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All phenomena are like a dream,
an illusion, a bubble and a shadow

Like dew and lightning.

Diamond Sūtra, ca. 100 A.D.
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Zusammenfassung

Oxidation von organischem Material in marinen Sedimenten führt zu einer Zehrung von Sauer-
stoff und damit zu einem Sauerstofffluss über die Sediment/Wasser Grenze. Dieser Fluss kann
verwendet werden um benthische Mineralisationsprozesse zu quantifizieren und er ist verhältniss-
mäßig leicht zu bestimmen. Die globale Verteilung des Flusses von partikulärem organischem
Material zum Meeresboden ist zum großen Teil durch Messungen dieser Sauerstoffaufnahme
bestimmt worden. Darüberhinaus können Messungen der Sauerstoffdynamik in photischen Sed-
imenten Aufschluss über das Ausmaß und die Verteilung benthischer Primärproduktion geben.
Die Anzahl an in-situ Messungen ist jedoch immer noch relativ begrenzt und in einigen z.T.
ausgedehnten Gebieten wie den oligotrophen subtropischen Ozeanen ist die Datenlage kaum
ausreichend um benthische Mineralisationsraten abzuschätzen. Auch der Einfluss benthischer
Photosynthese auf die Stoffumsätze in den sublitoralen Bereichen der Schelfmeere wurde bisher
kaum systematisch erfasst, obwohl eine große Relevanz vermutet wird. Eine Reihe von Studien
haben in den letzten Jahren darüberhinaus gezeigt, dass die Sauerstoffdynamik in Sedimenten
sowohl räumlich als auch zeitlich auf verschiedenen Skalen stark variiert. Vergleiche zwischen
verschiedenen Messungen und Hochrechnungen für größere Gebiete setzen Daten über diese Vari-
abilität und die dabei relevanten Skalen vorraus.

Im Rahmen dieser Arbeit wurde benthische Sauerstoffdynamik sowohl im Labor als auch in-situ
erforscht. Ziel war es, Mineralisationsprozesse in Sedimenten und deren treibende Kräfte besser
zu verstehen. Die untersuchten Längenskalen reichten dabei von ca. 0.1mm (lichtgetriebene Het-
erogenität in Respirations- und Produktionsraten in sandigen Küstensedimenten) bis zu mehreren
1000 km (Transekte auf einer Forschungsfahrt im Südpazifik). Für kleinskalige Untersuchungen
in 2D wurde die Planar Optoden-Technologie weiterentwickelt. Eine zeitgleiche Messung von
Sauerstoffverteilung und Lichtfeld im Sediment, sowie eine deutliche Verbesserung der räumlichen
Auflösung der Sauerstoffmessungen konnte erreicht werden. In sandigen Sedimenten wurde ein
stark hetereogenes Lichtfeld, hervorgerufen durch Lichtbrechung und -streuung, nachgewiesen.
Lokale Photosynthese- und Respirationsraten zeigten eine deutliche Korrelation mit dem Licht-
feld, was auf eine enge und kleinskalige Kopplung zwischen autotrophen und heterotrophen Or-
ganismengemeinschaften schließen lässt.

UmMineralisationsraten und benthische Primärproduktion in subtidalen photischen Küstensed-
imenten zu erforschen wurde ein in-situ Multi-Parameter Ansatz gewählt. Zeitgleiche Messungen
mit Planar Optoden, Mikroelektroden und Inkubationskammern, zusammen montiert auf dem
benthischen Crawler "C-MOVE", sowie ’Eddy-Correlation’ Messungen ermöglichten es, einen
weiten Bereich an Längenskalen abzudecken. Fauna und Makroalgen dominierten die Sauer-



stoffdynamik des Sediments, während einzellige phototrophen Organismen (Mikrophytobenthos)
eine weniger große Rolle spielten. Deutliche benthische Photosynthese konnte zwar nachgewiesen
werden, jedoch erreichte die Sauerstoffproduktion bei natürlicher Beleuchtung zu keiner Zeit
den Sauerstoffbedarf des Sediments. Nach Änderung der Lichtbedingungen oder mechanische
Störungen des Sediments dauerte es relativ lange, bis ein neues Fließgleichgewicht der Sauerstof-
fverteilung eingestellt war. Dies lässt darauf schließen, dass Gleichgewichtszustände in diesen
Sedimenten die Ausnahme sind. Ein großer Teil der räumlichen Variabilität und Dynamik der
O2-Verteilung im untersuchten Gebiet wurde durch benthische Fauna hervorgerufen.

Die Sedimente des zentralen subtropischen Südpazifik stellen einen deutlichen Kontrast zu den
hochdynamischen und produktiven Küstensedimenten dar. Durch in-situ und Labormessungen
von Mikrosensor-Sauerstoffprofilen konnte die benthische Mineralisationsrate in dieser nährstof-
färmsten Zone der Ozeane auf 0.4 bis 1.5 gC m−2 yr−1 eingegrenzt werden. Eine mathematische
Modellierung der Profile ergab, dass praktisch der gesamte bioverfügbare organischem Kohlen-
stoff innerhalb der oberen Millimeter des Sediments aufgezehrt wurde. Die Sauerstoffzehrung
war insgesamt so gering dass eine Diffusion von O2 in tiefere Sedimentschichten nicht aufge-
halten wurde. Aus diesem Grunde konnten oxische Bedingungen bis in 8Meter Sedimenttiefe
(maximale Länge der geborgenen Kerne) nachgewiesen werden. Dies stellt die größte bisher pub-
lizierte Sauerstoffeindringtiefe in marinen Sedimenten dar. Auf zwei, mehrere tausend Kilometer
langen Transekten wurden nur vergleichsweise geringe Unterschiede in der Sauerstoffverteilung
gemessen und Extrapolationen der tiefen Profile lassen ein komplett oxisches Sediment sowie
einen Sauerstofffluss in den darunterliegenden Basalt für weite Teile des Südpazifik vermuten.
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Thesis Abstract

The oxidation of organic material in marine sediments leads to an oxygen uptake and thereby
a flux of O2 across the sediment / water interface. This flux, being relatively easy to quantify,
is an important parameter in order to assess benthic mineralization rates. Too date, knowledge
about global fluxes of particulate organic carbon to the sediments is for the most part derived
from benthic oxygen uptake studies. Furthermore, oxygen dynamics in photic sediments gives
information about magnitude and distribution of benthic primary production. However, the
number of in situ studies is still limited and in some areas (e.g., the oligotrophic Subtropical
Gyres) not even sufficient to allow for reliable estimates of benthic mineralization rates. The
relevance of benthic photosynthesis in shallow subtidal zones is also still largely unexplored.
Furthermore, recent work indicates strong spatial variability of sediment oxygen dynamics on
various spatial and temporal scales. Knowledge about scales and magnitudes of this variability
is essential for site comparison and up-scaling and, again, calls for additional studies of benthic
oxygen fluxes and their dynamics.

During this study, benthic oxygen distributions and fluxes were investigated in contrasting
environments on very different scales - both in the laboratory and in situ. The aim was to
improve our understanding of driving factors and distribution of benthic mineralization processes.
The studied spatial scales ranged from ∼0.1mm (light-driven heterogeneities in production- and
respiration rates in coastal sandy sediment) to several 1000 km (transects in the South Pacific).
For microscale studies in 2D, planar optode technology was further developed. Application of
this advanced technology enhanced spatial resolution as well as accuracy, and facilitated the
concurrent determination of the light field within the sediments. It was found that diffraction
and light scattering in sandy sediments resulted in strong heterogeneities in the distribution
of scalar irradiance. Local rates of respiration and photosynthesis were clearly correlated to
the irradiance distribution, indicating a tight coupling between autotrophic and heterotrophic
communities on a sub millimeter scale.

To study benthic mineralization rates and -primary production in subtidal, photic sediments
in the Kattegat, an in situ multi-parameter approach was chosen. Using a benthic crawler
(’C-MOVE’) as a platform, measurements with planar optodes, profiling microelectrodes, and
incubation chambers, all attached to the crawler were conducted simultaneously. Complemented
with eddy correlation measurements of benthic oxygen fluxes, this approach allowed to cover dif-
ferent aspects of benthic oxygen dynamics on largely different spatial scales. By combining the
different measurements it was possible to identify some fundamental characteristics of the chosen
area. Considerable benthic primary production was found with a high contribution of macroal-
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gae as opposed to microphytobenthos. However, even at high light intensities, the sediments
still proved to be net heterotrophic. Changes in light regime and mechanical sediment perturba-
tions resulted in long periods of changing oxygen distributions, indicating that non-steady-state
situations are prevalent at that site. Oxygen distribution and fluxes displayed a large spatial
variability and dynamics that could, to a large extent, be attributed to faunal activity.

In contrast to this highly dynamic and productive coastal sediment variability and fluxes in the
South Pacific Gyre proved to be much smaller. In situ and ex situ microelectrode oxygen profiling
allowed to constrain benthic mineralization rates in this most oligotrophic oceanic region to 0.4
to 1.5 gC m−2 yr−1, around 2% of typical values found in the Kattegat. Mathematical modeling
of the microprofiles revealed that almost all bioavailable organic matter was remineralized within
the first few millimeters of the sediment. However, oxygen was not used up in the upper sediment
layer, diffused further downwards, and was still present at a depth of eight meter below the
seafloor as measured with fiber optical sensors on piston cores. These measurements represent
the deepest oxygen penetration ever reported. Along transects between the rim and the center
of the gyre, little difference in the general pattern of deep oxygen penetration was found and
mathematical modeling of the steady state diffusion-reaction equation suggested completely oxic
sediments and a flux of oxygen to the underlying basalt, up to 70m below the sediment surface.
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Chapter 1.

General Introduction

The global cycles of carbon and oxygen are tightly linked and involve atmosphere, oceans
and sediments. In the present-day Earth system, oxygenic photosynthesis is the major driving
force for (almost) all biogeochemical reactions and the basis for live on earth. Organic matter is
produced from inorganic carbon using sunlight as the energy source. This primary production
constitutes the basis of the whole biosphere. The rate of oxygen production by photosynthesis
is nearly equivalent to the rate of oxygen consumption by aerobic respiration and the oxidation
of reduced substances (Fig. 1.1). Therefore, oxygen acts as ultimate electron acceptor for nearly
all reduction equivalents produced. While roughly half of the global photosynthesis is conducted
by organisms in the photic zone of the oceans, a relevant fraction is produced in shallow, photic
sediments. Part of the marine production ultimately accumulates in marine sediments, where
it is slowly recycled by an active and diverse (microbial) community. This remineralization
ultimately leads to a release of CO2 and nutrients back to sediment pore water and the water
column. Marine sediments therefore constitute an important compartment in the global cycles
of oxygen and carbon.

1.1. Pelagic carbon cycle

The largest marine carbon pool is comprised of dissolved inorganic carbon (DIC) and is directly
coupled with the atmosphere (Fig. 1.1). This exchange of CO2 across the air-sea interface is
largely controlled by differences in partial pressure, sea surface temperature, circulation patterns
and wind induced sea surface roughness. Carbon dioxide easily dissolves in water, forming
carbonic acid, bicarbonate, and carbonate in proportions depending on pH. In the photic zone,
photosynthetic organisms, mostly microalgae and cyanobacteria, fix CO2 and build up biomass,
thus driving the whole marine food web (Fig. 1.1). The annual mean marine primary production
of 30-60Pg of organic carbon (1Pg = 10× 1015 g, equal to a graphite cube with an edge length
of 3000m.) (Duarte and Cebrian, 1996), account for 30% (Houghton, 2007) to 48% (Field et al.,
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Chapter 1

Figure 1.1.: Simplified global carbon cycle, modified after (Pravettoni, 2009). Reservoirs are given in
GtC and fluxes in GtC yr−1. Primary production is indicated by PP and respiration by
Resp. The global methane hydrate inventory (after MacDonald, 1990) comprises oceanic
margins and permafrost soils. Partitioning of the deep ocean carbon pool after Houghton
(2007). Note that the reservoir size of carbonate rock is not to scale. Gross fluxes generally
have uncertainties of more than ±20% but fractional amounts have been retained to achieve
overall balance when including estimates in fractions of GtC yr−1 for riverine transport,
weathering, deep ocean burial, etc. (Denman et al., 2007). All other data: IPCC 2001.
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Introduction

1998) of the total primary production on earth. It is carried out by a phytoplankton biomass of
only 1 Pg (Carr et al., 2006). The turnover of carbon in the oceans is therefore high, the amount
of living carbon is small and the cycle between photosynthesis and respiration is rapid compared
to that on land. The organic matter export to greater depths depends on the effectiveness of
remineralization processes throughout the water column. Only a small fraction of the surface
primary production reaches deep layers (1-3% Jahnke, 1996); (∼5% Romankevich et al., 1999).
Several empirical models, mostly based on sediment trap and surface chlorophyll data, have
been established to describe the (exponential) relationship between this proportion and water
depth (Suess, 1980, Betzer et al., 1984, Berger et al., 1987, Pace et al., 1987, Antia et al., 2001).
However, the relationship is not fixed and varies with surface productivity (Wenzhöfer and Glud,
2002). Accumulation of organic material within marine sediments stimulates an intense and
highly spatially organized remineralization.

