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Summary

Summary

Within the framework of this study we analysed di�erent processes taking place in sandy

sediments and their in�uence on the total oxygen uptake (TOU).

We investigated the in�uence of current-driven advection in contrast to concentration-

driven di�usion with benthic chambers in the laboratory and in situ close to Warnem¤unde

in front of the H¤utelmoor. As these two processes are dependent on the occurring sedi-

ment parameters, we characterized the study area as one of the main objectives in this study.

Therefore the organic content of the sediments, grain size distribution, permeability, chloro-

phyll a content and the distribution of macrofaunal organisms were analysed.

TOU is a�ected by current- and concentration-driven processes, but additionally by the

occurrence of macrofauna which respire and indirectly in�uence the TOU by additional oxy-

gen input to the sediment due to e.g. bioturbation. To estimate the share of macrofauna of

the TOU, we developed a reliable respiration rate formula for the most abundant infauna

species in the study area, Mya arenaria. With this formula, a respiration rate and therefore

the contribution to the TOU can be calculated for the M. arenaria population, based on their

abundance and individual size distribution. M. arenaria contributes with less than 16% only

a minor fraction to the TOU. The indirect contribution to TOU by M. arenaria was not de-

termined in this study.

The TOU measured at the �eld stations ranged from -10 to -28 mmol O2 m�2 d�1. The

assumption of the greatest part of the study area to be permeable and thus subject to potential

advective processes was not met in our study. An e�ect of advective in�uence on oxygen

uptake was only shown for one in situ station. For this in situ station we found an increase

in TOU at a factor of 2.

Laboratory results show that oxygen transport in permeable sediments is not necessarily

associated with an increase in TOU, but that oxygen uptake needs to be fuelled additionally.

Laboratory �ow-through experiments showed that increasing porewater �ow increased volu-

metric oxygen uptake rates and that the rate of this increase was in turn higher when properly

fuelled with e.g. dissolved organic carbon sources.

When wanting to analyse potential advective in�uence on the TOU of an area, the de�ni-

tion of a threshold for permeability is crucial. For this purpose it is important to di�erentiate

between possible e�ects on porewater advection and the a�ected TOU (total oxygen uptake).

We argue for an increase of this threshold.

The originally de�ned threshold for permeable sediments of 2.5�10�12 m2 (which led

to the assumption of most of the area to be permeable) was based on studies using tracers.
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Summary

In our study, oxygen uptake of sediments with a permeability of <7.5�10�12 m2 was not

a�ected by advective in�uence. Therefore the permeability threshold has to be set higher.

Regarding results of our study and literature data, we argue the threshold to be increased to

at least to 7.5�10�12 m2 or even to 2�10�11 m2. The permeability in the analysed study area

was therefore not as decisive as originally estimated and less parts of the area were subjective

to an advective in�uence on TOU.

With this threshold a permeability e�ect on TOU can be assumed for 47 - 80% of the

study area.

As the advective in�uence in the �eld depends on bottom velocity in the study area, a

wave spectrum was assessed. As a rough estimation less than 70% of the occurring waves

would reach the sea �oor in the study area further reducing the occurence of advective ef-

fects. Summing up the permeable part of the investigated area and the times when waves

would induce advection in the sediments, the possibility of oxygen uptake to be in�uenced

by advective porewater �ow would be reduced to 33 - 56%.
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Zusammenfassung

Zusammenfassung

Im Zuge dieser Arbeit wurden unterschiedliche, im sandigen Sediment statt�ndende Pro-

zesse und deren Ein�uss auf die Sauersto�zehrung untersucht. Hierf¤ur wurde im Labor und

in situ in der N¤ahe von Warnem¤unde, vor dem H¤utelmoor, mit benthischen Kammern der

Ein�uss von str¤omungsgetriebener Advektion im Gegensatz zur konzentrationsgetriebenen

Di�usion untersucht.

