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Abstract

Marine soft sediments form the second largest habitat on the planet. Organisms residing in this environment represent a
vast reservoir of biodiversity, and play key roles in ecosystem processes. Most benthic organisms depend on organic matter
(OM) inputs from phytoplankton in the overlying water column as food supply, but human impacts such as eutrophication
and climate change are profoundly altering natural ecosystem dynamics. The consequences of changes in benthic-pelagic
coupling for the biodiversity and functioning of soft-sediment communities have yet to be resolved.

The aim of this thesis is to assess the role of OM settling on soft-sediments microeukaryotic (small organisms < 1
mm) and bacterial communities. The intents are two-fold, to investigate impacts on (1) community structure and diversity
(chapters I, II and IV); and (2) ecosystem functioning, notably in relation to nitrogen (N) cycling (chapters I and III).

Our results show that settling OM quantity and quality both had a significant impact on microeukaryotic alpha-diversity.
We observed a decrease in alpha-diversity following settling of diatom-derived spring bloom OM, possibly as a result
of competitive exclusion, while cyanobacteria-derived summer bloom OM did not affect alpha-diversity (chapters I and
IV). We also found that high biomass of diatoms and others fast sinking phytoplankton groups in the water column led to
lower microeukaryotic alpha diversity after this material settled on the seafloor (chapter IV). Presumably, following this
large sedimentation event, sediment oxygen (O,) demand was strongly stimulated, excluding O,-sensitive taxa. Overall,
we propose that the assembly of microeukaryotic communities was primarily mediated by OM settling quantity (chapter
1V), while differences in OM quality led to significant but more subtle changes, occurring at fine taxonomic level (chapter
I). The response of bacterial communities to OM settling was less pronounced, and probably restricted to the uppermost
sediment layer (chapters I and IV). We did, however, observe a significant effect of OM quality on bacterial communities
assembly at the sediment-water interface, with taxa favored either by diatom- or by cyanobacteria-derived OM (chapter II).
This study also showed that feedback mechanisms from nutrient recycling in the sediment could play a role in this response.
Finally, our results indicated a substantial influence of OM quality on N cycling at the sediment-water interface. We found
that settling of fresh OM (i.e. low C:N ratio) stimulated denitrification activity (chapters I and III), while simultaneously
promoting more N recycling to the water column than settling of degraded OM (i.e. high C:N ratio) did (chapter III).

Altogether, our results indicate that current changes in OM settling dynamics in marine systems will likely impact
microeukaryotic and, to some extent, bacterial biodiversity in soft sediments. Alterations in settling OM quality, in
particular, may also affect crucial microbial processes involved in N cycling. This thesis highlights the importance of
considering benthic-pelagic coupling mechanisms to better understand likely future changes in marine ecosystems.

Keywords: Soft sediments, benthic-pelagic coupling, organic matter export, meiofauna, nitrogen cycle, metabarcoding,
Baltic Sea.
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Abstract

Marine soft sediments form the second largest habitat on the planet. Organ-
isms residing in this environment represent a vast reservoir of biodiversity,
and play key roles in ecosystem processes. Most benthic organisms depend
on organic matter (OM) inputs from phytoplankton in the overlying water
column as food supply, but human impacts such as eutrophication and cli-
mate change are profoundly altering natural ecosystem dynamics. The conse-
quences of changes in benthic-pelagic coupling for the biodiversity and func-
tioning of soft-sediment communities have yet to be resolved.

The aim of this thesis is to assess the role of OM settling on soft-sediments
microeukaryotic (small organisms < 1 mm) and bacterial communities. The
intents are two-fold, to investigate impacts on (1) community structure and
diversity (chapters I, IT and IV); and (2) ecosystem functioning, notably in
relation to nitrogen (N) cycling (chapters I and III).

Our results show that settling OM quantity and quality both had a signifi-
cant impact on microeukaryotic alpha-diversity. We observed a decrease in
alpha-diversity following settling of diatom-derived spring bloom OM, possi-
bly as a result of competitive exclusion, while cyanobacteria-derived summer
bloom OM did not affect alpha-diversity (chapters I and IV). We also found
that high biomass of diatoms and others fast sinking phytoplankton groups in
the water column led to lower microeukaryotic alpha diversity after this ma-
terial settled on the seafloor (chapter IV). Presumably, following this large
sedimentation event, sediment oxygen (O2) demand was strongly stimulated,
excluding O»-sensitive taxa. Overall, we propose that the assembly of micro-
eukaryotic communities was primarily mediated by OM settling quantity
(chapter IV), while differences in OM quality led to significant but more sub-
tle changes, occurring at fine taxonomic level (chapter I). The response of
bacterial communities to OM settling was less pronounced, and probably re-
stricted to the uppermost sediment layer (chapters I and IV). We did, how-
ever, observe a significant effect of OM quality on bacterial communities as-
sembly at the sediment-water interface, with taxa favored either by diatom- or
by cyanobacteria-derived OM (chapter II). This study also showed that feed-
back mechanisms from nutrient recycling in the sediment could play a role in
this response. Finally, our results indicated a substantial influence of OM qual-
ity on N cycling at the sediment-water interface. We found that settling of
fresh OM (i.e. low C:N ratio) stimulated denitrification activity (chapters I



and IIT), while simultaneously promoting more N recycling to the water col-
umn than settling of degraded OM (i.e. high C:N ratio) did (chapter III).
Altogether, our results indicate that current changes in OM settling dynam-
ics in marine systems will likely impact microeukaryotic and, to some extent,
bacterial biodiversity in soft sediments. Alterations in settling OM quality, in
particular, may also affect crucial microbial processes involved in N cycling.
This thesis highlights the importance of considering benthic-pelagic coupling
mechanisms to better understand likely future changes in marine ecosystems.

Keywords: soft sediments, benthic-pelagic coupling, organic matter export,
meiofauna, nitrogen cycle, metabarcoding, Baltic Sea
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Introduction

Benthic-pelagic coupling

Marine ecosystems are traditionally separated in two realms: the water column
(pelagos) and the seafloor (benthos). These two habitats host different life
forms and are constrained by different factors, which has naturally prompted
scientists to focus their attention on one or the other. Yet, benthic and pelagic
habitats are in constant interaction through exchange of matter, energy, nutri-
ents, gases and organisms (Griffiths et al. 2017). As a whole, these processes
are referred to as benthic-pelagic coupling, and constitute a central piece in
marine ecosystem functioning (Rowe et al. 1975; Graf 1992). Examples of
passive and active coupling across the two habitats include suspension-feed-
ing by benthic organisms, resting stages or eggs deposition, fish predation,
nutrient regeneration or organic matter (OM) settling to the seafloor (Griffiths
et al. 2017). Extensive research efforts have been devoted to quantify and
characterize settling OM fluxes (McCave 1975; Lochte et al. 1993; Blomqvist
and Heiskanen 2001), as well as to investigate their impact on the benthos
(Graf et al. 1982; Pfannkuche 1993; Josefson and Conley 1997). However,
many of these questions remain to be resolved, in particular how such OM
fluxes determine benthic biodiversity and function in a context of rapid
change within marine ecosystems.

Organic matter settling to the seafloor

In marine systems, the biological pump plays a central role in regulating the
global carbon (C) cycle by fixing inorganic carbon (i.e. CO,) from the atmos-
phere and exporting it to the seafloor as particulate or dissolved OM (Box 1;
Ducklow et al. 2001). Deposition of OM to the seafloor constitutes the main
fuel for benthic food webs (Thrush et al. 2021) and in aphotic sediments, OM
inputs primarily originate from pelagic production (Graf 1992; Griffiths et al.
2017). Phytoplankton growing in the photic zone, but also pelagic consumers
and decomposers (e.g. zooplankton and particle-associated bacteria) all con-
tribute to OM inputs to the sediment in the form of sinking aggregates, fecal
pellets or carcasses (Turner 2015). As a result, the quantity and quality of OM
settling varies temporally and spatially depending on pelagic dynamics.

Organic matter quantity and quality both have an impact on benthic biodi-
versity and functioning, and are equally relevant to consider (Graf 1992;
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Campanya-llovet et al. 2017). Organic matter quantity can be objectively as-
sessed on a specific scale (e.g. g of C), along which OM fluxes can be com-
pared through space and time (Buesseler et al. 2007). Organic matter quality,
however, is a more elusive concept, since it encompasses a multiplicity of
parameters such as shape, stoichiometry, biochemical composition or toxicity.
Furthermore, the purpose of OM may determine its objective quality: OM as
a food source will differ for primary consumers or decomposers (Campanya-
llovet et al. 2017; Burian et al. 2020).

The study of benthic responses to pelagic OM settling has a long history in
marine research (Gooday and Turley 1990; Graf 1992; Josefson and Conley
1997). Studies have, however, tended to be focused either on the effect of OM
quantity (Sloth et al. 1995; Witte et al. 2003; Vanaverbeke et al. 2004), or
evaluated from field studies, where multiple environmental factor vary con-
comitantly (Albertelli et al. 1999; Ingels et al. 2011; Tait et al. 2015). In com-
parison, the specific influence of OM quality on benthic communities and eco-
system functions remains underexplored, despite indications that it may be
equally as important as OM quantity (Arnosti and Holmer 2003; Campanya-
llovet et al. 2017). In this thesis, chapters I and II address the effects of OM
quality, and chapters III and IV cover both the effects of quantity and quality
of OM on the biodiversity and functioning of benthic communities.



Box 1: Benthic-Pelagic coupling
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Box Figure 1. Conceptualization of some of the benthic-pelagic coupling processes
investigated in this thesis.

The cycle of production and degradation of OM is a prime example of how
pelagic and benthic processes are tightly connected and interdependent (Box
Fig. 1; Griffiths et al. 2017). Primary production mainly occurs through pho-
tosynthesis. Phytoplankton use solar energy to produce OM from CO; and
inorganic nutrients (NH4*, NOs", PO4*). Nitrogen (N) and phosphorus (P) are
key in this process, although other elements like silicate (Si) or iron (Fe ) are
also required. Specialized diazotrophic cyanobacteria have the ability to fix
N, present in vast quantities in the atmosphere and dissolved in seawater.
Phytoplankton production fuels pelagic food webs in the upper water column,
and all organisms eventually sink to the seafloor, which constitutes the main
input of OM to the benthos. During its descent and upon reaching the sedi-
ment, OM is decomposed in a process called mineralization. This is mainly
carried out by microorganisms that break down the organic compounds, sim-
ultaneously releasing inorganic nutrients and CO; back into the system (Rowe
et al. 1975). Eventually, these elements make their way back to the upper wa-
ter column, where they may fuel primary production again.



Soft sediment communities

Soft sediments cover approximately 70.8 % of the Earth’s surface, making it
the second largest habitat on the planet, behind only the open ocean when
taking into account the 3-dimensional habitat (Snelgrove 1999). Soft sedi-
ments as a whole thus represent a tremendous amount of biodiversity, and the
ecosystem processes that take place here are of vital importance for the
planet’s functioning (Snelgrove 1997; Thrush et al. 2021).

Microeukaryotes

Benthic communities are often classified according to their size in relation to
sieve mesh characteristics used during sampling (Somerfield and Warwick
2013). As such, we discriminate between macrofauna (> 0.5 or 1 mm), meio-
fauna (40 or 63 pm — 0.5 or 1 mm) and microfauna (<40 pm) (Fig. 1; Thrush
et al. 2021). Beyond practical sampling considerations, these size boundaries
also distinguish ecological units, governed by distinct community assembly
processes (Somerfield et al. 2018; Luan et al. 2020). Meiofauna are particu-
larly abundant in soft sediment habitats, where they have adapted to live in
the interstitial space (Giere 2009). The term “meiofauna” originally designates
multicellular metazoans, including groups such as nematodes, ostracods, co-
pepods, kinorhynchs or platyhelminths (Mclntyre 1969; Vincx 1996). This
definition sensu stricto is still commonly used today, although numerous stud-
ies recognize the importance of unicellular protists such as ciliates or foramin-
ifers in benthic habitats, and consider them as integral members of meiofauna
(Giere 2009). In this thesis, we use the term “microeukaryotes” to collectively
refer to small metazoans (i.e. meiofauna sensu stricto) and unicellular protists
(Fig. 1). Due to technical challenges having to do with their small size and
large taxonomic diversity, research on microeukaryotes has been neglected
compared to other groups (Giere 2009; Bik 2019). However, their ubiquity
and the central role that they play in sedimentary habitats should act as strong
motives to expand our knowledge on microeukaryotes (Schratzberger and
Ingels 2018).
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Figure 1. Size range of the benthic meio- and microorganisms investigated in this
thesis.

Microeukaryotes are ubiquitous in soft sediment habitats (Giere 2009).
They also constitute one of the most diverse communities on Earth, including
representatives from most metazoan phyla, some of which are exclusively mi-
croeukaryotic (Vincx 1996; Giere 2009). Within soft sediment habitats, mi-
croeukaryotes play a key role in ecosystem processes through their interac-
tions with the macro- and microfauna (Coull 1999; Schratzberger and Ingels
2018). They may affect sediment stability through their bioturbating activity,
and, by grazing on sediment bacteria, influence microbial processes such as
OM mineralization or denitrification (Nascimento et al. 2012; Bonaglia et al.
2014b). They also serve as important food for secondary consumers (Coull
1999; Schratzberger and Ingels 2018).

Many microeukaryotic taxa rely directly or indirectly on OM settling to the
seafloor as food supply (Fenchel 1968; Giere 2009). Consequently, positive
effects of OM settling on microeukaryotic biomass and abundance have often
been reported (Gooday and Turley 1990; Graf 1992; Pfannkuche 1993;
Olafsson and Elmgren 1997), although there are disparities in the response of
different trophic groups and species (Vanaverbeke et al. 2004; Schratzberger
et al. 2008). For example, Olafsson and Elmgren (1997) found that spring
bloom sedimentation was followed by an increase in nematodes classified as
epistrate-feeders (i.e. feeding on microalgae) and selective deposit-feeders
(i.e. feeding on bacteria and small detritus), benefiting from freshly deposited
microalgae and potential stimulation in bacterial production. Yet, these pat-
terns are not always consistent, and it has been demonstrated that many mi-
croeukaryotes exhibit a large plasticity in resource utilization (Moens and
Vincx 1997; Schuelke et al. 2018). Current knowledge on the response of mi-
croeukaryotes to OM settling is strongly biased in favor of a few specific
groups such as nematodes and copepods (Nascimento et al. 2008; Rzeznik-



Orignac and Fichet 2012). As such, potential effects of OM settling at the
community level deserves further attention. In chapters I and IV, we aimed
to address this gap by adopting a DNA-based approach in the context of a
controlled experiment and a field monitoring study.

Bacteria

Bacteria account for the largest biomass and abundance of organisms in soft
sediments (Nealson 1997; Dietrich and Arndt 2000). Recent advances in mo-
lecular ecology have also shed light upon the tremendous diversity in bacterial
communities, although estimates of total richness are still widely uncertain
(Ojaveer et al. 2010; Hoshino et al. 2020). Benthic bacterial communities, in
particular, appear to be more diverse than pelagic communities (Zinger et al.
2011). Benthic bacteria play key roles in ecosystem functioning. They largely
mediate OM mineralization in sediments (Billen et al. 1990; Middelburg et al.
1993) and are involved in several biochemical pathways that ultimately con-
trol element cycling in marine systems (Azam et al. 1993; Thamdrup and
Dalsgaard 2008). The N cycle notably involves many microbial processes,
carried out by more or less specialized bacterial taxa (Box 2; Canfield et al.
2005). For example, the process of nitrification is only mediated by a limited
number of taxa (e.g. Nitrosomonas, Nitrospira, Nitrobacter; Canfield et al.
2005), while the ability to denitrify is widespread among bacteria (Box 2;
Zumft 1997). Altogether, this suggests that potential structural changes in ben-
thic bacterial communities may have important repercussions on ecosystem
functioning as a whole (Nagata 2008).

Box 2: Marine nitrogen cycle at the sediment-water interface

Nitrogen is a central element for OM production, and often the principal lim-
iting factor for primary production in marine systems (Tyrrell 1999). The ma-
rine N cycle is complex, involving several forms of dissolved N and transfor-
mation reactions, principally mediated by bacteria (Canfield et al. 2005;
Thamdrup and Dalsgaard 2008). Since many of these processes are tied to
oxygen (O>) conditions, the sharp oxic/anoxic gradient in upper sediment lay-
ers represents a zone of notable importance for N cycling (Box Fig. 2a;
Canfield et al. 2005; Thrush et al. 2021).
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Box Figure 2. Schematic representation of the marine nitrogen cycle at the sediment-
water interface. (a) Overview of the main transformation pathways occurring in oxic
and anoxic conditions; (b) details of the denitrification process, converting nitrate
(NO3") to dinitrogen (N») in four steps (numbered I to IV). Genes coding for the en-
zymes involved in steps Il and IV — investigated in this thesis — are shown in red. OM
= organic matter, Org N = organic nitrogen, DNRA = dissimilatory nitrate reduction
to ammonium. Modified from Bonaglia (2015)

Organic matter decomposition occurs in conjunction with ammonification, a
process through which organic N is mineralized and released in the form of
ammonium (NH4"). The NH4" pool in sediment pore waters at any given time
is generally small, but it has a dynamic cycle. NHs" may be assimilated
(mainly by bacteria in aphotic sediments), or oxidized to nitrite (NO,") and
nitrate (NO3") in a strictly aerobic process called nitrification. The N com-
pounds produced during these reactions may diffuse upwards to the water col-
umn or downwards into deeper sediment layers, depending on concentration
gradients. In anoxic sediments, oxidized forms of N (NO;™ and NOy) either
enter the dissimilatory nitrate reduction to ammonium (DNRA) pathway,
where they are recycled back into NH4', or are semi-permanently removed
from the environment as dinitrogen gas (N») (Canfield et al. 2005; Thamdrup
and Dalsgaard 2008). The latter path constitutes a major sink in the marine N
cycle (Codispoti 2007; Voss et al. 2011). The conversion of N-oxides to N is
carried out through denitrification and anaerobic ammonia oxidation
(anammox), with nitrous oxide gas (N>O) as an intermediate product. The
process of anammox was discovered more recently than denitrification, and



can locally contribute significantly to N> production (Dalsgaard et al. 2005),
but only to a limited extent in Baltic Sea sediments (Bonaglia et al. 2014a).
Denitrification accounts for most N> production in marine systems (Box Fig.
2b; Devol 2015). It consists of 4 steps, carried out by a highly diverse range
of bacteria, and catalyzed by a set of different enzymes, namely: NO;™ reduc-
tase, NO; reductase (coded for by nirS genes), NO reductase, and N»O re-
ductase (coded for by nosZ genes; Zumft 1997; Canfield et al. 2005). Finally,
a fraction of the organic N that reaches the sediment does not enter any of the
aforementioned pathways, but is permanently buried, accounting for a small
part of total N loss in the system (Canfield et al. 2005; Thamdrup and
Dalsgaard 2008; Voss et al. 2011).

As primary agents of OM mineralization, benthic bacteria often react rap-
idly to settling OM (Meyer-Reil 1987; Witte et al. 2003). As for microeukar-
yotes, pelagic inputs of OM represent their main source of energy in aphotic
sediments (Thamdrup and Dalsgaard 2008). Previous research has docu-
mented that OM settling events often stimulate microbial enzymatic activity
and respiration, leading to increased O, demand by the sediment (Kelly and
Nixon 1984; Biihring et al. 2006; Glud 2008). This can in turn affect important
microbially-mediated processes such as nutrient recycling or denitrification at
the sediment-water interface (SWI) (Box 2; Tuominen et al. 1996; Zilius et al.
2016). At the same time, certain microbial taxa (e.g. Bacteroidetes, Gammap-
roteobacteria, Verrumicrobia) appear to be preferentially associated with OM
degradation in marine environments (Gihring et al. 2009; Vetterli et al. 2015),
which may partly explain shifts in bacterial community composition follow-
ing sedimentation events (Franco et al. 2007; Fagervold et al. 2014; Hoffmann
et al. 2017). Yet, many aspects of such responses of benthic bacteria to OM
settling remain to be investigated. Particularly, the role of OM quality has
been underexplored, despite strong evidence that it is an important driver of
bacterial biodiversity and activity (Arnosti and Holmer 2003; Aspetsberger et
al. 2007; Mayor et al. 2012; Hoffmann et al. 2017). In chapters L, I and IV,
we address the effects of settling OM, notably from a qualitative perspective,
on bacterial community biodiversity in the sediment and at the SWI. In chap-
ter I1I (and part of chapter I) we focus on effects on ecosystem function, and
N cycling in particular.