1.2. Early diagenesis

Steady settling of organic and mineral particles from the surface ocean form the marine sedi-
ments. They take an important regulatory function in the marine carbon cycle, since they have
a large storage capacity for organic carbon and nutrients and recycle them on different time
scales (Smith and Hollibaugh, 1993). Through this benthic-pelagic coupling, sediments reflect
processes occurring in the water column. They thus affect not only the balance of CO2 and O2 in
the bottom water but also nutrient concentrations (Martin and Sayles, 2006). Diagenesis is the
general term for processes taking place after the deposition of sedimented material on the seafloor
(Berner, 1980). The alterations of the sediments can be due to physical forces, (abiotic) chemical
reactions, biologically catalyzed reactions, and transport phenomena. The chemical constitution
of marine sediments is largely controlled by the remineralization of organic matter due to mi-
croorganisms, inhabiting the pore space between the sediment grains. The relevant timescales of
remineralization are dependent on the depth and the activity of the benthic community and the
respective compounds. They range from hours for highly active coastal sediments and microbial
mats, to geological time scales for burial in sediments (Gehlen et al., 2006). However, only 0.2 -
0.4% of the marine primary production gets ultimately buried (Berner, 1982).

1.2.1. Pathways of organic carbon mineralization in marine sediments

The top layer of sediments is usually dominated by aerobic metabolism. The high electronega-
tivity of molecular oxygen makes it the most favorable abundant electron acceptor. Pathways
relying on other electron acceptors are thermodynamically far less efficient and are outcompeted
in oxic environments. The microbial consumption of O2 leads to a depletion of oxygen with
depth. Below the oxic horizon, carbon oxidation may be coupled to denitrification, followed by
manganese reduction, iron reduction, sulfate reduction and carbonate reduction to methane in
successively deeper layers (Fig. 1.2)(e.g. Froelich et al., 1979, Bender and Heggie, 1984, Canfield

3
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Figure 1.2.: Middle: Idealized vertical sequence of electron acceptors in marine Sediments Left: Simpli-
fied scheme of reoxidation of inorganic metabolites with oxygen. Vertical arrows indicate
metabolites that escape reoxidation (modified after Canfield et al., 2005). Right: Standard
free energy changes for the different remineralization processes (values after Burdige, 2006).

et al., 1993). However, up to now not all of these processes are directly experimentally accessible,
different processes may overlap and the relative importance of the pathways differs regionally
(Canfield et al., 1993, Wang et al., 2006) and temporally (Soetaert et al., 1996). Therefore, the ra-
tio of aerobic to anaerobic mineralization is highly variable. In continental margin sediments, not
more than 20% of total organic carbon is oxidized aerobically (Canfield et al., 1993, Jørgensen,
1996) while in open-ocean low-productivity zones aerobic oxidation increases in importance and
may reach up to 100% as reported in this thesis. Due to the high sulfate concentration of sea-
water, sulfate reduction dominates the anaerobic oxidation of organic matter (Jørgensen, 1977).
The reduced products of anaerobic metabolism (e.g. H2S, Fe2+) diffuse upwards and can act
as electron donor for other microbially mediated redox reactions. Most reducing equivalents
are finally reoxidized by molecular oxygen (Fig. 1.2). Hence oxygen is the terminal electron
acceptor of almost all electron equivalents, released during the aerobic and anaerobic oxidation
of organic matter. The benthic oxygen uptake is thus nearly equivalent to the total sediment
metabolism, independent from the actual partitioning between the different pathways (Bender
and Heggie, 1984, Thamdrup and Canfield, 2000, Canfield et al., 2005). Exceptions are the
escape of compounds like N2, CH4 or H2S to the water column, and the permanent burial of
reduced substances, especially pyrite. However, these processes generally do not account for
more than 15% of the electron equivalents of total carbon mineralization (Canfield et al., 2005).
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Furthermore, only 5% of the organic matter that reaches the seafloor is permanently buried and
thus escapes remineralization (Martin and Sayles, 2006). Oxygen uptake by marine sediments
therefore contains information on benthic mineralization rates and the magnitude and spatial
variability of POC fluxes throughout the oceans.

Sediment traps often do not provide accurate results for the mean vertical carbon flux, since
sedimentation occurs in episodic events or results are biased due to near bottom lateral currents
and high turbulence (e.g. Jahnke et al., 1990, Kozerski, 1994). Hence, a considerable discrepancy
between sediment trap data and sediment oxygen demand was found in a 7-year long-term study
(Smith and Kaufmann, 1999). The use of benthic oxygen uptake is often a superior measure
since it is unaffected by lateral currents, turbulence etc. Benthic oxygen uptake has been studied
widely over the last decades and has greatly enhanced our knowledge about global ocean carbon
fluxes (Cai and Sayles, 1996, Jahnke, 1996, Wenzhöfer and Glud, 2002, Seiter et al., 2005, e.g.).
Recently, Glud (2008) calculated a marine global carbon mineralization rate of ∼1.5Gt Cyr−1,
based on benthic O2 consumption estimations. However, extrapolations of oxygen fluxes for
larger areas and longer periods still have to rely on very sparse data sets and values for spatial
and temporal variability of oxygen fluxes are poorly constrained for many oceanic regions to
date. The subtropical gyres are particularly undersampled (Daneri and Quinones, 2001) and
most work in coastal areas is biased towards littoral and estuarine areas around Europe and
North America.

1.2.2. Controlling factors of benthic oxygen dynamics

Particulate organic carbon flux - Rates of benthic microbial processes depend on various
factors that change on different time scales. The most important driving force for carbon min-
eralization in sediments is the availability of organic carbon (Berner, 1980). Since the labile
POC content of marine sediments below the photic zone is dominated by the rain of organic
matter from the overlying water column, primary production and therefore light and nutrient
availability in surface waters strongly affect sediment oxygen dynamics. A high correlation was
found between sediment oxygen uptake, oxygen penetration depth, and water depth (Fig. 1.3).
One reason is that primary production in the open oceans is generally smaller than in coastal
areas. Additionally, a higher fraction of POC can be recycled within the water column in deeper
waters. The global distribution of POC fluxes to the seafloor has been extrapolated from ben-
thic O2 fluxes assuming steady state situations (Fig. 1.4, Jahnke 1996; Seiter et al. 2005). It
exhibits strong regional differences, spanning at least two orders of magnitude. Highest values
are found in western coastal upwelling regions whereas the lowest fluxes are predicted for the
central oceans, especially the subtropical gyres. However, the flux of POC to the seafloor is not
only spatially heterogeneous, it also varies on inter- and intraanual time scales (Smith et al.,
1992, Newton et al., 1994, Romankevich et al., 1999, e.g.), driven by events like algal blooms,
El Niño, etc. So far, little is known about this temporal variability since the effort to capture
it is enormous and technologies for long term observatories are still emerging. However, the few
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Figure 1.3.: The in situ oxygen penetration depth (OPD), total oxygen exchange (TOE) and diffusive
oxygen exchange (DOE) plotted against water depth (modified after Glud, 2008).

long-term sediment trap studies (e.g. Smith and Kaufmann, 1999) show a pronounced temporal
variability and Witte et al. (2003) report a rapid response of the benthic community to food
pulses, even in the deep-sea.

Bottom water oxygen concentration - Bottom water oxygen concentration (BWO2) is
another controlling factor for the benthic respiration rate. An empirical relationship between
organic carbon content in the top layer of the sediment, BWO2, and sediment respiration was
established by Cai and Reimers (1995). It shows increasing oxygen fluxes into the sediment with
increasing BWO2, following first-order reaction kinetics. Since the preservation of organic matter
in marine sediments depends on the time the material is exposed to oxygen (Hartnett et al., 1998),
decreasing BWO2 favors a slower decay of the organic matter. This effect is especially important
in oxygen-depleted continental margins. Differences in BWO2 on benthic respiration rates play a
minor role in the deep-sea, since the amount of labile carbon is low compared to the availability
of oxygen. An exception is the northeast Pacific (Seiter et al., 2005). Here, BWO2 is below
∼50-70μmol L−1 and shows a strong effect on the decay of organic matter.

Quality of organic matter - Particulate organic carbon is not a homogeneous pool but
consists of material of different quality in terms of bioavailability that is degraded at different
rates (Westrich and Berner, 1984). As a result, the reaction kinetics of organic matter oxidation as
a whole is non-linear (Boudreau and Ruddick, 1991). The quality of organic matter (e.g. the bio-
availability) decreases with sediment depth, since the easily degradable material is consumed first.
Together with the energetically less favorable electron acceptors deeper within the sediment, this
is the reason for declining respiration rates with depth. Therefore, the oxygen penetration depth
(OPD) depends on quality and quantity of the rain of organic matter from the overlying water
column. Sediments in highly oligotrophic regions can be expected to exhibit the deepest oxygen
penetration. Wenzhöfer et al. (2001) found in situ OPDs of up to 260mm in the South Atlantic,
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Figure 1.4.: Global benthic O2 flux in mol m-2 yr-1 after Jahnke (1996). Reproduced after JGOF
workshop report No. 38 (Fischer et al., 2003).

and Murray and Grundmanis (1980) report oxic conditions in the porewater of equatorial Pacific
sediments up to 0.5m below seafloor (mbsf). So far, the oligotrophic ’marine deserts’ are largely
understudied. Little is known about oxygen penetration depth and the magnitude of carbon
mineralization in these regions where little ground-truthing data are available to calibrate models
that extrapolate POC fluxes from remote-sensing ocean color data and water depth.

1.3. Coastal sediments

In contrast to the oligotrophic deep-sea, fluxes of organic matter to the sediment in coastal zones
are high. Although shelf sediments (<1000m water depth) cover only 7% of the total ocean
surface they account for half of the benthic remineralization (Glud, 2008) and thus play a crucial
role in the global carbon cycle. The high load of organic matter in coastal sediments often leads
to oxygen depletion within the first millimeters. Oxygen uptake on the shelf is generally much
more dynamic than in the open ocean: Effects of seasonality (algal blooms) are not buffered
by the averaging effect of a deep water column. Riverine input of terrestrial organic material
leads to increased respiration and the increased nutrient load stimulates primary production.
Furthermore, coastal sediments often experience strong physical forcing due to wind induced
surface currents and waves, leading to sediment resuspension.

1.3.1. Benthic photosynthesis

Heterotrophic communities in aphotic sediments depend on settled material as both a carbon
source and an electron donor. In shallow, light exposed sediments, however, benthic primary
production (BPP) by single-celled photosynthetic organisms (microphytobenthos, MPB) and
macrophytes build up a considerable amount of organic carbon directly in the top layer of the
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sediment. This has a major influence on the carbon content and oxygen budget of these sedi-
ments. Benthic primary production often exceeds the production in the overlying water column
(MacIntyre et al., 1996, Underwood and Kromkamp, 1999) and it is highly dependent on light
conditions (e.g. Billerbeck et al., 2007). Especially at strong irradiances, photoexudates are
produced, which directly fuel heterotrophic respiration (De Brouwer and Stal, 2001). These
extracellular polymeric substances (EPS) can also alter the sediments physical properties like
permeability and erodability to a relevant degree (e.g. Stal, 2010). Furthermore, the O2 release
rate of MPB rapidly changes over time with light availability. Strong illumination leads to oxy-
gen super-saturation of the first millimeters in addition to the possible formation of gas-bubbles.
The oxygen distribution responds relatively fast upon changes in light conditions due to diel
cycles, shading by clouds, etc., resulting in variable OPDs and uptake rates. Rates of benthic
respiration are usually higher in the light than in the dark because the aerated sediment volume
and the availability of EPS are increased (Epping and Jørgensen, 1996). So far, studies of the
oxygen and carbon budgets on near-shore subtidal sediments are rare; especially given that the
contribution of BPP in these areas is largely unconstrained. The intense coupling between au-
totrophic and heterotrophic organisms on small scales and the highly dynamic nature of these
systems complicates studies related to heterogeneity. The influence of the variability in local
scalar irradiance on PBB and respiration has not been addressed so far in detail, partly because
of the lack of appropriate technology to assess the 2D light field within sediments.

1.3.2. The role of fauna

Areas with high respiration rates are also characterized by intense faunal activity. Coastal zones
are especially dominated by faunal respiration, often accounting for more than 50% of the total
oxygen uptake (Glud, 2008). In areas with lower availability of carbon sources such as the
open ocean, microbial respiration becomes more important. Sediment mobilization by fauna
(bioturbation) can be of relevance for the biogeochemistry of marine sediments, since formerly
anoxic sediment may be exposed to oxygen and fresh organic carbon is mixed into deeper layers
(Jørgensen et al., 2005, Meysman et al., 2006, Volkenborn et al., 2007). Furthermore, bioirrigation
by pumping animals like many worms and mussels locally introduce oxygenated water into the
sediment (Aller and Aller, 1998, Wenzhöfer and Glud, 2004, Polerecky et al., 2006). The idealized
vertical succession of redox reactions (Fig. 1.2) can thus be completely altered into a highly
structured 3D configuration.