Da diese Prozesse von den vorhandenen Sedimenteigenschaften im Feld abh¤angig sind,

wurde als ein Schwerpunkt der Arbeit das Studiengebiet charakterisiert. Hierf¤ur wurde der

Gehalt an organischem Material der Sedimente, die Korngr¤oßenverteilung, die Permeabilit¤at,

Chlorophyll-a-Gehalte und die Verteilung der vorkommenden Makrofauna bestimmt.

Die Sauersto�zehrung wird durch str¤omungs- oder konzentrationsgetriebene Prozesse be-

ein�usst, aber auch durch die Anwesenheit der Makrofauna, welche atmen und zus¤atzlich

durch Sauersto�eintrag ins Sediment einen indirekten Ein�uss auf die gesamte Sauersto�-

zehrung der Sedimente haben. Um absch¤atzen zu k¤onnen, wieviel Anteil die Makrofauna

an der gesamten Sauersto�zehrung im Studiengebiet hat, wurde eine Atmungsformel f¤ur

die h¤au�gste Infauna Art im Studiengebiet, Mya arenaria, entwickelt. Anhand dieser For-

mel konnten wir, basierend auf der Abundanz und der Gr¤oßenverteilung der Individuen, den

Anteil an der gesamten Sauersto�zehrung f¤ur diese Population bestimmen. Mit bis zu 16%

macht M. arenaria nur einen geringen Teil der Sauersto�atmung im Sediment aus. Der indi-

rekte Anteil an der Sauersto�zehrung wurde f¤ur diese Art in dieser Arbeit nicht bestimmt.

Die gesamte im Feld gemessene Sauersto�zehrung reichte von -10 bis -28 mmol O2 m�2

d�1. Die Annahme, dass der gr¤oßte Teil des Studiengebietes permeabel ist und damit ein

advektiv induzierter Porenwasser�uss die Sauersto�zehrungsrate steigert, konnte nicht ge-

zeigt werden. W¤ahrend der in situ Inkubationen wurde die Sauersto�zehrungsrate nur bei

einem Standort durch advektiven Ein�uss erh¤oht. An diesem Standort wurde die Sauersto�-

zehrungsrate allerdings um den Faktor 2 gesteigert.

Die Laborergebnisse haben gezeigt, dass Sauersto�transport in permeablen sandigen Se-

dimenten nicht unbedingt zu einer Steigerung der Sauersto�zehrung f¤uhrt. Zus¤atzlich zur

Sauersto�zufuhr muss eine N¤ahrsto�quelle gegeben sein. Durch�ussexperimente haben au-

ßerdem gezeigt, dass volumetrische Sauersto�zehrungsraten durch einen Anstieg der Poren-

wassergeschwindigkeit gesteigert werden k¤onnen. Die Rate dieser Steigerung wurde zus¤atz-

lich durch Zugabe von z.B. gel¤oßten organischen Kohlensto�quellen erh¤oht.

Um analysieren zu k¤onnen, welcher Anteil eines Gebietes potentiell von einer Steigerung

der Sauersto�zehrungsrate durch advektiven Ein�uss betro�en ist, ist die De�nition eines
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Zusammenfassung

Grenzwertes ausschlaggebend. Wichtig hierbei ist es zwischen advektivem Ein�uss auf den

Porenwasseraustauch und messbarem advektivem Ein�uss auf die Sauersto�zehrungsrate zu

di�erenzieren. In unserer Studie argumentieren wir f¤ur eine Anhebung des Grenzwertes.

Der urspr¤unglich angenommene Permeabilit¤atsgrenzwert von 2.5�10�12 m2 (welcher zu

der Annahme f¤uhrte, das fast das gesamte Studiengebiet permeabel sei) basiert auf Studien,

welche als Indikatoren z.B. Farbe nutzten. In unserer Studie wurde die Sauersto�zehrungsra-

te von Sedimenten mit einer Permeabilit¤at von 7.5�10�12 m2 nicht beein�usst. Der Permeabi-

lit¤atsgrenzwert muss also h¤oher gesetzt werden als urspr¤unglich angenommen. Nach unseren

Ergebnissen und Literaturdaten, sollte der Grenzwert auf mindestens 7.5�10�12 m2 oder so-

gar auf 2�10�11 m2 angehoben werden. Die Permeabilit¤at des gesamten Studiengebietes ist

somit weniger ausschlaggebend, als urspr¤unglich gedacht. Mit den potentiellen Grenzwerten

f¤ur advektiven Ein�uss auf die Sauersto�zehrung k¤onnen 47 - 80% als permeabel betrachtet

werden.