Study area: the Baltic Sea

Physical and chemical characteristics

The semi-enclosed Baltic Sea is one of the world’s largest brackish water sys-
tems. It is subdivided into several basins (Fig. 2a), and characterized by pro-
nounced environmental gradients from subarctic, nearly freshwater conditions
in the north, to temperate, fully marine waters in the south-west (Snoeijs-
Leijonmalm and Andrén 2017). This ~ 2000 km-long gradient in abiotic pa-
rameters largely constrains species distribution, and most major organisms
groups in the Baltic Sea naturally exhibit a low biodiversity (e.g. benthic
macro- and meiofauna; Elmgren and Hill 1997; Ojaveer et al. 2010). Despite
being on average a rather shallow sea (~ 57 m; Snoeijs-Leijonmalm and
Andrén 2017), most of the Baltic seafloor is located below the photic one. One
important consequence of this is that benthic primary production is limited,
hence strengthening the role of benthic-pelagic coupling (Griffiths et al.
2017). All experimental and field work of this thesis has been carried out in
the Asko area, in the Stockholm archipelago, north-western Baltic Sea proper
(Fig. 2b). Research on soft sediment communities has taken place around
Asko since the 1960’s, providing a good knowledge base for further research.

Figure 2. Map of the Baltic Sea, showing (a) the different sub regions, from the Skag-
errak and Kattegat where marine water from the North Sea flows into the Baltic Sea
and passes a series of shallow sills. Salinity drops from the Bornholm Basin north-
ward, and the Bothnian Bay is essentially freshwater in nature. (b) Map of the study
area (Asko) in the Stockholm archipelago. Maps created with Ocean Data View
(Schlitzer 2021).



Seasonal cycles in pelagic production and export to the seafloor

The seasonal cycle of pelagic production in the Baltic Sea follows a similar
pattern as other temperate marine systems (Winder and Cloern 2010). It is
characterized by a pronounced spring bloom, dominated by diatoms and di-
noflagellates, and followed by a summer bloom, usually dominated by fila-
mentous cyanobacteria (Fig. 3; Wasmund et al. 2011; Andersson et al. 2017).
Due to their ability to fix N gas, the latter have a competitive advantage when
other N sources are limiting for most phytoplankton groups (Paerl and
Huisman 2009). Finally, a diatom-dominated bloom of smaller amplitude typ-
ically occurs in the autumn and ends the phytoplankton growth season
(Andersson et al. 2017). Zooplankton temporal dynamics are partially syn-
chronized with phytoplankton availability, but also constrained by water tem-
perature (Mo6llmann et al. 2000). As such, there is only limited grazing activity
during the early spring bloom, and zooplankton tend to peak during the sum-
mer months (Andersson et al. 2017). These seasonal patterns in phytoplankton
and zooplankton production translate to important variations in OM sedimen-
tation over the year, both in terms of quantity and quality (Blomqvist and
Heiskanen 2001). Diatoms, as large, fast-sinking cells, contribute largely to
the downward flux of OM during the spring bloom, and typically reach the
sediment in a relatively fresh state (Blomqvist and Heiskanen 2001). In addi-
tion, they are rich in essential lipids and amino acids, and are hence considered
nutritionally favourable to consumers (Brown 1991; Dunstan et al. 1994).
Sedimentation from the summer cyanobacterial bloom, however, is more var-
iable (Heiskanen and Kononen 1994). Indeed, cyanobacteria are particularly
buoyant in the water due to their gas vacuoles (Walsby 1975). They tend to
reach the seafloor in smaller quantities and in a more degraded state than
spring bloom plankton (Blomqvist and Heiskanen 2001; Bianchi et al. 2002).
Cyanobacteria are also considered of low nutritional quality and certain spe-
cies produce toxic compounds (Engstrom et al. 2000; Nascimento et al. 2009).
The grazing pressure from zooplankton is higher during the summer, which
may reduce phytoplankton sedimentation, but also contribute to the overall
settling of OM from fecal pellets and carcasses (Tang and Elliott 2014; Turner
2015). Altogether, the quantity and quality of plankton-derived OM that
reaches the seafloor differs markedly along the year.
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Figure 3. Phytoplankton species of (a) diatoms (Skeletonema marinoi) and (b) cya-
nobacteria (Nodularia spumigena), common in the Baltic Sea and used in some of the
work of this thesis. Photo credits Helena Hoglander.

Anthropogenic pressures are changing Baltic Sea ecosystems

Global climate change and anthropogenic activities are profoundly changing
marine ecosystems around the world (IPCC 2014). Current changes in Baltic
Sea ecosystems are happening at a fast pace, and may provide a glimpse of
what the future holds for other coastal areas (Reusch et al. 2018). Over the last
30 years, there has been an increase in annual mean sea surface temperature
by up to 1°C per decade, which is projected to continue in the future, reaching
up to an additional 4°C by the end of the century (Andersson et al. 2015;
BACC II Author Team 2015). In addition, the Baltic Sea experiences strong
local anthropogenic pressure from the 85 million inhabitants living in its
catchment area. It has notably a long history of eutrophication, with nutrient
loads in the environment contributing to increased primary production and
expansion of bottom water hypoxia (Carstensen et al. 2014; Snoeijs-
Leijonmalm and Andrén 2017). Today, about 70,000 km? of the seafloor is
permanently hypoxic and mostly devoid of fauna (Carstensen and Conley
2019). Due to important management actions, nutrient loads to the Baltic Sea
have substantially decreased since the 1990s, but eutrophication effects persist
to this day, and the ecosystem will probably need many more decades to fully
recover (Elmgren et al. 2015; Reusch et al. 2018).

These anthropogenic disturbances are creating an imbalance in Baltic Sea
ecosystems (Cloern et al. 2016). We are currently witnessing important
changes in phytoplankton primary production, as well as other pelagic pro-
cesses, which ultimately affect OM settling to the seafloor (Griffiths et al.
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2017; Tamelander et al. 2017; Spilling et al. 2018). Current research indicates
a decrease in diatoms biomass during spring blooms, with a dominance shift
in favor of dinoflagellates (Wasmund et al. 2011; Spilling et al. 2018). In par-
allel, the frequency and spatial distribution of N,-fixing cyanobacteria sum-
mer blooms is increasing in the area (Kahru and Elmgren 2014). Changes in
pelagic food web dynamics also affect OM sedimentation to the seafloor. For
example, warmer temperatures are projected to reduce the time lag between
phytoplankton and zooplankton, as well as to increase the mineralization ac-
tivity by water column bacteria (Aberle et al. 2015; Andersson et al. 2015;
Tamelander et al. 2017). This ultimately suggests that less OM will settle to
the seafloor in the future. Dominance by phytoplankton that are buoyant or
swim (i.e. cyanobacteria and dinoflagellates), coupled to increased bacterial
decomposition will also lead to OM reaching the seafloor in a more degraded
state (Tamelander et al. 2017). Considering the primary importance of settling
OM quantity and quality as drivers of the biodiversity and functioning of ben-
thic communities, it is essential to evaluate how benthic-pelagic coupling
might be affected by such rapid environmental change (Griffiths et al. 2017).
As a model system for the future evolution of coastal areas, the Baltic Sea is
a suitable environment in which to address these questions (Reusch et al.
2018).
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Aims of the thesis

In a context of rapid environmental change in the Baltic Sea, the overarching
goal of the thesis was to investigate the importance of the quality and quantity
of settling OM for microbenthic community structure and functioning (Fig.
4). More specifically, the different chapters focused on the following aspects:

In chapter I, we used an experimental approach to study the effect of two
sources of OM, a common spring bloom diatom and a summer bloom cyano-
bacteria species, on the diversity and community structure of benthic micro-
eukaryotes and bacteria, as well as on denitrification gene expression in the
sediment.

In chapter I1, we focused on the effects of settling diatoms and cyanobacteria
on bacterial communities at the sediment-water interface.

In chapter I1I, we used a two factorial experiment to simultaneously explore
the effects of OM quantity and quality on N cycling at the sediment-water
interface.

In chapter IV, we conducted a year-long monitoring study to evaluate the

seasonal dynamics of microeukaryotic and bacterial communities in response
to pelagic environmental factors, particularly OM settling.
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Figure 4. Conceptualization of the thesis framework, highlighting the focus of the
different chapters (I to IV). The upper and lower boxes show the variables and re-
sponses studied in each chapter, respectively.
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Comments on the methods

In this doctoral project, I combined experimental and field approaches to in-
vestigate the role of settling OM on benthic community structure and func-
tioning. Chapters I and II were based on the same experimental set-up, in
which we mimicked an OM quality gradient from 100 % diatoms to 100 %
cyanobacteria input to the sediment (Fig. 5). Considering a scenario where the
contribution of diatoms and cyanobacteria to total phytoplanktonic production
is progressively shifting (Klais et al. 2011; Suikkanen et al. 2013; Hjerne et
al. 2019), the goal was to assess potential effects on microeukaryotic and bac-
terial community structure and functioning. The latter was also addressed in
chapter III, where the aim was to simultaneously explore the role of settling
OM quantity (high vs. low) and quality (spring vs. summer plankton OM) on
N cycling at the SWI (Fig. 5). Finally, in chapter IV, we carried out a year-
long monitoring study in the Stockholm archipelago, Asko area, during which
surface sediment was sampled on a monthly basis (Fig. 5). Results from this
last study were paired with environmental data gathered by the Swedish Na-
tional Marine Monitoring Program at the same site, in order to distinguish
potential effects of OM settling and other pelagic environmental variables on
benthic communities under natural conditions. In order to evaluate the impact
of OM settling on benthic microeukaryotes and bacteria at a community level,
we opted for a molecular approach — metabarcoding. The second goal was to
assess the functional response of sediment communities, more specifically
around the N cycle. This was addressed by combining a molecular approach
of reverse transcription quantitative real-time PCR (RT-qPCR) on denitrifica-
tion gene expression, with sediment core incubations, designed to measure
fluxes and rates at the SWI. In the following section, we will cover in more
details our approach on molecular methods and sediment core incubations.
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Figure 5. Schematic representation of the experimental (chapters I to III) and field
work (chapter IV) designs conducted in this thesis.

Molecular approaches

Over the last decades, the use of molecular approaches has boomed in envi-
ronmental research (Taberlet et al. 2018). Initially developed within the realm
of microbiology, molecular methods have quickly expanded to investigate bi-
odiversity of larger organisms, including microeukaryotes (Creer et al. 2016;
Fonseca et al. 2017), macrofauna (Leray and Knowlton 2015), fish (Fraija-
Fernandez et al. 2020), and even sharks (Boussarie et al. 2018). Targeting eu-
karyotes through molecular approaches faces a number of challenges (Bik et
al. 2012; van der Loos and Nijland 2021), but altogether, has proven remark-
ably valuable, particularly among taxonomically challenging groups such as
microeukaryotes (Fonseca et al. 2017). In parallel, molecular methods are
commonly applied to access functional information within natural communi-
ties (Taberlet et al. 2018). In this thesis, we have relied on metabarcoding to
characterize effects of OM settling on both microeukaryotic and bacterial
communities (chapters I, II and 1V), and applied RT-qPCR to quantify the
expression of genes involved in N cycling (chapter I).
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Uncovering benthic communities using metabarcoding

Metabarcoding is one of the most popular molecular approach to examine spe-
cies composition in the environment (Leray and Knowlton 2016; Porter and
Hajibabaei 2018). This technique is based on the analysis of short, standard
DNA markers called barcodes, which carry taxonomic information about the
organisms they are isolated from (Taberlet et al. 2018). Metabarcoding is a
versatile tool that can be applied to profile almost all natural communities.
Combined with high-throughput sequencing platforms, it provides a rapid and
cost-efficient method to simultaneously assess the composition of entire com-
munities from a single sample (Box 3; Ruppert et al. (2019)). In the following
sections, we will cover the main steps involved in metabarcoding, and discuss
some of the methodological choices made in the thesis chapters.
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Box 3: Metabarcoding workflow
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The starting material (1) for
metabarcoding may come from
isolated organisms (bulk samples)
or environmental samples (e.g. wa-
ter or sediment). In this thesis, we
have used the second option, which
allowed to simultaneously investi-
gate bacterial, protist and meta-
zoan communities. The next step
consists in (2) extracting nucleic
acids (DNA or RNA) from the
samples, using standard kits or pro-
tocols. Once a barcode region is se-
lected, the DNA or RNA fragments
are then used as template for (3)
amplification via Polymerase
Chain Reaction (PCR). During
this reaction, specific primers, at-
taching to either sides of the bar-
code region, are used to simultane-
ously obtain billions of DNA frag-
ments referred to as amplicons.
The amplicons are processed on a
(4) high-throughput sequencing
platform — in our case, Illumina
MiSeq — and DNA sequences are
filtered and analyzed through a (5)
bioinformatic pipeline.  Ulti-
mately, the DNA sequences are
compared to a reference database,
allowing for the taxonomic classi-
fication of the organisms or DNA
fragments present in the original
sample (Taberlet et al. 2018).

Box Figure 3. General metabarcoding workflow, showing the main steps of the pro-
cess from sample isolation to taxonomic classification of the DNA sequences (1 to 5).
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Nucleic acids: DNA or RNA?

Environmental samples (e.g. sediment, water) typically contain a complex
mixture of genetic material composed of intracellular and extracellular DNA
and RNA molecules (Taberlet et al. 2018; Eble et al. 2020). Intracellular
DNA/RNA from the organisms present in the sample contribute a large part
to the total pool of genetic material, but extracellular fragments originating
from past and distant communities may also persists in significant amounts
(Taberlet et al. 2018). The fact that short DNA fragments in particular may
long be detected in the environment (e.g. 10,000 years; Corinaldesi et al.
(2008)) is an interesting feature for a number of applications, including the
reconstruction of past communities (Pawlowska et al. 2014). However, this
may hinder our ability to resolve changes on a shorter time frame (e.g. weeks)
from DNA samples. Conversely, RNA molecules are less stable than DNA, at
least under laboratory conditions (Yates et al. 2021), and RNA-based analyses
could therefore provide a more accurate representation of metabolically active
organisms at the time of sampling (Blazewicz et al. 2013; Pochon et al. 2017;
Cristescu 2019). The experiment conducted in chapter I spanned over 4
weeks. In order to maximize our chances to detect changes in living commu-
nities of microeukaryotes and bacteria in the sediment, we used metabarcod-
ing on environmental RNA (eRNA). The analyses of bacterial communities
in the water column presented in chapter II were based on the same experi-
ment, but due to methodological constraints, we targeted environmental DNA
(eDNA) instead of eRNA. Interestingly, we were still able to detect changes
within 4 weeks based on eDNA analyses. Finally, in the field monitoring pro-
ject, both eRNA and eDNA were extracted from the sediment. The results
presented in chapter IV are based entirely on the eDNA dataset. Again, we
were able to detect significant changes from one month to the next. Alto-
gether, it seems that the persistence of DNA and RNA in the environment is
more complex than theory would predict (Blazewicz et al. 2013; Cristescu
2019). In a recent experiment, Wood et al. (2020) even found similar decay
rates for eRNA and eDNA in aquatic environments. Nevertheless, a few stud-
ies have compared eRNA and eDNA-based community analyses, and high-
lighted the benefits of using a combined approach (Guardiola et al. 2016;
Pochon et al. 2017; Nawaz et al. 2019; Marshall et al. 2021).

Regions of interest: 18S and 16S rRNA genes

The choice of barcode region is of crucial importance in metabarcoding, as it
will inevitably affect the output of the analysis (Box 3; Bik et al. 2012; Alberdi
et al. 2017; Taberlet et al. 2018). Ideally, a barcode region needs to be short
(i.e. < 300-400 bp), sufficiently variable to distinguish between species,
flanked by highly conserved regions which primers can anchor to, and with
extensive documentation in reference databases (Taberlet et al. 2018; Ruppert
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et al. 2019; van der Loos and Nijland 2021). In practice, DNA barcodes rarely
fulfill all these criteria perfectly, meaning that a compromise has to be made
between taxonomic coverage (i.e. how broadly it will amplify across target
groups) and resolution (i.e. how accurately will species be delineated) pro-
vided by a particular region (Alberdi et al. 2017; Taberlet et al. 2018). For
example, the mitochondrial cytochrome c oxidase 1 (COI) gene is widely used
for metabarcoding of animal communities (Radulovici et al. 2010; Leray and
Knowlton 2015), and is one of the standard barcodes recommended by the
Barcode of Life Data System (BOLD) (Ratnasingham and Hebert 2007).
However, the COI gene is not optimal for resolving nematode taxonomy
(Creer et al. 2010; Carugati et al. 2015; Fontaneto et al. 2015). Instead, other
markers such as the 18S ribosomal RNA (rRNA) gene may be more appropri-
ate for microeukaryote metabarcoding (Creer et al. 2010; Deagle et al. 2014),
although it may underestimate the overall diversity (Tang et al. 2012). In our
case, since we wanted to recover information on the whole microeukaryotic
community, we based our metabarcoding analyses in chapters I and IV on
the 18S rRNA gene, targeting the hypervariable region v4, previously used
for community analyses of microeukaryotes (Stoeck et al. 2010; Lejzerowicz
et al. 2015; Brandt et al. 2020). For bacterial community analyses, the 16S
rRNA gene is the most commonly used barcode. Studies have sequenced dif-
ferent hypervariable regions, but in our case, we targeted v3-v4 for chapters
L, IT and IV, as it has been shown to work well to recover community scale
information of bacteria both in the sediment and in the water (Herlemann et
al. 2011; Klier et al. 2018; Broman et al. 2019).