1.4. Sediment oxygen dynamics on different spatial scales

Increasing evidence has shown that oxygen concentrations in marine sediments are highly variable
in time and space. Benthic carbon mineralization, and therefore oxygen dynamics, strongly
differ in magnitude and vertical structure on spatial scales spanning several orders of magnitude,
ranging from sub-millimeter features (e.g. Jørgensen, 1977, Jahnke, 1985, Glud et al., 1999) to
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basin wide differences (e.g. Jahnke, 1996, Wenzhöfer and Glud, 2002, Seiter et al., 2005). Large-
scale variations in oxygen dynamics are mostly driven by the distribution of pelagic primary
production and the resulting fluxes of POC. The decomposition of aggregated organic matter in
sediments leads to heterogeneities on different scales since the particles themselves can strongly
vary in size, ranging from sub-millimeter fecal pellets and pieces of macroalgae (Franke et al.,
2006) to dead whales (Treude et al., 2009). Generally, deep-sea sediments are believed to exhibit
much lower small scale variability in oxygen consumption than coastal sediments which is due to
the averaging effect of the water column and lower animal densities. However, recent studies in
the Sagami Bay (Japan) at water depths of >1400m, report pronounced small-scale variability
of benthic oxygen dynamics (Glud et al., 2005, 2009). Along a 175m transect, they found
diffusive oxygen exchanges (DOE) and OPD varying by factors of 10 and 6, respectively, with
a characteristic patch size of only ∼2 cm, while a similar analysis in coastal sediments revealed
a patch size of ∼0.5 cm (Glud et al., 2001). In other shallow, coastal sediments, horizontal
heterogeneities in O2 concentrations down to the millimeter scale have been found with up to
10 fold differences in oxygen exchange rate within 2mm (Fenchel, 1996). Knowledge of relevant
scales and spatial variability of benthic oxygen dynamics is a prerequisite for the calculation
of accurate carbon budgets. The micro-patchiness of oxygen fluxes in marine sediments has
only recently gained interest and the consequences have barely been assessed quantitatively
(Glud, 2008). A recent review by Stockdale et al. (2009) focuses exclusively on sub-millimeter
heterogeneities in sediments, identifying the need for more detailed studies.

1.5. Measuring benthic oxygen dynamics

1.5.1. Core / Chamber Incubations

The demand to measure oxygen dynamics in marine sediments led to the development of several
analytical tools. The oldest and most widely used method to determine benthic oxygen exchange
are benthic chambers. A defined sediment surface is enclosed with overlying water, in which
oxygen concentrations are recorded. By the change in concentration over time, the total oxygen
exchange (TOE) of the sediment can be determined. It includes not only microbial processes
but also faunal respiration and reoxidation of reduced substances (Pamatmat and Fenton, 1968,
Pamatmat, 1971, Smith et al., 1978). These chamber- or core incubations average over sediment
areas of typically 10 cm2 to 1000 cm2. Smaller chambers have a larger rim to sediment-surface
ratio thus tend to produce relatively stronger artifacts due to sediment disturbance and disturbed
macrobenthos. Furthermore, spatial variability in faunal distribution might bias the results.
Therefore, larger chambers usually give more reliable results (Glud and Blackburn, 2002). These
incubation methods integrate over the whole sediment depth without resolving vertical patterns
of benthic respiration, small scale horizontal variability, and fast changes.
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1.5.2. Microsensor profiling

Electrochemical oxygen microsensors are Clark-Type electrodes with an additional guard cath-
ode and tip diameters of typically ∼5 to 20μm (Revsbech, 1989). The reduction of oxygen on the
measurement cathode creates a current in the range of 10× 10−12 to 10× 10−9 A that is inher-
ently proportional to the oxygen partial pressure in the surrounding medium. The corresponding
oxygen consumption at the electrode itself is insignificant, there is virtually no stirring-sensitivity
and the sensor exhibits a spherical measuring characteristic. These sensors allow the determina-
tion of high-resolution vertical profiles of oxygen. Since their introduction into the field of marine
research by Revsbech et al. (1980), numerous studies based on this technology were published
(for an overview see Reimers (2007)) and the use of microsensors in sediments greatly enhanced
the knowledge about magnitude and spatial organization of benthic mineralization processes. In
most profiling measurements, the sensor is moved from the water column into the sediment in
increments of 50 - 200μm, depending on the desired resolution. Oxygen values at each posi-
tion are determined and a profile is thus recorded. A typical profile can be divided into three
horizons: (I) the water column, (II) the diffusive boundary layer (DBL) and (III) the sediment.
Within the water column oxygen concentrations are virtually constant due to turbulent mixing.
Approaching the surface, hydrodynamic energy decreases until, close to the sediment surface
(0.1-1mm), molecular diffusion becomes the dominant transport process. In this DBL oxygen
concentrations decrease almost linearly since the oxygen uptake in this zone is small compared
to the sediment’s oxygen demand and hence can be used to quantify the DOE of the sediment
according to Fick’s first law of diffusion (Fig. 1.5).:

DOE = −D0
∂C

∂z

∣∣∣∣
z=0

(1.1)

where D0 is the molecular diffusion coefficient of oxygen in seawater at the respective conditions,
C is the oxygen concentration and z the depth.

Within sediments, diffusive transport is limited to the pore spaces. Due to the sudden decrease
in the effective diffusion coefficient at the sediment surface, a distinct bend in the profile can be
observed. The much higher respiration rates within the sediment compared to the water column
lead to strongly declining profiles. The DOE is generally smaller than the TOE since it does
not account for faunal respiration. The difference is largest in shallow shelf sediments with high
faunal activity and decreases with increasing water depth (Fig. 1.3). The second derivative of an
oxygen concentration profile represents the local oxygen uptake. Hence, in steady state situations,
microelectrode profiling can also be used to determine depth-resolving volumetric respiration
rates (Rasmussen, 1992). An iterative approach was used by Berg et al. (1998) to identify the
number of statistically significant different zones of respiration rates. Revsbech et al. (1981)
introduced a method to assess the vertical organization of benthic primary production using
oxygen microelectrodes. They recorded the initial decline in oxygen concentration immediately
after a sudden darkening of the sediment. Under the assumption of initially unchanged respiration
rate and diffusion, the rate of oxygen disappearance in the dark is equal to the photosynthesis
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Figure 1.5.: Oxygen profiles in a shallow phototrophic marine sediment at darkness (left panel) and
during daytime (right) (own data).

rate in the light. By repeating this measurement scheme at different sediment depths, profiles of
benthic gross photosynthesis can be determined. To obtain high spatial resolution (∼0.1mm),
it is necessary to measure the oxygen decline within the first few seconds of the dark period
(Revsbech and Jørgensen, 1983). Very fast-responding electrodes are thus required. Fiber optic
oxygen microsensors represent an alternative to electrochemical microsensors (Klimant et al.,
1995). They consist of a light-guiding fiber with an oxygen sensitive fluorescent dye immobilized
in a polymer matrix on the tip. Oxygen diffuses into this sensing layer and the dye is excited
by illumination with suitable wavelengths. The fluorophore molecules return from the excited
state into the ground state by emitting light of longer wavelength over a short period of time.
Some of the excited dye molecules transfer their energy to oxygen molecules, where the energy
is dissipated non-radiatively (’fluorescence quenching’). Thus, higher concentrations of oxygen
within the sensing layer result in weaker fluorescence with shorter lifetime. The fluorescent light
travels back through the fiber, passes an emission filter to suppress the excitation light, and is
captured by a photodiode or photomultiplier. The relationship between oxygen concentration
and fluorescence intensity or lifetime can be described by a Stern-Vollmer equation with two
fluorescent components, one being non-quenchable (Klimant et al., 1995):

I

I0
=

τ

τ0
=

α

(1−KSV [O2])
+ (1− α) (1.2)

I and τ are the fluorescence intensity and lifetime, in the presence of oxygen, I0 and τ0 are the
respective values in the absence of oxygen. The fraction of quenchable fluorescence is α. The
quenching coefficient Ksv has to be determined by calibration at different oxygen concentrations
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([O2]). The use of lifetime is preferred over intensity measurements since it is more robust against
different disruptive factors (Borisov and Wolfbeis, 2008).

1.5.3. Planar optodes

Profiling measurements with microsensors are not able to resolve high lateral and temporal
variability. The possibility of two-dimensional imaging of oxygen concentrations with planar
optodes (PO) represents a great advancement in this respect. They consist of a transparent
support material with a thin layer of the same fluorescent dye, which is used for fiber optodes.
In laboratory setups the planar sensor unit is part of the inner wall of an aquarium (Fig. 1.6A).
The dye is excited by blue LEDs and fluorescence is recorded with a specialized camera setup.
To image the distribution of fluorescence lifetime, the camera shutter needs to be synchronized
with the pulses of excitation light. Two images are taken at different times after the excitation
ended (Fig. 1.6B). These images can be used to calculate the fluorescence lifetime for every pixel,
which can then be converted to oxygen values according to Equation 1.2 (Holst and Grunwald,
2001).

The ability to image oxygen distribution in two dimensions greatly enhanced the understanding
of spatial organization of benthic biogeochemical processes which can hardly be resolved by
microsensor measurements (Glud et al., 1999, Solan et al., 2003, Viollier et al., 2003, Frederiksen
and Glud, 2006, Oguri et al., 2006). The highly heterogenic and dynamic oxygen distribution
in fauna inhabited sediments for example, has been clearly shown (Wenzhöfer and Glud, 2004).
The extent to which local accumulation of labile organic matter may lead to spatial and temporal
heterogeneities in aerobic respiration and therefore oxygen distribution was also assessed with
planar optodes (Franke et al., 2006). The PO principle has been adapted for in situ measurements
by Glud et al. (2001), who used an inverted periscope to obtain images within the sediment (Fig.
1.7).

Planar optodes have not only been used in marine science but found applications in physiology
and in biomedical imaging of oxygen concentrations (Kimura et al., 2007, Lochmann et al., 2008).
Recently, POs were adapted to measure pH (Stahl et al., 2006), CO2 (Zhu et al., 2005) and NH+

4

(Strömberg and Hulth, 2005).

However, POs also entail some disadvantages since measurements are carried out along an
impermeable wall. This might not only disturb the faunal community but it also alters the
three-dimensional oxygen distribution (Polerecky et al., 2006). Furthermore, light guiding effects
in the planar optode foil and support window lower the precision and spatial resolution of planar
optodes in an unpredictable way (Franke, 2005) and thus hinder the calculation of accurate fluxes
and respiration rates.

1.5.4. Eddy correlation

The most recent addition to the pool of methods used to determine benthic oxygen exchange
rates is Eddy Correlation. Originally developed to measure fluxes of gasses in the atmosphere,
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Figure 1.6.: (A) Sketch of a planar optode laboratory setup (not to scale). The planar optode foil is
placed on the inside of a wall of an aquarium. Blue LEDs are used to excite the dye on the
foil. Time-resolved fluorescence images of the foil are acquired by precise triggering of the
fast gateable highly sensitive camera and the LEDs. (B) Scheme for lifetime imaging. Two
images are taken during the fluorescence decay (w1 and w2). The quotient of the intensities
is used to calculate fluorescence lifetime for every pixel of the image.
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eddy correlation was adapted for marine in situ O2 measurements (Berg et al., 2003). Oxygen
concentrations in a small volume above the sediment are measured with a fast microsensor at
high frequency. Synchronously, the local flow velocity is determined with an acoustic doppler
velocity-meter. By correlating oxygen concentrations and the vertical component of the turbulent
velocity field, the average flux of oxygen can be determined in this direction. For example, if
downward moving water parcels contain on average more oxygen than upward moving parcels,
there is a net downward flux of oxygen. If the instrument is located close to the sediment
surface, the flux across the sediment / water interface can thus be determined. Eddy correlation
measurements are the only truly non-invasive technique to assess vertical fluxes. They provide
spatially averaged flux information, over areas up to several hundred square meters, depending
on hydrodynamic conditions (Berg et al., 2007). Therefore, eddy correlation is an excellent
tool for average oxygen budgets but it conceals spatial variability (McGinnis et al., 2008). Few
measurements have been carried out so far, directly comparing eddy diffusion fluxes to TOE
values from chamber measurements and DOE from microprofiles. Therefore, the true potential
of the method remains to be shown.

The different methods for benthic O2 exchange measurements with their advantages and draw-
backs are summarized in Table 1.1.

