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Summary for laymen

Aquaculture is a rapidly evolving field with a great potential to form part of the
solution for the provision of sufficient animal protein for a growing global human
population whilst reducing our dependence on overexploited fish stocks. Bluelinked,
a research and consultancy company from the Netherlands, is part of the transition
to a more sustainable and animal-friendly form of aquaculture. Bluelinked is currently
creating and optimizing a closed and circular aquaculture system for turbot fish fry,

taking inspiration from how natural aquatic systems work to create this system.

The aim of this review is to provide a comprehensive understanding of the
biogeochemical cycles of carbon, nitrogen, phosphorus, and sulfur and the role of
these elements in living organisms, whilst going into detail on the role of the North
Sea seafloor microorganisms on the nitrogen cycle. Whilst in the natural world every
compound is typically kept at balanced concentrations due to the microorganisms
present in the sediment and water column, the intensive nature of aquaculture
means toxic products can build much faster as the naturally occurring
microorganisms are in imbalance or insufficient population size. By providing an in-
depth understanding of biogeochemical processes in the natural ecosystem; we may
aid aquaculture facilities aiming to improve fish culture management and
performance in closed circular aquaculture systems farming North Sea biota such as
Bluelinked to move towards the creation of a more natural, balanced, and healthy
aquaculture system. The reason why we focused on understanding the role of the
North Sea’s seafloor microorganisms exclusively in the N cycle is due to this
element’s crucial importance to the marine ecosystem and its dominant role as a
limiting nutrient in the marine world, and our need to limit the scope of the research
within the existing time frame. Moreover, the review’s views, conclusions, and
suggestions for aquaculturists and researchers can be partially translated to the

other biogeochemical cycles.

The review makes evident that the dynamic and permeable North Sea surface
sediments are characterized by diverse and versatile microorganism communities,
whose impact on the nitrogen cycle is influenced by biotic and abiotic factors

including varying sand grain characteristics, fluctuating redox conditions, seasonality,



temporality, biota characteristics, substrate availability, and resource competition;
and that multiple key factors must be taken into consideration to optimize future

research on this topic.



Abstract

The oceans are dominated by microbial communities which play a central role in the
biogeochemical cycling of elements on Earth. In order to create natural, circular,
animal-friendly, and resilient aquaculture systems, aquaculturists must strive to
understand these complex biogeochemical processes to replicate natural conditions
and maintain resilience to disequilibrium. The aim of this review is to provide a
comprehensive understanding of the biogeochemical cycles of carbon, nitrogen,
phosphorus, and sulfur and the role of these elements in living organisms, whilst going
into detail on the role of the North Sea seafloor microorganisms on the nitrogen cycle
to improve their understanding and management in closed circular aquaculture
systems farming North Sea biota. The paper also reviews the physical and ecological
characteristics of the North Sea seafloor sediments, which consist of permeable
sands, also referred to as "biocatalytic filters™ due to their ability to stimulate microbial
activity by trapping dissolved and particulate organic matter from the water column.
We subsequently highlight the reasons for the ecological importance of maintaining
the biogeochemical cycles, especially the N cycle, in a healthy balance, and present
the key concepts aquaculturists farming North Sea biota must take into account to
maintain this balance. We conclude the review with a summary of the critical
knowledge gaps which must be considered in future research on this topic to aid in the
management and creation of more sustainable and self-supporting closed circular

aquaculture systems.

Introduction

Marine microbial ecosystems play an important role in marine biogeochemical cycling,
which is defined as the complex biological, chemical, and physical processes involved
in cycling key chemical elements within the ocean and between the ocean and the
seafloor, land, and atmosphere (Achterberg, 2014). Continental shelves, which are
shallow submarine terraces that connect continents to the open ocean, have an
enormous role in global biogeochemical cycles due to their high microbial activity.
Although they only extend around 65 km from shore and comprise a mere 5% of the

total ocean area, they are zones of strong land-ocean interactions and intense nutrient



cycling, comprising productive systems that fuel around 15-20% of global primary
production (Jahnke, 2010; Walsh, 1991, Simpson and Sharples, 2012).

The North Sea is a continental shelf sea with a surface area of about 575 000 km?. It
borders the North-East Atlantic, the English Channel, and several nations including
France, Belgium, Netherlands, Germany, Scandinavia, and Great Britain (see Figure
1) (Otto et al. 1990). It is a heavily exploited sea, with a large number of activities
taking place such as shipping, fishing, and energy production. Water mass exchange
with the Atlantic occurs through both the English Channel and the North-West opening
of the North Sea. The southern part of the North Sea also receives freshwater from
the Rhine, Elbe, and Meuse rivers (Lenhart and Pohimann, 1997). The North Sea’s
average depth is 90 meters, with the southern part being the shallowest area (around
40 m in depth), and the central and northern parts having a relatively much greater
depth (<80 m in depth) (The European MSP Platform, 2022). By far the deepest area
is the Norweigen Trench (725 m in depth). The southern part of the North Sea is the
most productive due to its shallow depth and anthropogenic nutrient enrichment due
to the riverine input. On the other hand, the water masses in the northern North Sea
have lower nutrient concentrations due to their greater depth, distance to the riverine
discharges, and dilution by water exchanges with the Northern Atlantic waters (Lenhart
and Pohlmann, 1997).
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Figure 1: Map of the North Sea in Northern Europe. The map shows bordering
countries, sea depths, exclusive economic zones (EEZs), and labels the different
regions within the North Sea. (Source: Wikipedia, 2010)

Although high microbial activity is present in both the water column and seafloor, this
review focuses on the microbial activity in the North Sea’s benthic sediments.
Permeable sandy sediments cover more than 50% of continental shelves, and the
North Sea is no exception. Figure 2 shows how North Sea seafloor sediments
consist mainly of permeable sands and to a lower extent muddy sand and mud
(Huettel et al. 2014; Boudreau et al. 2001).

Organic matter remineralization rates and oxygen uptake is high in sandy sediments
(de Beer et al. 2005; D’Andrea et al. 2002). Part of the reason for a high diversity in
redox conditions in sandy benthic environments is due to benthic-pelagic coupling —
the tight coupling between the water column and the benthos (Huettel et al. 2004;

Hunter et al. 2006). Sandy sediments are often referred to as “biocatalytic filters” due



to two key properties: (1) their ability to trap dissolved and particulate organic matter
(e.g. particles, algae, and bacteria) and (2) their rich diversity of microorganisms
(microbial cell numbers range between 108-10° cells cm3) containing a wide variety of
enzymes capable of degrading different substrates (Miksch et al. 2021; Boer et al,
2009; Mayer, 1994; Gobet et al. 2012).
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Figure 2: Map showcasing North Sea sediment types, revealing the seafloor is mostly
made up of sandy sediment. (Source: Ahmerkamp (2016), data provided by
Geopotential Deutsche Nordsee and EMODnet)

Carbon, nitrogen, phosphorus, and sulfur are crucial elements for life. They are always
in circulation, moving between non-living and living components of the ecosystem in
a circular fashion known as biogeochemical cycling. In the case of carbon, nitrogen,
and sulfur, they are cycled between the biota, the atmosphere, the ocean, soil, and
sediment. Carbon is essential for all living organisms, as it is used to (i) create energy

when carbon macromolecules are broken down during the metabolism of food, (ii) in



the production of macromolecules (e.g. proteins, nucleic acids, carbohydrates, and
lipids); and (iii) in the synthesis of carbohydrates during photosynthesis by
photosynthetic organisms (Waring and Running, 2007; Katz and Falkowski, 2007).
Nitrogen, the fourth most abundant element in living biomass, is also an essential
element for all forms of life as it is a key structural component of the nucleic acids DNA
and RNA and of amino acids from which animal tissues, enzymes, and many
hormones are made of (Hanrahan and Chan, 2005; Howarth, 2021; Sterner and Elser,
2002). In the marine world, it is a vital growth-limiting nutrient for photosynthetic
organisms (primary producers) because of its key role in the composition of chlorophyll
(Bracken et al. 2015). Although nitrogen gas (N2) is incredibly abundant in the air we
breathe, it cannot be assimilated by most organisms in this form. The two major
sources of biologically available, or “fixed” forms of nitrogen in the ocean are (i) the
fixation of atmospheric N2 by nitrogen-fixing microbes and (ii) anthropogenic nitrogen
riverine input (Mahmud et al. 2020; Swaney et al. 2012). Like nitrogen, phosphorus
can also be a key nutrient limiting rates of primary productivity due to its essential role
in the creation of RNA machinery necessary for protein synthesis, and in the formation
of ATP within cells (Elser et al. 2000; Guignard et al. 2017). The main source of
phosphate is phosphate rock, and unlike carbon and nitrogen, phosphorus is not found
atmospherically (Guignard et al. 2017; Schroéder et al. 2010). Lastly, sulfur is an
essential element to life because it is a component of essential organic compounds
including proteins (especially in cysteine and methionine amino acids), some

coenzymes, metalloproteins, and bridging ligands (Sievert et al. 2007).