Library preparation and sequencing

Once nucleic acids are extracted from the sample(s), regions of interest are
targeted and amplified via PCR (Box 3). In the case of eERNA, RNA fragments
were first converted to cDNA and we also carried out a DNase degradation
procedure in order to remove all traces of DNA that could interfere with the
signals from the RNA pool. All downstream applications from this step on-
wards were the same for eDNA and cDNA. PCR amplification protocols may
vary across studies but always follow the same general principle (Box 3;
(Alberdi et al. 2017; Taberlet et al. 2018; van der Loos and Nijland 2021)). In
all our community analyses (chapters I, I and IV), we followed a dual-index
protocol, involving two sequential rounds of PCR amplification and cleaning
steps (Taberlet et al. 2018). During this procedure, DNA amplicons from the
same sample were identified by a unique combination of reverse and forward
index tags. In addition, adapter sequences were included in order for the DNA
fragments to attach to the sequencing flow cell. All amplicons were sequenced
on the [llumina MiSeq platform (2 x 300 bp paired-end reads) at the Science
for Life Laboratory, Stockholm.
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Bioinformatic pipeline

High-throughput sequencing of natural communities yield billions of DNA
sequences that require bioinformatic handling in order to ensure the quality
and reliability of the data (Deiner et al. 2017; Taberlet et al. 2018). For our
community analyses, we processed 18S and 16S rRNA sequences using the
DADAZ? bioinformatic pipeline, implemented in R (Box 3; Callahan et al.
(2016)). During data processing, our DNA sequences were merged into am-
plicon sequence variants (ASVs). This method aims to discriminate biologi-
cally meaningful information from sequencing errors, and does not rely on a
fixed dissimilarity threshold to cluster sequences (Callahan et al. 2016). Usu-
ally, DNA sequences are clustered into operational taxonomic units (OTUs)
based on how much they differ from each other, typically using a cut-off at 97
% (Taberlet et al. 2018; Ruppert et al. 2019). The ASV approach has been
described as more sensitive and reproducible than OTU clustering (Callahan
et al. 2017), although it does not resolve all the pitfalls associated with
metabarcoding. Finally, sequences were assigned taxonomic classification
with the help of reference databases (Taberlet et al. 2018). For microeukary-
otes analyzed using the 18S rRNA barcode, sequences were compared simul-
taneously against two databases. In chapter I, we used the NCBI n¢ (Benson
et al. 2013) and SILVA databases (Quast et al. 2013). The former, as one of
the largest DNA sequence repositories available, retrieved taxonomic infor-
mation on a good portion of the dataset (e.g. 73.3 % of sequences identified
at phylum level in chapter I), but did not provide fine taxonomic resolution
on unicellular eukaryotes. This limitation was partly alleviated by simultane-
ously comparing our data against the SILV A database. In chapter IV, we also
identified DNA sequences using the NCBI n¢ database, but in combination
with the PR2 database, specifically designed for protists (Guillou et al. 2013).
For taxonomic assignment of bacteria, analyzed using the 16S rRNA barcode,
we compared our DNA sequences to the SILVA database in all our studies
(chapters L, IT and IV). It is both well-documented for prokaryotes, and pro-
vided an acceptable level of taxonomic resolution (Quast et al. 2013; Creer et
al. 2016).
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Box 4: Traditional versus molecular approaches in community studies

Resolving community biodiversity is a central objective in most ecological
studies. At a time when marine ecosystems are facing intense anthropogenic
pressure and biodiversity is declining at unprecedented rates (Sala and
Knowlton 2006; Ceballos et al. 2015), this objective has become even more
pressing (Costello et al. 2010). The emergence of molecular approaches offers
a remarkable opportunity to address some of these knowledge gaps (Taberlet
etal. 2012; Cristescu 2014), although it still faces important challenges (Leray
and Knowlton 2016; van der Loos and Nijland 2021). In this context, numer-
ous studies have explored biodiversity through the lens of traditional and mo-
lecular methods in order to compare the taxonomic information derived from
each (Ruppert et al. 2019 and references therein). To our knowledge, compar-
ison studies of traditional and molecular methods for biodiversity assessment
have been mostly performed for eukaryotes, as the pros of molecular ap-
proaches vastly outweigh the cons for prokaryote biodiversity determination.
The leap of knowledge that microbial ecology experienced as molecular meth-
ods developed is a prime illustration of how limited traditional techniques (i.e.
based on morphology and cultivation) were in resolving bacterial communi-
ties (Taberlet et al. 2018). For larger organisms, however (e.g. macrofauna,
meiofauna), morphological identification has a long history, and is often still
the standard approach in research studies and monitoring programs. There,
benchmarking studies are essential to evaluate the suitability of molecular-
based community assessments as alternative or complementary approaches
(Aylagas et al. 2016; Cahill et al. 2018; Leasi et al. 2018). Traditional and
molecular approaches both have advantages and disadvantages which will ul-
timately generate biases in the analysis (summarized in Box Table 1, (Leasi
et al. 2018)).

Box Table 1. Discussion of the advantages (green symbols) and disadvantages (red
symbols) from traditional (i.e. morphology-based) and molecular approaches to mon-
itor eukaryotic communities. Based on Carugati et al. (2015) & Goodwin et al. (2017).

Traditional

Information on species abundance

Greater taxonomic resolution (genus or species level) for certain taxo-
nomic groups

Continuity and comparability with previous work

Limited information from challenging groups (e.g. juveniles, soft-bod-
ied organisms, cryptic species, damaged specimens)

@ Requires taxonomic expertise
Time-consuming and costly
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Molecular

Resolves taxonomic information on some of the groups overlooked by
traditional approaches

Allows for simultaneous investigations of multiple communities from

@ the same samples

Does not require taxonomic expertise
High sample throughput and time-efficient
Declining costs

Not quantitative
@ Biases in taxa detection (PCR amplification, barcode region)
Poorer taxonomic resolution for certain taxonomic groups

Molecular-based community analyses have unveiled new horizons in biodi-
versity studies (Fonseca et al. 2010; Leray and Knowlton 2016; Deiner et al.
2017). However, the challenges of relating DNA read abundances to species
counts and obtaining a good taxonomic resolution for certain groups still lim-
its the broader implementation of molecular approaches for monitoring pur-
poses (Mathieu et al. 2020; van der Loos and Nijland 2021). Despite these
limitations, molecular methods can perform just as well as traditional inven-
tories for ecological status and impact assessments (Pawlowski et al. 2014;
Lejzerowicz et al. 2015; Aylagas et al. 2016, 2018; Stoeck et al. 2018). Ulti-
mately, both approaches are highly relevant, and methodological choices
should be tailored to the research question(s).
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Estimating functional gene activity using reverse transcription
quantitative real-time PCR

Community composition assessments only provide limited information on the
functional role of organisms in the ecosystem. Bacteria, in particular, may be
involved in a wide array of element cycling processes, and a particular pro-
cess may be carried out by many different bacterial groups (Thamdrup and
Dalsgaard 2008). The development of molecular approaches represent a great
opportunity to bypass this issue and directly assess functional processes in the
ecosystem (Taberlet et al. 2018). In chapter I, we used the technique of RT-
qPCR to quantify gene expression in the sediment at the end of our experi-
ment. Unlike standard qPCR, used to quantify gene abundances, RT-qPCR
quantifies RNA transcripts to provide an estimate of the community’s activity
related to a particular function at the time of sampling. In our case, we as-
sessed the expression of genes nirS and nosZ, coding for NO,™ reductase and
N»O reductase enzymes, respectively, both involved in the denitrification pro-
cess (Box 2; Zumft 1997). Although gene expression quantification (RNA)
gives a more accurate picture of how active the community is compared to
gene quantification (DNA), the link to enzymatic activity and rate measure-
ments is not always straightforward (Wallenstein et al. 2006; Bowen et al.
2014). Until these links are fully resolved, it can be a good idea to complement
molecular approaches with other techniques to investigate functional re-
sponses.

Sediment core incubations

One goal of this thesis was to assess the impact of OM settling on functional
processes, in particular related to N cycling, taking place at the SWI. In the
preceding section, we reviewed the approach implemented in chapter I, based
on RT-qPCR of denitrification gene expression. In chapter III, we measured
rates of solute exchange using whole-core incubations, combined with the iso-
tope-pairing technique (IPT), which we will cover in the following sections.

Solute exchange at the sediment-water interface

The SWI is a site of dynamic exchanges of solutes (i.e. liquid, gas or solid
substance dissolved in a solution) between benthic and pelagic environments
(Thrush et al. 2021). Implementing standardized methods is crucial to achieve
accurate elemental budgets across different systems and in response to differ-
ent factors (Dalsgaard (ed.) et al. 2000). In that regard, core incubation tech-
niques constitute a cornerstone in biogeochemistry studies (Dalsgaard (ed.) et
al. 2000). The general principle involves enclosed containers — in our case,
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sediment cores — which are incubated for a set amount of time. By measuring
the concentration of solute in the water at the beginning and end of the incu-
bation period, we can reliably determine the direction and strength of flux(es)
across the SWI. An increase in solute concentration in the water over time
indicates a net release from the sediment, while a decrease indicates a net up-
take from the sediment. In chapter III, we simulated different OM settling
scenarios to intact sediment cores collected in the Stockholm archipelago. Us-
ing whole-core incubations, we assessed how OM settling quantity and quality
impacted fluxes of O, and nutrients (NHs", NOyx, POs*, H,SiO4) across the
SWI (Fig. 6).

Figure 6. Experimental set-up used in chapter I1I. (a) Incubation tank containing all
the sediment cores, the water was constantly oxygenated and circulated to ensure ho-
mogeneous conditions; (b) sediment core collected around Askd and used for the ex-
periment; (c) cross-section schematic of the tank and cores, showing the rotating mag-
nets that circulated water in each core. Photo credits Séréna Albert.

More specifically, one of the aims of chapter III was to evaluate the effect
of OM settling on N cycling, including NOs™ reduction rates. To this end, we
combined whole core incubations (Fig. 6) with the widely used IPT. The IPT
method was developed 30 years ago by Nielsen (1992) to measure denitrifi-
cation in sediments through the addition of labelled '*N-nitrate ('’NO5"). It has
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since been applied extensively, resulting in a large body of literature docu-
menting NO3™ reduction rates and controlling factors in a diverse range of eco-
systems (Seitzinger et al. 2006 and references therein). The IPT involves the
addition of ""N-labelled NOs™ to overlying water, which eventually diffuses
into the sediment, and reaches an equilibrium with the NO3™ naturally present
(99.64 % "N and 0.36 % "°N; Steingruber et al. 2001). By tracking the pro-
duction of "N-N; gas (*°N and N), it is possible to measure denitrification
rates through a set of simple equations (Nielsen 1992; Steingruber et al. 2001).
The IPT further enables the differentiation between denitrification fueled by
NOs™ from the overlying water column (Dy) and by NOs™ produced through
nitrification in the sediment (Dy; Nielsen 1992). Over the years, some of the
inherent limitations to the IPT, as well as knowledge expansion on N cycling
have prompted a number of methodological revisions to this approach
(Robertson et al. 2019 and references therein). It is notably possible to calcu-
late the contribution of anammox to N> production (Risgaard-petersen et al.
2003) and measure DNRA through the production of "NH," (Robertson et al.
2019). In chapter III, we measured the release of '"’N-N; and "NH," follow-
ing "NO;™ addition in order to simultaneously evaluate denitrification and
DNRA rates, respectively (Box 2).
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Main results and discussion

Effects of organic matter sedimentation on benthic
community structure and diversity

Microeukaryotes

Our results confirm that OM settling acts as an important structuring factor
for benthic microeukaryotic communities (Graf 1992; Pfannkuche 1993;
Olafsson and Elmgren 1997; Schratzberger et al. 2008). In chapter IV, we
notably observed that microeukaryotic alpha diversity decreased substantially
following spring bloom sedimentation (Fig. 7a). Negative impacts of OM set-
tling on community diversity are not uncommon in soft sediments, especially
after large OM pulses (Quijon et al. 2008; Soltwedel et al. 2018; Stoeck et al.
2018). For example, at a coastal site in the English Channel, the settling of a
particularly large phytoplankton bloom triggered a decline in macrofauna
richness and community evenness (Zhang et al. 2015). However, these effects
are poorly documented for microeukaryotic communities as a whole (Stoeck
et al. 2018; Salonen et al. 2019). Changes in environmental conditions (e.g.
O, concentration) caused by OM settling can mediate responses by the micro-
eukaryotic community (Modig and Olafsson 1998; Levin 2003). In the case
of our seasonal monitoring study (chapter IV), we suggest that the negative
effect on alpha diversity was partially caused by a decrease in O, concentra-
tion at the SWI following mineralization of spring bloom OM (Pfannkuche
1993; Zhang et al. 2015). This could explain the decreased proportion of taxa
sensitive to low O, conditions such as harpacticoid copepods (Modig and
Olafsson 1998; Levin 2003)
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Figure 7. Changes in microeukaryotic alpha diversity based on the abundance cover-
age estimator (ACE). (a) Results from chapter IV, showing the seasonal dynamics
from February 2018 (Feb_18) to February 2019 (Feb_19), the schematic below illus-
trates the general pattern of phytoplankton production throughout the year. (b) Results
from chapter I, four weeks after organic matter addition, the experimental treatments
are on the x-axis, including control (CTR) and the organic matter quality gradient

from 100 % diatoms (100D) to 100 % cyanobacteria (100C) inputs.

In chapter I, we also observed a decrease in microeukaryotic alpha diver-
sity following addition of diatoms, but not cyanobacteria (Fig. 7b). However,
the processes that led to this decrease were probably not connected to poor O
conditions. Indeed, the water column was oxygenated throughout the entire
duration of the experiment. In addition, sediment O, demand seems primarily
linked to differences in OM quantities, as evidenced in chapter III (Sloth et
al. 1995; Zilius et al. 2016), and in chapter I, OM amounts were standardized
across all treatments. This suggests that specific characteristics linked to OM
quality can also play a key role in triggering changes in microeukaryotic di-
versity (Ingels et al. 2011; Campanya-llovet et al. 2017). Decline in alpha di-
versity following the provision of a new food resource can occur as a result of
competitive exclusion by specialized taxa (Paine 1966; Peterson 1979). In
both chapters I and IV, it is worth pointing out that our molecular approach
enabled us to investigate microeukaryotic community diversity in a broad
sense, not only encompassing species diversity, but also intraspecific diversity
linked to the presence of multiple genotypes (Stoeck et al. 2010; Taberlet et
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al. 2018). In chapter I, the negative impact of settling diatom material on
alpha diversity was not tied to the exclusion of broad taxonomic nor functional
microeukaryotic groups. Instead, we hypothesize that particular genotypes
displayed a competitive advantage in their utilization of diatom-derived OM.
For instance, resource partitioning among cryptic species has been docu-
mented for a bacterivorous nematode species complex (Derycke et al. 2016;
Guden et al. 2018). Selection of a few genotypes through competitive exclu-
sion would in turn decrease the overall genetic diversity of the microeukary-
otic community, without necessarily inducing marked changes at high taxo-
nomic level. It is possible that competitive exclusion was also partly respon-
sible for the decrease in alpha diversity following spring bloom settling in our
field study (chapter IV). Conversely, settling cyanobacteria did not trigger
pronounced changes in microeukaryotic diversity, either positively or nega-
tively, in our experimental study (chapter I) and seasonal survey (chapter
IV) (Fig. 7).

Beyond these effects on diversity, our results further confirm the im-
portance of OM settling as a driver of microeukaryotic community structure.
We noticed the most striking changes in community structure in our field
monitoring study following spring bloom sedimentation (Fig. 8a, chapter
IV). Some groups (e.g. alveolates, nematodes) responded positively to spring
OM input, while others responded negatively (e.g. metazoans, harpacticoid
copepods, acoels). These results are in line with previous studies conducted at
this site (Olafsson and Elmgren 1997), and in other coastal areas
(Schratzberger et al. 2008; Lampadariou and Eleftheriou 2018), regarding the
importance of spring bloom sedimentation as a structuring factor for micro-
eukaryotic communities. Yet, there are also some discrepancies between our
results and those described in the literature. For example, in chapter I, we did
not observe significant changes in relative abundance of nematode feeding
groups in response to OM settling, whilst previous work found that deposit-
feeding and epistrate-feeding nematodes often increase after the sedimenta-
tion of phytodetritus (Olafsson and Elmgren 1997; Vanaverbeke et al. 2004;
Lampadariou and Eleftheriou 2018). We think that these divergent observa-
tions stem partially from methodological choices (Leasi et al. 2018). Our mo-
lecular approach was not ideally suited to resolve nematode taxonomy at spe-
cies level, which limited our ability to detect changes within this taxonomic
group (Box 4). On the other hand, morphology-based studies rarely investi-
gate changes in metazoan meiofauna, unicellular eukaryotes and soft-bodied
organisms (e.g. acoels) simultaneously. Yet, the two last groups appeared as
important drivers of microeukaryotic community variation after spring bloom
settling in chapter IV. Using combinations of molecular and traditional ap-
proaches will undeniably contribute to broaden our knowledge on the re-
sponse of microeukaryotic communities to environmental drivers, and OM
settling in particular (Leray and Knowlton 2016; Deiner et al. 2017).
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Figure 8. Non-metric multidimensional scaling plots of microeukaryotic communi-
ties based on the Serensen distance metric. (a) Results from chapter IV, showing the
seasonal dynamics from February 2018 (Feb_18) to February 2019 (Feb_19). The
stress value for each plot is displayed in the bottom right corner. (b) Results from
chapter I, four weeks after organic matter addition, experimental treatments are dis-
played on the right-hand side, including control (CTR) and the organic matter quality
gradient from 100 % diatoms (100D) to 100 % cyanobacteria (100C) inputs.
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The effect of OM quality on microeukaryotic community structure was sig-
nificant but more subtle than on alpha diversity. This is particularly evident in
the results presented in chapter I (Fig. 8b), where we observed that the com-
munity responded differently to inputs of cyanobacteria OM, even in small
proportions, compared to inputs of diatoms. However, we did not see a change
at high taxonomic levels, but shifts in the lower taxonomic levels, as previ-
ously discussed. On the one hand, microeukaryotic organisms, in particular
meiofauna, have been shown to assimilate cyanobacteria in substantial quan-
tities (Nascimento et al. 2008), although with reduced growth benefits com-
pared to a diatom diet (Nascimento et al. 2009). On the other hand, cyanobac-
teria can represent a favorable nutritional resource for certain invertebrate
consumers, notably when used to complement other food sources (Engstrom-
oOst et al. 2002; Groendahl and Fink 2017). Cyanobacterial blooms have natu-
rally occurred in the Baltic Sea for thousands of years (Bianchi et al. 2000).
Despite somewhat unpredictable export to the seafloor (Blomqvist and
Heiskanen 2001; Tamelander et al. 2017), it is possible that some microeukar-
yotic taxa or genotypes have adapted to utilize this resource when available
(Nascimento et al. 2009; Karlson et al. 2015; Gorokhova et al. 2021). The
importance of settling OM quality for microeukaryotic communities is also
supported to some extent by the results in chapter IV. There, we found both
diatom and cyanobacteria biomass in the water column as significant drivers
of microeukaryotic community structure throughout the year, but the clearest
changes in community composition occurred after the large pulse of spring
bloom settling. This indicates that although seasonal changes in OM quality
played a role, it was probably overwhelmed by variations in OM quantity. In
parallel, we found that seasonal variations in temperature and O, concentra-
tion in bottom waters were also significant drivers of microeukaryotic com-
munities during the study year (Schratzberger et al. 2008; Grego et al. 2014;
Salonen et al. 2019).
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Bacteria

Based on the different studies, we found few distinct changes in bacterial com-
munities in response to OM settling. As for microeukaryotes, the most pro-
nounced response occurred following the spring bloom settling in our field
survey (chapter 1V). After the spring bloom, we observed a stimulation of
mineralization activity at our study site, as indicated by low O, concentration
in bottom waters. In parallel, we detected a shift in bacterial community struc-
ture. However, we were not able to connect this shift to changes in relative
abundance at a high taxonomic level, which indicates a more subtle reorgani-
zation of the community at intermediate or low taxonomic levels (Landa et al.
2014). Similarly, we did not detect marked differences in bacterial communi-
ties in our experimental set-up testing the influence of OM quality amend-
ments from diatoms and cyanobacteria (chapter I). There was no evidence
that particular bacterial taxonomic groups or ASVs were favored by either
source of OM in the sediment. These observations are somewhat unexpected
since previous studies have demonstrated that the relative abundance of cer-
tain groups (e.g. Bacteroidetes, Alpha- and Gammaproteobacteria, Verrumi-
crobia) tended to increase with OM availability (Riemann et al. 2000;
Andersson et al. 2010; Vetterli et al. 2015; Hoffmann et al. 2017). In the Gulf
of Finland, it has been shown that different sediment bacterial taxa were fa-
vored at different times of the year, notably in relation to the availability and
origin of settling OM (Vetterli et al. 2015). We must, however, point out that
our sampling strategy differed from most other studies in the literature. While
these studies on benthic bacteria usually target the upper sediment layer (i.e.
0-0.5 or 1 cm; (Franco et al. 2007; Tait et al. 2015; Vetterli et al. 2015)), we
sampled the sediment over a greater depth spectrum (0-3 c¢cm) in both field and
experimental studies (chapters I and IV). Although this depth layer was ap-
propriate to recover most microeukaryotes (Giere 2009), it represents a much
broader zonation for bacteria (Hoshino et al. 2020), and most of the commu-
nity that we picked up comprised bacteria present in anoxic layers. Based on
our results, the bulk of the community, as integrated over 0-3 c¢m, remains
stable during the year (chapter IV). Although some changes were induced by
spring bloom settling, bacterial communities did not respond markedly to dif-
ferent OM quality from diatoms and cyanobacteria (chapter I). It is likely that
the upper sediment layer displayed stronger changes in bacterial community
structure and diversity, but that these effects were masked by the stability of
the community in deeper sediment layers.