1.5.5. In situ measurements

All the techniques mentioned above were originally developed for laboratory use. However,
evidence was found that differences between in situ and ex-situ oxygen measurements exist
(Reimers et al., 1986) and consequently, instruments for in situ measurements were developed
(Reimers and Glud, 2000) (Fig. 1.7). Ex-situ oxygen profiling tends to overestimate DOE and
underestimate OPDs. The effect can lead to 3.5 fold increases in DOE and OPDs reduced
to 20% (Glud et al., 1994). Different explanations have been proposed, including up-mixing of
reduced compounds and transient heating during the core retrieval process, enhanced respiration
caused by lysis of barophilic or psycrophilic cells and lysis due to CO2 oversaturation within cells
(Glud, 2008, Sachs et al., 2009). Similar problems arise with core incubations. Additionally,
the effect of the relatively small diameter of retrieved sediment cores, compared to benthic
incubation chambers has to be noted here. Especially in systems with pronounced heterogeneity
and high faunal densities, small cores might not yield representative results. Therefore, in situ
measurements are considered crucial for reliable results. Three principally different methods of
deployment are commonly used: autonomous benthic landers, remotely operated vehicles (ROV),
and moored instruments. While the first sink to the sediment and start their measurements
unattended, ROVs place the measuring devices (in situ profiler, benthic chamber etc.) remotely
controlled from the ship (Boetius and Wenzhöfer, 2009). Most ROVs float in the water and are
being positioned by thrusters. However, a few benthic crawlers exist, which traverse the seafloor
with the measuring equipment fixed to them (Smith et al., 1997). They allow very precise
positioning and -at the same time- high areal coverage. In situ methods enabled fundamental
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Figure 1.7.: Methods to determine sediment oxygen dynamics in situ. The eddy-correlation device is
show before deployment. The figures on the left are courtesy of Frank Wenzhöfer.

insights into the functioning of benthic microbial ecosystems. However, the technology is complex
and costly and their use is time consuming. Therefore, only a limited number of studies is
available, large areas are undersampled, and the quantification of heterogeneity is at its infancy.

1.6. Objectives and outline of the thesis

The aim of this thesis is to quantify marine sediment oxygen turnover as a measure of overall
carbon mineralization in so far undersampled areas, covering a large range of spatial scales. To
study 2D oxygen dynamics in highly active photic sediments together with the light field as the
most important driving force at the sub-millimeter level, a specialized planar optode setup was
developed and applied in the laboratory. The other end of the scale is marked by several thousand
kilometer long transects in the extremely oligotrophic South Pacific Gyre, where meter-long
oxygen profiles were measured in almost inert sediments. A multi-method multi-scale approach
was taken for measurements in shallow subtidal shelf sediments in the Kattegat, using planar
optodes, microelectrodes and benthic chambers simultaneously. For all studies, appropriate
techniques / technologies needed to be developed and / or adapted.
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Table 1.1.: Overview and comparison of the different methods used to quantify benthic oxygen
dynamics

Method Parameters Advantages Drawbacks
Core- / Chamber in-
cubation

total oxygen exchange
(TOE)

relatively easy; porewater
advection can be simulated;
includes fauna respiration

little spatial information;
long duration of measure-
ments; dependend on cham-
ber size

Electrochemical Mi-
crosensors

diffusive oxygen exchange
(DOE); oxygen penetra-
tion depth (OPD); depth
resolved respiration rates;
depth resolved photosynthe-
sis rates

information about vertical
structure; minimal invasive;
high resolution

complex setup; delicate sen-
sors; 15-30min per profile

Fiber optic Sensors DOE; OPD information about vertical
structure; minimal invasive;
high resolution; low drift

slower than electrochemical
sensors

Planar Optodes 2D oxygen images; spatially
resolved rates

fast data acquisition infor-
mation about heterogeneity

measurements along a wall;
complicated setup; expen-
sive

Eddy correlation total vertical oxygen flux non-invasive, averages over
large area

highly experimental; com-
plex setup; no spatial infor-
mation
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1.6.1. Overview of the manuscripts

This thesis comprises four manuscripts, presented as chapters 2-5. Chapter 2 has been submitted
to Limnology and Oceanography - Methods, chapter 3 is in preparation for Limnology and
Oceanography. Chapter 4 comprises a co-authorship and has been published in Proceedings of
the National Academy of Science (PNAS); chapter 5 has been published in Biogeoscience. A
fifth manuscript, comprising another co-authorship, has been published in FEMS Microbiology
Ecology. Only the abstract appears in the appendix, since it is not directly focused on the subject
of this thesis.

Chapter 2
A novel high resolution Planar Optode for two-dimensional oxygen imaging and light field

sensing
Jan P. Fischer and Frank Wenzhöfer

Since local light availability is a key driving force for benthic metabolism in euphotic sediments,
a method to measure both, oxygen concentration dynamics and irradiance at high spatial resolu-
tion in 2D was desired. However, optical cross-talk in conventional planar optode imaging setups
constitutes a relevant problem at high gradients and if small features should be observed, it leads
to smeared images. The newly developed High Resolution Planar Optode resolves both problems.
It allows for reliable 2D-oxygen measurements with simultaneous estimations of the light field
down to a scale of ∼50-100μm. Local noise in oxygen images counteracts a direct calculation of
spatial derivatives and thus fluxes and respiration rates from planar optode images. A method,
analogue to the 1D-approach described by Epping et al. (1999), calculating local oxygen uptake
rates and benthic primary production in photosynthetically active sediments based on pertur-
bations in the light conditions was developed and applied to oxygen image series captured with
the High Resolution Planar Optode. The new device was developed, assembled and applied by
Jan Fischer; all experiments and calculations were carried out, and the manuscript was written
by Jan Fischer with conceptual and editorial input from Frank Wenzhöfer.

Chapter 3
Sediment oxygen dynamics in the Kategatt: in situ studies using the benthic crawler MOVE

Jan P. Fischer, Hans Røy, Felix Janssen, Christoph Waldmann, Frank Wenzhöfer

Most measurements of total oxygen exchange (TOE) and diffusive oxygen exchange (DOE) were
performed along ocean margins and in intertidal zones. Measurements in the open ocean are
sparse, but, astonishingly, little work has also been done on shallow intertidal sediments. The
relative importance of microphytobenthos and macrophytes for benthic oxygen dynamics in these
highly dynamic nutrient rich and strongly fauna inhabited sediments is therefore highly uncon-
strained. Spatial variability of benthic carbon mineralization can be expected to extend over
several orders of magnitude and few attempts have been made to tackle the issue of scaling in
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these habitats. The benthic crawler C-MOVE enabled us to approach this question and allowed
to carry out a multi-scale measuring campaign, ranging from sub-millimeter to kilometer scales.
Additional in situ experiments with measurements under artificially controlled light conditions
were performed to assess the temporal response of the system under perturbations. The study
was accompanied by eddy-correlation measurements which yielded average oxygen fluxes over
larger sediment surface areas. This study was initiated and planed by Frank Wenzhöfer and Jan
Fischer. The field study was conducted by all co-authors and the manuscript was written by Jan
Fischer with input and editorial help from the co-authors.

Chapter 4
Subseafloor sedimentary life in the South Pacific Gyre

Steven D’Hondt, Arthur J. Spivack, Robert Pockalny, Timothy G. Ferdelman, Jan P. Fischer,
Jens Kallmeyer, Lewis J. Abrams, David C. Smith, Dennis Graham, Franciszek Hasiuk,

Heather Schrum, and Andrea M. Stancin

Microbial communities in the South Pacific Gyre are characterized by very low biomass and
metabolic activity. Cell numbers are 3 orders of magnitude lower and net respiration rates are
1-3 orders of magnitude lower than in the respective depth in previously described marine sed-
iments. The relatively thin sediment cover is oxic throughout the whole sediment column (s.
Chapter 4), and the generation of H2 by radiolysis potentially constitutes a significant source
of reduction equivalents. Although the South Pacific Gyre most likely represents the most olig-
otrophic oceanic region, extrapolations suggest that almost half of the worlds ocean sediments
may approach these low cell abundances and respiration rates. This study was initiated by Steve
D’Hondt, Bo Barker Jørgensen and Tim Ferdelman. The method for the oxygen measurements
on piston cores was developed and measurements were performed and processed by Jan Fischer.
The manuscript was written by Steven D’Hondt with input and editorial comments by the co-
authors.

Chapter 5
Oxygen penetration deep into the sediment of the South Pacific gyre

Jan P. Fischer, Timothy G. Ferdelman, Steven D’Hondt, Hans Røy, Frank Wenzhöfer

Since the South Pacific gyre constitutes the ultimate oceanic desert with surface chlorophyll
concentrations below 0.02mg m−3 and sedimentation rates smaller than 1mm kyr−1, deep pen-
etration of oxygen can be expected here. However, no measurements of benthic carbon miner-
alization in this gigantic region have been presented so far. Furthermore, these measurements
are missing for most other highly oligotrophic oceanic regions. We measured the highest oxygen
penetration depth ever reported for marine sediments and confined the total flux of oxygen to
the seafloor in this region experimentally by the use of ex-situ and in situ techniques for the
first time. Reaction-Diffusion models indicate that the labile fraction of organic carbon is used
up within the first few millimeters of the sediment and respiration rates thus strongly drop with
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depth. Oxygen that is not used up in this surface layer of the sediment is free to diffuse down-
wards, leading to oxic conditions throughout the whole sediment and down to the basalt for a
large area in the South Pacific. This study was initiated by Bo Barker Jørgensen and Steven
D’Hondt. Jan Fischer planned and carried out all oxygen measurements, data analysis and mod-
eling as well as the writing of the manuscript with input from Frank Wenzhöfer and editorial
help of the co-authors.
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Chapter 2

2.1. Abstract

A novel High Resolution Planar Optode (HiPO) for 2D oxygen and light field imaging is pre-
sented. Optical cross-talk effects, limiting the precision and resolution of conventional planar
optode setups, could be strongly reduced by the use of a Fiber Optic Faceplate as sensing win-
dow. The new device therefore allows for accurate calculation of oxygen fluxes and respiration
rates from oxygen concentration images, especially for strong and small-scale concentration gra-
dients in sediments and microbial mats. In addition, the setup can be used to estimate the
distribution of scalar irradiance within illuminated sediments or mats, thus directly linking local
light availability to oxygen dynamics at high resolution. Irradiance values obtained with the
HiPO were found to be in good agreement with scalar irradiance microsensor measurements in
sandy sediment and a spatial resolution of ∼120μm could be achieved. The performance of the
HiPO for oxygen measurements was tested experimentally and the theoretical limit of spatial
(∼100μm) and temporal (∼10 s) resolution, governed by oxygen diffusion within the sensing
layer, was determined by mathematical modeling. Rates of primary production and respiration
in sandy sediments, as calculated from the transient oxygen concentrations after perturbations
in light condition, showed a highly patchy distribution on sub-millimeter scale. These hetero-
geneities were clearly correlated to local irradiance within the sediment. Spatial correlations of
photosynthesis and respiration were strongly dependent on incident irradiance.

2.2. Introduction

The dynamic change of oxygen concentrations within sediments and microbial mats contains
information about community respiration, carbon mineralization rates and benthic primary pro-
duction, and has therefore been widely studied since decades (Pamatmat, 1971, Hargrave, 1972,
Jørgensen and Revsbech, 1985). In many phototrophic ecosystems like microbial mats or coastal
sediments, the availability of light is the major driving force of benthic oxygen dynamics since the
activity of primary producers depends on the local availability of light to the organisms within
the sediment strata (Jørgensen and des Marais, 1986). The light field within sediments exhibits
a great spatial (vertical penetration of light, lateral differences due to inhomogeneities in the
sediment) and temporal (e.g. dial light cycle, clouds, surface waves) variability, often causing
small scale heterogeneities in zones of oxygen production and consumption (Glud et al., 1999,
Glud, 2008). Lassen et al. (1992a) and Dodds (1992) introduced micro scale sensors with a close
to spherical light acceptance characteristic, using a scattering translucent sphere with a diameter
between 70 and 250μm glued to the end of a light guiding fiber. These sensors allow to measure
scalar irradiance, i.e. the integrated light from all directions that is available for algal cells (Kühl
and Jørgensen, 1992).

To assess the vertical organization of photosynthesis, Revsbech et al. (1981) introduced the
light-dark shift method. They recorded the initial decline in oxygen concentration immediately
after a sudden darkening of the sediment using fast responding microelectrodes (Revsbech and
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Jørgensen, 1983). Under the assumption of initially unchanged respiration rate and diffusion,
the rate of oxygen disappearance in the dark is equal to the photosynthesis rate in the light.
By repeating this measurement scheme at different sediment depth, profiles of benthic gross
photosynthesis can be determined, which is however a time consuming procedure. Epping et al.
(1999) measured profiles of benthic photosynthesis and respiration rates in sediments, combining
oxygen measurements and numerical simulations of the transient oxygen field (’light-dark cycle
method’). While also based on perturbations in the light condition, this method does not only
consider the first few seconds after darkening, but allows to follow the changes in community
respiration over time. To study the relation between local light availability and gross photosyn-
thesis at the respective depths, scalar irradiance microsensors and the light-dark shift method
have been used together by Lassen et al. (1992a). They found that the horizontal distance of
120μm between the tip of oxygen and light microsensors resulted in an uncertain relationship
between the two measured parameters in individual profiles.