Advektiver Ein�uss ist immer abh¤angig von der Bodenstr¤omung im jeweiligen Gebiet.

Aus diesem Grund wurde ein Wellenspektrum im Studiengebiet aufgenommen. Weniger als

70% der aufgezeichneten Wellen erreichen den Seeboden. Wenn wir jetzt den permeablen

Teil des untersuchten Gebietes und die Zeiten, wann Wellen den Porenwasser�uss steigern

k¤onnen zusammenfassen, reduziert sich die Wahrscheinlichkeit, dass die Sauersto�zehrungs-

rate durch advektiven Porenwasser�uss beein�usst wird auf 33 - 56%.
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1. Introduction

1 Introduction

71% of the world’s surface are covered by oceans. Of these marine waters, more than

7% are continental shelf seas (depth <200 m) (Hall 2002; Winogradow and Pempkowiak

2014). Shelf seas are the areas connecting terrestrial, oceanic and atmospheric environments

(Gattuso et al. 1998). Even though shelf seas only cover a small part of the whole ocean,

they are highly important in terms of biogeochemical cycling and belong to the most bio-

logically active areas mineralizing organic matter. The recycling of organic carbon occurs in

the water column and in the benthic zone. Benthic processes are highly important and 90%

of organic matter mineralization of the oceans takes place in the shelf seas (Gattuso et al.

1998). The shelves thus play a crucial role in the global cycling of carbon and nutrients.

Generally benthic habitats can supply up to half of the nutrients for primary production in

coastal seas (Lohrer et al. 2004). As these ecosystems are highly productive, they are impor-

tant for the whole ocean and are highly valuable also for the earth. Coastal seas are subject

to extreme pressures due to strong societal use, such as transportation, recreational use and

�sheries. Despite their strong usage, some aspects of shelf sediments are astonishingly little

understood, such as the processes in sandy sediments.

An important inner continental shelf area (water depth <65 m) is the Baltic Sea with an

average depth of 52 m. More than 45% of the inner continental shelf areas are covered

by sandy sediments (Hall 2002). Sand in temperate regions is usually formed of di�erent

particles; e.g. quartz particles and shell fragments. Quartz particles vary in size and all

particles within the sediment range from silt <63 µm to coarse sand grains >1000 µm. In

contrast to muddy sediments, sandy sediments have low organic carbon contents, generally

lower abundance of microbes (Rusch et al. 2003) and have been considered as sites of low

biogeochemical cycling for a long time (Boudreau et al. 2001). However, due to advective

porewater �ow coupled with strong biogeochemical reactions in sandy sediments, high min-

eralization rates can be encountered (Huettel and Webster 2001; Santos et al. 2012; Huettel

et al. 2014) and thus sandy sediments may play a more important role in nutrient cycling

than originally thought (Huettel et al. 2014). The role of sediments in the recycling of or-

ganic matter and the processes involved di�er between areas and are in�uenced by marine

sediment properties like permeability.

About 20% of the German Baltic Sea sediments consist of medium and coarser rest sed-

iments (de�ned as coarse to medium sediment) (BmBF-Projekt:
�
SECOS� (The Service of

Sediments in German Coastal Seas)). In sandy sediments the relatively large pore spaces

allow for an interstitial �ow which is referred to as porewater advection (Huettel et al. 2014).

Advective transport of material contained in the water �ows, leads to an acceleration of mate-

rial exchange across the sediment water interface. Generally the rates of solute exchange due

1



1. Introduction

to porewater advection are higher than compared to molecular di�usion (Huettel et al. 1996,

1998; Aller et al. 2001). During molecular di�usion, the exchange between the porewater in

the sediments and the overlaying water is solely driven by the concentration gradient. The

magnitude of an advective �ow however, depends on sediment characteristics as well as the

underlying hydrodynamic forces.