The hypothesis that bacterial communities close to the sediment surface
responded more markedly to OM sedimentation is partially supported by our
results from chapter II. This study is based on the same experimental set-up
as that described in chapter I, where we mimicked a gradient in OM quality
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deposition to the sediment, ranging from 100 % diatoms to 100 % cyanobac-
teria. In chapter II, we focused on the assembly of bacterial communities at
the SWI. We hypothesized that upon OM settling to the seafloor, the release
of dissolved organic compounds and potential alterations on benthic commu-
nities might in turn affect bacterial assemblages in the overlying water column
(Sarmento et al. 2013; Landa et al. 2014; Dang and Lovell 2016). Even though
there was an overlap in pelagic bacterial communities across treatments, we
found that ~ 20 % of community variations were explained by the input of
diatom or cyanobacteria OM. Community reorganization occurred at low ra-
ther than high taxonomic levels, as observed in chapter I and IV for benthic
bacterial communities. Additionally, we found that certain pelagic bacterial
taxa increased in relative abundance in response to diatom- or cyanobacteria-
derived OM (e.g. Methylophagaceae favored by diatom input; Fig. 9; Landa
et al. 2018). Finally, we wanted to investigate the extent to which bacteria in
the overlying water were recruited from sediment bacteria. Indeed, dormant
bacteria present in the sediment might represent an important seed bank,
which could be reactived in response to OM settling (Luna et al. 2002). We
found limited overlap between bacterial communities in the sediment and
overlying water, indicating that direct recruitment from sediment represented
a minor process in our experiment. However, our results highlighted signifi-
cant correlations between specific bacterial taxa and nutrient concentrations
in the water column. This supports the idea that benthic communities can have
an influence on the assembly of bacterial communities in overlying waters by
acting on nutrient recycling. Indeed, the activity of surface-associated bacteria
can directly influence the dynamics of free-living bacteria, and these two com-
partments are in constant exchange and cooperation (Dang and Lovell 2016).
Feedback effects from the benthos to the pelagos are likely to be exacerbated
upon OM settling to the seafloor, when metabolic activity is stimulated and
large quantities of dissolved compounds are released to surrounding waters
(Jensen et al. 1990; Hansen and Blackburn 1992; Sarmento et al. 2013). For
example, in chapter III, we observed that OM settling, and in particular OM
quality, had a strong influence on dissolved inorganic nitrogen (DIN) recy-
cling to the water column (Fig. 10). Based on the results presented in chapter
II, we can hypothesize that these impacts on ecosystem functioning may fur-
ther affect bacterial communities at the SWI.
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Figure 9. Change in bacterioplankton relative abundance observed in chapter II four
weeks after organic matter addition. Experimental treatments included control (CTR)
and an organic matter quality gradient from 100 % diatoms (100D) to 100 % cyano-
bacteria (100C) inputs. The size of the bubbles is proportional to the relative abun-
dance of each taxa.
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Effects of organic matter settling on nitrogen cycling at
the sediment-water interface

The SW1 is a key compartment for ecosystem functioning, where many of the
microbial processes that drive element cycling take place (Thrush et al. 2021).
A lot of these processes, including N cycling, are tightly linked to OM inputs
to the sediment (Thamdrup and Dalsgaard 2008). Upon OM settling, the N
contained in organic molecules may enter one of 4 pathways: (1) assimilation
by benthic consumers; (2) mineralization and recycling as inorganic nutrients
(i.e. NH4" and NOy) (3) transformation to N via denitrification and anammox
and (4) permanent burial in the sediment (Box 2; Thamdrup and Dalsgaard
2008). The balance between these 4 mechanisms determines the proportion of
N that remains in the system in a bioavailable form (1 and 2) or is removed as
an inert form of N, not available to most primary producers (3 and 4). By
estimating the fluxes of permanent N removal, and comparing them to the
amount of N that enters the system in bioavailable forms (i.e. through N, fix-
ation or human effluents), we can ultimately evaluate if the system is a source
or sink for N (Voss et al. 2011). Considering the changes currently at hand in
marine ecosystems worldwide and in the Baltic Sea (BACC II Author Team
2015), it is of prime importance to expand our understanding of how changes
in OM settling could affect the fate of organic N in soft sediments (Griffiths
et al. 2017; Tamelander et al. 2017).

The results in chapter III highlight the importance of OM quality in control-
ling N cycling processes upon settling on the seafloor. In this experiment, we
observed that denitrification rates were stimulated by OM settling from the
summer bloom, but not the spring bloom. In parallel, DIN fluxes (NH4" and
NOy’) were also stimulated in the summer bloom treatments, but decreased
substantially in the spring bloom treatments (Fig. 10). Overall, by calculating
the proportion of total inorganic N released as N» (i.e. denitrification effi-
ciency; (Eyre and Ferguson 2002)), we showed that spring bloom material
was more efficiently denitrified upon settling to the seafloor than summer
bloom material (Fig. 10). Accordingly, settling OM quality has been identified
as an important regulating factor for benthic microbial metabolism (Tuominen
et al. 1996; Arnosti and Holmer 2003; Aspetsberger et al. 2007; Oakes et al.
2011; Carlson et al. 2020). However, most of these observations originate
from field-based studies, which do not allow the influence of settling OM
quality to be disentangled from quantity or other abiotic factors (Tuominen et
al. 1996; Oakes et al. 2011), a difficulty also encountered in chapter IV of
this thesis. Using a full factorial experimental design, we were able to demon-
strate in chapter III that OM quantity (high vs. low input of OM) only played
a minor role in driving N cycling processes at the SWI compared to OM qual-
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ity. Mineralization activity was more stimulated by high than by low OM in-
puts, leading to a stronger decline in O, concentration in the sediment. In spite
of O concentration acting as an important control over N cycling processes
(Box 2; Canfield et al. 2005; Thamdrup and Dalsgaard 2008), the effect of
OM quantity was overwhelmed by OM quality, as previously discussed.

69%= 6

Figure 10. Nitrogen budget at the sediment-water interface observed in chapter I11,
ten days after organic matter addition. Fluxes and rates expressed as mean + SE
(umol N.m2.d™"), arrow width reflects the strength of the fluxes. Denitrification ef-
ficiency integrated over the duration of the experiment is displayed in the upper
right corner (mean + SE, %). Experimental treatments consisted in two OM quanti-
ties: high and low; and two OM qualities: spring and summer plankton bloom mate-
rial; as well as control with no OM addition.
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The results on denitrification gene expression obtained in our other exper-
imental study (chapter I) support the findings on the importance of OM qual-
ity for functional processes. Indeed, we found that denitrification gene expres-
sion (nirS and nosZ, Box 2) varied by a factor of four along the OM quality
gradient that we tested, from 100 % diatom to 100 % cyanobacteria input (Fig.
11). Similarly as in chapter III, higher denitrification gene expression was
recorded in sediment cores that received cyanobacteria input. Zilius et al.
(2016) also reported high denitrification rates and DIN fluxes to the water
column following cyanobacteria amendments to the seafloor.
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Figure 11. Transcript abundance of the denitrification genes nirS and nosZ (mean +
SE) observed in chapter I, four weeks after organic matter addition. Experimental
treatments included control (CTR) and an organic matter quality gradient from 100 %
diatoms (100D) to 100 % cyanobacteria (100C) inputs.

It is likely that in both experiments (chapters I and III), the overall stim-
ulation of N recycling and denitrification processes in response to summer
bloom or cyanobacteria settling was prompted by a higher N content in the
settling OM. In both cases, the summer bloom and cyanobacteria-derived OM
was in a less degraded state than the spring bloom and diatoms-derived OM
that we tested (i.e. lower C:N; Jiao et al. 2010). Additionally, cyanobacteria
and zooplankton carcasses (which constituted an important part of our sum-
mer bloom material in chapter III) are naturally richer in N than most spring
bloom diatoms (Walve and Larsson 2010; Zilius et al. 2016). Heterotrophic
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bacteria assimilate relatively high quantities of N (Van Den Meersche et al.
2004; Canfield et al. 2005). Hence, the availability of an OM source with low
C:N ratio (in our case, summer bloom or cyanobacteria) could sustain bacte-
rial metabolic needs, as well as fuel ecosystem processes such as DIN recy-
cling and denitrification. Conversely, upon settling of OM with a high C:N
ratio (i.e. spring bloom or diatoms), the limited N pool available was immo-
bilized to a larger extent by bacteria to fulfill their metabolic needs. Dissolved
inorganic N fluxes to the water column were reduced (Fig. 10, chapter III),
and denitrification was not stimulated compared to control conditions (Fig.
11, chapter I). Similar conclusions were drawn from laboratory experiments
testing the response of bacteria to a range of artificial organic substrates with
different C:N ratios (Goldman et al. 1987; Tezuka 1990) but this is the first
time that the importance of stoichiometric ratios for N cycling is shown in
more ecologically realistic scenarios. Further evidence of competition for N
resources between benthic heterotrophic bacteria and nitrifiers/denitrifiers
was also found in a field-manipulative experiment (Oakes et al. 2011)

It is interesting to note that in both studies (chapters I and III) the results
on denitrification gene expression obtained via RT-qPCR and the rates meas-
urements showed the same patterns. Rate measurements and genetic infor-
mation do not always correlate, even within the same experimental set-up
(Bowen et al. 2014; Babbin et al. 2016). Presumably, this may be because
each method captures processes occurring at different time scales. On the one
hand, gene expression can vary substantially within minutes (Hértig and
Zumft 1999), such that the information obtained from RT-qPCR represents
only a snapshot of transcriptional activity. On the other hand, rates measure-
ments obtained from whole-core incubations such as that described in chapter
III capture ecosystem processes over a longer time period (e.g. several hours).
With this in mind, that we found coherent patterns between our two studies is
encouraging in regard to the validity of the conclusions, that settling of OM
with low C:N ratios tends to promote both DIN recycling and denitrification
processes.
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Synthesis

Marine ecosystems across the globe are subject to cumulative anthropogenic
pressures from global and local sources that severely affect community dy-
namics and functioning (Walther 2010; IPCC 2014; Ceballos et al. 2015;
Cavicchioli et al. 2019). Mitigating these changes in the future demands
strong policies, backed with solid science, and a substantial reduction of our
greenhouse gas emissions. Yet, even under the best scenario, full ecosystems
recovery will be slow, if at all possible (Heiskanen et al. 2019; IPCC 2019).
In the Baltic Sea, substantial recent nutrient load reductions, combined with
increased heterotrophic processes in the water column due to global warming
are projected to reduce OM settling to the seafloor (Tamelander et al. 2017).
Furthermore, climate-driven changes of phytoplankton communities, result-
ing in a shift from a diatom-dominated to a cyanobacteria-dominated system,
will exacerbate this reduction in settling OM fluxes (Griffiths et al. 2017;
Hjerne et al. 2019). In parallel, the quality of OM reaching the seafloor will
change substantially, leading to inputs of material in a more advanced state of
degradation due to longer residence time and higher mineralization in the wa-
ter column (Blomqvist and Heiskanen 2001; Andersson et al. 2015; Hjerne et
al. 2019). Considering the strong coupling between pelagic and benthic pro-
cesses in the Baltic Sea, it is essential to improve our knowledge on how
changes in OM settling could influence soft sediment community structure
and functioning (Griffiths et al. 2017; Ehrnsten et al. 2020). In this thesis, the
role of OM quality was addressed (chapters I to IV), as well as OM quantity
(chapters III and IV) as drivers of change on benthic communities and pro-
cesses. We targeted more specifically the smallest organisms that inhabit soft
sediments, namely microeukaryotes and bacteria, which have been largely
overlooked, despite their prominent role in the ecosystem.

Overall, our results support existing literature indicating an important in-
fluence of OM settling on benthic microeukaryotes (Graf 1992; Olafsson and
Elmgren 1997). We report new evidence on community response in terms of
structure and diversity. We also show that OM quality plays a role in mediat-
ing this response. Based on the results presented in chapter L, the effects of
settling OM quality led to a subtle reorganization of the community at low
rather than high taxonomic levels. In parallel, we observed a clear effect of
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diatom-derived vs. cyanobacteria-derived OM on microeukaryotic alpha di-
versity. The former triggered a decrease in diversity after four weeks, whilst
the latter did not induce significant change. The results from our field moni-
toring study (chapter IV) are in accordance with these findings regarding the
negative effect of diatom-derived OM settling on microeukaryotic alpha di-
versity. However, simultaneous seasonal changes in OM quantity and quality,
correlated with other abiotic factors (e.g. temperature, O, concentration) is not
allowing for the role of each variable to be completely disentangled and quan-
tified. In chapter IV, we propose that the reduction in alpha diversity was
primarily linked to settling of OM in large quantities after the spring bloom,
which stimulated mineralization activity and caused a decrease in O, concen-
trations (Pfannkuche 1993; Levin 2003). Competitive exclusion from taxa or
genotypes adapted to assimilate diatom-derived OM could have also contrib-
uted to the negative impact on microeukaryotic alpha diversity observed both
in chapters I and IV (Paine 1966; Peterson 1979; Guden et al. 2018). Con-
versely, cyanobacteria settling did not induce clear negative or positive effects
on microeukaryotic alpha diversity. Considering future projections for the
Baltic Sea (Tamelander et al. 2017; Spilling et al. 2018; Hjerne et al. 2019), it
appears that a general decrease in OM fluxes to the seafloor, as well as a shift
from diatoms- to cyanobacteria-dominated primary production would have a
positive impact on microeukaryotic biodiversity. A reduction in settling from
spring bloom diatoms could alleviate some of the negative consequences on
microeukaryotic diversity as a result of hypoxic conditions (Grego et al.
2014), while maintaining the general structure of the community. Other or-
ganisms, both in the pelagic and benthic systems, have been shown to assim-
ilate cyanobacteria-derived OM (Nascimento et al. 2008; Gorokhova et al.
2021). Despite adverse effects documented on the growth of a few meiofauna
taxa (Nascimento et al. 2009), we did not observe that they translated to im-
portant changes at the scale of the community. In the future, we should nev-
ertheless consider potential impacts of reduced OM settling on benthic micro-
cukaryotic biomass, as model projections suggest a negative effect on
macrofauna biomass (Ehrnsten et al. 2020).

Organic matter settling effects on bacterial communities were generally
less pronounced than for microeukaryotes. Aside from the shift in community
structure observed after spring bloom sedimentation in our field study (chap-
ter IV), we could not identify a coherent pattern of community response to-
wards settling of diatoms or cyanobacteria, in terms neither of structure nor of
diversity. Nevertheless, OM settling was a significant factor in driving varia-
tions in benthic bacterial communities in both chapters I and IV. The absence
of a clear pattern was most likely caused by our sampling strategy, which tar-
geted the upper 3 cm of sediment in both studies. It is probable that measura-
ble changes occurred close to the sediment surface (e.g. 0-0.5 or 1 cm, as
shown in other studies (Tait et al. 2015; Vetterli et al. 2015)), while subsurface
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layers were less responsive to OM pulses to the seafloor. With this in mind,
we strongly advise that future studies differentiate sediment depth layers at a
finer scale when investigating bacterial community dynamics, in order to bet-
ter resolve their response to future changes. This strategy would, on the other
hand, make more difficult to obtain a representative sample for microeukary-
otes, when simultaneously assessing multiple communities. In chapter 11, we
found that bacterial community structure in overlying waters was significantly
affected by the OM quality gradient from 100 % diatoms to 100 % cyanobac-
teria OM. More specifically, certain bacterial ASVs were preferentially asso-
ciated to each source of OM, suggesting the occurrence of a selection based
on resource utilization (Landa et al. 2014). Furthermore, our results high-
lighted that modifications of nutrient fluxes triggered by OM settling could
have an effect on the assembly of bacterial communities in overlying waters
by favoring particular taxa or ASVs. As demonstrated in chapter III, OM
quality is an important control of DIN recycling, and future changes in OM
settling to the sediment may therefore have cascading effects on bacterial
communities in the overlying water through feedback mechanisms (Dang and
Lovell 2016).

Finally, while benthic bacterial communities remained largely stable in re-
sponse to OM settling, their metabolic activity and some of the N cycling pro-
cesses that they mediate were clearly affected. Results from chapters I and
III indicate that summer bloom and cyanobacteria OM stimulated denitrifica-
tion at a greater extent than spring bloom and diatom OM. Based on our ob-
servations, as well as evidence from the literature (Goldman et al. 1987,
Tezuka 1990), we attributed this response to the bulk stoichiometry of the OM
(i.e. C:N ratio). In more details, the higher N content (and corresponding low
C:N ratio) of summer bloom and cyanobacteria OM presumably provided
enough N substrate both for bacterial metabolic needs and N cycling pro-
cesses, including denitrification and DIN recycling, resulting in a lower deni-
trification efficiency. Conversely, settling of OM with higher C:N ratio
prompted a stronger immobilization of N by bacteria, and the N that entered
microbial transformation pathways was largely denitrified. In a context where
OM is projected to reach the sediment in a more degraded state (i.e. higher
C:N, (Andersson et al. 2015; Tamelander et al. 2017)), our results suggest a
positive influence on denitrification efficiency at the SWI. Yet, we should
keep in mind that longer OM residence time in the water column would inev-
itably increase the time during which it is subjected to remineralization during
its descent. As such, most organic N would be recycled as bioavailable DIN
before reaching the sediment (Ducklow et al. 2001; Almroth-Rosell et al.
2016), and only a small fraction would be efficiently denitrified at the SWL
We therefore stress the need to consider the full cycle from production to de-
composition of OM in order to evaluate accurately future changes in elemental
fluxes in the ecosystem.
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Future perspectives

As this project developed and results started to come together, a number of
questions rose in regard to future investigations needed to improve our under-
standing of benthic-pelagic coupling. I want to highlight three research areas
in particular that I believe deserve further attention: (1) estimation of OM
fluxes to the seafloor, notably the contribution of zooplankton; (2) the role of
biotic interactions in structuring benthic communities; and (3) deciphering the
influence of various OM quality parameters on consumers and decomposers.

Organic matter settling to the seafloor has been at the center of our work.
Nevertheless, estimating the quantity and quality of these OM fluxes remains,
to this day, a challenging task. As we try to predict future evolutions of OM
fluxes, the uncertainty is further exacerbated since a plethora of processes act
all at once, inducing synergistic and antagonistic effects on those fluxes
(Tamelander et al. 2017). Currently, most estimates of OM fluxes originate
from sediment trap analyses, which suffer from significant limitations
(Buesseler et al. 2007; Gustafsson et al. 2013). This is particularly true in shal-
low coastal systems, where sediment resuspension due to storm events may
induce important biases in fluxes measurements (Heiskanen and Leppinen
1995). Additionally, some of our observations in chapter III raised the ques-
tion of the contribution of material of zooplanktonic origin to total OM set-
tling. Indeed, the field-collected summer plankton material used in this exper-
iment contained a large amount of zooplankton material (e.g. ciliates, copepod
carcasses, eggs, fecal pellets), while cyanobacteria accounted for a relatively
minor portion of the total biomass. Mesozooplankton (e.g. copepods) are rou-
tinely removed from sediment traps analyzes in order to prevent the inclusion
of active swimmers. However, this procedure can induce another bias by ex-
cluding carcasses which passively sediment into the traps (Buesseler et al.
2007; Turner 2015). Zooplankton may die from non-predatory causes such as
parasitism or senescence (Tang and Elliott 2014; Tang et al. 2014), and it has
been found that sedimentation of zooplankton carcasses can account for a sig-
nificant portion of the annual OM export to the seafloor (Sampei et al. 2009;
Turner 2015). To our knowledge, the contribution of zooplankton to total OM
settling is not well-documented in the Baltic Sea. In a context where environ-
mental change is affecting zooplankton communities (Aberle et al. 2015;
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Maikinen et al. 2017), I believe that this question deserves further attention in
order to evaluate more accurately future changes in benthic-pelagic coupling
processes.