The marine world has a crucial role in all the cycles, in large part because it harbors
an immense diversity of microorganisms able to transform C- N-, P- and S- containing
compounds. Thus, understanding the diversity and functions of these microbial
communities has a large impact on the comprehension of the ecosystem function of
the North Sea (Glockner et al. 2012). In this review, we will describe the
biogeochemical cycles for carbon, phosphorus, nitrogen, and sulfur in the marine
world and the abiotic and biotic influences on the benthic seafloor microenvironment
(Part 1 and 2); explain in-depth the role of the North Sea’s seafloor microorganisms in
the nitrogen cycle (Parts 3); we conclude by highlighting recommendations for
aquaculture centers identified in the review and key knowledge gaps. We have

focused on understanding what is currently known about the role of the North Sea’s



seafloor microorganisms exclusively in the N cycle due to this element’s crucial
importance to the marine ecosystem and its dominant role as limiting nutrients in the
marine world, and our need to limit the scope of the research within the existing time
frame. Moreover, the review’s views, conclusions, and suggestions for aquaculturists

and researchers can be partially translated to the other biogeochemical cycles.

The carbon, nitrogen, and phosphorus cycles are closely interlinked. This interlinkage
occurs by a key stoichiometric ratio in ocean biogeochemistry called the Redfield ratio,
which is the roughly consistent ratio of 106C:16N:1P (Anderson and Sarmiento, 1994).
The three elements are all commonly found both in the environment and within living
organisms in these relatively fixed proportions, and whilst all three elements are
interlinked, it is nitrogen that is typically the key limiting nutrient in many aquatic
ecosystems (Bristow et al. 2017). However, it's important to note that surprising
divergences from this ratio sometimes occur in the marine world, such as the large
variations of N:P ratios in cyanobacteria depending on ecological conditions
(Klausmeier et al. 2004).

The main aim behind this review is to utilize the knowledge obtained on the role of
North Sea seabed microbial communities on the nitrogen cycle to aid aquaculture
centers, principally those farming North Sea biota in closed circular systems, in the
creation of more circular, sustainable, and efficient fish cultures. Aquaculture is a
rapidly growing and highly valued field of the seafood industry necessary to provide
sufficient animal-sourced protein to a growing population and can reduce our
dependence on overexploited fish stocks (SOFIA, 2020). However, many steps are
necessary for it to become a more sustainable, ethical, and circular practice.
Research on aquaculture, although with a focus on mariculture in fish cages,
suggests it has adverse effects on seabed microbiota, which in turn has an adverse
effect on the cultured species. Adverse effects include: (1) the accumulation of heavy
metals and organic matter due to sedimentation of uneaten feed and fish faeces on
the seafloor, which in turn affects fish performance due to Oz depletion in sediments,
(2) the reduction in bacterial biodiversity and the overgrowth of seabed microbes
able to flourish in anaerobic carbon-rich conditions in the sediments, (3) shifts in
nutrient and carbon fluxes and pH decline; and (4) the increase in toxic products

(e.g. sulfide and ammonium) due to the accumulation of bacteria linked to the



production of these products (Moncada et al. 2019; Kalantzi et al. 2021; Diego-
McGlone et al. 2008, Holmer et al. 2003, Hornick and Buschmann, 2018, Rubio-
Portillo et al. 2019, Shi et al. 2019, Zhang et al. 2020). Studies have shown similar
outcomes in shrimp farms, where the toxic nitrogenous substances produced by the
excretion of shrimp and uneaten feed increase shrimp disease susceptibility, causing
a reduction in body weight and higher mortalities (Barbieri et al. 2014; Schuler, 2008;
Thompson et al. 2002).

Understanding the function of different seabed microorganisms in the North Sea’s N
biogeochemical cycle may improve fish culture performance by providing an in-depth
understanding of the process in the natural ecosystem. Future research on the seabed
microbial diversity and performance in aquaculture can then be used to compare the
processes in the natural system and fish farms. Whilst in the natural ecosystem every
compound is usually kept at balanced concentrations due to the microorganisms
present in the sediment and water column, the intensive nature of aquaculture means
toxic products can build up at a much faster rate as the naturally occurring
microorganisms are in insufficient population size. Thus, if there is a significant
difference in performance and microbial species diversity between the natural
conditions and aquaculture, this opens up the opportunity to modify the seabed
microorganisms in the fish farm, most likely through the addition of necessary
microbes, to replicate the one in natural conditions and to create optimal farming
conditions, moving towards the creation of a more natural, balanced, and healthy

aquaculture system.

A great example of an aquaculture center that may benefit from this research is
Bluelinked, a research and consultancy company from the Netherlands run by Michaél
Latveer that is currently investigating the creation of a sustainable, inland, animal-
friendly, closed circular system for turbot fish fry, although they aim to expand to other
marine organisms. As can be observed in Figure 3, their system includes a sand filter
teamed with microbial life to provide services such as controlling nutrient fluxes and
water quality (Bluelinked, n.d.). Researching the sand filter’'s microbial community and
their roles is one of their next steps to improve the resilience and sustainability of their

concept.
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Part 1: An Overview of the four key Biogeochemical cycles

1.1 Carbon cycling in the Ocean

The global carbon cycle can be divided into two components, the biological and the
geological pathway. Whilst the geological pathway refers to the process of carbon
storage in the atmosphere, ocean, rocks, sediments, and fossil fuels over millions of
years; the biological pathway operates at a much smaller timescale of days to

thousands of years.

The oceans play an important role in the carbon cycle, acting as a carbon sink by
taking up more carbon from the atmosphere than it releases (Hedges, 2002). When
CO2 from the atmosphere dissolves in the ocean surface waters, autotrophs (e.g.
bacteria and algae) take up and convert part of the carbon dioxide or bicarbonate ions
in the water into organic compounds (Zhang et al. 2018). In the temperate seas and
higher latitudes, including the North Sea, organic matter deposition (i.e. capturing
inorganic carbon and free nutrients into organic matter) is dependent on the time of
year, with phytoplankton blooms occurring in Spring (April-May) due to the increase in
irradiance and temperatures. During this time, inorganic carbon and free nutrients are
captured by algal blooms and converted into organic matter. The organic carbon is
then transported up the food chain (initiated by the consumption of autotrophs by
heterotrophs) and converted back into carbon dioxide gas and released into the

atmosphere by cellular respiration (Zhang et al. 2018; Irigoien et al. 2014).

1.1.1 The Microbial Loop and the Microbial Carbon Pump

The microbial loop and the microbial carbon pump are opposing concepts with
significant influence on the carbon cycle dynamics. The microbial loop is the
process by which DOC from the water is converted into particulate organic matter
(POC) due to the assimilation by bacteria (Wang, 2018). This transformation returns

the carbon to the food chain, allowing it to reach higher trophic levels.

On the other hand, the microbial carbon pump (MCP) entails the transformation of

labile dissolved organic carbon (LDOC) into the long-lived recalcitrant dissolved



organic carbon (RDOC) (Jiao et al. 2010). The formation of RDOC acts as a biological
carbon sequestration mechanism as this form of carbon is resistant to biological
degradation by decomposition or assimilation, and thus it remains in the water for
decades or millennia in this form (Ogawa et al. 2001; Jiao et al. 2014; Wang, 2018).
The ocean dissolved organic carbon (DOC) pool is one of the greatest organic matter

reservoirs on the Earth’s surface (Hedges, 2002).

It's important to note that many factors are still unknown about MCP and the ML,
including the influence of abiotic and biotic factors on their dynamics and their

guantitative contribution to climate modulation (Boyd, 2015; Robinson et al. 2018).

1.1.2 The Biological Pump

Some of the fixed carbon accumulates in marine aggregates also referred to as
“‘marine snow” and sinks to the ocean seafloor (Boyd et al. 2019). This process is
crucial to the carbon biological pump, which is defined as the transfer of CO2 from the
surface of the ocean surface to the deep (Honjo et al. 2014; Boyd et al. 2019;
Sarmiento and Gruber, 2006). Once it reaches the seafloor sediment, organic carbon
burial is low and thus most of it is not kept there for long-term storage. Instead, most
of it is degraded relatively quickly by the benthic bacterial community (Middelburg,
2019). The strength of the biological pump is influenced by the ratio between
sedimentation (carbon export to the ocean floor) and remineralization (conversion of
biomass to gaseous form, water, salts, and minerals, and residual biomass, leading to
the release of carbon back into the atmosphere) (Boyd et al. 2019; DeVries et al. 2012;
Kumari & Chaudhary 2020). Benthic remineralization is an important mechanism
involved in recycling nutrients in the ocean, and in the case of the North Sea,
remineralization rates are so high, recycled nutrients are available to the water column
within weeks or months after deposition, and nutrient build-up is low (Wild et al. 2004,
Sansone et al. 2008; De Borges et al. 2021). It's important to note that remineralization
rates decrease from south to north of the North Sea, whereas the importance of
denitrification increased with increasing latitude. (De Borges et al. 2021). In the
southern shallower North Sea, remineralization rates are so high it is considered a
source of carbon dioxide, whilst the northern deeper North Sea is a strong CO2 sink

(Thomas et al. 2004). The carbon cycle is also influenced by the formation of calcium



carbonate (CaCOs), by marine organisms (e.g. coccolithophores, corals, pteropods)
mostly in the forms of calcite and aragonite, which also sink as DIC (Tanhua et al.
2013).
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Figure 4: Simplified diagram of the carbon cycle (Based on Steinberg and Landry,
2017; Tanhua et al. 2013)



1.2 Nitrogen cycling in the Ocean

The marine nitrogen cycle is driven by an array of complex biogeochemical processes.
It is an integral feature regulating the ocean’s productivity and is closely linked to the
carbon cycle because of its involvement in both the fixation of atmospheric CO2 and
carbon export from the ocean’s surface (Falkowski et al. 1998; Zehr and Kudela,
2011). We will focus on the processes involved in the marine nitrogen cycle.