Processes in the ocean’s sediment depend on the sediment properties of any given area.

Sediment properties di�er between sites and can be quite variable. One fundamental prop-

erty in�uencing the interstitial �ow of overlaying water into the sediment is its permeability

(k). Permeability depends on the compaction, fractionation and sorting of particles. Mostly

sediments are de�ned in two categories, permeable and impermeable, despite the fact that

there exists a continuous spectrum of permeability. Focussing on these two categories only,

sediment was originally estimated as impermeable if k <2.5�10�12 m2 (Forster et al. 1996;

Huettel and Gust 1992a; Glud et al. 1996) and as permeable if the permeability is above

this threshold. Permeable sediments allow advective movement of porewater into the sed-

iment, while impermeable sediments allow only for di�usive input. Generally sediments

are de�ned permeable if porewater �ushing can alter the biogeochemical cycling (Huettel

et al. 1998; Jahnke et al. 2000; Reimers et al. 2004). In the Baltic Sea, 82% of the area is

considered to be permeable (calculated for 52% of the Baltic Sea; Forster et al. 2003) and

is thus possibly subject to advective processes assuming a threshold of k = 2.5�10�12 m2.

However, a threshold between permeable and impermeable is debatable. One study de�ne a

third category of moderate permeability (Neumann et al. 2017a). Further investigations are

needed to determine the de�nition of a permeability range (Forster et al. (1996) also suggest

necessary investigation for areas of intermediate permeability of 2.5 - 5�10�12 m2).

Oxygen entering the sediment via a di�usive process typically has a penetration depth

of 2 - 5 mm in coastal sediments (Ziebis et al. 1996). The accelerated porewater exchange

due to advection leads to an increased oxygen penetration depth (Shum 1993; Ziebis et al.

1996; Marchant et al. 2014). Oxygen is highly important for the metabolism of microbial

communities, as heterotrophic communities gain energy from the oxidation of organic car-

bon. Oxygen is the most favourable �nal electron acceptor as it is the most e�cient energetic

pathway for organic matter degradation. The availability of oxygen shapes the metabolism

and also the composition of microbial communities (Forster et al. 1996; Glud 2008). Oxygen

uptake by microbial communities follows a zero order kinetic and the uptake rate is basically

independent of the oxygen concentration (Doran 1995). All oxygen reaching the sediment

thus stimulates the microbial community and is consumed immediately.

Available oxygen determines the composition and metabolism of invertebrate and micro-

bial communities (Forster et al. 1996; Glud 2008), therefore the oxygen penetration depth

2



1. Introduction

has a strong in�uence on the organic matter mineralization within the sediment (Huettel et

al. 1996; Forster and Zettler 2004; Jahnke et al. 2005; Janssen et al. 2005a). With increased

oxygen penetration depth, oxygen reaches a larger surface area of sediment grains which

harbour bacteria and can metabolise oxygen. As a result, active sites of biogeochemical re-

actions are increased and extended to greater sediment depths (Forster et al. 1999; Huettel

et al. 2014). With increased oxygen availability, the metabolic activity and remineralization

within the sediment (Kristensen et al. 1995; Aller et al. 2001) will be enhanced. Therefore

the deeper oxygen penetration is expected to have a strong in�uence on the organic matter

mineralization in the sediment (Huettel et al. 1996; Forster and Zettler 2004; Jahnke et al.

2005; Janssen et al. 2005a).

Oxygen is a good indicator for organic matter mineralization. To estimate organic mat-

ter mineralization and activity of sediments, one common measure is the total oxygen up-

take (TOU). The TOU includes all processes involving bacterial and animal oxygen uptake

(Jahnke et al. 2000; Woulds et al. 2007; Glud et al. 2016), photosynthetic processes during

the day, oxygen uptake by phytoplankton and potential increased oxygen uptake due to ad-

vective processes. TOU as used in this study always refers to the total uptake rate including

all processes/ organisms within the sediment.

