (black) calculated on the basis 
of measured cell size and cell count (Hillebrand et al. 1999). X-axis is Ɵme in days (see Fig.17). Top to boƩom 
illustrates low to high light condiƟons. 
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1.4. Modeling the phytoplankton-sediment interacƟons 
1.4.1. IntroducƟon 

Since the descripƟon of Transparent Exopolymer ParƟcles (TEP) in the 1990s (Alldredge et al., 1993), 
their ecological significance has been increasingly recognized due to their high sƟckiness and ability 
to promote aggregaƟon, affecƟng suspended parƟculate maƩer (SPM) dynamics and carbon cycling 
(Mari et al., 2017; FeƩweis et al., 2022). However, few modelling studies have invesƟgated the 
dynamics of Extracellular Polymeric Substances (EPS) and TEP and their effects on marine 
aggregaƟon. On the one hand, biological model simulaƟng EPS-TEP producƟon slowly emerge (e.g., 
Kerimoglu et al., 2022). On the other hand, aggregaƟon theory has been successfully applied to study 
diatom bloom fate and parƟcle size spectra for example (Burd and Jackson, 2009). But biological and 
mineral parƟcles are usually treated separately although the complex composiƟon of flocs (including 
mineral and organic parƟcles) is acknowledged (Ho et al., 2022). The BG-PART modelling work 
package addresses this gap by coupling the EPS-TEP producƟon model of Kerimoglu et al. (2022) with 
the TCPBE mineral aggregaƟon model of Lee et al. (2011). This integraƟon marks a pioneering step in 
combining biological and mineral dynamics in biogeochemical models. We aim to invesƟgate how 
EPS-TEP producƟon influences SPM dynamics and turbidity, how changes in turbidity affect 
phytoplankton growth, and the extent to which phytoplankton can alter its environment through EPS 
producƟon. 

1.4.2. Methods 

This secƟon briefly presents the two exisƟng models that are coupled (SecƟons 1.4.2.1 and 1.4.2.2) 
and their coupling and implementaƟon at staƟon MOW1 in the Belgian coastal zone (SecƟon 
1.4.2.3). The opƟmizaƟon procedure used for this new applicaƟon is described in SecƟon 1.4.2.4. 

1.4.2.1. The plankton ecosystem model including EPS-TEP producƟon 

The biological model used as basis for this study is the intermediate-complexity (27 state variables) 
numerical model of Kerimoglu et al. (2022). It describes the dynamics of nutrients (N, P, Si), diatoms, 
small and large dissolved organic maƩer (DOM), TEP, small and large detritus, two bacterial 
communiƟes, and two heterotrophic proƟsts (flagellates and ciliates). Fig. 21a shows the diagram 
represenƟng the state variables and the fluxes through which they interact. Phytoplankton exudaƟon 
leads to the producƟon of DOM (funcƟonally equivalent to EPS in the model) that leads to the 
producƟon of TEP through aggregaƟon (coalescence “C” in Fig. 21a). TEP loss terms include 
aggregaƟon (flocculaƟon “F” in Fig. 21a) into large detritus and ingesƟon by aƩached bacteria, 
heterotrophic flagellates and ciliates. The model simulated a mesocosm seeded with plankton 
assemblages from the coastal North Sea and forced with nutrient, temperature and light condiƟons 
reflecƟng the natural condiƟons, consƟtuƟng an appropriate basis for the current applicaƟon in 
Belgian waters. 

1.4.2.2. The mineral aggregaƟon model 

The mineral aggregaƟon model used in this study is the TCPBE model of Lee et al. (2011). In this 
model, the bimodal sediment size distribuƟon observed in coastal waters is simulated through the 
representaƟon of size-fixed microflocs and size-varying macroflocs. Fig. 21b shows the simulated 
processes in a Petersen matrix displaying how the different processes (rows) affect the components 
of the system (columns; i.e., the three state variables): macroflocs can be produced from the collision 
of microflocs, of microflocs and macroflocs, or of macroflocs (aggregaƟon); in turn, they can break 
down into micro- and macroflocs (breakage). AggregaƟon is not only a funcƟon of the collision 
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frequency (which depends on the size of the parƟcles), but also of the collision efficiency α which 
determines the fracƟon of collisions that result in actual aggregaƟon. This model has been 
successfully applied to the Belgian coastal waters to simulate SPM dynamics during Ɵdal cycles (Lee, 
pers. comm.) 