1.2.1 Nitrogen fixation

Although nitrogen (N2) is abundant in the Earth’s atmosphere, this atmospheric
nitrogen reservoir is not available to most organisms in this form (Zehr and Kudela,
2011). A diverse set of specialized microorganisms called nitrogen fixers
(diazotrophs), found both in the terrestrial and marine biosphere have the ability to
convert this N2 gas into the more bioavailable form of ammonia (NHs). All nitrogen
fixers can catalyze the nitrogen fixation reaction due to the possession of the enzyme
nitrogenase (Dekas et al. 2009; Hutchins and Capone, 2022; Bernhard, 2010). As
nitrogenase is easily inactivated by Oz, nitrogen fixers living in aerobic environments
require cellular protective strategies against Oz (reference; Bernhard, 2010). It's
important to note that although nitrogen fixation has an important role as a source of
nitrogen to support the biological production of nitrogen in the ocean, this process can

be limited by factors such as iron or phosphate limitation (Hutchins and Boyd, 2016).

1.2.2 Nitrification

Another important step in the marine nitrogen cycle is the aerobic process of
nitrification, used by some microorganisms as an energy source. Nitrification is
composed of two distinct processes: (1) the oxidation of ammonia (NH3) to nitrite (NOz
), carried out by ammonia oxidizers; and (2) the oxidation of nitrite (NO2) to nitrate
(NOs’), carried out by another set of microorganisms named nitrite-oxidizers
(Bernhard, 2010).



1.2.3 Bioavailable N-gain and retention in marine organisms

Most phytoplankton can take up nitrogen in the inorganic forms of nitrite, nitrate, and
ammonia, which are referred to as dissolved inorganic nitrogen (DIN). However,
dissolved organic nitrogen (DON) in the form of small organic molecules such as urea
and free amino acids are also recognized as an important N source for phytoplankton
(Owen and Watts, 2020; Moschonas et al. 2017). In this way, nitrogen is taken up and
incorporated into the cells of microorganisms and can be moved up the food chain by
the consumption of phytoplankton by heterotrophs. The nitrogen in the organism’s
tissues is then released back into the environment in the form of organic nitrogen (e.g
amino acids, DNA) when the organism excretes waste or dies. Some fungi and
prokaryotes, known as ammonifiers, decompose these organic molecules into
ammonia or ammonium, which is then even more bioavailable for re-uptake (Bernhard,
2010; Graham et al. 2011).

1.2.4 Denitrification

During the respiratory process of denitrification, nitrate is converted into nitrogen gas
which is then released into the atmosphere. Denitrification is an anaerobic process,
occurring in the near or total absence of oxygen, mostly in sediments and oxygen
minimum zones (OMZ) (Voss et al. 2013).

1.2.5 Anammox

Anammox refers to the anaerobic production of N2 gas from ammonia using nitrite as
the electron acceptor (Bernhard, 2010). This anaerobic oxidation of ammonia occurs
in wastewater treatment plants, and marine areas such as bottom sediments, and
oxygen minimum zones (OMZs) (Jetten et al. 2009; Rich et al. 2008; Hamersley et al.
2009).

1.2.6 Dissimilatory Nitrate Reduction to Ammonium (DNRA)

DNRA is an energy-releasing process in which NOs" is reduced into NH4*. The NH4+
produced can then contribute to nitrification and anammox (Pajares and Ramons

2019). NOs™ can be reduced to NOs™ directly, although other times it is first reduced to



NO2. As DNRA is an anaerobic process carried out by both autotrophs and
heterotrophs, it is restricted to anaerobic environments such as anoxic sediments and
low oxygen zones. Although DNRA and denitrification compete for NOsz", DNRA has a
lower energy yield than denitrification. Thus, DNRA will only be favored in conditions
of high S2 concentration, high C:NOs" ratio, elevated temperatures, high salinity, and

low oxygen (Pajares and Ramos, 2019).
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Figure 5: Simplified diagram of the nitrogen cycle. Whilst the major biologically
available sources of nitrogen are atmospheric deposition and nitrogen fixation; major
nitrogen sinks are denitrification and anammox (Adapted from Bernhard, 2010;

Pajares and Ramos, 2019).

1.3 Phosphorus cycling in the Ocean

Although the phosphorus cycle is one of the slowest biogeochemical cycles, this
nutrient has a vital role in the ocean by regulating primary productivity and is
considered the primary limiting nutrient in the ocean’s productivity over geological
timescales (Follmi, 1996; Toggweiler, 1999; Tyrrell, 1999). Although most of the

phosphorus is not available to organisms and is locked up in sediments and rocks, it



is converted into bioavailable forms through a combination of geo- and biochemical
reactions (Ruttenberg, 2001). Here, we describe the phosphorus cycle, whilst focusing

on the cycle’s oceanic component.

1.3.1 Phosphorus delivery into the oceans

The main phosphorus supplier to the ocean is river runoff. River runoff provides
phosphorus released during rock weathering (i.e. the physical, chemical, and
biological erosion of phosphorus-containing rocks), and phosphorus released as a
result of human activities (e.qg. fertilizer use, animal feeds, agricultural crops) (Elena et
al. 2001). Rivers transport phosphorus in both the dissolved and particulate forms
(Benitez-Nelson, 2000; Delaney, 1998). Unlike nitrogen, the atmosphere is not a
phosphorus storage zone, and thus does not have an important role in the supply of
phosphorus in the ocean, with phosphorus entering from atmospheric deposition only
minimally through aerosols, volcanic ash, and mineral dust. However, in some
oligotrophic regions and areas that are P-limited, atmospheric phosphorus depositions
are a major external supply of phosphorus (Paytan and McLaughlin, 2007; Wu et al.
2000; Krom et al. 1991).

1.3.2 Marine cycling of phosphorus

Most of the bioavailable phosphate reaching the ocean is immediately used by the
ocean surface phytoplankton community during photosynthesis, where it is
incorporated into organic matter for the formation of new biomass and as an energy
carrier (Arning, 2008). Most of the phosphorus is assimilated in its dissolved inorganic
form, mainly in the most bioavailable form, orthophosphate (PO4%). Phosphorus in
orthophosphate is present at an oxidation state of +5. (Karl, 2014; Cotner and Wetzel,
1992). Dissolved organic phosphorus (DOP) may also be the dominant form of
phosphorus, especially in the surface water of the ocean’s oligotrophic gyres
(Bjorkman et al., 2000). DOPs are mostly found in the form of phosphonates, and have
been found to be synthesized, processed, and/or assimilated by several cyanobacteria
and heterotrophic bacteria and archaea (Mooy et al. 2015; Villarreal-Chiu et al. 2012;
Metcalf etal. 2012; Dyhrman et al. 2008; Martinez et al. 2010; Young and Ingall, 2010).



Once the phytoplankton has assimilated the dissolved inorganic phosphorus,
transforming it into organic phosphorus compounds by incorporating it into organic
matter, it then goes up the food chain when the phytoplankton are ingested by
detrivores or zooplankton. This organic phosphorus is released back into the
environment as dissolved organic and inorganic phosphorus when the zooplankton
excrete it back into the water column and when phytoplankton die (Cotner and
Biddanda, 2002). Whilst the inorganic phosphorus can be rapidly assimilated by the
phytoplankton, bacterial and phytoplanktonic enzymes must hydrolyze the organic
phosphorus compounds to allow them to be assimilated (Cotner and Biddanda 2002;
Azam et al. 1983). This permits the continuous active recycling of phosphorus in the

water.

1.3.3 Phosphorus sinks in the ocean

Although around 90% of the particulate phosphorus reaching the seafloor is
remineralized by microbial heterotrophs inhabiting the sediment and reutilized in the
water column, a percentage of it sinks to the ocean floor and is buried in the bottom
marine sediments (Soudry, 2000). The phosphorus can be buried as particulate
phosphorus associated or attached to organic matter or as phosphate oxide/carbonate
minerals, which predominately occur as authigenic carbon fluorapatite (CFA) (Follmi
et al. 1996). Phosphogenesis refers to the burial of phosphorus and formation of
phosphate sediments called phosphorites in marine sediments, and has been
observed in suboxic and anoxic sediments of some ocean upwelling regions (Arning,
2008; Follmi, 1996). Sink switching between labile phosphorus phases (e.g. organic
phosphorus) to more stable authigenic phosphate minerals occurs in many oceanic
environments. (Gunnars et al. 2004; Benitez-Nelson, 2000; Ruttenberg and Berner,
1993; Delaney 1998; Wallmann, 2010).
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Figure 6: Simplified diagram of the phosphorus cycle. (Adapted from: Ruttenberg,
2019)

1.4 Sulfur Cycling in the Ocean

The ocean plays a major role in the sulfur cycle and is an important reservoir of this
element in both its dissolved and sedimentary form. Although rarely a limiting nutrient,
sulfur has a very important role in the function of global ecosystems. Sulfur occurs in
oxidation states ranging from +6 (in sulfates, SO4?) to -2 (in sulfides, H2S) and in states
in between. A large variety of microorganisms, mostly from the bacterial domain, are
involved in the transitions of S between redox states (Sievert et al. 2015). The archaea
involved in the sulfur cycle are commonly found in high-temperature environments

(e.g. hydrothermal vents) (Sievert et al. 2015).