The transport of oxygen into the sediment depends on its permeability. However, this

transport in permeable sediments is dependant not only on permeability, but also on current

velocity in the overlaying water at the sediment surface. Especially the interaction with the

topography of the sediment surface has a strong in�uence on the porewater exchange (Precht

and Huettel 2003b; Santos et al. 2012). Advective, physically driven transport across the

sediment-water interface is caused by the pressure gradients which result from the interac-

tion of currents with the sea�oor topography. Physical structures, such as ripples, in�uence

advective transport and matter exchange across the sediment-water interface through interac-

tions with currents and waves (Rusch and Huettel 2000; Huettel and Webster 2001). Ripples,

for example, interact with the overlaying currents, resulting in a pressure gradient as the dy-

namic pressure is high in the ripple troughs and low on the crests (Huettel and Gust 1992a,b).

These pressure gradients lead to the pumping of water through the sediment pores supplying

oxygen to the microbial communities (Boudreau et al. 2001) at the high pressure sites and on

the other hand removing reduced material such as dissolved nutrients where the pressure is

low. High turbulence, currents and near-bottom oscillatory wave motions are thus the major

drivers of O2 exchange in permeable sands (Huettel et al. 1996, 1998; Precht et al. 2004;

Janssen et al. 2005a,b).

Advective and di�usive conditions can be arti�cially induced using speci�c benthic cham-

bers. Several benthic chamber designs exist, but to induce a porewater �ow similar to pore-

water �ow paths occurring in connection with ripples, a chamber needs to be equipped with
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a speci�c stirring disc as originally introduced by Huettel and Gust (1992a) (Janssen et al.

2005b). Porewater �ows simulated in these chambers imitate either di�usive or advective

porewater �ow pathways.

Advection may also transport particulate organic matter into the sediment and make it

available to benthic microbial communities (Huettel et al. 1996). As heterotrophic micro-

bial communities gain energy by the oxidation of organic carbon, the metabolism is not

solely changed by the availability of oxygen as most favourable �nal electron acceptor, but

is also strongly dependent on the availability of organic carbon. Labile C is the most impor-

tant source for bacterial respiration (Eyre and Ferguson 2005). If enough organic carbon is

available in the sediment, bacterial respiration increases with increased oxygen supply. Sed-

iments in the Baltic Sea are quite variable in their organic content and values range from 0.1

- 16% dry weight (Premuzic et al. 1982; Leipe et al. 2011). Deep muddy basins have higher

contents of organic carbon compared to shallow sandy sites (Leipe et al. 2011).

Generally sandy sediments are located in regions of strong hydrodynamic forcing where

limited settling of organic matter takes place. The advective process driven by hydrodynamic

forcing is thus important for the supply of oxygen and nutrient rich water to the microbial

communities in sediment which is naturally deprived of sedimenting organics. Metabolic

activity of the microbes is thus elevated. Microbes in the sediment mainly live attached to

sand grains and only a few percent live in the porewater (Rusch et al. 2003). Sand is under

strong hydrodynamic forcing, subject to frequent movement and all �at surfaces are subject

to mechanical abrasion (Miller 1989). Therefore, microbes in the sand mainly live in the

micro environments of cracks and depressions of sand grains (Nickels et al. 1981). Water

which is transported into the pore spaces also provides these micro environments with oxy-

gen. However, in case of the micro environments and in close proximity to the bacteria, the

�nal transport to the microbial cell is governed by di�usion. The microbial reaction is thus

dependent on the strength of the concentration gradient between the porewater bulk and the

bacterial cell surface and hence on the strength of the �ow of porewater advection supplying

consistently high oxygen concentrations to this local environment. The oxygen uptake of the

sediment depends on the speed at which the porewater advects into the sediment. Microbial

reactions in dependence of porewater �ow have been studied in the past with �ow-through

reactors (Rao et al. 2007; Marchant et al. 2014; Ahmerkamp et al. 2017). To comprehen-

sively analyse the oxygen uptake of sediments, both, the di�erence between di�usion and

advection based processes and the in�uence of the strength of porewater �ow rates within

the sediment need to be considered.