It is known that the lateral heterogeneity within sediment and microbial mats can be very high
(Revsbech and Jørgensen, 1983, Wenzhöfer and Glud, 2004, Stockdale et al., 2009). To approach
the whole, three-dimensional, dynamic picture in sediments and microbial mats, planar optodes
(PO) have been introduced to the field of marine research (e.g. Glud et al., 1996). This imaging
technology allows for mapping of oxygen distributions in space and time, and has become an
important tool in marine research. Main part of the ’conventional’ system is a transparent
support foil with a fluorescent coating, which changes its fluorescence intensity and lifetime
depending on the oxygen concentration (Holst et al., 1998). Planar optodes have been applied in
numerous studies of many different habitats like coastal sands (Glud et al., 2001, Wenzhöfer and
Glud, 2004, Franke et al., 2006, Behrens et al., 2007), deep-sea sediments (Glud et al., 2005),
microbial mats (e.g. Glud et al., 1999), rhizospheres (Jensen, 2005, Frederiksen and Glud, 2006)
and endolithic algal communities (Kühl et al., 2008). First used in the laboratory, this technology
was later also incorporated into in situ modules to study shallow-water (Glud et al., 2001) and
deep-sea (Glud et al., 2001, 2005) sediments under natural conditions. Subsequent modifications
of the imaging technology, going from intensity to lifetime imaging (Holst et al., 1998), but also
of the sensor chemistry (e.g. König et al., 2005) further improved the solute imaging. Holst et al.
(2001) used a transparent PO to image oxygen distributions as well as the structures behind
the optode. Recently, a special setup for low oxygen concentrations was developed (Oguri et al.,
2006) and planar optodes were used together with hyperspectral imaging of pigments (Bachar
et al., 2008, Kühl and Polerecky, 2008).

Glud et al. (1999) combined light-dark shift measurements with microsensors with planar op-
tode technology to assess 2D distributions of respiration rates and photosynthesis and found
pronounced small-scale variability in respiration and production. To obtain the data, they cal-
culated the second spatial derivative of an oxygen image. However, this approach needs some
caution, since noise in the image is being strongly amplified by derivation.

The benefit of imaging technologies is obvious in spatially heterogeneous systems like microbial
mats or sediments which are intensely influenced by bioturbation or bioirrigation. However, also
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in cases where the oxygen distribution is rapidly changing, the use of POs can be superior
over profiling methods using microelectrodes or fiber optodes since the time required to get one
microsensor profile is in the order of 15-30min. In contrast, recording one oxygen image with a
PO setup (comprising hundreds of profiles) is done typically in less then one second. Hence, it
is possible to obtain time series of oxygen images in high frequency. However, the response time
of the sensing foil itself may be in the order of 10-20 s, which is too slow to apply the light-dark
shift method, where response times below 1 s are desirable (Revsbech and Jørgensen, 1983).

Recent studies showed that the accuracy of conventional PO measurements on small scales and
in high gradients is reduced by an optical cross-talk effect in the window and the support foil
of the PO (Franke, 2005). Values in the oxic regions are underestimated and oxygen gradients
in the oxic/anoxic transition zone are flattened. This decreases the significance of calculations
of fluxes and respiration rates, especially if the heterogeneity on small scales is high. Another
resolution limiting factor for PO measurements that is evaluated in this study is the diffusion
of oxygen within the sensing layer and support foil. Recently, Kühl et al. (2007) presented a
PO system for simultaneous microscopic imaging of biofilms and oxygen concentrations. They
addressed this problem by decreasing the thickness of the sensing layer to 1-2μm. This system,
however, is restricted to artificial biofilms on microscopic slides.

The light-guidance effect within the sensor foil and window not only limits the resolution of PO
measurements, it also prevents the accurate imaging of light fields in sediments or microbial mats
which are illuminated from the top. Here, we describe and demonstrate a new type of planar
optode setup for high resolution analysis of oxygen concentration distributions as well as light
intensities, using a fiber optic faceplate. The system allows correlating oxygen distributions to
locally available irradiances. Sensor characteristics such as response time and spatial resolution
were assessed, and the acceptance angle for local scalar irradiance measurements was determined.
Two-dimensional light field data were compared to profiles obtained with a light microsensor.
To calculate rates of benthic photosynthesis and respiration, we adapted the light-dark cycle
method of Epping et al. (1999), combining oxygen measurements with numerical simulation of
the diffusion equation for 2D, applied the system in sandy sediments and discussed the data in
respect to spatial heterogeneities.

2.3. Materials and Procedures

2.3.1. Manufacturing of the High Resolution Planar Optode (HiPO)

In contrast to the conventional PO, using a polymer support foil, the HiPO described here consists
of an oxygen sensitive layer, coated directly onto a fiber optic faceplate, FOFP (SCHOTT North
America, Inc.; Fig. 2.1b). The FOFP itself was custom made of light guiding glass fibers,
which are fused together perpendicular to the surface of the plate with the dimensions 50 × 50
× 10mm3 (Fig. 2.1b). Each single fiber has a core diameter of 6μm with a center to center
distance of 10μm. The space between the fibers is filled with black light absorbing glass. This
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assembly leads to the transportation of an image from one side of the plate, pixel by pixel, to
the other. The FOFP is therefore an optically anisotropic material, where light guidance is only
possible perpendicular to the plane surfaces.

The oxygen sensing layer consisted of platinum(II)mesotetra(pentafluorophenyl)porphyrin (Fron-
tier Scientific, Inc.), dissolved together with polystyrene in chloroform (Precht et al., 2004). To
increase the amount of excitation light within the sensing layer, titanium dioxide particles (5μm,
Aldrich) were added (König et al., 2005). These particles do not interfere with the quenching,
but enhance the signal by scattering up to 10-fold, depending on their concentration (Zhou et al.,
2007). While not mandatory for oxygen measurements, they strongly widen the acceptance angle
for light field measurements. The fluorophore was applied by knife coating with a gap of 50μm

(KControl Coater, RK Print Coat Instruments, LTD). After slow evaporation of the chloroform,
the resulting sensing layer (phorphyrin in polystyrene matrix) had a thickness of 15-20μm.

2.3.2. Flow-through aquarium and HiPO setup

The FOFP was fitted into an aperture in a wall of a small polystyrene box (20 × 10 × 8 cm3),
with the sensing layer facing inside and being flush with the aquarium wall (Fig. 2.2). For
experiments with sandy sediments and microbial mats the box was designed like a small flume
with in- and outlets in the short side walls and flow laminarizing honeycomb structures on both
sides. A small aquarium pump circulated the seawater, using a 10L container as reservoir.
To prevent porewater advection in the permeable sandy sediment, the sediment topography
was flat and the flow rate was adjusted to a minimum, necessary to create a stable diffusive
boundary layer. The fluorophore of the HiPO was excited with 2 blue LEDs with collimating
optics (LUXEON Star Royal Blue 5W LXHL-MRRC, λmax = 455 nm, Lumiled) regulated by
a homemade fast switchable current source (adjustable between 10mA and 1000mA). The
emitted red luminescent light (λmax = 647 nm) was imaged with a peltier-cooled, highly sensitive,
fast gateable, 12 bit b/w, 1280×1024 pixel CCD camera (SensiMod, PCO Computer Optics
GmbH) with a macro objective (SKR Componon 12 35 / 2.8, Stemmer Imaging in reverse
mounting). The objective was chosen to ensure a distortion-free projection of the image with
a small object-to-objective distance to keep the setup compact (Fig. 2.2). A long-pass filter
(Kodak red wratten gelatine filter Nr. 29 (deep-red), Kodak, Inc., cut-off wavelength ∼580 nm)
was installed between the objective and the CCD chip of the camera to block all blue light from
the LEDs. This setup allowed distortion-free imaging with a resolution down to 5μm pixel−1. A
homemade trigger source was used to synchronize camera and LED excitation. Illumination of the
sediment (to stimulate photosynthesis) was switched off for <1 s during the oxygen concentration
imaging to avoid interferences with the light field. A lifetime-based measuring scheme was applied
for the calculation of the oxygen field in front of the HiPO (Holst et al., 1998). Assuming
a mono-exponential decay of the luminescence, the fluorescence lifetime can be calculated for
each pixel. The resulting lifetime image was calibrated into an oxygen image using a modified
version of the Stern-Vollmer equation, assuming a fraction of non-quenchable fluorescence of
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Figure 2.1.: (a) Cross-section of the conventional planar optode. Light travelling within the support foil
(CT1) and the window (CT2) leads to optical cross-talk and mixing of fluorescence informa-
tion. Light with the lifetime τα therefore also contributes to the fluorescence, measured for
point β (modified after Franke, 2005) (b) Cross-section through the High Resolution Planar
Optode (HiPO). A Fiber Optic Faceplate (FOFP), consisting of millions of light guiding
fibers prevents optical cross-talk. The dimension of the plate itself is 50×50× 10mm3. The
diameter of the single fibers is 6μm; the distance between the centerlines of the fibers is
10μm.
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Figure 2.2.: Setup of the High Resolution Planar Optode. A Fiber Optic Faceplate inserted in a minia-
turized flume and coated with a fluorophore is illuminated by blue LEDs. The resulting
fluorescence is recorded with a specialized camera system. A micromanipulator is used
to position a scalar irradiance microsensor for calibration of light measurements with the
HiPO.

0.15, which has been found typical for this sensing complex (e.g. Holst and Grunwald, 2001). A
2-point calibration at 0% oxygen and air saturation was carried out (Glud et al., 1996). Image
acquisition and trigger control were performed with custom made software (Look@Molli v1.84).
The subsequent image analysis and the calculations of lifetime and oxygen images were carried
out with homemade software using MATLAB 6.5 (MathWorks Inc.).

2.3.3. Light field measurements

Above the flume, a line of 4 white power LEDs (LUXEON Star Warm White, 1 W, LXHL-
MWGC, Lumiled) with collimating optics was mounted to create a homogeneous light field at
the surface of the sediment, stimulating benthic photosynthesis. These LEDs emit a continuous
spectrum from ∼400 nm to ∼780 nm. Compared to sunlight, the LED spectrum contains virtu-
ally no UV- and IR-light. The peak wavelength of 630 nm is higher compared to the 520 nm of
sunlight (Luxeon technical data sheet DS47, www.philipslumileds.com/pdfs/DS47.pdf). How-
ever, the LED spectrum is closer to natural conditions than most other artificial light sources.
The irradiance at the sediment surface was adjusted from 0 to ∼300μmol photonsm−2 s−1 as
measured with a spherical quantum sensor (US-SQS/L and LI 250A, Walz GmbH). Light profiles
within the sediment were measured using a self made fiber optic light microsensor, consisting
of a light guiding fiber with a polystyrene sphere (diameter ∼200μm) with suspended titanium
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dioxide particles for light scattering at its end (Lassen et al., 1992a). Data acquisition to a
PC was done with a 12 bit A/D converter (DAQPad 6020E, National Instruments). The light
microsensor was calibrated against the above mentioned quantum sensor. For this purpose, the
downward scalar irradiance of a white power LED at different operating currents was measured
with the factory-calibrated quantum sensor and the self-made microsensor, both mounted above
a black anodized aluminum tube as light trap (data not shown). For light intensity profiles
the microsensor was mounted in a micromanipulator, fixed to a motorized stage (VT-80, Micos
GmbH) to allow for automated profiling. Since the light acceptance of the microsensor is lowest
in the direction of the fiber, profiling (step width 100μm) was done in an angle of 60° to the
sediment surface.

To calibrate the light measurements performed with the HiPO, a light field image was averaged
over all columns. Two points of the resulting profile were related to light measurements, made at
the same depth with the light microsensor. All measured pixel intensities were scaled accordingly,
assuming a linear relationship. Since the camera was equipped with a long-pass filter only red
light was imaged.

The light acceptance of the setup depends on the numerical aperture of the fibers and the
light-scattering properties of the sensing chemistry. We measured the light acceptance at different
angles, ranging from 20° to 160°. A laser line was projected from different angles onto the sensing
layer under artificial seawater (salt content 35‰). The captured light was imaged with the CCD-
camera from the other side. After averaging over all lines, the total peak area was integrated to
correct for the wider peaks at more acute angles. Values were normalized to the measurement
at 90°.

2.3.4. Modeling of oxygen diffusion within the sensing chemistry

Diffusion of oxygen within the sensing chemistry leads to reduced measurements of the actual
gradients and sets an upper boundary for the differentiation of adjacent features in the oxygen
concentration field. To quantify this effect, finite-element numerical modeling of oxygen diffusion
within a planar optode sensing layer was carried out, using the software COMSOL (COMSOL
AB, Stockholm). The sensing chemistry was modeled as a 20μm thick layer of polystyrene
(DO2 = 4× 10−11 m2 s−1 Poulsen and Ogilby, 2000). Initially completely anoxic, half of it was
modeled to be exposed to a step change to 100% air saturation while all other boundaries were
set to isolation conditions (Fig. 2.1). The transient solution of the diffusion equation for two
dimensions (Crank, 1979) was solved on a domain that represented a cross-section through the
sensing layer. To calculate the response of the sensing chemistry, we assumed that the fluores-
cence signal for each point on the HiPO surface is the sum of calculated responses throughout
the thickness of the sensing layer.
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2.3.5. Combined measurements in sandy sediments

The HiPO was applied for combined oxygen and light field sensing on sandy sediment from the
subtidal zone of the island Sylt. The sediment was sieved with a 500μm mesh to exclude macro-
fauna and pre-incubated in the measurement setup for one week with a light-dark cycle of 12 h at
100μmol photonsm−2 s−1. The apparent sediment diffusion coefficient Ds =8.6× 10−10 m2 s−1

was estimated from the oxygen diffusion coefficient in seawater with a salinity of 35 at 20°C
(D0 =1.99× 10−9 m2 s−1), calculated after Boudreau (1997), and a sediment porosity of 0.43
as determined by 48 h drying at 60°C, using Archie’s Law (e.g. Berner, 1980). Benthic photo-
synthesis measurements were carried out at three different incident irradiances (Id), identified
throughout the manuscript as Id(A) = 280, Id(B) = 100 and Id(C) = 40μmol photonsm−2 s−1.
Each illumination period lasted for 3 h, followed by 3 h of darkness (Fig. 2.3). Images for scalar
irradiance estimations were taken for the three light conditions at the beginning and at the end
of the experiment.