 

 

Fig. 21. The biogeochemical model of Kerimoglu et al. (2002; a, leŌ) and the mineral aggregaƟon model of Lee 
et al. (2011; b, right) which are coupled in this study. See original publicaƟons for details. 

 

1.4.2.3. Coupling the biological and mineral models, and implementaƟon in the BCZ 

The biological model of Kerimoglu et al. (2022; SecƟon 1.4.2.1) and the mineral flocculaƟon model of 
Lee et al. (2011; SecƟon 1.4.2.2) are here coupled. Freshly produced TEP enhances mineral parƟcle 
flocculaƟon through its sƟckiness, in turn affecƟng SPM dynamics (FeƩweis et al., 2022; Desmit et al., 
2024). This is translated by making the collision efficiency of macroflocs interacƟons proporƟonal to 
TEP: 

𝛼ிி =  𝛼 ×  √𝑇𝐸𝑃      (Eq. 1)  

where 𝛼 is the reference collision efficiency in the flocculaƟon model and TEP is the TEP 
concentraƟon in the biological model. With this modificaƟon, collision efficiency for macroflocs vary 
between 0.02 and ~0.08 depending on the biological acƟvity and TEP concentraƟons. In addiƟon, a 
seƩling loss for macroflocs is introduced according to a modified Stokes’s law where the seƩling rate 
𝑤௦ is dependent on the floc diameter 𝑑𝑖𝑎𝑚ி: 

𝑤௦ =  
ଶ

ଽ
× (𝜌ி − 𝜌௪௧) × 𝑔 ×

ௗಷ
మ


   (Eq. 2)  

 

where 𝜌௪௧ and 𝜌ி are the densiƟes of water and of flocs respecƟvely (i.e., 1000 kg m-3 and 1200 
kg m-3 respecƟvely), 𝑔 is the gravitaƟonal acceleraƟon (9.81 m s-2) and 𝑛 is the water dynamic 
viscosity (10-3 Ns m-2). Finally, feedback on biological acƟvity is incorporated in the model through the 
addiƟon of light aƩenuaƟon by mineral flocs in the water column. Following the methodology of Tian 
et al. (2009), the exƟncƟon coefficient 𝐾ௗ is calculated as a composite value, summing the light 
exƟncƟon caused by living organisms, detritus, and the newly included macroflocs concentraƟon: 

a b 
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𝐾ௗ =  ∑ 𝜀 × [𝑗] +  𝜀ி × ඥ[𝐹]      (Eq. 3)  

where 𝜀 and [𝑗] are respecƟvely the specific light aƩenuaƟon coefficients and the concentraƟons of 
the different tracers affecƟng light in the water column (𝑗 = {𝐷𝑖𝑎𝑡𝑜𝑚𝑠, 𝐷𝑒𝑡𝑟𝑖𝑡𝑢𝑠, 𝐵𝑎𝑐𝑡𝑒𝑟𝑖𝑎,

𝐹𝑙𝑎𝑔𝑒𝑙𝑙𝑎𝑡𝑒𝑠, 𝐶𝑖𝑙𝑖𝑎𝑡𝑒𝑠}; see values in Kerimoglu et al., 2022), and 𝜀ி and [𝐹] are respecƟvely the 
specific light aƩenuaƟon coefficient and the concentraƟon of macroflocs.  