Advective and di�usive processes di�er and so does the expected oxygen distribution

and uptake by microbial communities as measured with benthic chambers. The oxygen up-
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take measured as a concentration change in the water column is in�uenced by the microbial

oxygen uptake, the phytobenthic oxygen production during the day and the distribution of

oxygen as in�uenced by the di�usive and advective process. The expected di�erence for the

di�erent processes is depicted in Figure 1. For the advective process a stronger measurable

oxygen uptake is expected at night and a lower measurable oxygen concentration increase

during the day compared to the di�usive process, as most oxygen produced by phytobenthos

would be transported and taken up in the sediment. For the di�usive process less oxygen

uptake during the night is expected and a resulting higher oxygen concentration increase due

to phytobenthos production during the day.

Figure 1: For the advective process the expected higher oxygen supply to the sediment is depicted by thick

blue arrows and the resulting increase in oxygen uptake is depicted by a thick black circle. The theoretically

smaller transport into the sediment in a di�usive process is depicted by thin blue arrows. The resulting lower

bacterial uptake for the di�usive process is depicted by a smaller and thinner black circle.

Factors in�uencing transport and matter cycling at the sediment water interface are of

physical and biological nature. Macrofauna produce mounts and tubes in the sediment which

in�uence the sea�oor topography additionally to wave generated ripples. Macrofauna (e.g.

polychaetes) additionally induces currents creating advective conditions in their tubes. Kris-

tensen et al. (2012) summarized the process of burrow or sediment �ushing (exchange of

dissolved substances between the porewater and overlying seawater) and mixing of sedi-

ments as bioturbation. If wanting to understand TOU in more detail, the e�ects of fauna

on oxygen uptake, by respiration and transport of oxic water, need to be considered as well.

Respiration of macrofauna and other species is in�uenced by the size of individuals (Seibel

2007; White et al. 2006) and abundance of species. The knowledge on the distribution of

macrofauna within the studied area is thus of strong importance as higher abundance may

have a stronger e�ect on oxygen uptake.

For the estimation of in situ e�ects on TOU one has to calculate the respiration of each oc-

curring macrofaunal species and additionally its in�uence on bacterial sediment respiration

by the increased oxygen supply into the adjacent sediment due to burrow ventilation or sed-

iment �ushing. Respiration can be calculated for some species (e.g. polychaeta (Braeckman

et al. 2010)), while there are no trustworthy calculations for other species yet (e.g. M. are-
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naria). In order to understand the TOU, the respiration of each macrofauna population and

their indirect e� ects on oxygen uptake in the adjacent sediment would have to be estimated

along with di� usive and advective uptake. The respiration of each species and the in�uence

on bacterial sediment respiration associated with macrofauna, has so far only been calculated

for some species under speci�c conditions (Kristensen et al. 1985; Renz and Forster 2014).

Figure 2: View of the study area (Photo: Dr. Lars Tiepolt).

All processes were studied in an area covered by sandy sediments. The investigated

area (Figure 2) was located in the Southern stretch of the German Baltic Sea coast east of

Warnem̈unde (54° 13' N; 12° 9' E). The area is characterized by a protected local fen on the

land side (490 ha, Umweltministerium Mecklenburg-Vorpommern 2003) which stretches out

into the marine site. The area originated from the Littorina transgression (� 8000 years BP)

when the fen area was still larger. This area has faced some coastal erosion in the past. This

erosion is visible as peat crops out in the shallow part of the marine site. The water depth

on the marine site is<10 m and salinity ranges from 10 - 15 (Zettler et al. 2007). Next to

rare areas of peat cropping out in the shallow parts, the marine site is characterized by sandy

bottom with some occasional hard bottom. The marine site is mainly covered by sand and the

area belongs to 20% of the German Baltic Sea where sediments consists of rest sediments

(coarse to medium sand) to medium sediments (Al-Hamdani et al. 2007, http://bio-50.io-

warnemuende.de/iowbsa/index.php).

Currents in�uencing the advective transport into the sediments have not been measured
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