In chapter IV, our main goal was to evaluate the role of pelagic environ-
mental variables (e.g. OM settling, temperature, O, concentration) on the sea-
sonal successions of benthic microeukaryotic and bacterial communities. We
found that 10.4 and 5.3 % of total microeukaryotic and bacterial community
variation were accounted for by the abiotic factors measured. Completing our
model with additional abiotic variables such as pigment or macromolecule
concentrations in the sediment (Danovaro et al. 1999; Schratzberger et al.
2008; Lampadariou and Eleftheriou 2018) might improve the explanatory
power, but most likely, biotic factors played an important role in structuring
these communities (Peterson 1979; Thrush et al. 2021). Species interactions
such as competition, predation, parasitism or symbiosis are key drivers of
community structure in soft sediments (Moodley et al. 2000; Walther 2010;
Schratzberger and Ingels 2018; Vafeiadou et al. 2018; Forsblom et al. 2021).
Yet, investigating organism interactions in such a heterogeneous habitat rep-
resents a challenge, and currently limits the scope of our understanding on
biotic interactions, especially for the smallest organisms (i.e. microeukaryotes
and bacteria). Rapid advances in molecular approaches open up promising
new possibilities to address these questions, even down to the individual scale
(Krabberad et al. 2017; Zamora-Terol et al. 2020). In an effort to discern spa-
tial and functional patterns, Schuelke et al. (2018) analyzed nematode micro-
biomes associated to nearly 300 single specimens across the north-American
coastline. It is also possible to combine several approaches (e.g. Scanning
Electron Microscopy, Fluorescence /n Situ Hybridization and DNA metabar-
coding) to characterize and identify extracellular symbionts on nematode cu-
ticles (Bellec et al. 2019). These are just a few of many examples highlighting
the potential of molecular approaches for investigating biotic interactions that
were previously much more challenging to study.

Finally, I want to stress the need to better evaluate the influence of specific
parameter(s) related to OM quality on benthic community responses
(Campanya-llovet et al. 2017). As discussed earlier, characterizing OM qual-
ity is conceptually complex. In our two experimental studies (chapters I to
I1I), the OM sources that we used differed on many levels, including origin,
size, bulk stoichiometry, potential toxin concentration or biochemical compo-
sition. Although we laid out some hypotheses, disentangling the role of each
of these qualitative parameters on the biodiversity and functioning of benthic
communities was beyond the scope of our work. Yet, this information would
be essential to predict future ecosystem dynamics in response to changes in
benthic-pelagic coupling.
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Sammanfattning (Svenska)

Marina mjukbottnar utgér planetens storsta habitat. Organismerna som
bositter sig i denna milj6 utgér en enorm tillgang for biodiversitet och innehar
en nyckelroll for ett flertal ekosystemprocesser. De flesta bentiska organismer
ar beroende av organiskt material (OM) frén fytoplankton i den 6verliggande
vattenkolumnen dé detta utgor dess fodokilla, men mansklig paverkan sasom
eutrofiering och klimatfordndringar har orsakat djupgdende fordndringar i
den naturliga ekosystemdynamiken. Konsekvenserna av dessa fordndringar
for den bentiska-pelagiska kopplingen och mjukbottensamhillets funktioner
har &nnu inte klarlagts.

Syftet med denna avhandling 4r att bedoma betydelsen av OM-tillforsel
pa mjukbottens mikroeukaryotiska (smé organismer <1 mm) och bakteriella
samhéllen. Véra intressen var tvafaldiga, da vi &mnat utreda paverkan pé (1)
samhéllsstruktur och diversitet (kapitel I, II och IV) och (2)
ekosystemfunktioner, fraimst i relation till kvivecykeln (kapitel I och III).

Kvalitet och kvantitet av det OM som tillkommer till sedimentet hade
markant paverkan pd mikroeukaryotisk alfa-diversitet. Vi sdg en minskning
av alfa-diversitet efter sedimentationen av OM kopplat till varblomningen av
kiselalger, mojligen ett resultat av kompetitiv exkludering, medan OM
kopplat till sommarblomningen av cyanobakterier inte péverkade alfa-
diversiteten (kapitel I och IV). Vi fann dven att hog tillforsel av OM till
sedimentet hade negativ paverkan pd mikroeukaryotisk alfa-diversitet
(kapitel IV). Troligtvis ledde en hog tillférsel av OM fran varblomningen till
ett kraftigt kat syrebehov, vilket slog ut taxa kénsliga for minskad syrehalt.
Samtidigt fann vi att sammanséttningen av det mikroeukaryotiska samhéllet
framst drevs av mingden sedimenterande OM (kapitel IV), medan skillnader
1 OM-kvalitet framst ledde till fordndringar pa lagre taxonomisk niva (kapitel
D).

Bakteriesamhéllets reaktion pA OM-sedimentation var mindre tydlig,
och troligtvis begrinsad till det ytligaste sedimentet (kapitel I och IV). Vi ség
ddaremot en betydande effekt av OM-kvalitet pa bakteriesamhéllets struktur
vid gransen mellan sediment och vatten, dir taxa antingen gynnades av OM
frén kiselalger eller cyanobakterier (kapitel II). Denna studie visade dven att
feedback-mekanismer av ndringsomséittningen i sedimentet skulle kunna
utgdra en roll i denna respons.
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Slutligen tyder véra resultat pa att OM-kvalitet har en stor betydelse for
kvdvets omséttning vid grinsen mellan sediment och vatten. Vi fann att
sedimentation av nytt OM (med 1ag C:N-kvot) stimulerade denitrifikation
(kapitel I och III), och att det samtidigt ledde till hogre kvavetransport till
vattenpelaren dn sedimentation av nerbrutet OM (med hog C:N-kvot) (kapitel
11).

Sammantaget visar vara resultat att nuvarande fordndringar i OM-
dynamiken i marina system troligtvis leder till inverkan pa mikroeukaryotisk,
och till viss del dven bakteriell, biodiversitet i mjuka bottnar. Férdndringar,
sarskilt 1 kvaliteten av sedimenterade OM, kan dven péaverka mikrobiella
processer som ar kritiska for kvdvecykeln. Denna avhandling pavisar
betydelsen i att Gvervédga den bentiska-pelagiska kopplingens mekanismer for
att béattre forsta troliga framtida fordndringar i marina ekosystem.
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Résume (Frangais)

Les sédiments marins constituent le second habitat le plus large sur la pla-
néte. Les organismes qui y résident représentent un vaste réservoir de biodi-
versité et jouent des roles clés dans le fonctionnement des écosystémes. La
plupart des organismes benthiques dépendent des apports pélagiques en ma-
tiére organique (MO) issus du phytoplancton présent dans la colonne d’eau en
tant que nourriture. Cependant, les pressions anthropiques telles que 1’eutro-
phisation et le changement climatique altérent profondément les dynamiques
naturelles des écosystémes. Les potentiels impacts des modifications du cou-
plage bentho-pélagique en terme de biodiversité et de fonctionnement des
communautés de fonds meubles sont encore largement incertains..

Le but de cette these est d’évaluer le role de la sédimentation de MO sur
les communautés de fonds meubles microeukaryotiques (organismes < 1 mm)
et bactériennes. L’ensemble de ce travail couvre deux aspects principaux, a
savoir, estimer les impacts sur (1) la structure et la biodiversité des commu-
nautés (chapitres I, II et IV) et (2) sur le fonctionnement de 1’écosystéme,
notamment en lien avec le cycle de I’azote (N) (chapitres I et I1I).

Nous avons démontré que la quantité et la qualité des apports en MO ont
toutes deux des impacts significatifs sur la diversité alpha des communautés
microeukaryotiques. Nous avons observé une diminution de la diversité alpha
a la suite de la sédimentation de MO dérivée de diatomées issues du bloom
printanier, possiblement du fait d’une exclusion par compétition, tandis que la
MO dérivée de cyanobactéries issues du bloom estival ne tend pas a affecter
la diversité alpha (chapitres I et IV). Nous avons également constaté que la
sédimentation de MO en larges quantités avait un effet négatif sur la diversité
alpha des microeukaryotes (chapitre IV). A la suite d’un important apport en
MO issue du bloom printanier, la demande en oxygene (O,) du sédiment peut
étre largement stimulée, entrainant 1I’exclusion des organismes les plus sen-
sibles au manque d’oxygéne. Dans 1’ensemble, nous avons remarqué que 1’as-
semblage des communautés microeukaryotiques étaient principalement li¢ a
la quantité d’apport en MO (chapitre 1V), tandis que les différences qualita-
tives de la MO entrainaient des changements significatifs mais plus subtils au
sein des communautés, prenant place a des niveaux taxonomiques plus fins
(chapitre I). La réponse des communautés bactériennes aux apports en MO
semble moins prononcée, et est probablement restreinte a la couche supérieure
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du sédiment (chapitres I et IV). Nous avons néanmoins observé un effet si-
gnificatif de la qualité de MO sur I’assemblage des communautés bactériennes
a I'interface eau-sédiment, certains taxons €tant respectivement favorisés par
la MO issue de diatomées ou de cyanobactéries. Nous avons également mis
en évidence que les mécanismes de recyclage des nutriments dans le sédiment
pouvaient jouer un role dans cette réponse (chapitre II). Pour finir, nos résul-
tats indiquent une influence significative de la qualit¢ de MO sur le cycle de
I’azote a I’interface eau-sédiment. Nous avons remarqué que 1’apport de MO
fraiche (i.e. ratio C:N bas) stimulait I’activité de dénitrification (chapitres I
et III), tout en favorisant un recyclage plus important de N vers la colonne
d’eau que I’apport de MO dégradée (i.e. ratio C:N ¢élevé) (chapitre III).

De maniére générale, nos résultats indiquent que les changements actuels
en terme d’apports en MO au sein des systémes marins impacteront probable-
ment la biodiversité microeukaryotique et, en partie, bactérienne dans les sé-
diments marins. Les modifications de la qualit¢ de MO, en particulier, peut
¢galement affecter des processus microbiens essentiels dans le cycle de
I’azote. Cette thése met en avant I’importance de considérer les mécanismes
de couplage bentho-pélagique afin de mieux comprendre les futurs change-
ments au sein des écosystémes marins.

48



Acknowledgments

I kept this section for last, thinking it would be an easy one... Little did I
remember how bad I am at expressing gratitude through words instead of
cakes. Since PhD theses are not distributed with a cookie box attachment, here
I go:

Francisco, thank you so much for giving me this incredible opportunity, for
your guidance and support throughout these four and a half years. It has been
a long and winding road, but you have always been there for me. You gave
me the self-confidence I needed to take this project to its end, and boy was
that not an easy task! I am also deeply thankful to my co-supervisors, Stefano,
for your remarkable patience in turning a hopeless ecologist like me into
somewhat of a biogeochemist, and Monika, for your continuous input and
advice. I have learnt a lot from all of you. Ragnar, I also wish to thank you
for your availability and precious scientific advice along this journey, and Sa-
rahi, thank you for your careful revisions and input on the thesis.

Completing a PhD does not only involve scientific work, it demands a rigor-
ous commitment to maintain mental sanity and blow off steam when needed.
For that, I have been incredibly lucky to be surrounded by the best of the best
(maybe not the sanity, but at least the steam blowing part). Sven, sharing an
office with you has been an experience equally as intense as the PhD itself,
but I would do it again in a heartbeat. My sociability and sense of humor
would have gone down the drain if it were not for your careful supervision. |
shall forever repay you in pizzas and beers! Julie, for you it will be wine and
cheese of course! You have been the pillar I can always rely on. I am eternally
grateful for your thoughtfulness; you are a lot better at taking care of me than
me. Camilla, petite paupiette, | have learnt so much from you scientifically
and personally. Thank you for being the amazing crazy person that you are,
and for creating a bubble of home away from home. Robert, I have probably
invaded your comfort zone countless times since I’ve known you, and I’'m so
happy that you continue to tolerate me! Thank you for your calm and patience.
Laura, I know we don’t see eye to eye as to why algae are much better than
plants, but I am glad that we have put our differences aside and became
friends. Thanks for being there for me in good times and in bad like it’s the
most natural thing in the world.

49



On the topic of amazing colleagues, Dandan, you have been so helpful, kind
and supportive during this last stretch, thank you for that. I wish we would
have had more time to work (and not work!) together. Special thanks to
Markus too, for your contagious cheerfulness and for introducing me to lake
cleaning activities, which miraculously work on the mind as well. Nellie, [ am
incredibly thankful that random circumstances brought you on this project
with me. [ simply could not have done it without your help. But more im-
portantly, you are a fantastic friend and human being, I will miss our lunches
at Bergianska! Maité, even though our scientific collaboration was quite
short, I enjoyed every part of it, and I hope that our friendship collaboration
will keep going beyond our common love for meiofauna. Warm thanks also
go to all present and past members of the team, Elias, Adele, Léonie; as well
as excellent collaborators who contributed on my various projects, Bo,
Hanna, Nisha and Sara. It has been a pleasure to work alongside you.

A big big thank you to the tremendous trio, Per, my benthic-pelagic partner
in crime since day 1, Andreas, the most brilliant and passionate person I
know, and BaPtiste, my go-to guy when it comes to dreaming about growing
organic carrots and potatoes in an old farm, somewhere in Brittany. It was a
privilege to get to know you. Thank you for always having an open door for
Séréna in distress situations.

Huge thanks to Anni and Elisa (and Layla) for welcoming me so warmly and
naturally wherever you are in the world, for your support during the ups and
the downs, for your advice, for everything! Spending time with you always
gives me a feeling that everything will be ok. Don’t be surprised if I show up
every now and then with a big suitcase and a nice bottle of gin!

I got to spend some of the most intense and enjoyable moments of my PhD
time in field stations around Sweden. On Askd, of course, my home in the
archipelago, and the best sauna view on the entire planet. Thanks to all the
staff for having me over and helping me out on all my projects. Oskar, mas-
sive thank you for the depressing amazing food, the cooking lessons, the nice
chats, the mushroom picking lessons and for making me gain a few kilos every
time, totally worth it! And Tjarnd, my yearly dose of saline waters and stun-
ning sunsets on the gin balcony. Clare, Isak, Ben, Maria E. and Ellen, thank
you for the great company and scientific discussions during these times. I also
want to thank all the marine biology and high school students that I had
throughout the years for their communicative enthusiasm. Conveying scien-
tific knowledge in an accessible way can be as complex as researching on a
very specific topic, thank you for keeping me mindful of that.

50



During the past years, DEEP has become my second home, Practically speak-
ing, I did spend a lot of time between these walls, but most importantly, the
people there became a second family. Fede, Alejandro, Juanita, David, Lin-
néa, Panagiotis, Maria S., Tianshuo, Leonard, thank you for always being
there to share a fika, start an insane conversation topic at lunch, go for a walk,
run for an ice cream as soon as the temperature goes above 10 °C, initiate the
weirdest challenges, hang out in the greenhouse etc... I could keep going but
you get the point! When motivation was low, knowing that I would see you at
work was all I needed to get out of bed in the morning. A special thank you
as well to my old marine fellows, Peter, Asa and Matias. The support, kind-
ness and peer-pressure vibes that I got from you during our final working ses-
sions helped me more than I could say. I also want to thank all present and
past members of the PhD (and post-doc) crew, Masha, Ditte, Laura, Alvaro,
Matilda, Beate, John, Aleksandra, Megan, Caroline, Ahmed, Dimi, Tom,
Jorg, and many many more for keeping up this awesome atmosphere! Finally,
a big thank you to the administrative staff, notably Erica and Kristina, for all
your patience and kind help on mysterious tasks that I am so clueless about...

Dans I’ensemble, il faut bien admettre que je suis plutdt un boulet pour ce qui
est de maintenir un contact régulier avec mes ami(e)s. Probablement que les
années de theése n’ont pas changé les choses dans le bon sens non plus... Alors
je suis infiniment reconnaissante aux irréductibles qui résistent encore et tou-
jours a mon absence de compétences en communication. Coralie, merci
d’avoir toujours été 1a pour moi. Je suis tellement contente qu’on ait traversé
cette épreuve ensemble, partagé les galéres et les accomplissements, et qu’on
se soit serrées les coudes tout au long de nos théses respectives. Il en va de
méme pour Gaélle, merci infiniment pour ces escapades suisses et bretonnes
pleines de thé, de Cat Empire, de PhD talks, de fromage, de questions exis-
tentielles et de dimanches matins irremplacables; et Elliot, vieille holothurie
canadienne, j’aurais tellement voulu t’accompagner autrement que par écrans
interposés tout au long de ces années... mais ce n’est que partie remise ! J’es-
pere bien qu’on se retrouvera pour de prochaines aventures ! Et puis Aurélie,
merci d’avoir toujours trouvé le temps pour moi entre 2-3 poiscailles, je suis
honorée de t’avoir a mes cotés ! Ségoléne et Julian, que dire ? Vous é&tes dé-
sormais mes fournisseurs officiels de raclette jusqu’a la nuit des temps. Merci
d’avoir été des hotes si adorables au cours de mes (nombreuses) escales pari-
siennes entre Stockholm et Rennes. Une palme de la persistance aussi pour
Julia et Marion, qui me supportent depuis la licence. Finalement, pourquoi
choisir entre étre une écologiste pur jus et une biologiste moléculaire quand
on peut étre les deux ? Cette theése est le dénouement de beaucoup de questions
existentielles entre nous. Un énorme merci a Charlotte et Marion, aussi, qui
me gardez les pieds dans une réalité qui n’est pas remplie de scientifiques
acharnés, et me donnez espoir dans le futur. Il en faudrait plus des comme
vous !

51



Le meilleur pour la fin, je remercie gigantesquissimement ma famille pour
m’avoir tolérée pendant toutes ces années d’ascenseurs émotionnels. Mes pa-
rents, qui m’ont soutenue depuis le début dans mes choix, sans trop se préoc-
cuper de ou, quand, quoi, comment, tant que je fais quelque chose qui me
plait. J’ai une chance absolument énorme de vous avoir. Capu, merci d’avoir
essuyé les platres de la theése, pour ensuite me prodiguer tes précieux conseils,
et aussi de m’avoir recue en guest researcher au département cailloux de Cam-
bridge, ¢a fera toujours bien sur le CV. A quand un Albert & Albert sur I’in-
fluence des ratios isotopiques des cailloux marins sur les communautés ben-
thiques ? Tom, heureusement que nos cerveaux ne suivent pas les mémes cir-
cuits, ¢a fait du bien d’avoir quelqu’un qui est capable de ne pas voir des pro-
blémes la ou il n’y en a pas, quand moi je sur-complique toujours tout. Mamie,
merci de toujours croire en nous comme si ¢’€tait évident que 1’on meénera a
bien tout ce qu’on entreprend, tu es la plus formidable des mamies ! Brioche,
meh. Merci aussi a tout le reste de la famille Mahé et Albert. Vous m’avez
bien manqué pendant ces années d’exil scandinave mais les retrouvailles a
Noél ou autour d’un bon Bout du Monde étaient comme un bol d’oxygene
avant de reprendre mes pérégrinations scientifiques. Enfin, un million de
merci a Corentin, pour tout ce chemin qu’on a parcouru ensemble, ton soutien
indéfectible et tout ce que tu m’as apporté.