The coupled biological-mineral model is implemented in a 0D homogeneous box represenƟng staƟon 
MOW1 in the Belgian coastal zone. The simulaƟon focuses on the early season dynamics, beginning 
on February 1st unƟl April 30th to capture the onset and development of the spring diatom bloom. 
IniƟal concentraƟons of nutrients and organisms are based on observed values collected by BG-PART 
and the BGC-Monit program. In situ photosyntheƟcally acƟve radiaƟon is used to provide a light 
regime with diurnal and seasonal variaƟon. 

Some parameters were calibrated to ensure the model performs well in this new implementaƟon, as 
explained in the next secƟon. 

1.4.2.4. OpƟmizaƟon implemented for parameter calibraƟon 

Model parameters related to diatom physiology and organic maƩer aggregaƟon were calibrated 
against observaƟons in the Belgian coastal zone. A 1-year climatology of observaƟons was used for 
Chl a, NH4, NO3, dissolved inorganic P (DIP), dissolved inorganic Si (DSi), diatom carbon biomass, and 
fresh TEP carbon at staƟon MOW1. TEP is measured in mg xanthan gum equivalent l-1, converted to 
fresh TEP carbon using a factor of 1 mgC l-1 ~ 0.55 mgXGeq l-1 (FeƩweis et al., 2022). DifferenƟal 
EvoluƟon was used for calibraƟon, known for robustness and parallelizaƟon (Storn and Price, 1997). 
Control variables were set to speed up opƟmizaƟon: parameter vectors' populaƟon size was 105, 
weighƟng factor was 0.5, and crossover constant was 0.9. The opƟmizaƟon criterion was maximum 
log-likelihood, assuming normal distribuƟon of model-observaƟons residuals. 

1.4.3. Results and Discussion 

In this secƟon we show the model results for two setups: the uncoupled setup (working with the 
biological module only) and the coupled setup (biological and flocculaƟon modules). Fig. 22 shows 
the Ɵme evoluƟon of the diatom concentraƟon in carbon biomass (Fig. 22a), Chl a (Fig. 22b), 
nutrients (Fig. 22e, f, i, j), TEP (Fig. 22c), components of the mineral parƟcles (Fig. 22d, h, l), floc 
diameter (Fig. 22g) and floc seƩling velocity (Fig. 22k) over the simulated periods (Feb-Apr) in 
comparison to observaƟons (used for calibraƟon) when available. 
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Fig. 22. Model results in the uncoupled (blue) and coupled (orange) simulaƟons. Dots are in situ observaƟons 
at MOW1. 

The Ɵming and extent of the diatom bloom (Fig. 22a) is well caught by the model. Although the trend 
and Ɵming of the Chl a evoluƟon (Fig. 22b) are correct, the model underesƟmates Chl a levels by a 
factor ~5 (likely related to a model parameterizaƟon or formulaƟon which is currently under 
invesƟgaƟon). Nutrients (Fig. 22e, f, I, j) are properly caught by the model, with the typical decrease 
from winter elevated concentraƟons to lower levels following their uptake by phytoplankton, which 
can lead to nutrient limitaƟon (especially DSi and, to some extent, DIP in this eutrophied area; 
Lancelot et al., 2005; Billen et al., 2011; Desmit et al., 2018). The producƟon of fresh TEP 
accompanies the diatom bloom (Fig. 22c), which enhances the aggregaƟon of macroflocs in the 
coupled version (see SecƟon 1.4.2.3). As a result, the number of macroflocs decreases in the coupled 
model (orange, Fig. 22h) while their diameter increases (Fig. 22g), indicaƟng that the flocs become 
larger and less numerous. AddiƟonally, their seƩling velocity increases alongside their diameter with 
a doubling (from ~80 m d-1 to ~160 m d-1; Fig. 22k; Eq. 2 in SecƟon 1.4.2.3), resulƟng in greater losses 
for macroflocs. Overall, this leads to a decline in floc abundance throughout spring as fresh TEP levels 
rise, consistent with observaƟons in this area (FeƩweis et al., 2022). 