1.4.1 Sulfur delivery into the ocean

One way sulfur is delivered to the ocean is when the weathering of sulfur-containing
rocks (which originate to a large extent from ocean sediments moved to land due to
the geological uplifting) release sulfur into the environment, which eventually ends in
the marine environment via leaching and run-off (Bharathi, 2008). Sulfur may also be
released to aquatic ecosystems due to long-term sulfur additions to crops in fertilizers,
pesticides, and soil conditioners (Hinckley et al. 2020). Sulfur can also enter the ocean
via atmospheric fallout and precipitation. Sulfur is delivered in the atmosphere during

the release of hydrogen sulfide gas (H2S) by volcanoes and some hot springs, during



the death and decomposition of animals, and by petroleum refinery activity (Gnana
Thanga Vincent et al. 2021). Petroleum refineries are also responsible for the release
of sulfur dioxide gas (SO2), which can be delivered to the ocean when dissolved in
rain. When SOz dissolves in rain, it forms a weakly corrosive rain due to the formation
of sulfuric acid (H2SOa4). Finally, H2S ends up in the oceans when emitted by

underwater geothermal vents (Gnana Thanga Vincent et al. 2021).

1.4.2 Assimilatory uptake of sulfur by phytoplankton

Sulfate (S04%) is highly abundant in coastal and marine systems. Phytoplankton in the
ocean’s photic zone assimilate inorganic sulfur (mainly in the form of sulfate) to form
organic compounds for the synthesis of structural cell material. This energy-dependent
process is needed to form the amino acids methionine and cysteine. Some
phytoplankton transform methionine into the highly stable and soluble
dimethylsulfoniopropionate (DMSP), which is then decomposed into dimethylsulfide

(DMS) gas and released into the atmosphere when the phytoplankton die.

1.4.3 Dissimilatory sulfur metabolism

Dissimilatory sulfur metabolism (DSM) refers to the energy-yielding reduction of
sulfate to sulfide by anaerobic sulfate-reducing microorganisms which occurs in
marine sediments (Gléckner et al. 2012; Jorgensen and Kasten, 2006; Hofer, 2018).
This sulfur reduction is undertaken within 20 phyla of bacteria and archaea, include
those from the genera Desulfomaculum, Desulfovibrio, Desulfobulbus,
Desulfobacterium, Desulfosarcina, and Thermodesulfobacterium, as well as archaea
from the genus Archaeoglobus (Simon and Kroneck, 2013; Rabus et al. 2013;

Anantharaman et al, 2018).

1.4.4 The “mini sulfur cycle”

The sulfide produced can then be oxidized by anoxygenic phototrophic bacteria,
which use the reduced sulfur compound as an electron donor for CO2 fixation in
anoxygenic photosynthesis to produce elemental sulfur (Gléckner et al. 2012). The
sulfide can also be used by colorless sulfur bacteria for chemosynthesis (see Section

X below for more information on colorless sulfur bacteria). The sulfur produced can



then be reduced back to sulfide by anaerobically respiring bacteria (Glockner et al.
2012). The quick anaerobic reactions transitions between sulfide to elemental sulfur
and back to sulfide are referred to as the “mini sulfur cycle” (Gléckner et al. 2012).
Although most of the sulfide is eventually converted back to sulfate via oxidation by
phototrophic or colorless sulfur bacteria, a small proportion of it is deposited and
buried deep in the sediments when it precipitates as organic matter, or with iron
(pyrite formation) and other metals. (Schippers and Jorgensen, 2002; Jorgensen and
Nelson, 2004; Holmkvist et al. 20011a; Jorgensen et al. 2019).

1.4.5 Colorless sulfur bacteria

Colorless sulfur bacteria comprise a large and diverse group of microorganisms that
grow chemolithoautotrophically, using reduced sulfur compounds to generate energy
by oxidation. These bacteria, who are described as colorless due to their lack of
photopigments, play an essential role in the oxidative parts of the sulfur cycle (see
Figure below) (Muyzer et al. 2013; Robertson and Kuenen, 2006). They include
bacteria from the genera Acidithiobacillus, Sulfolobus, Sulfurimonas, Sulfuricurvum,
Thioalkalimicrobium, Thioalkalivibrio, Thiobacillus, Thiomicrospira, amongst many
others (Muyzer et al. 2013; Robertson and Kuenen, 2006).

1.4.6 Disproportionation or sulfur fermentation

Disproportionation refers to the chemolithotrophic process in which the intermediate
compounds formed during the partial oxidation of sulfide, such as elemental sulfur
(S°), sulfite (SOs?), and thiosulfate (S203?), function as both electron donors and

acceptors, creating sulfide and sulfate (Finster, 2008; Glockner et al. 2012).

The ability to disproportionate intermediate sulfur species is widespread amongst
marine surface sediments and is relatively common among sulfate reducers and
includes those from the genera Desulfobacterium, , Desulfomaculum, Desulfovibrio,,
Desulfobulbus, amongst others (Finster, 2008; Bak and Pfennig, 1987; Thamdrup et
al., 1993; Finster et al., 1998).
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Part 2. Abiotic and biotic influences on the North Sea seabed & its
microbial community

The permeable sandy sediments making up the North Sea seabed play a role in the
biogeochemical cycles discussed above. Although sandy sediments have low
organic carbon concentrations, in the last two decades they have started to be
recognized as sites where biogeochemical reaction rates are high. Thus, the low
organic carbon content is likely a reflection of high biogeochemical reaction rates
instead of low seabed microbe content and activity (Boudreau et al. 2001; Sansone
et al. 2008). In this next section, we will explain the abiotic and biotic influences on
the North Sea benthic community and the transport processes affecting

biogeochemical cycling on the seabed.

2.1 Abiotic and biotic influences on the sandy sediment microbial community

The sandy microbial community is quite heterogeneous, mainly living in high densities
attached to sand cracks and local depressions. This uneven distribution, which likely
results due to naturally occurring mechanical abrasion, promotes intra- and
interspecies communication and interactions and protects the bacteria from abrasion,
grazing pressure by protists, and viral lysis (Hamann et al. 2017; Berninger and
Epstein, 1995; Vandieken et al. 2017; Dang and Lovell, 2016; Flemming and Wuertz,
2019; Ahmerkamp et al. 2020) (see Figure 3).



Figure 8: Scanning electron micrographs of the microbial colonization of a single sand
grain shows reveals dense microbial colonization (colored magenta) in cracks and

depressions (Source: Ahmerkamp et al. 2020).

The marine benthic community is influenced by various biotic and abiotic factors. For
instance, the abundance and diversity of these microbes decrease with (i) increasing
sediment depth; (ii) decreasing organic matter availability; and (iii) increasing grazing
frequency, although the latter is not a major process controlling the fate of benthic
microbes (Guilini et al. 2010, Parkes et al. 1994; Hoshino et al. 2020). Another
influential factor on benthic microbial colonization is sediment size and shape. Golf-
like particles with high sphericity facilitate microbial colonization, which is likely
because of their preference for life in sand grain cracks and depressions (Ahmerkamp
etal. 2020). Whether the sediment is coarse- or fine-grained will also influence seabed
biogeochemical cycling and the microbial community composition by influencing
sediment permeability (Probandt et al., 2017; Ahmerkamp et al., 2020). The less
permeable fine-grained sediment allows less oxygen penetration, and thus promotes
anoxic mineralization and the trapping of organic matter (Jgrgensen, 1982; Canfield
etal., 1993). On the other hand, highly permeable coarse-grained sediment has a high
oxygen penetration rate and depth, and thus more organic matter is remineralized

(Brenner et al. 2016) Although the North Sea seafloor mainly consists of medium and



fine sandy permeable sediments, coarse permeable sand can also be found at certain

locations spread throughout the North Sea (Brenner et al. 2016).

The significance of the effect of seasonal temperature changes on the shelf benthic
communities is currently disputed. This is surprising when compared to the
unguestionable influence of seasonal fluctuations on water-column microbes in
temperate waters. In the water column, the seasonal increase in sea temperatures at
the beginning of spring cause nutrient enhancement, spurring strong algal blooms
lasting from spring until early summer which stimulates a marked increase in water
column microbe activity and abundance (Teeling et al. 2016; Teeling et al. 2012;
Fuhrman et al. 2006). In the case of the shelf sand microbial community, Musat et al.
(2006) revealed that Wadden Sea intertidal shelf sediments showed a clear seasonal
variation of bacteria, with higher values in July and October versus March. Tait et al.
(2015) also found indicators for seasonality in bacterium genus Flavobacteria in
surface sediments of the English Channel. However, both studies have a small sample
size. Musat et al. (2006) was based solely on 4 sampling dates, and Tait et al. (2015)
on results from a single year. In contrast, a recent study by Miksch et al. (2021) on the
changes in the North Sea sandy community over two annual cycles did not find
seasonal fluctuations in the sandy communities. This may be because: (i) the bacteria
may have responded to spring algal blooms simply by increasing their exoenzymatic
activity instead of changing bacterial structure and abundance, and/or because (ii) the
limited space in sand grains keep the bacterial population in a steady state (Miksch et
al., 2021; Braeckman et al. 2018). In conclusion, although Miksch et al. (2021)’s study
suggests that pelagic and benthic bacterial communities may respond to seasonal
temperature and phytoplankton productivity changes very differently, further research
is needed on this topic. The relevance of seasonality for the North Sea seabed

microorganisms will be discussed in more detail in Section 3.2.