2.3.6. Calculation of respiration and photosynthesis rates

The distribution of oxygen concentration within sediments is governed by production, respiration,
chemical oxidation and diffusion. The reaction-diffusion equation describing these processes for
two dimensions reads as:

∂C

∂t
= −φDs

[
∂2C

∂x2
+

∂2C

∂z2

]
+ (P −R) (2.1)

where C is oxygen concentration, x is the horizontal dimension, z is depth within the sediment
and t is time. P and R are time and space dependent oxygen production and uptake terms,
respectively, and Ds is the sediment diffusion coefficient. After a minimum of 2 h with constant
irradiance, a steady-state situation established, where ∂C/∂t = 0. For any given point within
the sediment, the loss of oxygen by diffusion, respiration and chemical oxidation is balanced by
production of oxygenic photosynthesis. After darkening, photosynthesis stops instantaneously
resulting in a non-steady-state situation. Since the reaction time of the optode was not sufficient
to carry out light-dark shift measurements (taken only the decline in oxygen concentration within
the first few seconds after darkening into account), we adapted the method developed by Epping
et al. (1999) for 2D, using transient oxygen images rather than oxygen profiles.

While the light-dark shift technique uses the initial decline at each sediment depth to estimate
gross photosynthesis rate profiles, neglecting the change in diffusion over time, we compare the
numerically calculated effect of diffusion alone to the measured effect of diffusion plus oxygen
consumption. In order to calculate oxygen consumption rates, the following procedure was used:
Oxygen images were taken during illumination at steady-state (light image; LI) and 2min after
the light was switched off (dark image; DI, Fig. 2.3). We then assumed that after the light
was switched off, the two remaining processes affecting the oxygen concentration distribution are
diffusion and O2 consumption. To determine the change in oxygen concentration solely driven
by diffusion the LI was blurred by filtering (convoluting) it with a Gaussian kernel (Koenderink,
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Figure 2.3.: Calculation of 2D respiration rates from transient oxygen images after changes in incident
irradiance. A light image (LI) is taken at steady-state and the effect of 2min of diffusion
alone is calculated (LIdiff). Two minutes after the light was switched off, the dark image (DI)
is recorded. The difference between LIdiff and DI is an estimate of the spatial distribution of
respiration rates within the sediment (R). The calculation of net photosynthesis was carried
out in a similar way but after the onset of illumination. The letters A, B and C represent
the three different light conditions used subsequently in this study. The duration of each
light and dark period was 3 h.

1984); standard deviation: 45 pixels). This operation simulates 120 s of diffusion, assuming a sed-
iment diffusion coefficient of Ds =8.6× 10−10 m2 s−1 with the LI oxygen concentrations as initial
condition and zero-flux boundary conditions. This numerical solution of the diffusion equation
is commonly used in image analysis (Koenderink, 1984, Cai, 1988). To ensure the applicability
and precision of this method for our application, it was tested against an explicit numerical dif-
fusion scheme, resulting in differences < 2% (pers. communication Dieter Wolf-Gladrow). The
calculated image (LIdiff) was then compared to the measured DI where diffusion and respiration
influenced the oxygen concentration distribution. Thus, the pixel-by-pixel difference between
these two images represents an estimation of the spatial distribution of respiration (Fig. 2.3).
A similar approach was used to estimate primary production. Here, the first image was taken
in the dark after steady-state was reached. A diffusion step was calculated and the obtained
image was compared to a measured image taken after 2min of illumination. It has to be noted,
that the resulting photosynthetic rate represents the net photosynthesis, thus production minus
respiration ((P - R) in Eq. 2.1). The relatively long time step of 2min was necessary because of
the low production- and respiration rates of the studied sediment.

2.3.7. Calculating profiles and integrating respiration and production rates

Quantitative comparison of scalar irradiance, respiration rates and photosynthesis was done by
averaging 2D data to 1D profiles of oxygen, represented by every column of the respective images,
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taking the different positions of the sediment surface into account. Diffusive exchange of oxygen
(DOE) across the sediment-water interface (z = 0) was calculated from the mean oxygen profiles
using Fick’s 1st law of diffusion

DOE = −D0
∂C

∂z

∣∣∣∣
z=0

(2.2)

with the molecular diffusion coefficient D0 =1.99× 10−9 m2 s−1. Local rates of respiration
and net primary production were integrated over depth (z) and averaged over all columns of the
image, resulting in areal oxygen fluxes:

JR =
Δz

n

nmax∑
n=1

zmax∑
z=0

Rn,z and JP =
Δz
n

nmax∑
n=1

zmax∑
z=0

Pn,z (2.3)

with JR and JP being the fluxes across the sediment-water interface, Δz the pixelsize (Δz=10.1μm),
n the numbers of columns (nmax = 1280) and Rn,z and Pn,z the respiration and production rates
at column n and depth z as calculated above. The mean vertical light attenuation coefficient
K was calculated from the average scalar irradiance profiles I(z) below 0.5mm by fitting an
exponential function to the profiles (Kühl et al., 1994): I(z) = αe−Kz, with α as arbitrary fit
parameter.

Local photosynthesis/irradiance relationship and photosynthetic efficiency - The
availability of scalar irradiance and photosynthesis distributions allowed calculating local pho-
tosynthesis/irradiance relationships for each of the three light conditions. These curves differ
from conventional P-I curves, since they consider the local effect of scalar irradiance on photo-
synthesis rather than providing the averaged budget for the sediment (Dodds et al., 1999, for
the 1D case). The curves were constructed by binning the scalar irradiances with a bin-width of
10μmol photonsm−2 s−1. The corresponding photosynthesis rates of all pixels that fell into one
bin were averaged and plotted against the mean irradiance of the respective bin.

To assess the relative efficiency of light utilization by the phototrophic community and its
variation with sediment depth, the quotient of photosynthetic rate and scalar irradiance was
calculated, resulting in photosynthetic efficiencies in units of [mmol O2 (mol photons)−1 mm−1]
(Lassen et al., 1992b).

2.4. Assessment and Discussion

2.4.1. Optical Cross-Talk effect

Light travels within the support foil and the window of conventional planar optode setups by
reflection on the surfaces (Fig. 2.1a). Part of this light is decoupled on other sites of the foil and
contributes to the fluorescence, originating from these spots. The overall fluorescence intensity
is therefore altered, as well as the fluorescence lifetime (τ) (Franke, 2005). Since the fluorescence
is quenched by oxygen, light emission is stronger in anoxic regions than in oxic regions. The

37



Chapter 2

Figure 2.4.: Extracted vertical profiles of oxygen concentration after changing the gas phase over anoxic
water from nitrogen to air, measured with the HiPO (solid line) and a conventional PO
(open symbols).

anoxic parts of the sediment thus influence the measurements in oxic areas stronger than vice-
versa. Overall, this artifact results in smeared images and flattened gradients, decreasing the
significance of calculations of fluxes and respiration rates, especially if the heterogeneity on small
scales is high.

The HiPO was compared against a conventional PO setup to test if this optical cross-talk
could be reduced. A small flume comprising HiPO and conventional PO was half-filled with
anoxic distilled water. The overlying gas phase was initially nitrogen and then rapidly changed
to air, leading to highly reproducible sharp oxygen gradients across the water-air interface. In
contrast to the conventional PO, no erroneously low oxygen concentration was measured above
the interface with the HiPO (Fig. 2.4), indicating an effective suppression of the cross-talk
effect. Hence, the recorded gradient appeared much steeper with the HiPO, as it was with the
conventional setup. For practical purposes, cross-talk artifacts at the sediment-water interface
can be taken into account, using the a-priori knowledge about the oxygen concentration in the
water column. Within the sediment, however, such a correction is not possible.

The magnitude of optical cross-talk effects in conventional PO assemblies depends on a mul-
titude of factors such as wall thickness and material, thickness of the support foil, content of
scattering particles within the sensing layer and distribution of sediment oxygen concentration,
to name only a few (Glud, 2008). It is beyond the scope of this study to determine the relative
influence of all these factors and it is therefore not possible to precisely quantify the improvement
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gained by using the HiPO.

Spatial and temporal resolution of oxygen measurements - The theoretically achievable
spatial resolution of the HiPO system is limited by the optical performance of the setup and
the blurring of the signal due to oxygen diffusion in the sensing chemistry (Kühl et al., 2007).
The temporal resolution of all PO setups is regulated by the equilibration time of the sensing
chemistry. In order to estimate the magnitude of both effects for the HiPO setup, a numerical
diffusion model was set up, using finite element modeling as described in the methods section.
This model allowed calculating the transient and steady-state oxygen fields within a cross section
of the sensing layer, assuming a step change on the surface of the (polystyrene) sensing layer
(Fig. 2.5A). Profiles of the response of the sensing layer (Fig. 2.5B) were obtained by averaging
over all columns of the calculated oxygen field within the sensing layer of (Fig. 2.5A). This
model can also be used to estimate the temporal response of the sensor after a change in oxygen
concentration (Fig. 2.5B). If the sensor is initially oxygen-free and then the oxygen level is
raised to 100% for half of the sensor surface, oxygen diffuses into the sensing chemistry changing
the fluorescence properties in this area. After 1 s, the signal only reached 36% of the final
concentration. A typical 90% response is reached between 5 and 10 s for a 20μm thick sensing
layer. After ∼20 s, steady-state is reached. The sharp boundary between the oxic and anoxic
zone is then smeared and extended over about 100μm (Fig. 2.5). The response of the sensing
layer to a step change in concentration represents the highest gradient that can be resolved by
the system. Thus, it provides the theoretical limit of resolution given by diffusion in the sensing
layer. For all practical concerns, the difference between the ’real’ oxygen concentration and the
one measured by the PO setups will be smaller than in this extreme example.

Model runs assuming thinner sensing layers showed a linear relationship between layer thickness
and spatial resolution (results not presented). A 2μm thick layer therefore exhibits a resolution
limit of about 10μm. Since the change of layer thickness is essentially only affecting the scale
of the model, this linearity is obvious. The resolution limit of planar optodes due to diffusion
is therefore in the order of 5 times the thickness of the sensing layer, assuming polystyrene as
matrix polymer. Thinner layers, however, demand for stronger excitation light sources and/or
more sensitive cameras. Layers of 10-20μm were found to be a good compromise for our setup.
Depending on the brightness of the excitation light source, the imaged area, the sensitivity of the
camera, the concentration of scattered particles and the choice of the fluorophore, thinner layers
are possible (Kühl et al., 2007). Using polymers with a higher molecular diffusion coefficient for
oxygen would result in faster responding optodes, but lower spatial resolution.

2.4.2. 2D light field measurements

The penetration of light into sediments is not uniform due to scattering and refraction at sediment
grains, worm borrows, and gas bubbles, resulting in a patchy distribution of irradiance (Lassen
et al., 1992b, Kühl et al., 1994). To quantify scalar irradiance within sediments, light intensity
images were taken through the HiPO. Projections of a laser line from different angles were
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Figure 2.5.: (A) Modeled steady-state oxygen concentration within a cross section of a 20μm thick
sensing layer, exposed to a step change in oxygen concentration at y =0μm. The fiber optic
face plate (FOFP) is impermeable for oxygen. See Fig. 2.4 for the color scale; values in
percentage air saturation. (B) Modeled temporal and spatial response of the sensing layer
to a step change in oxygen concentration. Initially, the foil was modeled to be completely
anoxic. At t = 0 s, the upper half (y > 0μm) was exposed to 100% air saturation.
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Figure 2.6.: Light acceptance angle of the FOFP with scattering sensing layer. A laser line was projected
onto the surface under seawater at different angles and the captured light was imaged with
a CCD camera. Measured peak areas are given, normalized to the 90° value.

performed to assess the acceptance angle of the HiPO (Fig. 2.6). Between 90° ± 30° incident
light was transported equally well, while in the range of 40-60°, capture efficiency drops to 90%.
Below 20°, a strong drop in light acceptance was observed (Fig. 2.6). This almost hemispherical
acceptance characteristic of the HiPO allows using light intensity images to be used as a measure
for scalar irradiances. It has to be noted, that the spatial heterogeneity of scalar irradiances close
to walls (like the HiPO) is likely to be higher than in unconstrained sediments. Especially in
the top layers of the sediment where heterogeneities are most pronounced (Lassen et al., 1992b),
the HiPO tends to overestimate spatial variability. Assuming a 20μm thick sensing layer and a
light acceptance angle of 130°, a theoretical resolution of ∼120μm can be estimated. This is in
the same order of magnitude as the resolution of typical scalar irradiance microsensors (Lassen
et al., 1992a, ca. 100μm).