The model can be used to invesƟgate the feedback effect of the mineral macroflocs on the biological 
component of the system: the varying floc concentraƟon will affect the light regime experienced by 
diatoms in the water column (Eq. 3 in SecƟon 1.4.2.3). The comparison of the diatom biomass (Fig. 
22a) between the two simulaƟons shows that their seasonal evoluƟon is affected over the whole 
simulated period. At the onset of the bloom in early February, when light is limiƟng, decreased floc 
concentraƟon leads to higher light available for growth and earlier blooms developments (i.e., the 
orange diatom biomass increases faster than the blue one in February). Yet, the peak level reached at 
the maximum of the bloom later in March is lower. Further invesƟgaƟon indicated that faster growth 
in the coupled simulaƟon is mostly due to higher primary producƟon (with reduced floc 
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concentraƟon and increased light regime), but that larger loss due to aggregaƟon later on in the 
coupled simulaƟon explains the lower bloom concentraƟons and earlier decline. 

1.4.4. Conclusions and PerspecƟves 

The coupled biological-mineral model successfully simulates key features of the Belgian coastal zone, 
such as the spring diatom bloom and the reducƟon in floc concentraƟons from their winter 
maximum. By coupling plankton and organic maƩer dynamics with mineral flocculaƟon dynamics, 
this model offers a novel tool for invesƟgaƟng complex organo-mineral interacƟons with 
unprecedented detail and realism. While refinements are needed, it already shows that biological-
mineral interacƟons significantly impact coastal water tracers and improve biogeochemical models. 
Specifically, plankton-mediated flocculaƟon and floc sedimentaƟon notably influence diatom 
dynamics. Planned BG-PART lab experiments invesƟgaƟng the TEP-bacteria-zooplankton interacƟons 
will enable the improvement of the TEP and floc cycle representaƟon in the model. AddiƟonally, 
ongoing BG-PART experiments aim to invesƟgate the diversity in diatom ecophysiology and TEP 
producƟon in Belgian waters: the addiƟonal info can be incorporated into the model building on 
diversity-based studies like Terseleer et al. (2014). Furthermore, floc composiƟon, which includes 
both organic and mineral compounds (as observed in BG-PART and reviewed in Ho et al., 2022), is 
currently modelled as separate detritus and minerals. The next development step is to integrate 
these into a homogeneous floc variable, improving simulaƟons of mixed organic-mineral parƟcles. 
Once implemented in 0D or 1D-verƟcal models in North Sea areas, or the 3D COHERENS model, this 
biological-mineral model will be a pioneering tool from BG-PART for studying SPM dynamics and 
carbon cycling. 
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2. Preliminary Conclusions 
At this stage, all principal invesƟgators (PI) in the project are well aware of the results obtained by 
each other in the consorƟum. Data exchange is intense between the three insƟtutes involved, and 
with insƟtutes abroad. When needed, addiƟonal datasets are extracted from colleague remote 
sensing and modeling communiƟes. 

All PIs have been asked to prepare a first draŌ paper by the end of October 24 with their own results. 
The objecƟve – beside the publicaƟon – is that each PI re-order and presents his/her results in a fine 
way to prepare the transdisciplinary analysis and to feed the model parameters with as many 
lab/field values as possible. 

The winter-spring period will be used to gather the results and elaborate together a transdisciplinary 
analysis. For six months already, we have intensified the online discussions to prepare such analysis. 

3. Future Prospects and Planning 
ParƟcle dynamics 

Most of the objecƟves are reached. We are refining our analysis with inputs from Belspo-funded 
project PiNS with a focus on their mineralogical analysis. One objecƟve is to link our findings on 
parƟcle dynamics with the carbon cycle. 

Phytoplankton succession 

The above-shown community composiƟon data will be compiled from the FlowCam and iFCM data 
(UGent), the flow cytometry data (VLIZ) and an eDNA metabarcoding dataset that was addiƟonally 
produced by PAE-UGent (not funded by BG-Part). 

Zooplankton succession and ecological funcƟon 

Some small grazing experiments will be set up in the third quarter of 2024 to stress test the setup 
and culƟvate lab skills. Full blown grazing experiments are foreseen in the last quarter 2024. 