2.2 Transport Processes Affecting Benthic Biogeochemical Cycling

Biogeochemical processes in the seafloor sediment are closely coupled to those in the
water column, referred to as benthic-pelagic coupling. Transport goes both ways —

oxygen, electron acceptors and donors, nutrients, dissolved and suspended particles,



phytoplankton, and bacteria are transported from the water into the sediment; whilst
organisms, degradation products, and reduced matter are released back into the water
column (Boudreau et all. 2001; Huettel et al. 1996, 2014; Rusch et al. 2001;
Ahmerkamp et al. 2017; Santos et al. 2012a). These transport processes are
responsible for the formation of oscillating oxic/anoxic conditions and stimulating
reaction rates in both systems (Ahmerkamp et al. 2017; Huettel et al. 2014). Below,
we describe the transport processes driving the efficient exchange of dissolved and

particulate compounds between the two systems.

2.2.1 Diffusion

Diffusion, the small-scale movement of chemical species from areas of high to low
concentration is responsible for the transport of chemical species into the sand grain
microenvironment and eventually into the microbial cells (Santos et al. 2012a;
Addiscott and Leeds-Harrison, 2005). As it is the primary factor determining the
microbe microenvironment solute concentration, it may lead to divergence between
the solute concentration of the microbe microenvironment and that of the bulk

porewater (Jahnke, 1985, Jgrgensen, 1977).

2.2.2 Porewater Advective transport

On a larger scale, the transport of solutes and particulate compounds is dominated by
advective transport, which refers to the bulk motion of bottom water pumped through
the permeable sediment pore spaces (Huettel et al. 2014). Porewater advection can
be driven by various physical processes. One of the principal physical processes is
flow- and topography-induced pressure gradients, which is when the interaction of
bedforms (i.e. morphological features at the fluid-seabed interface as a result of the
interaction of fluid flow with the seabed materials) with the overlying currents causes
a local acceleration of these currents generating a pressure gradient that drives the
bottom water into the sediment’s pore spaces (see Figure 4) (Charru et al. 2013;
Santos et al, 2012a). Whilst this process is dominant in slower-moving beds, bedform
migration is thought to be the major mechanism driving porewater exchange in fast-
moving rippled beds (Santos et al. 2012a; Elliott and Brooks, 1997a; Elliott and Brooks,
1997b). Bedform migration occurs when wave or current stress increases beyond the



seabed erosion threshold, causing seabed morphology changes and advection during

sediment resuspension/deposition (Santos et al. 2012a).

(A) (B)

Bottom flow

{C) Dunes

Figure 9: (A) Diagram comparing a plain bed with two types of bedforms, ripples and
dunes; (B) Advective pore-water fluxes in permeable sediments on bedform. Arrows

represent direction. Adapted from Worman et al. (2002).

Other physical processes driving advection include (i) tidal pumping (when changing
tides drives water recirculation into beach sandy sediments) (Santos et al. 2012a); (ii)
wave pumping (when waves generate undulating differences in hydrostatic pressure),
(iif) convection (when the density of the porewater differs from that of the water column
due to differences in temperature and/or salinity) (Santos et al. 2012a, Webster et al.
1996), (iv) bioirrigation (when bottom-dwelling organisms flush their burrows with
overlying water) (Aller, 1980; Santos et al. 2012a), and (v) bioturbation (burrowing
activity from benthic organisms) (Rhoads, 1963; Santos et al. 2012 a).



Part 3: The role of the North Sea seabed microbial community on the nitrogen cycle

In Part 3, we compiled all relevant up-to-date studies on the role of seabed microorganisms in the nitrogen cycle in the North Sea,

discussing key findings and limitations and explaining how these conclusions can improve the sustainability and resilience of

aquaculture.

Table 1: Relevant up-to-date (2010-2022) published studies on the role of the seabed on the nitrogen cycle in the North Sea.

Study Sediment Site sediment | Study Nitrogen cycle Were nitrogen Was Period of study | Main aim of study
location within | type methodology process studied | cycle-related advective
North Sea microorganisms transport
studied? considered
in the
study?
Toussaint Belgian Part of | Subtidal Combination of Nitrification X Yes September To understand the sedimentological
etal. 2021 | the North Sea | benthic incubation of N- 2016 and 2017 | and faunal control of benthic
(Southern sediments sediment cores mineralization (no organic matter mineralization and
North Sea) representative | and modelling (i.e. seasonality) nitrification in the Southern North
of a wide ammonification) Sea
permeability
gradient
(muddy to fine

sand)




Lipsewers The Oyster Subtidal Incubation of Nitrification Ammonia No (Not February, May | To determine the seasonal and
etal. 2014 | Grounds benthic sediment cores | Anammox oxidisers (both relevant) and August depth distribution of the abundance
(Southern sediments and AOA and AOB) 2011 and potential activity of archaeal
North Sea) consisting of quantification of and annamox (seasonality) and bacterial ammonia oxidizers
organic rich specific intact bacteria and anammox bacteria in coastal
and muddy polar lipids and marine sediments of the southern
sediments the abundance North Sea.
and gene
expression of
their 16 rRNA
gene, the amoA
gene of AOA
and AOB, and
the hzsA gene
of anammox
bacteria
Yazdani Belgian part of | Subtidal Combination of Nitrification Ammonia No February to To investigate spatio-temporal
Foshtomi et | North Sea benthic incubation of Denitrification, oxidisers (both October 2014, | patterns in microbial community
al. 2015 (Southern habitats sediment cores, | N-mineralization | AOA and AOB) monthly composition and diversity,
North Sea) representative | modelling, and (i.e. (seasonality) macrofaunal abundance and their
of a wide microbial ammonification) sediment reworking activity, and N-
permeability community cycling in the Southern North Sea
gradient analyses by
(muddy to fine | amplification of
sand) bacterial 16S
rRNA genes and
denaturing
gradient gel
electrophoresis
(DGGE)
Rosales The Wash, a Intertidal and Incubation of Denitrification X No The Wash: To determine the rates of
Villa et al. large area of subtidal sites sediment cores | Anammox May, June, sedimentary denitrification and its
2019 intertidal sand | representative | and N isotope | DNRA September component processes (canonical
and mud of a wide analysis and October denitrification, anammox, and
banks found permeability 2013 DNRA) in intertidal and subtidal
gradient (seasonal) sites of the North Sea




(South-west

North Sea) Other sites of
North Sea:
August 2013
Other sites
spread all
around the
North Sea
Neubacher | North of Subtidal site Mesoscom Denitrification No Mesoscom 1: To understand the potential effect
etal. 2013 | Dogger Banks | with muddy experiment. Anammox Sample from of sustained hypoxia on the
(Southern sand (low Sediment core January 2008, | production of N2 gas through
North Sea) permeability) samples experiment denitrification and anammox, as
collected and lasted 70 days | well as the sediment-water
then cores were exchange of nitrite, nitrate and
exposed to Mesoscom 2: ammonia, oxygen consumption and
different oxygen Sample from penetration in sediments of
concentrations April 2008, southern North Sea
experiment
lasted 29 days
(no
seasonality)
Neubacher | Southern Subtidal incubation of Denitrification No February, To determine denitrification,
etal. 2011 | North Sea sediments sediment cores | Anammox April, May, anammox, oxygen uptake, nutrient
representative | and subjected to September, exchange, and pore-water profiles
of a wide different oxygen October of oxygen in intact sediments at
permeability regimes. (2007) three sites in the southern North
gradient 13N isotope Sea experimentally exposed to
(muddy to fine | analysis done to April 2008 different oxygen saturations acutely
sand) determine
oxygen uptake,
denitrification
and anammox
rates
Deek et al German Intertidal incubation of Denitrification No February 2009 | To improve the seasonal and
2012 Wadden Sea sediments with | sediment cores June 2009 spatial resolution of sedimentary N2




(South-East of
the North Sea

two different
sand types
each site—
coarse and
fine sands

in a flow-through
incubation set-

up

Measuring N2
fluxes by the
N2/Ar technique

November
2009

April 2010
(seasonality)

production measurements as an
indication of nitrogen removal in
intertidal sediments of the Wadden
Sea.