52



References

Aberle, N., A. M. Malzahn, A. M. Lewowska, and U. Sommer. 2015. Some
like it hot: The protozooplankton-copepod link in a warming ocean. Mar.
Ecol. Prog. Ser. 519: 103—113. doi:10.3354/meps11081

Alberdi, A., O. Aizpurua, M. T. P. Gilbert, and K. Bohmann. 2017.
Scrutinizing key steps for reliable metabarcoding of environmental
samples. Methods Ecol. Evol. 9: 134-147. doi:10.1111/2041-
210X.12849

Albertelli, G., A. Covazzi-Harriague, R. Danovaro, M. Fabiano, S. Fraschetti,
and A. Pusceddu. 1999. Differential responses of bacteria, meiofauna
and macrofauna in a shelf area (Ligurian Sea, NW Mediterranean): Role
of food availability. J. Sea Res. 42: 11-26. doi:10.1016/S1385-
1101(99)00012-X

Almroth-Rosell, E., M. Edman, K. Eilola, H. E. Markus Meier, and J.
Sahlberg. 2016. Modelling nutrient retention in the coastal zone of an
eutrophic sea. Biogeosciences 13: 5753-5769. doi:10.5194/bg-13-5753-
2016

Andersson, A. F., L. Riemann, and S. Bertilsson. 2010. Pyrosequencing
reveals contrasting seasonal dynamics of taxa within Baltic Sea
bacterioplankton =~ communities. ISME J. 4: 171-181.
doi:10.1038/isme;j.2009.108

Andersson, A., H. E. M. Meier, M. Ripszam, and others. 2015. Projected
future climate change and Baltic Sea ecosystem management. Ambio
44: 345-356. doi:10.1007/s13280-015-0654-8

Andersson, A., T. Tamminen, S. Lehtinen, K. Jiirgens, M. Labrenz, and M.
Viitasalo. 2017. The pelagic food web, p. 281-332. /n P. Snoeijs-
Leijonmalm, H. Schubert, and T. Radziejewska [eds.], Biological
Oceanography of the Baltic Sea. Springer, Dordrecht.

Arnosti, C., and M. Holmer. 2003. Carbon cycling in a continental margin
sediment: Contrasts between organic matter characteristics and
remineralization rates and pathways. Estuar. Coast. Shelf Sci. 58: 197—
208. doi:10.1016/S0272-7714(03)00077-5

Aspetsberger, F., M. Zabel, T. Ferdelman, U. Struck, A. Mackensen, A. Ahke,
and U. Witte. 2007. Instantaneous benthic response to different organic
matter quality : In situ experiments in the Benguela Upwelling System.
Mar. Biol. Res. 3: 342-356. doi:10.1080/17451000701632885

Aylagas, E., A. Borja, X. Irigoien, and N. Rodriguez-Ezpeleta. 2016.

53



Benchmarking DNA Metabarcoding for Biodiversity-Based Monitoring
and Assessment. Front. Mar. Sci. 3: 96. doi:10.3389/fmars.2016.00096

Aylagas, E., A. Borja, I. Muxika, and N. Rodriguez-Ezpeleta. 2018. Adapting
metabarcoding-based benthic biomonitoring into routine marine
ecological status assessment networks. Ecol. Indic. 95: 194-202.
doi:10.1016/j.ecolind.2018.07.044

Azam, F., D. C. Smith, G. F. Steward, and A. Hagstrom. 1993. Bacteria-
organic matter coupling and its significance for oceanic carbon cycling.
Microb. Ecol. 28: 167-179. doi:10.1007/BF00166806

Babbin, A. R., A. Jayakumar, and B. B. Ward. 2016. Organic Matter Loading
Modifies the Microbial Community Responsible for Nitrogen Loss in
Estuarine Sediments. Microb. Ecol. 71: 555-565. doi:10.1007/s00248-
015-0693-5

BACC II Author Team. 2015. Second Assessment of Climate Change for the
Baltic Sea Basin. SpringerOpen.

Bellec, L., M.-A. C. Bonavita, S. Hourdez, M. Jebbar, A. Tasiemski, L.
Durand, N. Gayet, and D. Zeppilli. 2019. Chemosynthetic
ectosymbionts associated with a shallow-water marine nematode. Sci.
Rep. 9: 7019. doi:10.1038/s41598-019-43517-8

Benson, D. A., M. Cavanaugh, K. Clark, I. Karsch-Mizrachi, D. J. Lipman, J.
Ostell, and E. W. Sayers. 2013. GenBank. Nucleic Acids Res. 41: 36—
42. doi:10.1093/nar/gks1195

Bianchi, T. S., E. Engelhaupt, P. Westman, T. Andrén, C. Rolff, and R.
Elmgren. 2000. Cyanobacterial blooms in the Baltic Sea: Natural or
human-induced? Limnol. Oceanogr. 45: 716-726.
doi:10.4319/10.2000.45.3.0716

Bianchi, T. S., C. Rolff, B. Widbom, and R. Elmgren. 2002. Phytoplankton
pigments in Baltic Sea seston and sediments: Seasonal variability,
fluxes, and transformations. Estuar. Coast. Shelf Sci. 55: 369-383.
doi:10.1006/ecss.2001.0911

Bik, H. M. 2019. Microbial Metazoa Are Microbes Too. mSystems 4: €00109-
19. doi:10.1128/msystems.00109-19

Bik, H. M., D. L. Porazinska, S. Creer, J. G. Caporaso, R. Knight, and W. K.
Thomas. 2012. Sequencing our way towards understanding global
eukaryotic  biodiversity. Trends Ecol. Evol. 27: 233-243.
doi:10.1016/j.tree.2011.11.010

Billen, G., C. Joiris, L. Meyer-Reil, and H. Linderboom. 1990. Role of
bacteria in the North Sea ecosystem. Netherlands J. Sea Res. 26: 265—
293. doi:10.1016/0077-7579(90)90093-V

Blazewicz, S. J., R. L. Barnard, R. A. Daly, and M. K. Firestone. 2013.
Evaluating rRNA as an indicator of microbial activity in environmental
communities: Limitations and wuses. ISME J. 7: 2061-2068.
doi:10.1038/ismej.2013.102

Blomgqyvist, S., and A.-S. Heiskanen. 2001. The Challenge of Sedimentation
in the Baltic Sea, p. 211-227. In F. V. Wulff, L.A. Rahm, and P. Larsson

54



[eds.], A Systems Analysis of the Baltic Sea. Ecological Studies
(Analysis and Synthesis), vol 148. Springer Berlin Heidelberg.

Bonaglia, S. 2015. Control factors of the marine nitrogen cycle: The role of
meiofauna, macrofauna, oxygen and aggregates (PhD dissertation,
Department of Geological Sciences, Stockholm University). Retrieved
from http://urn.kb.se/resolve?urn=urn:nbn:se:su:diva-115036.

Bonaglia, S., B. Deutsch, M. Bartoli, H. K. Marchant, and V. Briichert. 2014a.
Seasonal oxygen, nitrogen and phosphorus benthic cycling along an
impacted Baltic Sea estuary: Regulation and spatial patterns.
Biogeochemistry 119: 139-160. doi:10.1007/s10533-014-9953-6

Bonaglia, S., F. J. A. Nascimento, M. Bartoli, I. Klawonn, and V. Briichert.
2014b. Meiofauna increases bacterial denitrification in marine
sediments. Nat Commun 5: 5133. doi:10.1038/ncomms6133

Boussarie, G., J. Bakker, O. S. Wangensteen, and others. 2018. Environmental
DNA illuminates the dark diversity of sharks. Sci. Adv. 4: eaap9661.
doi:10.1126/sciadv.aap9661

Bowen, J. L., A. R. Babbin, P. J. Kearns, and B. B. Ward. 2014. Connecting
the dots: Linking nitrogen cycle gene expression to nitrogen fluxes in
marine  sediment mesocosms. Front. Microbiol. 5: 429.
doi:10.3389/fmicb.2014.00429

Brandt, M. I, B. Trouche, N. Henry, and others. 2020. An Assessment of
Environmental Metabarcoding Protocols Aiming at Favoring
Contemporary Biodiversity in Inventories of Deep-Sea Communities.
Front. Mar. Sci. 7: 234. doi:10.3389/fmars.2020.00234

Broman, E., L. Li, J. Fridlund, F. Svensson, C. Legrand, and M. Dopson.
2019. Spring and late summer phytoplankton biomass impact on the
coastal sediment microbial community structure. Microb. Ecol. 77: 288—
303. doi:10.1007/s00248-018-1229-6

Brown, M. R. 1991. The amino-acid and sugar composition of 16 species of
microalgae used in mariculture. J. Exp. Mar. Bio. Ecol. 145: 79-99.

Buesseler, K. O., A. N. Antia, M. Chen, and others. 2007. An assessment of
the use of sediment traps for estimating upper ocean particle fluxes. J.
Mar. Res. 65: 345-416. doi:10.1357/002224007781567621

Biihring, S. I., N. Lampadariou, L. Moodley, A. Tselepides, and U. Witte.
2006. Benthic Microbial and Whole-Community Responses to Different
Amounts of 13C-Enriched Algae: In situ Experiments in the Deep
Cretan Sea (Eastern Mediterranean). Limnol. Oceanogr. 51: 157-165.

Burian, A., J. M. Nielsen, and M. Winder. 2020. Food quantity—quality
interactions and their impact on consumer behavior and trophic transfer.
Ecol. Monogr. 90: €01395. doi:10.1002/ecm.1395

Cahill, A. E., J. K. Pearman, A. Borja, and others. 2018. A comparative
analysis of metabarcoding and morphology-based identification of
benthic communities across different regional seas. Ecol. Evol. 8: 8908—
8920. do0i:10.1002/ece3.4283

Callahan, B. J., P. J. Mcmurdie, and S. P. Holmes. 2017. Exact sequence

55



variants should replace operational taxonomic units in marker-gene data
analysis. ISME J. 11: 2639-2643. doi:10.1038/ismej.2017.119

Callahan, B. J., P. J. McMurdie, M. J. Rosen, A. W. Han, A. J. A. Johnson,
and S. P. Holmes. 2016. DADAZ2 : High-resolution sample inference
from Illumina amplicon data. Nat. Methods 13: 581-583.
doi:10.1038/nmeth.3869

Campanya-llovet, N., P. V. R. Snelgrove, and C. C. Parrish. 2017. Rethinking
the importance of food quality in marine benthic food webs. Prog.
Oceanogr. 156: 240-251. doi:10.1016/j.pocean.2017.07.006

Canfield, D. E., E. Kristensen, and B. Thamdrup. 2005. The nitrogen cycle, p.
205-267. In D.E. Canfield, E. Kristensen, and B. Thamdrup [eds.],
Aquatic geomicrobiology (Advances in Marine Biology, 48). Elsevier.

Carlson, H. K., L. M. Lui, M. N. Price, and others. 2020. Selective carbon
sources influence the end products of microbial nitrate respiration. ISME
J. 14: 2034-2045. doi:10.1038/s41396-020-0666-7

Carstensen, J., and D. J. Conley. 2019. Baltic Sea Hypoxia Takes Many
Shapes and Sizes. Assoc. Sci. Limnol. Oceanogr. 125-129.
doi:10.1002/10b.10350

Carstensen, J., D. J. Conley, E. Bonsdorff, and others. 2014. Hypoxia in the
Baltic Sea: Biogeochemical Cycles, Benthic Fauna, and Management.
Ambio 43: 26-36. doi:10.1007/s13280-013-0474-7

Carugati, L., C. Corinaldesi, A. Dell’Anno, and R. Danovaro. 2015.
Metagenetic tools for the census of marine meiofaunal biodiversity: An
overview. Mar. Genomics 24: 11-20.
doi:10.1016/j.margen.2015.04.010

Cavicchioli, R., W. J. Ripple, K. N. Timmis, and others. 2019. Scientists’
warning to humanity: microorganisms and climate change. Nat. Rev.
Microbiol. 17: 569-586. doi:10.1038/s41579-019-0222-5

Ceballos, G., P. R. Ehrlich, A. D. Barnosky, A. Garcia, R. M. Pringle, and T.
M. Palmer. 2015. Accelerated modern human-induced species losses:
Entering the sixth mass extinction. Sci. Adv. 1: e1400253.
doi:10.1126/sciadv.1400253

Cloern, J. E., P. C. Abreu, J. Carstensen, and others. 2016. Human activities
and climate variability drive fast-paced change across the world’s
estuarine-coastal ecosystems. Glob. Chang. Biol. 22: 513-529.
doi:10.1111/gcb.13059

Codispoti, L. A. 2007. An oceanic fixed nitrogen sink exceeding 400 Tg N a-
1 vs the concept of homeostasis in the fixed-nitrogen inventory.
Biogeosciences 4: 233-253. doi:10.5194/bg-4-233-2007

Corinaldesi, C., F. Beolchini, and A. Dell’Anno. 2008. Damage and
degradation rates of extracellular DNA in marine sediments:
Implications for the preservation of gene sequences. Mol. Ecol. 17:
3939-3951. doi:10.1111/.1365-294X.2008.03880.x

Costello, M. J., M. Coll, R. Danovaro, P. Halpin, H. Ojaveer, and P.
Miloslavich. 2010. A Census of Marine Biodiversity Knowledge,

56



Resources, and Future Challenges. PLoS One 5: ¢el2110.
doi:10.1371/journal.pone.0012110

Coull, B. C. 1999. Role of meiofauna in estuarine soft-bottom habitats. Aust.
J. Ecol. 24: 327-343. d0i:10.1046/1.1442-9993.1999.00979.x

Creer, S., K. Deiner, S. Frey, D. Porazinska, P. Taberlet, W. K. Thomas, C.
Potter, and H. M. Bik. 2016. The ecologist’s field guide to sequence-
based identification of biodiversity. Methods Ecol. Evol. 7: 1008-1018.
doi:10.1111/2041-210X.12574

Creer, S., V. G. Fonseca, D. L. Porazinska, and others. 2010. Ultrasequencing
of the meiofaunal biosphere: practice, pitfalls and promises. Mol. Ecol.
19: 4-20. doi:10.1111/j.1365-294X.2009.04473.x

Cristescu, M. E. 2014. From barcoding single individuals to metabarcoding
biological communities: Towards an integrative approach to the study of
global  biodiversity.  Trends Ecol. Evol. 29: 566-571.
doi:10.1016/j.tree.2014.08.001

Cristescu, M. E. 2019. Can Environmental RNA Revolutionize Biodiversity
Science? Trends Ecol. Evol. 34: 694-697.
doi:10.1016/j.tree.2019.05.003

Dalsgaard (ed.), T., L. P. Nielsen, V. Brotas, and others. 2000. Protocol
handbook for NICE-Nitrogen Cycling in Estuaries: a project under the
EU research programme: Marine Science and Technology (MAST III).
National Environmental Research Institute, Silkeborg, Denmark. 62 pp.

Dalsgaard, T., B. Thamdrup, and D. E. Canfield. 2005. Anaerobic ammonium
oxidation (anammox) in the marine environment. Res. Microbiol. 156:
457-464. doi:10.1016/j.resmic.2005.01.011

Dang, H., and C. R. Lovell. 2016. Microbial Surface Colonization and Biofilm
Development in Marine Environments. Microbiol. Mol. Biol. Rev. 80:
91-138. doi:10.1128/mmbr.00037-15

Danovaro, R., D. Marrale, N. Della Croce, P. Parodi, and M. Fabiano. 1999.
Biochemical composition of sedimentary organic matter and bacterial
distribution in the Aegean Sea: Trophic state and pelagic-benthic
coupling. J. Sea Res. 42: 117-129. doi:10.1016/S1385-1101(99)00024-
6

Deagle, B. E., S. N. Jarman, E. Coissac, F. Pompanon, and P. Taberlet. 2014.
DNA metabarcoding and the cytochrome c oxidase subunit I marker:
Not a  perfect match. Biol.  Lett. 10:  20140562.
doi:10.1098/rsbl.2014.0562

Deiner, K., H. M. Bik, E. Méchler, and others. 2017. Environmental DNA
metabarcoding: Transforming how we survey animal and plant
communities. Mol. Ecol. 26: 5872-5895. doi:10.1111/mec.14350

Derycke, S., N. De Meester, A. Rigaux, S. Creer, H. Bik, W. K. Thomas, and
T. Moens. 2016. Coexisting cryptic species of the Litoditis marina
complex (Nematoda) show differential resource use and have distinct
microbiomes with high intraspecific variability. Mol. Ecol. 25: 2093—
2110. doi:10.1111/mec.13597

57



Devol, A. H. 2015. Denitrification, Anammox, and N2 Production in Marine
Sediments. Ann. Rev. Mar. Sci. 7: 403-423. doi:10.1146/annurev-
marine-010213-135040

Dietrich, D., and H. Arndt. 2000. Biomass partitioning of benthic microbes in
a Baltic inlet: relationships between bacteria, algae, heterotrophic
flagellates  and  ciliates. =~ Mar.  Biol. 136: 309-322.
doi:10.1007/s002270050689

Ducklow, H. W., D. K. Steinberg, and K. O. Buesseler. 2001. Upper Ocean
Carbon Export and the Biological Pump. Oceanography 14: 50-58.
doi:10.5670/oceanog.2001.06

Dunstan, G. A., J. K. Volkman, S. M. Barrett, J.-M. Leroi, and S. W. Jeffrey.
1994. Essential polyunsaturated fatty acids from 14 species of diatom
(Bacillariophyceae). Phytochemistry 35: 155-161. doi:10.1016/S0031-
9422(00)90525-9

Eble, J. A., T. S. Daly-Engel, J. D. DiBattista, A. Koziol, and M. R. Gaither.
2020. Chapter Two - Marine environmental DNA: Approaches,
applications, and opportunities, p. 141-169. In C. Sheppard [ed.],
Advances in Marine Biology. Elsevier Ltd.

Ehrnsten, E., A. Norkko, B. Miiller-Karulis, E. Gustafsson, and B. G.
Gustafsson. 2020. The meagre future of benthic fauna in a coastal sea—
Benthic responses to recovery from eutrophication in a changing
climate. Glob. Chang. Biol. 26: 2235-2250. doi:10.1111/gcb.15014

Elmgren, R., T. Blenckner, and A. Andersson. 2015. Baltic Sea management:
Successes and failures. Ambio 44: 335-344. doi:10.1007/s13280-015-
0653-9

Elmgren, R., and C. Hill. 1997. Ecosystem function at low biodiversity - the
Baltic example, p. 319-336. In R.F.G. Ormond, J.D. Gage, and M. V.
Angel [eds.], Marine Biodiversity - Patterns and Processes. Cambridge
Universty Press.

Engstrom-ost, J., M. Koski, K. Schmidt, M. Viitasalo, S. H. Jonasdéttir, M.
Kokkonen, S. Repka, and K. Sivonen. 2002. Effects of toxic
cyanobacteria on a plankton assemblage: community development
during decay of Nodularia spumigena. Mar. Ecol. Prog. Ser. 232: 1-14.