Phytoplankton niches and marine gel producƟon 

The samples taken for chlorophyll a and C:N during the marine gels producƟon experiments sƟll need 
to be processed (before end of 2024). These results are also directed to feed the modeled processes 
and parameters (WP4). 

Modeling 

Some refinements are planned in the model to improve the processes and the parameter values. The 
model must be applied at three different sites along the cross-shore gradient (MOW1, W05, W08). 
These sites subject to different condiƟons that have been measured during the project. 

Transdisciplinary analysis 

A transdisciplinary analysis addresses the remaining quesƟons of the project. Immediate objecƟves: 
1/ Establishing a landscape of phyto- and zooplankton succession in the coastal-offshore gradient; 2/ 
Linking the experimental data on TEP producƟon to the occurrence paƩerns of the species in the 
Belgian waters and the concentraƟon of marine gels found in the water column; 3/ Modeling the 
observed paƩerns in a simulated water column at the three sites.  
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4. ValorizaƟon 
Publications 

1. Desmit, X., Schartau, M., Riethmüller, R., Terseleer, N., Van der Zande, D., FeƩweis, M., 2024. 
The transiƟon between coastal and offshore areas in the North Sea unraveled by suspended 
parƟcle composiƟon. Science of The Total Environment 915, 169966. 
hƩps://doi.org/10.1016/j.scitotenv.2024.169966 

 

Workshop on Pelagic Particle Dynamics 

The Workshop was held in October 4-6, 2023 at RBINS, VauƟer Street 29, 1000 Brussels. 

A manuscript is currently in preparaƟon based on the Workshop discussions. 

 

Conferences 
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2023. InteracƟons between phytoplankton, marine gels and suspended parƟculate maƩer in 
a dynamic, shallow coastal system before and during the phytoplankton spring bloom 
(Poster). Presented at the ASLO AquaƟc Sciences MeeƟng, 4-9 Jun, Palma De Mallorca, Spain. 
 

2. Kallend, A., Amadei MarƟnez, L., Debusschere, M., Skouroliakou, D.-I., FeƩweis, M., Desmit, 
X., Vyverman, W., Sabbe, K., 2024. Light-temperature niche in North Sea phytoplankton : 
PotenƟal implicaƟons of changing environment pressures on phytoplankton seasonal 
succession and marine gels producƟon. Presented at the 57th European Marine Biology 
Symposium (EMBS), 16-20 Sep, Naples, Italy. 
 

3. Terseleer, N., FeƩweis, M., Silori, S., Desmit, X., Kallend, A., Amadei MarƟnez, L., Sabbe, K., 
Vyverman, W., Lee, B.J., Kerimoglu, O., 2024. A coupled phytoplankton-flocculaƟon model to 
quanƟfy suspended parƟculate maƩer dynamics on the Belgian shelf. Presented at the 
AMEMR 2024 Conference, 8-11 July, Plymouth, UK. 
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5. Follow-Up CommiƩee 
AŌer the Workshop we held in Brussels in Oct 2023, the members of the Follow-Up CommiƩee have 
been invited to parƟcipate to different manuscripts in preparaƟon. We think that they can overview 
our work during the analysis phase, and contribute by being co-authors in the wriƟng phase. 

 

6. Problems and SoluƟons 
Issue 1 

The flow-through design of VLIZ’s FRRF is non-standard, complicaƟng data analyses. Rather than 
dark-incubaƟng the sample prior to measurement to establish a baseline fluorescence F0, this 
parƟcular device measures the inducƟon of fluorescence at different levels of ambient light, 
provided by an external light source. The external light comes with its own cycle/program and data 
output, which – for unknown reason - is adding incorrect Ɵmestamps to the data. Aligning the FRRF 
data with the data of the external light is proving challenging. We will seek help from FRRF users at 
the Royal Netherlands InsƟtute for Sea Research (NIOZ) that co-designed the VLIZ setup. 

 

 