Gao et al. Wadden Sea Intertidal sand | incubation of Denitrification X Yes October To determine the nitrogen loss
2012 (south east flat sites sediment cores Autumn 2006 rates in permeable sediments of the
North Sea) and and spring Wadden Sea
Combination of (March) and
stable N isotope summer
incubation (August) 2007
experiments and (seasonality)
a flux model
based on annual
monitoring data
of NOx
concentrations
and bottom
current
velocities
Ahmerkam | German Bight, | Subtidal Incubation of Denitrification X Yes Autumn 2014 To investigate how sand properties
p et al. (southeast sediments sediment cores (no influence microbial distribution and
2020 North Sea) representative | in flow-through seasonality) microbial respiration rates under
of a wide reactors advective conditions
permeability
gradient
Probandt et | Southern Subtidal Analysis of the Nitrification Ammonia- and No (not June 2016 (no | To analyze single grains to address
al. 2018 North Sea sediments individual nitrite-oxidizing relevant) seasonality) the microbial community directly in
representative | bacterial Bacteria and its micro-habitat
of a wide diversity on Archaea
permeability sand grains by
gradient 16S ribosomal

RNA gene
sequencing and




visualization

using in situ
hybridization
Marchant et | Wadden Sea Intertidal Incubation of Denitrification Denitrifying Yes April 2012, To investigate aerobic
al. 2017 (south east sediments sediment cores bacteria December denitrification in permeable
North Sea) from sand flat | which are 2014, sediments of the Wadden Sea
exposed to February 2015
different O2
regimes for (No
short and long seasonality)
exposures.
Fan et al. North Sea Tidal and Incubation of Nitrification Ammonia- No July, To identify ammonia oxidizing
2015 coast of the Intertidal sediment cores oxidizing archaea September, communities in different types of
Dutch Barrier coastal for 15N isotope (AOA) and November microbial mats and elucidate
island sediments and nucleic acid ammonium- (2010) factors that determine the
Schiermonniko analysis oxidizing bacteria abundance and activity of ammonia
0g, (south east (AOB) January and oxidizers
North Sea) April 2011
(seasonality)
Bale et al. Southern Subtidal Incubation of Anammox Anammox Yes (and November To investigate the seasonality of
2014 North Sea sediments sediment cores bacteria determined | 2010 occurrence and activity of
representative | for a no February 2011 | anammox bacteria in sandy and
of a wide combination of sediment May 2011 muddy sand sediments of the
permeability intact polar lipid sampled August 2011 southern North Sea
gradient and nucleic acid was (seasonality)
analysis, and influenced
15N isotope by
labeling. advection)
Fan et al. Dutch Coast, Subtidal incubation of Nitrification Diazotrophs No February 2011 | To measure N2 fixation and
2015a Oyster sediments sediment cores Denitrification Denitrifiers May 2011 denitrification in the bottom
Grounds and representative | for 15N isotope August 2011 sediment and to measure the




Dogger Banks | of a wide and DNA (seasonality) diversity, abundance and activity of
(southern permeability sequence nitrogen-fixing and denitrifying
North Sea) gradient analysis organisms at three different stations
in the southern North Sea during
Quantitative three seasons
Polymerase
Chain reaction
(qPCR) and
quantitative
reverse
transcription
polymerase
chain reaction
(QRT-PCR)
Neumann Elbe estuary, Subtidal Incubation of Denitrification Yes March 2009 To analyze the nitrate removal in
etal. 2017 | Wadden Sea, sediments sediment cores May 2009 surface sediments of the Elbe
and adjacent representative | for the collection September estuary, Wadden Sea and adjacent
German Bight | of a wide of pore water 2009 German Bight during spring and
(South East permeability samples and February 2010 | summer along a eutrophication
North Sea) gradient analysis of (seasonality) gradient ranging from a high
sediment riverine nitrate concentrations at the
characteristics. Elbe estuary to offshore areas with

Measurement of
nitrate pore
water profiles
and use of
models

low nitrate concentration.




3.1 Spatial changes in nitrogen cycle processes in the North Sea seabed

Spatial differences in sedimentary nitrogen cycling rates across the North Sea are
influenced by various factors including tidal influence, sediment type and
composition, seabed depth, nutrient distribution, and resource and space
competition. In terms of sediment tidal location, Rosales Villa et al. (2019)
demonstrated that despite seasonal differences in denitrification rate between
intertidal and subtidal sediments, the overall average denitrification rate in the
intertidal Wash sediment was not significantly different from those in subtidal North
Sea sites. This is surprising as the source of nitrate for denitrification in each site
differs greatly: whilst denitrification in the intertidal site is sustained by nitrate in the
water column, the source of nitrate for denitrification in the subtidal sites is
nitrification by nitrifying organisms (Rosales Villa et al. 2019). Moreover, Rosales
Villa et al. (2019) demonstrated that in both locations, canonical denitrification was
the dominant process (>90%) at all times compared to anammox or DNRA.
Contrarily, when Fan et al. (2015) studied the effect of tidal influence on nitrification,
they found that this process’s rate is higher in the tidal and intertidal sites compared
to the supratidal mat (irrespective of the season); and that similarly, the AOB and
AOA communities in tidal and intertidal stations were alike but significantly different
from those in supratidal microbial mats. Interestingly, this trend of similarity between
the tidal and intertidal mat community compared to that of the supratidal mats
prevails in both the community of denitrifiers (Fan et al., 2015a) and nitrogen fixers
(Severin et al. 2012), suggesting all three communities are determined by the same

physical and geochemical factors.

Sedimentary nitrogen cycling in the North Sea is also influenced by the sediment type
and composition, especially by the distribution and abundance of organic carbon in
the bottom sediment. Fan et al. (2015a) demonstrated that denitrification rates were
higher in the muddier, organic carbon-rich sands of the muddy depression Oyster
Grounds than at the sandy low-carbon Dogger Banks; and this finding was supported
by Deek et al. (2012) who showed that N2 production was higher in the finer North Sea
sand stations (which has a higher substrate quality due to higher organic carbon and
amino acid content) than at the coarse sand station. Sedimentary characteristics also

play an important role for anammox, which shows a higher abundance and rates of



activity at the muddy stations Oyster Grounds and the Frisian Front than at the sand
stations Dogger Banks and the Dutch Coast (Bale et al., 2014).

Other factors impacting nitrogen cycling in the North Sea include: (a) phosphate
nutrient concentration, demonstrated by the positive linear correlation between benthic
N2 fixation rate and phosphate concentration in the North Sea due to its crucial role
(Fan et al. 2015a); (b) sediment depth, with denitrification rates decreasing with depth
and the ratio of anammox to denitrification increasing with depth (referenced therein,
Rosales Villa et al. 2019) most likely strongly influenced by the decreasing oxygen
supply; and (c) heterotrophic processes competing for organic matter (i.e. a reduction
in rate when rates of other heterotrophic processes such as the reduction of sulfate or

aerobic respiration are higher) (Fan et al. 2015).

Another factor hugely impactful on the rate of nitrogen cycle processes, especially the
rate of denitrification, is the distance of the seabed from the river. Rivers are
responsible for discharging anthropogenically-produced nitrate, which triggers higher
rates of denitrification due to the use of nitrate for this process to occur. Neumann et
al. (2017)’s study highlights this trend clearly, demonstrating how the closer the site is
to the river Elbe, the higher the nitrate concentration and thus the greater the rate of
sediment denitrification. The role of North Sea sediment denitrifiers in the utilization
of anthropogenically-produced and released nitrate is a valuable ecosystem service.
Although nitrogen is essential for all living things, a period of industrialization from the
1960s to the mid-80s led to a large and excessive input of bioavailable nitrogen into
the North Sea (Patsch and Radach, 1997). Bordered by multiple densely populated
industrialized countries, the North Sea suffers from excessive anthropogenic nutrient
input via rivers, sewage, groundwater, and atmospheric deposition, fueling
unregulated nutrient levels and eutrophication (Burson et al. 2016; Lenhart et al.
2010). This excess nutrient input led to multiple adverse consequences including
eutrophication (the mass production of algae), changes in species composition, and
severe oxygen depletion in the German Bight (Cadée and Hegerman, 2002; Philippart
et al. 2000; Westernhagen and Dethlefsen, 1983; Lancelot et al. 1987). In response,
nutrient loads were actively reduced, although whilst phosphorus inputs were reduced
by more than 50%, nitrogen loads were only reduced by 20-30% (OSPAR, 1988;
Lenhartetal. 2010; Passy et al. 2013; Grizzetti et al. 2012). By removing fixed nitrogen



released from the river and converting it into the unavailable gaseous form, the North
Sea is an important sink for fixed nitrogen, mitigating the harmful effects of
eutrophication and acting as a barrier for river nutrient inputs to the open ocean
(Fennel et al. 2010),

3.2 Seasonality of nitrogen cycle processes in the North Sea

Many of the studies on the nitrogen cycle processes in the North Sea observed and
analyzed seasonal nitrogen process rates changes. Their results are summarized in
Table 2 below. In the case of denitrification, results varied widely. Whilst some studies
found that denitrification rates peaked in the warmer seasons due to higher
temperatures and organic matter availability (Rosales-Villa et al. 2019; Neubacher et
al. 2011; Fan et al. 2015a), other studies observed the opposite trend, detecting the
highest rates of nitrification in the colder seasons due to an increase in riverine
discharge stimulating an increase in nitrate concentration in the water (Neumann et al.
2017; Deek et al. 2012; van Beusekom et al. 2009). On the other hand, Gao et al.
(2012) observed a consistent rate of nitrification all throughout the year, stating this is
due to the continuously saturated capacity of the permeable sediments to host the
microbial community due to microorganism’s ability to exclusively colonize the sand

grain surface.