Engstrom, J., M. Koski, M. Viitasalo, M. Reinikainen, S. Repka, and K.
Sivonen. 2000. Feeding interactions of the copepods Eurytemora affinis
and Acartia bifilosa with the cyanobacteria Nodularia sp. J. Plankton
Res. 22: 1403-1409. doi:10.1093/plankt/22.7.1403

Eyre, B. D., and A. J. P. Ferguson. 2002. Comparison of carbon production
and decomposition, benthic nutrient fluxes and denitrification in
seagrass, phytoplankton, benthic microalgaec- and macroalgae-
dominated warm-temperate Australian lagoons. Mar. Ecol. Prog. Ser.
229: 43-59. doi:10.3354/meps229043

Fagervold, S. K., S. Bourgeois, A. M. Pruski, F. Charles, P. Kerhervé, G.
Vétion, and P. E. Galand. 2014. River organic matter shapes microbial
communities in the sediment of the Rhone prodelta. ISME J. 8: 2327—

58



2338. doi:10.1038/isme;j.2014.86

Fenchel, T. 1968. The ecology of marine microbenthos II. The food of marine
benthic ciliates. Ophelia 5: 73-121.
doi:10.1080/00785326.1968.10409626

Fonseca, V. G., G. R. Carvalho, W. Sung, and others. 2010. Second-
generation environmental sequencing unmasks marine metazoan
biodiversity. Nat. Commun. 1: 98. doi:10.1038/ncomms1095

Fonseca, V. G., F. Sinniger, J. M. Gaspar, C. Quince, S. Creer, D. M. Power,
L. S. Peck, and M. S. Clark. 2017. Revealing higher than expected
meiofaunal diversity in Antarctic sediments: a metabarcoding approach.
Sci. Rep. 7: 6094. doi:10.1038/s41598-017-06687-x

Fontaneto, D., J.-F. Flot, and C. Q. Tang. 2015. Guidelines for DNA
taxonomy, with a focus on the meiofauna. Mar. Biodivers. 45: 433-451.
doi:10.1007/s12526-015-0319-7

Forsblom, L., A. Lindén, J. Engstrém—()st, M. Lehtiniemi, and E. Bonsdorff.
2021. Identifying biotic drivers of population dynamics in a benthic—
pelagic community. Ecol. Evol. 11: 4035-4045. doi:10.1002/ece3.7298

Fraija-Fernandez, N., M.-C. Bouquieaux, A. Rey, I. Mendibil, U. Cotano, X.
Irigoien, M. Santos, and N. Rodriguez-Ezpeleta. 2020. Marine water
environmental DNA metabarcoding provides a comprehensive fish
diversity assessment and reveals spatial patterns in a large oceanic area.
Ecol. Evol. 10: 7560-7584. doi:10.1002/ece3.6482

Franco, M. A., I. De Mesel, M. Demba Diallo, and others. 2007. Effect of
phytoplankton bloom deposition on benthic bacterial communities in
two contrasting sediments in the southern North Sea. Aquat. Microb.
Ecol. 48: 241-254. doi:10.3354/ame048241

Giere, O. 2009. Meiobenthology: The Microscopic Motile Fauna of Aquatic
Sediments, Second Edi. Springer-Verlag.

Gihring, T. M., M. Humphrys, H. J. Mills, M. Huettel, and J. E. Kostka. 2009.
Identification of phytodetritus-degrading microbial communities in
sublittoral Gulf of Mexico sands. Limnol. Oceanogr. 54: 1073-1083.
doi:10.4319/10.2009.54.4.1073

Glud, R. N. 2008. Oxygen dynamics of marine sediments. Mar. Biol. Res. 4:
243-289. doi:10.1080/17451000801888726

Goldman, J. C., D. A. Caron, and M. R. Dennett. 1987. Regulation of gross
growth efficiency and ammonium regeneration in bacteria by substrate
C:N ratio. Limnol. Oceanogr. 32: 1239-1252.
d0i:10.4319/10.1987.32.6.1239

Gooday, A. J., and C. M. Turley. 1990. Responses by Benthic Organisms to
Inputs of Organic Material to the Ocean Floor : A Review. Philos. Trans.
R. Soc. Lond. B. Biol. Sci. 331: 119-138.

Goodwin, K. D., L. R. Thompson, B. Duarte, T. Kahlke, A. R. Thompson, J.
C. Marques, and I. Cagador. 2017. DNA Sequencing as a Tool to
Monitor Marine Ecological Status. Front. Mar. Sci. 4: 107.
doi:10.3389/fmars.2017.00107

59



Gorokhova, E., R. El-shehawy, M. Lehtiniemi, and A. Garbaras. 2021. How
Copepods Can Eat Toxins Without Getting Sick: Gut Bacteria Help
Zooplankton to Feed in Cyanobacteria Blooms. Front. Microbiol. 11:
589816. doi:10.3389/fmicb.2020.589816

Graf, G. 1992. Benthic-pelagic coupling: a benthic view. Ocean. Mar. Biol.
Annu. Rev. 30: 149-190.

Graf, G., W. Bengtsson, U. Diesner, R. Schulz, and H. Theede. 1982. Benthic
Response to Sedimentation of a Spring Phytoplankton Bloom: Process
and Budget. Mar. Biol. 67: 201-208. doi:10.1007/BF00401286

Grego, M., B. Riedel, M. Stachowitsch, and M. De Troch. 2014. Meiofauna
winners and losers of coastal hypoxia: Case study harpacticoid
copepods. Biogeosciences 11: 281-292. doi:10.5194/bg-11-281-2014

Griffiths, J. R., M. Kadin, F. J. A. Nascimento, and others. 2017. The
importance of benthic-pelagic coupling for marine ecosystem
functioning in a changing world. Glob. Chang. Biol. 23: 2179-2196.
doi:10.1111/gcb.13642

Groendahl, S., and P. Fink. 2017. High dietary quality of non-toxic
cyanobacteria for a benthic grazer and its implications for the control of
cyanobacterial biofilms. BMC Ecol. 17: 20. doi:10.1186/s12898-017-
0130-3

Guardiola, M., O. S. Wangensteen, P. Taberlet, E. Coissac, M. J. Uriz, and X.
Turon. 2016. Spatio-temporal monitoring of deep-sea communities
using metabarcoding of sediment DNA and RNA. Peer] 4: ¢2807.
doi:10.7717/peerj.2807

Guden, R. M., A. Vafeiadou, N. De Meester, S. Derycke, and T. Moens. 2018.
Living apart-together: Microhabitat differentiation of cryptic nematode
species in a saltmarsh habitat. PLoS One 13: e0204750.
doi:10.1371/journal.pone.0204750

Guillou, L., D. Bachar, S. Audic, and others. 2013. The Protist Ribosomal
Reference database (PR2): A catalog of unicellular eukaryote Small
Sub-Unit rRNA sequences with curated taxonomy. Nucleic Acids Res.
41: 597-604. doi:10.1093/nar/gks1160

Gustafsson, O., J. Gelting, P. Andersson, U. Larsson, and P. Roos. 2013. An
assessment of upper ocean carbon and nitrogen export fluxes on the
boreal continental shelf: A 3-year study in the open Baltic Sea
comparing sediment traps, 234Th proxy, nutrient, and oxygen budgets.
Limnol. Oceanogr. Methods 11: 495-510. do0i:10.4319/lom.2013.11.495

Hansen, L. S., and T. H. Blackburn. 1992. Mineralization budgets in sediment
microcosms: Effect of the infauna and anoxic conditions. FEMS
Microbiol. Lett. 102: 33—43. doi:10.1016/0378-1097(92)90111-Z

Hartig, E., and W. G. Zumft. 1999. Kinetics of nirS Expression (Cytochrome
cdl Nitrite Reductase) in Pseudomonas stutzeri during the Transition
from Aerobic Respiration to Denitrification: Evidence for a
Denitrification-Specific Nitrate- and Nitrite-Responsive Regulatory
System. J. Bacteriol. 181: 161-166. doi:10.1128/jb.181.1.161-166.1999

60



Heiskanen, A.-S., E. Bonsdorff, and M. Joas. 2019. Baltic Sea: A Recovering
Future From Decades of Eutrophication, p. 343-362. In Coasts and
Estuaries. Elsevier Inc.

Heiskanen, A.-S., and K. Kononen. 1994. Sedimentation of vernal and late
summer phytoplankton communities in the coastal Baltic Sea. Arch. fur
Hydrobiol. 131: 175-198.

Heiskanen, A.-S., and J.-M. Leppéanen. 1995. Estimation of export production
in the coastal Baltic Sea: effect of resuspension and microbial
decomposition on sedimentation measurements. Hydrobiologia 316:
211-224. doi:10.1007/BF00017438

Herlemann, D. P. R., M. Labrenz, K. Jiirgens, S. Bertilsson, J. J. Waniek, and
A. F. Andersson. 2011. Transitions in bacterial communities along the
2000 km salinity gradient of the Baltic Sea. ISME J. 5: 1571-1579.
doi:10.1038/ismej.2011.41

Hjerne, O., S. Hajdu, U. Larsson, A. S. Downing, and M. Winder. 2019.
Climate Driven Changes in Timing, Composition and Magnitude of the
Baltic Sea Phytoplankton Spring Bloom. Front. Mar. Sci. 6: 482.
doi:10.3389/fmars.2019.00482

Hoffmann, K., C. Hassenriick, V. Salman-Carvalho, M. Holtappels, and C.
Bienhold. 2017. Response of Bacterial Communities to Different
Detritus Compositions in Arctic Deep-Sea Sediments. Front. Microbiol.
8: 266. do0i:10.3389/fimicb.2017.00266

Hoshino, T., H. Doi, G.-I. Uramoto, and others. 2020. Global diversity of
microbial communities in marine sediment. Proc. Natl. Acad. Sci. U. S.
A.117: 27587-27597. doi:10.1073/pnas.1919139117

Ingels, J., A. V Tchesunov, and A. Vanreusel. 201 1. Meiofauna in the Gollum
Channels and the Whittard Canyon, Celtic Margin — How Local
Environmental Conditions Shape Nematode Structure and Function.
PLoS One 6: €20094. doi:10.1371/journal.pone.0020094

IPCC. 2014. Climate Change 2014: Synthesis Report. Contribution of
Working Groups I, II and III to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change, p. 151. In C.W. Team,
R.K. Pachauri, and L.A. Meyer [eds.]. IPCC, Geneva, Switzerland.

IPCC. 2019. Summary for Policymakers, /n H.-O. Portner, D.C. Roberts, V.
Masson-Delmotte, et al. [eds.], [PCC Special Report on the Ocean and
Cryosphere in a Changing Climate. In press.

Jensen, M. H., E. Lomstein, and J. Serensen. 1990. Benthic NH4+ and NO3-
flux following sedimentation of a spring phytoplankton bloom in Aarhus
Bight, Denmark. Mar. Ecol. Prog. Ser. 61: 87-96.

Jiao, N., G. J. Herndl, D. A. Hansell, and others. 2010. Microbial production
of recalcitrant dissolved organic matter: Long-term carbon storage in the
global ocean. Nat. Rev. Microbiol. 8: 593-599.
doi:10.1038/nrmicro2386

Josefson, A. B., and D. J. Conley. 1997. Benthic response to a pelagic front.
Mar. Ecol. Prog. Ser. 147: 49-62. doi:10.3354/meps 147049

61



Kahru, M., and R. Elmgren. 2014. Multidecadal time series of satellite-
detected accumulations of cyanobacteria in the Baltic Sea.
Biogeosciences 11: 3619-3633. doi:10.5194/bg-11-3619-2014

Karlson, A. M. L., J. Duberg, N. H. Motwani, and others. 2015. Nitrogen
fixation by cyanobacteria stimulates production in Baltic food webs.
Ambio 44: 413-426. doi:10.1007/s13280-015-0660-x

Kelly, J. R., and S. W. Nixon. 1984. Experimental studies of the effect of
organic deposition on the metabolism of a coastal marine bottom
community. Mar. Ecol. Prog. Ser. 17: 157-169.
doi:10.3354/meps017157

Klais, R., T. Tamminen, A. Kremp, K. Spilling, and K. Olli. 2011. Decadal-
Scale Changes of Dinoflagellates and Diatoms in the Anomalous Baltic
Sea Spring Bloom. PLoS One 6: e21567.
doi:10.1371/journal.pone.0021567

Klier, J., O. Dellwig, T. Leipe, K. Jiirgens, and D. P. R. Herlemann. 2018.
Benthic Bacterial Community Composition in the Oligohaline-Marine
Transition of Surface Sediments in the Baltic Sea Based on rRNA
Analysis. Front. Microbiol. 9: 236. doi:10.3389/fmicb.2018.00236

Krabbered, A. K., M. F. M. Bjorbakmo, K. Shalchian-Tabrizi, and R.
Logares. 2017. Exploring the oceanic microeukaryotic interactome with
metaomics  approaches. Aquat. Microb. Ecol. 79: 1-12.
doi:10.3354/ame01811

Lampadariou, N., and A. Eleftheriou. 2018. Seasonal dynamics of meiofauna
from the oligotrophic continental shelf of Crete (Aegean Sea, eastern
Mediterranean). J. Exp. Mar. Bio. Ecol. 502: 91-104.
doi:10.1016/j.jembe.2017.12.014

Landa, M., S. Blain, J. Harmand, S. Monchy, A. Rapaport, and L
Obernosterer. 2018. Major changes in the composition of a Southern
Ocean bacterial community in response to diatom-derived dissolved
organic ~ matter. FEMS  Microbiol.  Ecol. 94:  fiy034.
doi:10.1093/femsec/fiy034

Landa, M., M. T. Cottrell, D. L. Kirchman, and others. 2014. Phylogenetic
and structural response of heterotrophic bacteria to dissolved organic
matter of different chemical composition in a continuous culture study.
Environ. Microbiol. 16: 1668-1681. doi:10.1111/1462-2920.12242

Leasi, F., J. L. Sevigny, E. M. Laflamme, and others. 2018. Biodiversity
estimates and ecological interpretations of meiofaunal communities are
biased by the taxonomic approach. Commun. Biol. 1: 112.
doi:10.1038/s42003-018-0119-2

Lejzerowicz, F., P. Esling, L. Pillet, T. A. Wilding, K. D. Black, and J.
Pawlowski. 2015. High-throughput sequencing and morphology
perform equally well for benthic monitoring of marine ecosystems. Sci.
Rep. 5: 13932. doi:10.1038/srep13932

Leray, M., and N. Knowlton. 2015. DNA barcoding and metabarcoding of
standardized samples reveal patterns of marine benthic diversity. Proc.

62



Natl. Acad. Sci. 112: 2076-2081. doi:10.1073/pnas.1424997112

Leray, M., and N. Knowlton. 2016. Censusing marine eukaryotic diversity in
the twenty-first century. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 371:
20150331. doi:10.1098/rstb.2015.0331

Levin, L. A. 2003. Oxygen Minimum Zone Benthos: Adaptation and
Community Response to Hypoxia, p. 1-45. In R.N. Gibson and R.J.A.
Atkinson [eds.], Oceanography and Marine Biology: an Annual Review.

Lochte, K., H. W. Ducklow, M. J. R. Fasham, and C. Stienen. 1993. Plankton
succession and carbon cycling at 47°N 20°W during the JGOFS North
Atlantic Bloom Experiment. Deep. Res. Part II 40: 91-114.
doi:10.1016/0967-0645(93)90008-B

van der Loos, L. M., and R. Nijland. 2021. Biases in bulk: DNA
metabarcoding of marine communities and the methodology involved.
Mol. Ecol. 30: 3270-3288. doi:10.1111/mec.15592

Luan, L., Y. Jiang, M. Cheng, F. Dini-Andreote, Y. Sui, Q. Xu, S. Geisen, and
B. Sun. 2020. Organism body size structures the soil microbial and
nematode community assembly at a continental and global scale. Nat.
Commun. 11: 6406. doi:10.1038/s41467-020-20271-4

Luna, G. M., E. Manini, and R. Danovaro. 2002. Large Fraction of Dead and
Inactive Bacteria in Coastal Marine Sediments: Comparison of Protocols
for Determination and Ecological Significance. Appl. Environ.
Microbiol. 68: 3509-3513. doi:10.1128/AEM.68.7.3509-3513.2002

Mikinen, K., I. Vuorinen, and J. Héanninen. 2017. Climate-induced
hydrography change favours small-bodied zooplankton in a coastal
ecosystem. Hydrobiologia 792: 83—96. doi:10.1007/s10750-016-3046-6

Marshall, N. T., H. A. Vanderploeg, and S. R. Chaganti. 2021. Environmental
(e)RNA advances the reliability of eDNA by predicting its age. Sci. Rep.
11: 2769. doi:10.1038/s41598-021-82205-4

Mathieu, C., S. M. Hermans, G. Lear, T. R. Buckley, K. C. Lee, and H. L.
Buckley. 2020. A Systematic Review of Sources of Variability and
Uncertainty in eDNA Data for Environmental Monitoring. Front. Ecol.
Evol. 8: 135. do0i:10.3389/fev0.2020.00135

Mayor, D. J., B. Thornton, S. Hay, A. F. Zuur, G. W. Nicol, J. M. Mcwilliam,
and U. F. M. Witte. 2012. Resource quality affects carbon cycling in
deep-sea sediments. ISME J. 6: 1740—-1748. doi:10.1038/ismej.2012.14

McCave, 1. N. 1975. Vertical flux of particles in the ocean. Deep. Res.
Oceanogr. Abstr. 22: 491-502. doi:10.1016/0011-7471(75)90022-4

Mclntyre, A. D. 1969. Ecology of Marine Meiobenthos. Biol. Rev. 44: 245—
290. doi:10.1111/5.1469-185x.1969.tb00828.x

Van Den Meersche, K., J. J. Middelburg, K. Soetaert, P. van Rijswijk, H. T.
S. Boschker, and C. H. R. Heip. 2004. Carbon-nitrogen coupling and
algal-bacterial interactions during an experimental bloom: Modeling a
13C  tracer experiment. Limnol. Oceanogr. 49: 862-878.
d0i:10.4319/10.2004.49.3.0862

Meyer-Reil, L.-A. 1987. Seasonal and Spatial Distribution of Extracellular

63



Enzymatic Activities and Microbial Incorporation of Dissolved Organic
Substrates in Marine Sediments. Appl. Environ. Microbiol. 53: 1748—
1755.

Middelburg, J. J., T. Vlug, F. Jaco, and W. A. van der Nat. 1993. Organic
matter mineralization in marine systems. Glob. Planet. Change 8: 47—
58. doi:10.1016/0921-8181(93)90062-S

Modig, H., and E. Olafsson. 1998. Responses of Baltic benthic invertebrates
to hypoxic events. J. Exp. Mar. Bio. Ecol. 229: 133-148.

Moens, T., and M. Vincx. 1997. Observations on the Feeding Ecology of
Estuarine Nematodes. J. mar. biol. Ass. UK. 77: 211-227.
doi:10.1080/02541858.1980.11447695

Mollmann, C., G. Kornilovs, and L. Sidrevics. 2000. Long-term dynamics of
main mesozooplankton species in the central Baltic Sea. J. Plankton Res.
22:2015-2038. doi:10.1093/plankt/22.11.2015

Moodley, L., G. Chen, C. Heip, and M. Vincx. 2000. Vertical distribution of
meiofauna in sediments from contrasting sites in the adriatic sea: Clues
to the role of abiotic versus biotic control. Ophelia 53: 203-212.
doi:10.1080/00785326.2000.10409450

Nagata, T. 2008. Organic matter—bacteria interactions in seawater, p. 207—
241. In D.L. Kirchman [ed.], Microbial Ecology of the Oceans: Second
Edition. John Wiley and Sons, NY.

Nascimento, F. J. A., A. M. L. Karlson, and R. Elmgren. 2008. Settling
blooms of filamentous cyanobacteria as food for meiofauna
assemblages. Limnol. Oceanogr. 53: 2636-2643.
d0i:10.4319/10.2008.53.6.2636

Nascimento, F. J. A., A. M. L. Karlson, J. Néslund, and E. Gorokhova. 2009.
Settling cyanobacterial blooms do not improve growth conditions for
soft bottom meiofauna. J. Exp. Mar. Bio. Ecol. 368: 138-146.
doi:10.1016/j.jembe.2008.09.014

Nascimento, F. J. A., J. Néslund, and R. Elmgren. 2012. Meiofauna enhances
organic matter mineralization in soft sediment ecosystems. Limnol.
Oceanogr. 57: 338-346. doi:10.4319/10.2012.57.1.0338

Nawaz, A., W. Purahong, M. Herrmann, K. Kiisel, F. Buscot, and T. Wubet.
2019. DNA- and RNA- Derived Fungal Communities in Subsurface
Aquifers Only Partly Overlap but React Similarly to Environmental
Factors. Microorganisms 7: 341. doi:10.3390/microorganisms7090341

Nealson, K. H. 1997. Sediment Bacteria: Who’s There, What Are They
Doing, and What’s New? Annu. Rev. Earth Planet Sci. 25: 403—434.