Light field images were measured in sandy sediments and compared to light profiles obtained
with microsensors for scalar irradiance (Lassen et al., 1992a). The images exhibit a high spatial
variability, both horizontally and vertically. Light profiles were extracted by averaging intensities
over columns of a 100μm wide stripe (Fig. 2.7). Profiles differ considerably from each other
due to different scattering, resulting in hot spots of high light intensities in otherwise darker
sediments. Highest light intensities are not always directly above the sediment surface and the
light intensity does not decrease steadily below the surface. However, the overall light penetration
depth (defined as the depth, where scalar irradiance drops below 1μmol photonsm−2 s−1) is
similar in all extracted profiles (Fig. 2.7).
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Figure 2.7.: Top: Light intensity image of a sandy sediment, taken through the HiPO. The sediment was
illuminated from above with white light. Bottom: Four light profiles, each extracted from a
100μm wide area of the image by averaging along the x-axis. The line width in horizontal
direction indicates the standard deviation of the measured irradiance at each pixel.
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Figure 2.8.: Left panel: Mean light profile of photosynthetically active radiation (PAR), extracted from
the light intensity image in Fig. 2.7 by averaging over all columns (thick line), standard
deviation of the intensities (thin lines) and light profile, measured with a light microsensor
(plus symbols). Right panel: Comparison of light profiles measured with a light microsensor
and profiles obtained by averaging over all columns of an intensity image at 100, 200 and
410μmol photonsm−2 s−1, respectively.

Mean profiles were extracted at three different incident irradiances by averaging over all
columns of the intensity images and were compared with scalar irradiance microsensor mea-
surements (Fig. 2.8). Strongest differences were observed above the sediment surface. Here, the
HiPO provides up to 10% lower values than the microsensor. The reason might be that most of
the light reflected at the sediment surface is traveling upwards. For spherical microsensors pro-
filing from the top this is the preferred acceptance direction, while the HiPOs fibers are directed
perpendicular. However, the microsensor readings are within the double standard deviation of
the averaged columns’ readings, indicating an overall agreement between both methods (Fig.
2.8, left). The better accordance of the two methods deeper within the sediment is related to
the fact that the light field tends to approach isotropic radiance distribution with depth (Kühl
et al., 1994). Comparisons at different light levels (Fig. 2.8, right) reveal the same profile pattern
indicating that the HiPO can be calibrated against a scalar irradiance microsensor.

The most important difference between the two methods is the spectral response. The light
microsensor can be used to assess spectral compositions of scalar irradiance or total photosyn-
thetically active radiation (PAR) by using a spectrometer as detector (Kühl and Jørgensen,
1994). The spectral properties of the light field measurements with the HiPO are dependent on
the spectral response of the CCD camera, the transmission characteristics of the FOFP with the
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fluorophore coating and the emission filter for the oxygen sensing. The spectral response of the
camera was nearly linear between 350 and 550 nm wavelength, therefore it is in principal suitable
to measure PAR. However, the emission filter was a long pass filter with a cut-off wavelength of
∼580 nm, allowing only red light to pass through. If the spectral composition of the down-welling
light does not change substantially within the sediment, the calibration against the PAR sensor
in the overlying water is still valid for deeper layers. This assumption depends on the concen-
tration and distribution of pigments within the sediment. It is known, that highly structured
phototrophic communities absorb different wavelength at different depth (e.g. Ploug et al., 1993).
This effect is less pronounced in sandy sediments due to the generally less structured community.

2.4.3. Oxygen dynamics in sandy sediments

Small-scale oxygen distributions and dynamics and their linkage to the light field have been
studied extensively on microbial mats (e.g. Lassen et al., 1992b, Epping et al., 1999, Glud et al.,
1999, Bachar et al., 2008), but less work has been done on sandy sediments without dense mat
formation. Therefore, we applied the HiPO to phototrophic sandy sediments and measured
oxygen production and respiration together with the light field as major driving force (Fig.
2.9). The sediment was inhabited (among others) by diatoms and cyanobacteria, exhibiting
considerable photosynthesis during illumination.

Light field within the sandy sediment - The different incident light intensities, measured
as down-welling irradiances above the sediment surface are indicated in Figs. 2.9 and 2.10 by
(A), (B) and (C) (40, 100 and 280μmol photonsm−2 s−1, respectively). The light field within the
sediment (Fig. 2.9, column 1) was highly inhomogeneous at sub-millimeter scale, most likely due
to reflections and refractions by sediment grains. This effect was most pronounced close to the
sediment surface (Kühl et al. 1994). Highest local light intensities were detected ∼100-200μm

below the sediment surface. Here, the scalar irradiance exceeded 200% of the surface down-
welling irradiance at some spots. The average light penetration depth (defined as the depth,
where scalar irradiance drops below 1μmol photonsm−2 s−1) was 5, 4.2 and 3.3mm, at the three
light conditions respectively (Fig. 2.10, Table 2.1). The three mean scalar irradiance profiles
showed the same exponential decrease with depth (Table 2.1, R2 > 0.99), leading to a mean
vertical light attenuation coefficient K of 0.85mm−1. Kühl et al. (1994) found a twice as high
attenuation coefficient for wet quartz sand with particle sizes of 125-250μm (1.65mm−1) and a
four times higher attenuation coefficient for a coastal sediment with particle sizes of 63-250μm.
The lower light attenuation in our study can be explained by larger particles sizes of up to 450μm

and the low density of light absorbing photopigments (s. below).

Oxygen concentration field - The oxygen concentration field changed clearly within minutes
upon changes in light conditions. However, transition times of more than 2 h after each change
in illumination were needed to establish new steady-state situations. Similar transition times
were found by Fenchel and Glud (2000) for a shallow-water sediment. At high incident light
(Id(A)), the first 5mm of the sediment were oxygen super-saturated with concentrations up to
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Figure 2.9.: Images of light (1), oxygen (2), photosynthesis (3) and respiration (3) at three different light
conditions (A-C) in phototrophic sandy sediment after steady-state was reached. The black
line indicates the sediment surface. Pixel size in theses images was 10.1μm. The productive
spot visible in the middle of the imaged area in B3 was related to a gas bubble formed as a
result of the oxygen super-saturation during high light condition, supplying oxygen to the
surrounding sediment.
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500μmol L−1; the mean oxygen penetration depth was about 6.8mm and there was a net flux
of oxygen (36mmol m−2 d−1) into the overlying water (Fig. 2.10 and Table 2.1). The oxygen
concentration distribution did not exhibit strong spatial heterogeneities on scales below 1mm

(Fig. 2.9, A2). After the light was switched off, oxygen concentrations immediately decreased,
especially close to the sediment surface. However, the formation of three oxygen bubbles in the
imaged area with diameters between 0.7 and 2mm led to zones of supersaturation which persisted
for more than 1h (data not shown). At Id(B), the mean oxygen penetration depth reduced to
5.2mm (Fig. 2.10 B). There was a considerable difference in OPD within the averaged area,
ranging from 3.9 to 5.6mm (Fig. 2.9, B2). The oxic-anoxic interface was characterized by
smaller gradients, also with strong horizontal differences; the super-saturated zone reduced to
a mean of 3.5mm sediment depth (Fig. 2.9) and showed stronger heterogeneities compared to
those at high light intensities (Fig. 2.9, B2). At Id(C), still slight super-saturation occurred
and photosynthesis exceeded respiration, leading to a net flux of 7mmol m−2 d−1 O2 out of the
sediment (Table 2.1). The mean oxygen penetration depth reduced to 3.1mm and the oxic-
anoxic transition zone was even less straight compared to medium light conditions (Fig. 2.9,
C2). During all three steady-state darkness situations between the illuminated periods, the
mean oxygen penetration depth reduced to 1.7mm (Table 2.1).
Local net photosynthesis rates - Photosynthesis (Fig. 2.9, column 3) was calculated

from subsequent images immediately before and directly after the onset of illumination. This
procedure results in estimations of local net photosynthesis rates. At Id(A), highest rates of
net photosynthesis were observed on average 900μm below the sediment surface (Fig. 2.10A)
and appeared very patchy (Fig. 2.9, A3). The peak values of more than 1 nmol O2 cm−3 s−1

were not located at the spots of highest light intensity within the sediment. Photo adaptation
could explain this effect, as well as migration due to light stress (MacIntyre and Cullen, 1995,
Underwood et al., 2005). The entire productive zone was about 3.5mm thick and almost identical
to the area, in which light intensities were > 30μmol photonsm−2 s−1 (Fig. 2.10A). At medium
light conditions (Id(B)), the overall thickness of the productive zone was only slightly reduced
(∼3mm), but the peak values of photosynthesis diminished and the heterogeneity in production
was less pronounced. Highest production was now close to areas with highest light intensities but
the average position of peak photosynthesis was still below the position of peak scalar irradiance
(Fig. 2.11B). At Id(C), the zone of primary production was limited to a thickness of 1mm. A
spatial coincidence of peak scalar irradiance and photosynthesis rates was found for this lowest
incident irradiance (Figs. 2.9, C1 and 2.9, C3; Fig. 2.10C).
Correlation of local net photosynthesis and light availability - The relationship be-

tween local net photosynthesis and scalar irradiance at the respective positions within the sed-
iment was used to construct curves of mean local photosynthesis vs. scalar irradiance (Fig.
2.11A). A comparable approach in 1D was taken by Dodds (1992) and Dodds et al. (1999).
However, they used the light-dark shift method and reported local gross photosynthesis vs. ir-
radiance curves for different depths intervals, while we provide curves of net photosynthesis vs.
irradiance, averaged over all measurements at one incident irradiance. The curves in Fig. 2.10A
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differ from conventional P-I curves since they do not represent the average response of the whole
sediment community to changing incident light intensities but the mean local response to the
resulting scalar irradiance within the sediment. All three curves show the same general pattern of
increasing photosynthesis with increasing irradiance, until a maximum is reached (Fig. 2.10A).
At higher irradiances, the photosynthetic activity decreases again, most likely due to photoin-
hibition (e.g. Serôdio et al., 2005, and references therein). Therefore, curves calculated for the
three different Id exhibit maximum photosynthesis rates at different light intensities. While at
Id(A), the highest photosynthetic rates were observed at around 300μmol photonsm−2 s−1, this
value was reduced to 230 and 100μmol photonsm−2 s−1 for Id(B) and Id(C), respectively (Fig.
2.11A). Since the same scalar irradiance is found in different depths within the sediment at
different incident light conditions, it is likely that the responses reflect a stratified community.
Adaption to the incident irradiance on single-cell level even in time scales of minutes (Serôdio
et al., 2005), as well as migratory behavior of algal cells (Barranguet et al., 1998, Saburova and
Polikarpov, 2003) and cyanobacteria (Castenholz et al., 1991) are also likely.
Photosynthetic efficiency - The efficiency of light utilization by the phototrophic com-

munity changes with sediment depth as well as with incident light intensity (Fig. 2.11B). A
general trend of increasing photosynthetic efficiency with depth can be seen. At Id(A), no
maximum is reached while at Id(B) and Id(C) maximum values are located in 4.5 and 3.5mm

sediment depth, respectively. As a consequence of light adaptation, the maximum efficiency at
the lowest incident irradiance (0.42μmol photonsm−2 s−1) is higher than at medium irradiance
(0.32μmol photonsm−2 s−1). Lowest efficiencies are found for Id(A). The net photosynthetic
efficiency depends on the prevalent respiration rate, the amount of photopigments present and
on the efficiency light usage for photosynthesis (Lassen et al., 1992b). The latter is partly depen-
dent on irradiance and decreases as the intensity exceeds the light saturation of the population.
The differences of photosynthetic efficiencies between the three different incident light intensities
can therefore be explained by photo-acclimation, changing the efficiency of single cells (Serôdio
et al., 2005) and migration of phototrophic organisms (e.g. Perkins et al., 2001, Underwood et al.,
2005), changing the pigment concentration in a given sediment horizon. Lassen et al. (1992b)
found comparably shaped profiles of photosynthetic efficiency with depth and a comparable influ-
ence of different incident light intensities for microbial mats. However, their reported efficiencies
exceed the values presented here by 2 - 3 orders of magnitude. The most likely reason is the
much higher pigment density in microbial mats compared to the sandy sediment in our study.
The low light attenuation coefficient of our sediment (s. above) supportes this assumption.
Oxygen exchange rates and O2 budget - The distribution of oxygen exchange rates within

the sediment exhibited two conspicuous zones of high consumption at all three light conditions
(Fig. 2.9, column 4). One was located directly at the oxic-anoxic interface. It can be explained by
chemical oxidation of reduced compounds that are formed during anaerobic metabolic activities,
diffusing upwards (e.g. Canfield et al., 1993). Additionally, some microorganisms (e.g. some
species of sulfate reducing bacteria) live preferentially in this transition zone and respire oxygen
at high rates (Cypionka, 2000). This zone was most obvious at Id(A), where it was located deepest
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Figure 2.11.: (A) Average local photosynthesis plotted against average local scalar irradiance (Fig. 2.9,
column 3&1) The three curves represent the three different illuminations (A, B, C) as in
Figs. 2.9 and 2.10. (B) Photosynthetic efficiency at the three light conditions calculated as
the local photosynthesis divided by the local scalar irradiance and plotted against sediment
depth
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within the sediment and had a thickness of <1mm (Fig. 2.9, A4) . Here, reoxidation processes
are likely to be more relevant than further upwards due to the higher relative importance of
anaerobic processes deeper in the sediment. Such narrow zones of very high oxygen uptake
directly at the oxic-anoxic interface have been reported before (e.g. Revsbech et al., 1986). The
second zone of high oxygen uptake was located close to the sediment surface. Here, again, two
mechanisms play a role; the density of respiring organisms and the accumulation of labile organic
matter are likely to be highest close to the surface. Additionally, photoexsudates, excreted by
phototrophic organisms, might have fueled oxic respiration (Bateson and Ward, 1988). Because
of the net oxygen production some of the oxygen is also removed by diffusion into the well-mixed
overlying water column. However, the modeling of diffusion did not account for the enhanced
eddy diffusivity in the water column above the sediment surface. Thus, calculated rates of
respiration above the surface should be taken with caution.