With respect to nitrification, Fan et al. (2015) and Yazdani Foshtomi et al. (2015)
showed nitrification rates peaked in autumn, likely as a consequence of increased
photosynthesis rates due to increased light intensity and temperatures resulting in: (a)
a higher benthic oxygen concentration stimulating the aerobic process of nitrification
(b) the acceleration of organic matter degradation producing ammonium as a source
of energy for nitrifying organisms. Despite high rates of photosynthesis in summer,
Fan et al. (2015) showed a surprisingly low nitrification rate during this season, which
is likely because of the competition of ammonia oxidizers and cyanobacteria for
ammonium during this season. In contrast, Lipsewers et al. (2014) found a constant
nitrification rate during all seasons, seeing this as a consequence of the stable
presence and activity of aerobic ammonia oxidizers due to the continuous oxygen

supply to deeper anoxic layers due to bioturbation.



Studies on the seasonal changes in sediment anammox rate have all shown a peak
in anammox rate in summer, which is most likely due to the higher temperatures,
superior organic carbon content, and lower oxygen availability in the sediment as a
consequence of stratification during this season (Bale et al. 2014; Neubacher et al.
2011; Lipsewers et al. 2014).

Lastly, the singular study undertaken on seasonal changes in nitrogen fixation in North
Sea sediment showed an increased nitrogen fixation during late summer most likely
due to higher temperatures and increased organic matter availability; and a decrease
in nitrogen fixation rate just after post-bloom deposition in late spring presumably due
to the alteration in the deposited organic matter because of this post-bloom deposition
(Fan et al. 2015a). However, more research is needed exploring the seasonal changes

in nitrogen fixation to increase the reliability of these results.

There are multiple reasons which could be responsible for the observed variations in
seasonal patterns across studies for the nitrogen cycle processes, including (a)
differences in the type of sediment analyzed between studies (e.g. coarse or fine sand;
highly bioturbated or slightly bioturbated sediment); (b) differences in the distance of
the sediment from the river, which will be influenced differently by riverine nutrient
discharges (Deek et al. 2012; Rosales Villa et al. 2019); (c) differences in the
methodology used to determine the nitrogen process rate (e.g. modeling, 3N isotope
analysis, the analysis changes in gene expression abundance), and the limitations
brought by different methodologies. Moreover, although various studies have shown
the influence of various factors on seabed microbial communities which has been used
to explain various trends, there is a need of more studies directly exploring the
influence of these factors on the seasonality of their nitrogen cycle process rate

changes.

Table 2: Studies on the influence of seasonal changes on individual nitrogen cycle
process rates in the North Sea. Table row colors are representative of the nitrogen
cycle process studied: Denitrification is in green, anammox is in yellow, nitrogen

fixation is in red, and nitrification is in blue.



Study

Process

Season with Highest

process rate

Season with

process rate

Lowest

Neumann et | Denitrification Late winter Late summer
al. 2017

Gao et al. | Denitrification Consistent Consistent
2012

Deek et al. | Denitrification Fall, Winter, and early | Summer

2012 spring
Rosales-Villa | Denitrification Early Summer (June) | Autumn (September)
et al. 2019

Neubacher et

Denitrification

Late summer and

Late winter/early spring

al. 2011 early autumn

Fan et al. | Denitrification Late Spring (May) Winter (February)
2015a

Fan et al. | Nitrification Autumn Summer (July)

2015

Yazdani Nitrification September Undefined

Foshtomi et

al. 2015

Lipsewers et | Nitrification Relatively Stable Relatively Stable

al. 2014

Bale et al. | Anammox Summer Winter

2014

Neubacher et | Anammox Late summer and | Late winter/early spring
al. 2011 early autumn

Lipsewers et | Anammox Late summer February and May

al. 2014

(August)

(Winter to Spring)

Fan et al.
2015a

Nitrogen fixation

Late summer (August)

Late spring (May)




3.3 Seabed microorganism diversity in the North Sea

A small number of studies detected and identified North Sea seabed microorganisms
involved in the nitrogen cycle. Due to the differences in the nature of the experiments
(i.e. DNA hybridization, PCR bases gene amplification, whole-genome sequencing,
ect.) and the small number of studies undertaken, direct comparison between these
studies is not possible. We will discuss the results of these studies in the context of
current global knowledge on seabed microorganisms involved in the marine nitrogen

cycle.
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Figure 10: Simplified diagram showing the microorganisms involved in different

nitrogen cycle processes.

3.3.1. Diazotroph microorganism diversity

Nitrogen fixers occur both in the water column and the seafloor of a wide variety of

marine environments (e.g. open ocean, deep sea, coastal waters, estuaries, tropical



lagoons, and cold Arctic waters), and include a wide physiological and phylogenetic
diversity of microorganisms (Mehta et al. 2003; Man-Aharonovich et al. 2007; Jenkins
et al. 2004; Hewson et al. 2007; Jabir et al. 2021). Nitrogen fixers include both
symbiotic and free-living cyanobacteria groups, and even some heterotrophic
microorganisms (Hutchins and Capone, 2022). Although heterotrophic N2 fixation is
ubiquitous throughout the oceans (Farnelid et al. 2011), as nitrogen fixation requires
a high energy input to break the Nz triple bond, autotrophic microorganisms are likely
to have an advantage over other diazotrophs as they are not restricted by available
organic carbon concentrations (Herbert, 1975; Nedwell, 1980; Chakraborty et al.
2021).

Fan et al. (2015a) investigated the diversity and abundance of denitrifying organisms
at three sites in the southern North Sea: the Dutch Coast, Oyster Grounds and
Dogger Banks using the marker gene nifH. Interestingly, their study demonstrated
that the dominant diazotrophic microorganisms were Desulfovibrio salexigens and
Desulfovibrio vulgaris, two sulfate-reducing bacteria, which have been shown to
have the genetic potential for undertaking nitrogen fixation (Fan et al. 2015a; Zehr et
al., 1995). A large proportion of nifH homologs also belonged to P. carbinolicus, a
strictly anaerobic bacterium belonging to the deltaproteobacterial family
Peleobacteraceae (Fan et al., 2015a). Although no study has yet observed

N2 fixation by P. carbinolicus, the phylogenetically related Geobacter

metallireducens fixes Nz (Bazylinski et al., 2000).

3.3.2. Nitrifier diversity

3.3.2.1 Ammonia oxidizer diversity

The first step of nitrification is carried about by ammonia oxidizers transforming
ammonium to nitrate (Fan et al. 2015). Two types of ammonia oxidizers exist;
ammonia-oxidizing bacteria (AOB) and ammonia-oxidizing archaea (AOA). AOBs fall
within three genera within the classes Betaproteobacteria (i.e. Nitrosomonas and
Nitrosopira) and Gammaproteobacteria (i.e. Nitrosococcus) classes (Purkhold et al.
2000; Pajares and Ramos, 2019). Ammonia-oxidizing archaea (AOA) include

Nitrosopumilus maritimus and Cenarchaeum symbiosum (Konneke et al., 2005;


https://www.frontiersin.org/articles/10.3389/fmicb.2015.00738/full#B80
https://www.frontiersin.org/articles/10.3389/fmicb.2015.00738/full#B80
https://www.frontiersin.org/articles/10.3389/fmicb.2015.00738/full#B4

Hallam et al., 2006; Pajares and Ramos, 2019). Both organisms are
chemolithoautotrophic, meaning that they obtain energy from the oxidation of inorganic

substances (Pajares and Ramos, 2019).

Fan et al. (2015) studied ammonia oxidizer diversity in the North Sea, demonstrating
that AOB amoA genes were significantly more abundant than AOA amoA genes by
two to four orders of magnitude in the Southern North Sea microbial mats. This
indicates that AOB are mainly responsible for ammonium oxidation in this region (Fan
etal., 2015). The most abundant AOB in the region were Betaproteobacteria belonging
to the Nitrospira clusters B and C, and included species such as Nitrospira multiformis,
Nitrospira briensis and Nitrospira sp. REGAU. Many sequences also belonged to
Nitrosommas. Whilst there was a broad distribution of archael amoA genes, the most
dominant orders were Nitropumulis and Nitrosphaera (Fan et al., 2015). A positive
correlation was also found between AOA amoA gene abundance and organic matter,

suggesting that AOA may not be obligate ammonia-oxidisers (Fan et al., 2015).

3.3.2.2 Nitrite oxidizers diversity

Nitrite-oxidizing bacteria (NOB) are a diverse group of bacteria responsible for nitrite
oxidation, which all have a key enzyme called nitrite oxidoreductase (NXR). The
known NOBs mainly belong to six bacterial genera: Nitrobacter, Nitrotoga, Nitrospira,
Nitrococcus, Nitrospina, and Nitrolancea (Daims et al. 2016; Watson and Waterbury,
1971; Daims et al.,, 2001; Alawi et al., 2007; Sorokin et al., 2012). Interestingly,
Nitrospira have a reciprocal feeding interaction with ammonia oxidizers. Nitrospira
convert urea into ammonia and CO2. The ammonia produced is used by ammonia

oxidisers, that in return provide nitrite to the NOBs (Koch et al. 2015).

Haaijer et al. (2013) explored Dutch coastal North Sea nitrite oxidizer diversity in
bioreactors and highlighted the presence of both (a) Nitrospira-like NOB (80% of the
bacterial population), mostly from a novel species called Nitrospira salsa, and (b)
Nitrospina-like NOB (10% of the bacterial pop.). No Nitrospina were detected.
However, in situ_data must be collected to identify their respective relevance as nitrite

oxidisers in the North Sea.