Nielsen, L. P. 1992. Denitrification in sediment determined from nitrogen
isotope pairing. FEMS Microbiol. Lett. 86: 357-362. doi:10.1016/0378-
1097(92)90800-4

Oakes, J. M., B. D. Eyre, and D. J. Ross. 2011. Short-Term Enhancement and
Long-Term Suppression of Denitrification in Estuarine Sediments
Receiving Primary- and Secondary-Treated Paper and Pulp Mill
Discharge. Environ. Sci. Technol. 45: 3400-3406.

64



doi:10.1021/es103636d

Ojaveer, H., A. Jaanus, B. R. Mackenzie, and others. 2010. Status of
Biodiversity in the Baltic Sea. PLoS One 5: el2467.
doi:10.1371/journal.pone.0012467

Olafsson, E., and R. Elmgren. 1997. Seasonal Dynamics of Sublittoral
Meiobenthos in Relation to Phytoplankton Sedimentation in the Baltic
Sea. Estuar. Coast. Shelf Sci. 45: 149—-164. doi:10.1006/ecss.1996.0195

Paerl, H. W., and J. Huisman. 2009. Climate change: A catalyst for global
expansion of harmful cyanobacterial blooms. Environ. Microbiol. Rep.
1: 27-37. doi:10.1111/j.1758-2229.2008.00004.x

Paine, R. T. 1966. Food web complexity and species diversity. Am. Nat. 100:
65-75.

Pawtowska, J., F. Lejzerowicz, P. Esling, W. Szczucinski, M. Zajaczkowski,
and J. Pawlowski. 2014. Ancient DNA sheds new light on the Svalbard
foraminiferal fossil record of the last millennium. Geobiology 12: 277—
288. doi:10.1111/gbi.12087

Pawlowski, J., P. Esling, F. Lejzerowicz, T. Cedhagen, and T. A. Wilding.
2014. Environmental monitoring through protist next-generation
sequencing metabarcoding: Assessing the impact of fish farming on
benthic foraminifera communities. Mol. Ecol. Resour. 14: 1129-1140.
doi:10.1111/1755-0998.12261

Peterson, C. H. 1979. Predation, Competitive Exclusion, and Diversity in the
Soft-sediment Benthic Communities of Estuaries and Lagoons, /n R.J.
Livingston [ed.], Ecological Processes in Coastal and Marine Systems.

Pfannkuche, O. 1993. Benthic response to the sedimentation of particulate
organic matter at the BIOTRANS station, 47°N, 20°W. Deep. Res. Part
11 40: 135-149.

Pochon, X., A. Zaiko, L. M. Fletcher, O. Laroche, and S. A. Wood. 2017.
Wanted dead or alive? Using metabarcoding of environmental DNA and
RNA to distinguish living assemblages for biosecurity applications.
PLoS One 12: e0187636. doi:10.1371/journal.pone.0187636

Porter, T. M., and M. Hajibabaei. 2018. Scaling up: A guide to high-
throughput genomic approaches for biodiversity analysis. Mol. Ecol. 27:
313-338. doi:10.1111/mec.14478

Quast, C., E. Pruesse, P. Yilmaz, J. Gerken, T. Schweer, P. Yarza, J. Peplies,
and F. O. Glockner. 2013. The SILVA ribosomal RNA gene database
project: Improved data processing and web-based tools. Nucleic Acids
Res. 41: 590-596. doi:10.1093/nar/gks1219

Quijon, P. A., M. C. Kelly, and P. V. R. Snelgrove. 2008. The role of sinking
phytodetritus in structuring shallow-water benthic communities. J. Exp.
Mar. Bio. Ecol. 366: 134-145. doi:10.1016/j.jembe.2008.07.017

Radulovici, A. E., P. Archambault, and F. Dufresne. 2010. DNA Barcodes for
Marine Biodiversity: Moving Fast Forward? Diversity 2: 450-472.
doi:10.3390/d2040450

Ratnasingham, S., and P. D. N. Hebert. 2007. BOLD: The Barcode of Life

65



Data System (www.barcodinglife.org). Mol. Ecol. Notes 7: 355-364.
doi:10.1111/.1471-8286.2007.01678.x

Reusch, T. B. H., J. Dierking, H. C. Andersson, and others. 2018. The Baltic
Sea as a time machine for the future coastal ocean. Sci. Adv. 4: eaar8195.
doi:10.1126/sciadv.aar8195

Riemann, L., G. F. Steward, and F. Azam. 2000. Dynamics of Bacterial
Community Composition and Activity during a Mesocosm Diatom
Bloom. Appl. Environ. Microbiol. 66: 578-587.
doi:10.1128/AEM.66.5.2282-2282.2000

Risgaard-petersen, N., L. P. Nielsen, S. Rysgaard, T. Dalsgaard, and R. L.
Meyer. 2003. Application of the isotope pairing technique in sediments
where anammox, denitrification, and dissimilatory nitrate reduction to
ammonium coexist. Limnol. Oceanogr. Methods 1: 63-73.
doi:10.1002/1om3.10127

Robertson, E. K., M. Bartoli, V. Briichert, and others. 2019. Application of
the isotope pairing technique in sediments: Use, challenges, and new
directions. = Limnol. = Oceanogr. = Methods 17: 112-136.
doi:10.1002/1om3.10303

Rowe, G. T., C. H. Clifford, K. L. Smith Jr, and P. L. Hamilton. 1975. Benthic
nutrient regeneration and its coupling to primary productivity in coastal
waters. Nature 255: 215-217.

Ruppert, K. M., R. J. Kline, and M. S. Rahman. 2019. Past, present, and future
perspectives of environmental DNA (eDNA) metabarcoding: A
systematic review in methods, monitoring, and applications of global
eDNA. Glob. Ecol. Conserv. 17: e00547.
doi:10.1016/j.gecco.2019.e00547

Rzeznik-Orignac, J., and D. Fichet. 2012. Experimental estimation of
assimilation rates of meiofauna feeding on 14C-labelled benthic
diatoms. J. Exp. Mar. Bio. Ecol. 432-433: 179-185.
doi:10.1016/j.jembe.2012.06.019

Sala, E., and N. Knowlton. 2006. Global Marine Biodiversity Trends. Annu.
Rev. Environ. Resour. 31: 93-122.
doi:10.1146/annurev.energy.31.020105.100235

Salonen, I. S., P. Chronopoulou, E. Leskinen, and K. A. Koho. 2019.
Metabarcoding successfully tracks temporal changes in eukaryotic
communities in coastal sediments. FEMS Microbiol. Ecol. 95: 226.
doi:10.1093/femsec/fiy226

Sampei, M., H. Sasaki, H. Hattori, A. Forest, and L. Fortier. 2009. Significant
Contribution of Passively Sinking Copepods to the Downward Export
Flux in Arctic Waters. Limnol. Oceanogr. 54: 1894—1900.

Sarmento, H., C. Romera-Castillo, M. Lindh, J. Pinhassi, M. M. Sala, J. M.
Gasol, C. Marrasé, and G. T. Taylor. 2013. Phytoplankton species-
specific release of dissolved free amino acids and their selective
consumption by bacteria. Limnol. Oceanogr. 58: 1123-1135.
doi:10.4319/10.2013.58.3.1123

66



Schlitzer, R. 2021. Ocean Data View, odv.awi.de.

Schratzberger, M., R. M. Forster, F. Goodsir, and S. Jennings. 2008.
Nematode community dynamics over an annual production cycle in the
central North Sea. Mar. Environ. Res. 66: 508-519.
doi:10.1016/j.marenvres.2008.08.004

Schratzberger, M., and J. Ingels. 2018. Meiofauna matters: The roles of
meiofauna in benthic ecosystems. J. Exp. Mar. Bio. Ecol. 502: 12-25.
doi:10.1016/j.jembe.2017.01.007

Schuelke, T., T. J. Pereira, S. M. Hardy, and H. M. Bik. 2018. Nematode-
associated microbial taxa do not correlate with host phylogeny,
geographic region or feeding morphology in marine sediment habitats.
Mol. Ecol. 27: 1930-1951. doi:10.1111/mec.14539

Seitzinger, S., J. A. Harrison, J. K. Bohlke, A. F. Bouwman, R. Lowrance, B.
Peterson, C. Tobias, and G. Van Drecht. 2006. Denitrification across
landscapes and waterscapes: A synthesis. Ecol. Appl. 16: 2064-2090.
doi:10.1890/1051-0761(2006)016[2064:DALAWA]2.0.CO;2

Sloth, N. P., H. Blackburn, L. S. Hansen, N. Risgaard-petersen, and B. A.
Lomstein. 1995. Nitrogen cycling in sediments with different organic
loading. Mar. Ecol. Prog. Ser. 116: 163—170.

Snelgrove, P. V. R. 1997. The Importance of Marine Sediment Biodiversity
in Ecosystem Processes. Ambio 26: 578—583.

Snelgrove, P. V. R. 1999. Getting to the Bottom of Marine Biodiversity:
Sedimentary Habitats Ocean bottoms are the most widespread habitat on
Earth and support high biodiversity and key ecosystem services.
Bioscience 49: 129-138. doi:10.2307/1313538

Snoeijs-Leijonmalm, P., and E. Andrén. 2017. Why is the Baltic Sea so special
to live in?, p. 23-84. In P. Snoeijs-Leijonmalm, H. Schubert, and T.
Radziejewska [eds.], Biological Oceanography of the Baltic Sea.
Springer, Dordrecht.

Soltwedel, T., K. Guilini, E. Sauter, I. Schewe, and C. Hasemann. 2018. Local
effects of large food-falls on nematode diversity at an arctic deep-sea
site: Results from an in situ experiment at the deep-sea observatory
HAUSGARTEN. J. Exp. Mar. Bio. Ecol. 502: 129-141.
doi:10.1016/j.jembe.2017.03.002

Somerfield, P. J., S. L. Dashfield, and R. M. Warwick. 2018. The structure
and organisation of integral marine benthic communities in relation to
sieve mesh size. J. Exp. Mar. Bio. Ecol. 502: 164-173.
doi:10.1016/j.jembe.2017.08.007

Somerfield, P. J., and R. M. Warwick. 2013. Meiofauna Techniques, /n A.
Eleftheriou [ed.], Methods for the study of marine benthos.

Spilling, K., K. Olli, J. Lehtoranta, and others. 2018. Shifting Diatom—
Dinoflagellate Dominance During Spring Bloom in the Baltic Sea and
its Potential Effects on Biogeochemical Cycling. Front. Mar. Sci. 5: 327.
doi:10.3389/fmars.2018.00327

Steingruber, S. M., J. Friedrich, R. Gachter, and B. Wehrli. 2001.

67



Measurement of Denitrification in Sediments with the 15N Isotope
Pairing Technique. Appl. Environ. Microbiol. 67: 3771-3778.
doi:10.1128/AEM.67.9.3771

Stoeck, T., D. Bass, M. Nebel, R. Christen, M. D. M. Jones, H.-W. Breiner,
and T. A. Richards. 2010. Multiple marker parallel tag environmental
DNA sequencing reveals a highly complex eukaryotic community in
marine anoxic water. Mol. Ecol. 19: 21-31. doi:10.1111/j.1365-
294X.2009.04480.x

Stoeck, T., R. Kochems, D. Forster, F. Lejzerowicz, and J. Pawlowski. 2018.
Metabarcoding of benthic ciliate communities shows high potential for
environmental monitoring in salmon aquaculture. Ecol. Indic. 85: 153—
164. doi:10.1016/j.ecolind.2017.10.041

Suikkanen, S., S. Pulina, J. Engstrom-Ost, M. Lehtiniemi, S. Lehtinen, and A.
Brutemark. 2013. Climate Change and Eutrophication Induced Shifts in
Northern Summer Plankton Communities. PLoS One 8: e66475.
doi:10.1371/journal.pone.0066475

Taberlet, P., A. Bonin, L. Zinger, and E. Coissac. 2018. Environmental DNA:
for Biodiversity Research and Monitoring, Oxford University Press.

Taberlet, P., E. Coissac, F. Pompanon, C. Brochmann, and E. Willerslev.
2012. Towards next-generation biodiversity assessment using DNA
metabarcoding. Mol. Ecol. 21: 2045-2050.
doi:https://doi.org/10.1111/j.1365-294X.2012.05470.x

Tait, K., R. L. Airs, C. E. Widdicombe, G. A. Tarran, M. R. Jones, and S.
Widdicombe. 2015. Dynamic responses of the benthic bacterial
community at the Western English Channel observatory site L4 are
driven by deposition of fresh phytodetritus. Prog. Oceanogr. 137: 546—
558. doi:10.1016/j.pocean.2015.04.020

Tamelander, T., K. Spilling, and M. Winder. 2017. Organic matter export to
the seafloor in the Baltic Sea: Drivers of change and future projections.
Ambio 46: 842-851. doi:10.1007/s13280-017-0930-x

Tang, C. Q., F. Leasi, U. Obertegger, A. Kieneke, T. G. Barraclough, and D.
Fontaneto. 2012. The widely used small subunit 18S rDNA molecule
greatly underestimates true diversity in biodiversity surveys of the
meiofauna. Proc. Natl. Acad. Sci. U. S. A. 109: 16208-16212.
doi:10.1073/pnas.1209160109

Tang, K. W., and D. T. Elliott. 2014. Copepod carcasses: Occurrence, fate and
ecological importance, p. 255-277. In L. Seuront [ed.], Copepods:
Diversity, Habitat and Behavior. Nova Science Publishers, Inc.

Tang, K. W., M. L. Gladyshev, O. P. Dubovskaya, G. Kirillin, and H.-P.
Grossart. 2014. Zooplankton carcasses and non-predatory mortality in
freshwater and inland sea environments. J. Plankton Res. 36: 597-612.
doi:10.1093/plankt/fbu014

Tezuka, Y. 1990. Bacterial Regeneration of Ammonium and Phosphate as
Affected by the Carbon:Nitrogen:Phosphorus Ratio of Organic
Substrates. Microb. Ecol. 19: 227-238.

68



Thamdrup, B., and T. Dalsgaard. 2008. Nitrogen Cycling in Sediments, p.
527-568. In D.L. Kirchman [ed.], Microbial Ecology of the Oceans:
Second Edition. John Wiley and Sons, NY.

Thrush, S. F., J. E. Hewitt, C. A. Pilditch, and A. Norkko. 2021. Ecology of
Coastal Marine Sediments: Form, Function, and Change in the
Anthropocene, Oxford University Press.

Tuominen, L., T. Kairesalo, H. Hartikainen, and P. Tallberg. 1996. Nutrient
fluxes and microbial activity in sediment enriched with settled seston.
Hydrobiologia 335: 19-31. doi:10.1007/BF00013679

Turner, J. T. 2015. Zooplankton fecal pellets, marine snow, phytodetritus and
the ocean’s biological pump. Prog. Oceanogr. 130: 205-248.
doi:10.1016/j.pocean.2014.08.005

Tyrrell, T. 1999. The relative influences of nitrogen and phosphorus on
oceanic primary production. Nature 400: 525-531.

Vafeiadou, A., C. Chintiroglou, and T. Moens. 2018. Effects of an increased
temperature regime on the population dynamics and species interactions
of marine nematodes. J. Exp. Mar. Bio. Ecol. 502: 142-152.
doi:10.1016/j.jembe.2017.02.008

Vanaverbeke, J., M. Steyaert, K. Soetaert, V. Rousseau, D. Van Gansbeke, J.-
Y. Parent, and M. Vincx. 2004. Changes in structural and functional
diversity of nematode communities during a spring phytoplankton
bloom in the southern North Sea. J. Sea Res. 52: 281-292.
doi:10.1016/j.seares.2004.02.004

Vetterli, A., K. Hyytidinen, M. Ahjos, P. Auvinen, L. Paulin, S. Hietanen, and
E. Leskinen. 2015. Seasonal patterns of bacterial communities in the
coastal brackish sediments of the Gulf of Finland, Baltic Sea. Estuar.
Coast. Shelf Sci. 165: 86-96. doi:10.1016/j.ecss.2015.07.049

Vincx, M. 1996. Meiofauna in marine and freshwater sediments, p. 187—-195.
In G.S. Hall [ed.], Methods for the Examination of Organismal Diversity
in Soils and Sediments. CAB International: Wallinford.

Voss, M., A. Baker, H. W. Bange, and others. 2011. Nitrogen processes in
coastal and marine ecosystems, p. 147-176. In M.A. Sutton, C.M.
Howard, J.W. Erisman, G. Billen, A. Bleeker, P. Grennfelt, H. Van
Grinsven, and B. Grizzetti [eds.], The European Nitrogen Assessment.
Cambridge Universty Press.

Wallenstein, M. D., D. D. Myrold, M. Firestone, and M. Voytek. 2006.
Environmental controls on denitrifying communities and denitrification
rates: Insights from molecular methods. Ecol. Appl. 16: 2143-2152.
doi:10.1890/1051-0761(2006)016[2143:ECODCA]2.0.CO;2

Walsby, A. E. 1975. Gas Vesicles. Annu. Rev. Plant Physiol. 26: 427-439.
doi:10.1146/annurev.pp.26.060175.002235

Walther, G.-R. 2010. Community and ecosystem responses to recent climate
change. Philos. Trans. R. Soc. B Biol. Sci. 365: 2019-2024.
doi:10.1098/rstb.2010.0021

Walve, J., and U. Larsson. 2010. Seasonal changes in Baltic Sea seston

69



stoichiometry: The influence of diazotrophic cyanobacteria. Mar. Ecol.
Prog. Ser. 407: 13-25. doi:10.3354/meps08551

Wasmund, N., J. Tuimala, S. Suikkanen, L. Vandepitte, and A. Kraberg. 2011.
Long-term trends in phytoplankton composition in the western and
central Baltic Sea. J. Mar. Syst. 87: 145-159.
doi:10.1016/j.jmarsys.2011.03.010

Winder, M., and J. E. Cloern. 2010. The annual cycles of phytoplankton
biomass. Philos. Trans. R. Soc. B Biol. Sci. 365: 3215-3226.
doi:10.1098/rstb.2010.0125

Witte, U., N. Aberle, M. Sand, and F. Wenzhofer. 2003. Rapid response of a
deep-sea benthic community to POM enrichment: an in situ
experimental study. Mar. Ecol. Prog. Ser. 251: 27-36.

Wood, S. A., L. Biessy, J. L. Latchford, A. Zaiko, U. von Ammon, F.
Audrezet, M. E. Cristescu, and X. Pochon. 2020. Release and
degradation of environmental DNA and RNA in a marine system. Sci.
Total Environ. 704: 135314. doi:10.1016/j.scitotenv.2019.135314

Yates, M. C., A. M. Derry, and M. E. Cristescu. 2021. Environmental RNA:
A Revolution in Ecological Resolution? Trends Ecol. Evol. 36: 601—
609. doi:10.1016/j.tree.2021.03.001

Zamora-Terol, S., A. Novotny, and M. Winder. 2020. Molecular evidence of
host-parasite interactions between zooplankton and Syndiniales. Aquat.
Ecol. 55: 125-134. doi:10.1007/s10452-020-09816-3

Zhang, Q., R. M. Warwick, C. L. McNeill, C. E. Widdicombe, A. Sheehan,
and S. Widdicombe. 2015. An unusually large phytoplankton spring
bloom drives rapid changes in benthic diversity and ecosystem function.
Prog. Oceanogr. 137: 533-545. doi:10.1016/j.pocean.2015.04.029

Zilius, M., R. De Wit, and M. Bartoli. 2016. Response of sedimentary
processes to cyanobacteria loading. J. Limnol. 75: 236-247.
doi:10.4081/j1imnol.2015.1296

Zinger, L., L. A. Amaral-Zettler, J. A. Fuhrman, and others. 2011. Global
Patterns of Bacterial Beta-Diversity in Seafloor and Seawater
Ecosystems. PLoS One 6: €24570. doi:10.1371/journal.pone.0024570

Zumft, W. G. 1997. Cell Biology and Molecular Basis of Denitrification.
Microbiol. Mol. Biol. Rev. 61: 533-616.
doi:https://doi.org/10.1128/mmbr.61.4.533-616.1997

70