3.3.3 Denitrifier diversity

Denitrification is carried out by a diverse group of mostly heterotrophic prokaryotes,
although some autotrophic denitrifiers have been found in the marine environment
(Voss et al. 2013; Lam and Kuypers, 2011). The genes encoding for two nitrite
reductases, that is NirK and NirS (nirK and nirS) are used as marker genes for
denitrifiers (Wei et al. 2015; Sakurai and Kataoka, 2007; Cutruzzola et al. 2001).
Bacteria that have been pointed out as denitrifiers include species from the genera
Bacillus, Paracoccus, and Pseudomonas, amongst others (Bernhard, 2010). Recent
evidence also demonstrated that some eukaryotes such as foraminifera are also
capable of denitrification (Risgaard-Petersen et al. 2006, Bernhard, 2010). Some
Archaea from the phyla Euryachaeota and Crenarchaeots have also been observed

to possess nirK or nirS.

Fan et al. (2015) phylogenetically analyzed sequences for nirS gene fragments in the
North Sea. Although the nirS marker gene could not be assigned to a specific group
of microorganisms, the sequences related to those from various environments and
was most similar to those belonging to Thiothrix lacustris and Azoarcus tolulyticus (Fan
et al. 2015).

3.3.4 Anammox bacteria diversity

Anammox is carried out by a number of anammox bacteria from the phylum
Planctomycetes (Chen et al. 2019), including the Candidatus genera Brocadia (Strous
et al. 1999), Kuenenia (Schmid et al. 2000), Scalindua (Kuypers et al. 2003),
Anammoxoglobus (Kartal et al. 2007), Jettenia(Zhe-Xue et al. 2010)
and Anammoximicrobium (Khramenkov et al. 2013; Connan et al. 2017, Chen et al.
2019). Moreover, anammox bacteria have been found to be able to co-exist with
ammonia-oxidizing bacteria (AOB) in a single reactor in which AOB simultaneously
creates an anoxic environment for anammox and provides nitrite to the anammox
bacteria (Chu et al., 2015; Chen et al. 2019).

Lipsewers et al (2014) analyzed anammox bacteria species diversity in the North Sea.

Anammox was performed by bacteria from the Planctomycetes phylum (Lipsewers et



al, 2014). The sequences were closely related to the Plactomycetes members
Candidatus Scalindula marina and Candidatus Scalindula brodae (Lipsewers et al,
2014). Surprisingly, anammox activity was also detected in the upper oxic layers of
the sediment, suggesting that anammox bacteria can tolerate the presence of oxygen
or have the ability to create anoxic niches (Lipsewers et al, 2014). It's important to note
that the discordance between anammox bacteria 16S rRNA gene transcriptional
activity and hzsA gene abundance indicates hzsA transcript abundance may not be
an adequate biomarker for anammox bacteria activity (Bale et al. 2014; Lipsewers et
al. 2014).

3.3.5 DNRA microorganism diversity

A large diversity of microorganisms, both prokaryotic and eukaryotic, are capable of
DNRA. The main DNRA groups include anaerobic and aerobic prokaryotic
Proteobacteria, Firmicutes, Verrucomicrobia, Planctomycetes, Acidobacteria,
Chloroflexi, and Chlorobia (Tiedje, 1988; Welsh et al. 2014; Pajares and Ramos,
2019).

So far, DNRA microorganism species diversity has not been identified for the North
Sea. However, DNRA rates have been observed to be variable, ranging from 0% to
17% of the denitrification rate (Rosales Villa, 2019), and have been observed to
increase in importance relative to denitrification during both periods of high nitrate
concentration but low organic matter concentration (as denitrification is exclusively
heterotrophic); and in well-irrigated sediments (as DNRA is better at dealing with oxic

conditions than denitrification) (Toussaint et al. 2021).



Conclusion and future recommendations

In this review, we addressed the key biogeochemical cycles and the role of the North
Sea benthic microbial communities in the nitrogen cycle for use in closed circular
aquaculture systems farming North Sea biota. Aquaculture is a fast-growing system
that is playing an increasingly important role in the supply of marine organisms for
consumption, currently making up around 52% of fish for human consumption (FAO,
2020). Thus, research on how to improve its sustainability and efficiency is of great
use. Presently, most aquaculture centers do not consider microorganism seabed
diversity of great importance to the performance of the system, which is partly why few
studies can be found on this subject area (i.e. Quero et al. 2020; Hornick et al. 2018;
Stoeck et al. 2018; Chen et al. 2019). The Dutch company Bluelinked is currently
undertaking research in this field to aid in the creation of an optimal benthic
microorganism seabed community to create an efficient and sustainable indoor
aquaculture system where the in-depth comprehension and the possible modification
of seabed microorganisms will be used to increase the system’s performance and
sustainability largely through (1) the prevention of the need for the constant replacing
of water and through (2) the recycling the nutrients to prevent the dangerous build-up
of nutrients in the water (Michaél Latveer, personal communication). Bluelinked is not
working with North Sea sediment and is currently working with a system whose bottom
sediment consists of microorganism-inoculated calcium carbonate. However, both the
water column temperature and species used will be in line with the conditions found in

the North Sea (Michaél Latveer, personal communication).

We hope this review assists Bluelinked and other aquaculture centers to become
equipped with relevant information and guidance on the role of seabed
microorganisms in the nitrogen cycle, and their potential importance in the
performance of aquaculture centers. This review makes evident that the dynamic and
permeable North Sea surface sediments are characterized by diverse and versatile
microorganism communities influenced by varying sand grain characteristics (fine or
coarse sand), fluctuating redox conditions, seasonality, temporality, biota
characteristics, substrate availability, and resource competition. The following factors

represent the key recommendations for aquaculture centers identified in the review



and factors that must be taken into consideration to optimize future research on this

topic.

o There is an unequal distribution of studies focused on different nitrogen cycle
processes, with denitrification and nitrification by far the most studied processes
(see Figure 11). It would be of high interest to perform more studies on all the
various components of the nitrogen cycle, as they are closely interlinked and
mutually influenceable. To give an example, the most understudied process in
the nitrogen cycle, DNRA, competes for nitrite with denitrifiers and thus may

have a strong influence on denitrification rates (Pajares and Ramos, 2019).

Denitrification Nitrification Anammox
N-mineralization = DNRA

Figure 11: Pie chart showing the proportion of studies on the North Sea seabed
working on different nitrogen cycle processes. Whilst denitrification was the
most studied process (66.7% of total studies), the competing process DNRA

only made up 6.6% of all studies.

o The experimental procedure and monitoring methods should be kept the same
across studies to permit quantitative and reliable comparisons between them.
For example, in the case of accurately estimating nitrogen cycle rates, °N
isotope analysis has been identified as a recommended experimental

procedure for the accurate estimation of rates with fewer uncertainties; and



therefore we recommend it should be utilized by all studies (Rosales Villa et al.
2019).

A large proportion of the studies on the North Sea seabed microorganisms did
not take advective pore water transport into consideration in their experimental
set-up, which has been shown to have a significant influence on seabed
microorganism diversity and performance. Future studies on the North Sea
seabed microorganisms should take porewater advective transport into account

to reduce potentially significant errors in their approach and data set.

Future studies should undertake field and laboratory experiments together
with experiments in indoor aquaculture systems (Spicer, 2014). For example,
it would be necessary to compare the seabed microorganism community and
process rates between the calcium carbonate sediment in the aquaculture
tanks in Bluelinked with the North Sea sandy sediment. If there is a significant
difference in performance and microbial species diversity between the natural
conditions and aquaculture, this opens up the opportunity to modify the
seabed in the fish farm, such as through the addition of necessary microbes
or bioturbating fauna, to replicate natural conditions and to create optimal
farming conditions. However, it's important to note that environmental
conditions in the field and laboratory are not exactly the same as those
experienced within the aguaculture environment. For example, abiotic and
biotic influences such as advective pore water transport, which plays a major
role in the influence of the seabed microorganism community and process

rates in the North Sea, are not present in aquaculture.

Future studies should assess aquaculture microorganism diversity and
performance change over time, as it would be of interest to find out to what
extent microorganism evolution and adaptation in the calcium carbonate
seabed enables them to replicate the role played by North Sea microorganisms
over time and whether they are capable of self-equilibration after disruptions
(i.e. a nutrient imbalance or an increase in competition for substrate) through

changes in microorganism activity or abundance to maintain a healthy system.



o Although multiple studies assessed the presence and activity of
microorganisms in response to a range of environmental variables, more
studies are needed to shed light on the influence of interconnections between
various microorganisms (i.e. competition or synergism) and the ecosystem

functions played by microorganisms both individually and collectively.

o Future studies should assess the possible adverse consequences brought by
aquaculture seabed microorganisms and their involvement in the nitrogen cycle
on fish health and the environment, and how to mitigate these effects. To give
an example, nitrous oxide (N20) formation occurs during various processes
involved in the nitrogen cycle, which is concerning due to N2O’s contribution to
greenhouse gas emissions, ozone depletion, and air pollution (Bernhard,
2010). The main producers of N20 are both bacterial and archaeal nitrification,
where ammonia oxidizers are an important contributor (Léscher et al. 2012,
Santoro et al., 2011); and as an intermediate gas produced during denitrification
(Ji et al., 2015; Babbin et al., 2015; Elkins et al., 1978).
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