The integrated dark respiration rates in the order of ∼20mmol m−2 d−1 (Table 2.1) are in
the range of values found for coastal sandy sediments (Middelburg et al., 2005). The average
O2 consumption is stimulated to ∼50mmol m−2 d−1 during illumination. Similar increases in
light-respiration have previously been reported (e.g. Epping and Jørgensen, 1996, Fenchel and
Glud, 2000). Integrated rates of oxygen consumption and production are used to compile oxygen
budgets for the different light conditions. The resulting fluxes can be compared to flux estimates
from average oxygen profiles to cross-check the plausibility of measurements and calculations.
The diffusive oxygen flux across the sediment/water interface (DOE) under illuminated condi-
tions is governed by the integrated rates of net photosynthesis (JP , Eq. 2.3), comprising gross
photosynthesis plus respiration. These two parameters should therefore match. However, JP

shows a higher efflux of oxygen from the sediment than the average DOE at all three light condi-
tions, while the differences decreased with decreasing irradiance (Table 2.1). These discrepancies
between DOE and JP might indicate different respiration rates in the light and in the dark.
The net photosynthesis rates (JP ) were obtained directly after the onset of illumination; they
thus include a sediment respiration close to the dark respiration, while the DOE was determined
3h after the onset of illumination and represent the higher light respiration, where photoexsu-
dates and the increased area of the oxic zone resulted in enhanced oxygen uptake (Epping and
Jørgensen, 1996). It is also likely, that the mean DOE was underestimated by the averaging
procedure, used to obtain a single oxygen profile from an oxygen image, since small inaccura-
cies in the position of the sediment surface lead to a smeared gradient in the average profile.
Additionally, the formation of gas bubbles may lead to underestimations of DOE (Epping and
Jørgensen, 1996) and the PO might interfere with the DBL (Glud, 2008).

A light enhanced respiration, however, is not reflected in the integrated respiration rates (JR,
Eq. 2.3, Table 2.1). The assumption of the same molecular diffusion coefficient in the water
column as in the sediment, rather than eddy diffusion, bias the respiration rates calculated for
areas closely below the sediment surface. Also changes in respiration rates during the time step
of 2min, before the dark respiration image was taken, might have occurred. More sophisticated
modeling of the diffusion step and additional light-dark shift measurements with microsensors
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Table 2.1.: Down-welling irradiance Id, vertical light attenuation coefficient K, oxygen penetra-
tion depth zox and oxygen budget for sandy sediment at three different illuminations.
Oxygen penetration depth, light attenuation coefficient and diffusive oxygen exchange
(DOE) have been calculated from the mean oxygen profiles (Fig. 2.9). Integrated
rates of respiration (JR) and net photosynthesis (JP ) were calculated from data pre-
sented in Fig. 2.9, columns 3 and 4. A, B and C correspond to the respective panels
in Figs. 2.9 and 2.10. Values in the last line were calculated from an oxygen image
at steady-state situation during the dark (image not shown). Negative values imply
fluxes out of the sediment.

Panel
Id K zmax JR JP DOE JP + DOE

μmol photons m−2 s−1 mm−1 mm mmol m−2 d−1

A 280 0.85 6.8 -47 89 -36 53
B 100 0.86 5.2 -53 54 -29 25
C 40 0.84 3.1 -49 24 -7 17
- 0 - 1.7 - - 22 -

could be performed to clarify these uncertainties.

2.5. Comments and Recommendations

The novel planar optode imaging setup provides spatially resolved insights into oxygen dynamics
in phototrophic sediments and microbial mats at high spatial resolution together with local esti-
mations of scalar irradiance. This facilitates studies concerning the functioning of phototrophic
microbial communities in detail, together with the local light field as the most important driving
force. The HiPO together with the proposed calculation scheme enables the determination of
spatial correlations of photosynthesis and respiration rates with the scalar irradiance distribu-
tion. New insights into the coupling between autotrophic and heterotrophic communities and
their spatial organization can be gained. It provides higher certainty for oxygen measurements
at small scales and high gradients by the suppression of the optical cross-talk effect present for
conventional POs. Since the sensing layer is coated directly onto a glass surface, there is no
oxygen diffusion within the support foil or imaging window to be taken into account. To op-
timize the adhesion of the sensing layer to the glass surface, silanization of the FOFP prior to
coating could be performed (Kühl et al., 2007). The overall mechanical complexity of the new
setup is only slightly increased compared to conventional POs and the optical system, electronics
and software are identical. Therefore, the implementation of the new method is straightforward.
The present FOFP setup provides suitable scalar irradiance measurements for the investigated
sediment, however, the accuracy and applicability can be improved by using different coatings
and filter setups. A white scattering material as used for scalar irradiance microsensors (Lassen
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et al., 1992a) instead of the red sensing layer would allow to image the spectral composition of
the light field, using different filter sets or hyperspectral imaging. Thus, wavelength dependent
light attenuation coefficients could be calculated. Such adaptations would however limit the
combined oxygen-irradiance measurements. Rotating filters in front of the CCD camera and a
mosaic-like structure of oxygen sensing dye and white scattering layer would allow performing
both measurements, but would increase the overall measurement time and decrease the spatial
resolution.

The principle of the HiPO can also be used together with in situ modules (Glud et al., 2001);
the FOFP would then have to be inserted into the periscope of the module. This would enable
studying oxygen dynamics in benthic phototrophic communities in sediments or microbial mats
together with the changing light conditions due to diurnal cycles, cloud coverage and sediment
rearrangements by infauna.

A general aspect of all types of PO measurements which has to be considered is the fact that
they act as an impermeable boundary within the sediment, disturbing the original oxygen and
light distribution. Especially strong heterogeneities within the sediment are influenced and small
features of elevated or reduced oxygen concentration are magnified by this effect. Furthermore,
it should be noted that the diffusive boundary layer (DBL) can be widened by the presence of
the optode (Glud, 2008). To broaden the applicability of our method, the use of fluorophores
for other parameters is possible. To date, sensing chemistries for pH (Stahl et al., 2006), pCO2

(Zhu et al., 2006), NH+
4 (Strömberg and Hulth, 2005) and temperature (Borisov et al., 2006) are

available which could be easily combined with the HiPO.
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3.1. Abstract

Sediment oxygen distributions and dynamics were measured in situ in the western part of the
Kattegat on different spatial scales, using the benthic crawler C-MOVE as instrument carrier.
The crawler was equipped with a transecting microelectrode profiler, a planar optode module,
a benthic chamber and a surface topography scanner. Additional measurements with the eddy
correlation technique completed the data set. Planar optode and benthic chamber were provided
with artificial illumination to evaluate benthic photosynthesis. Macrozoobenthos and macro-
phytes apparently played a dominant role in the oxygen dynamics of the study side, whereas
microphytobenthos was of minor importance at the stations during our sampling period. A high
degree of both lateral and temporal variability in oxygen dynamics was found. The oxygen pene-
tration depth showed no clear correlation to light availability and the system had a slow response
upon changes in light conditions. Together with the observation of rapidly changing bottom wa-
ter concentrations, the oxygen concentration distribution within the sediment is concluded to
rarely reach steady state conditions.

3.2. Introduction

Coastal oceans play an important role in the benthic carbon cycle. Although they comprise only a
small area ( 7% of the global ocean), they account for half of the marine benthic carbon oxidation
(Glud, 2008). However, most in situ studies on benthic mineralization focus on either deep-sea
sediments (e.g. Smith, 1978, Reimers, 1987, Wenzhöfer and Glud, 2002, Glud et al., 2005) or on
easily accessible sites near the beach (e.g. Migné et al., 2004, de Beer et al., 2005, Kim and Kim,
2007) The few studies on subtidal sediments focused mostly on very shallow sites with water
depths <5m (e.g. Sundbäck and Miles, 2000, Wenzhöfer and Glud, 2004, Cook et al., 2007).
Beside the importance of carbon mineralization these studies also indicate that benthic primary
production (BPP) plays a major role in intertidal and shallow subtidal settings. Here, BPP
often reaches or even exceeds pelagic primary production (MacIntyre et al., 1996, Underwood
and Kromkamp, 1999). Up to now, the contribution of benthic communities to the production
of the global coastal ocean is highly unconstrained, but it was estimated by Gattuso et al. (2006)
that up to 33% of the global shelf sediment receives enough light to sustain net autotrophic con-
ditions. Sediment oxygen dynamic is a relatively easily accessible parameter that can serve as
a proxy for benthic primary production and overall organic matter degradation. Consequently,
it has attracted a lot of interest, together with its controlling factors (e.g. Glud, 2008). The
uptake of oxygen by marine sediments is mainly regulated by the net decomposition of organic
matter (Graf et al., 1982, Thamdrup and Canfield, 2000). Although, most of the organic matter
in coastal sediments is oxidized anaerobically (Jørgensen, 1978, Canfield et al., 1993), oxygen
is by far the most important terminal electron acceptor. It is reduced either directly by aero-
bic respiration or indirectly upon the (biologically mediated or purely chemical) reoxidation of
reduced products of anaerobic metabolism (NH+

4 , Mn2+, Fe2+, H2S etc.). The relative partition-

58



Oxygen dynamics in the Kattegat

ing between the different remineralization pathways is largely shaped by local oxygen availability
(Canfield, 1994). An increasing number of studies report high spatial variability of benthic bio-
geochemical processes in general (Stockdale et al., 2009) and oxygen penetration depth and fluxes
specifically (Guarini et al., 1998, Grenz et al., 2003). Additionally, high temporal variability on
different scales was reported (Fenchel and Glud, 2000, Wenzhöfer and Glud, 2004). However,
there is a fundamental lack of knowledge about the relevant scales of heterogeneity and temporal
variability (Middelburg et al., 2005), while this knowledge is a prerequisite for the comparison
of different sites and all scaling-up endeavors. Different methodologies are commonly used to
determine sediment oxygen dynamics. Core- or chamber incubations can be used as a measure
of total areal oxygen exchange (TOE), including fauna-mediated respiration and processes in the
overlying water column. However, this approach does not provide information about the vertical
organization of aerobic respiration rates, nor does it resolve lateral variability. Oxygen micro-
electrode profiles (Revsbech et al., 1980) provide information about the vertical structure and
have become a well adopted tool in marine sciences (Smith, 1978, Reimers et al., 1986). Diffusive
oxygen exchange (DOE) can be calculated from the oxygen gradient across the sediment / water
interface (Jørgensen and Revsbech, 1985). To obtain information about lateral variability, it is
necessary to measure many profiles at different spots, which can either be accomplished by using
a transecting profiler (Gundersen and Jorgensen, 1990, Røy et al., 2002, Glud et al., 2009) or by
replicate deployments. Since a single profile requires at least between 15 - 30min (depending also
on the depth resolution), this approach cannot provide oxygen profiles along transects in short
time. Planar optodes (PO) resolve this shortcoming. This technology enables two-dimensional
oxygen imaging of cross-sections of sediments, either in the laboratory or in situ. Several studies
have taken advantage of in situ 2D-oxygen imaging, often showing high spatial variability on
small scales (Glud et al., 2001, Wenzhöfer and Glud, 2004, Glud et al., 2005). All stated methods
act on different length scales: While microelectrodes provide information about single spots and
planar optodes cover a cross-section of several centimeters, benthic chambers integrate over an
area, typically smaller than 1m2. However, they are all invasive to different degrees as they
have to penetrate the sediment. The eddy correlation technique, in contrast, averages fluxes over
much larger areas (10-50m2) in a non-invasive way (Berg et al., 2003). In this study, we used
a multi-scale in situ approach, employing transecting microelectrode profiling, planar optode
imaging, benthic chamber incubations and eddy correlation measurements, to investigate lateral
and short-term temporal variability in benthic oxygen dynamics as well as averaged fluxes in a
subtidal marine sediment. To further tackle the role of the microphytobenthos for oxygen dy-
namics in these sediments, potential benthic photosynthesis activities were estimated by means
of in situ experiments using an artificial light source. Short-term sediment transport was mon-
itored with a surface topography scanner and visual impressions from video streamings helped
estimating the importance of macrofaunal activity and the prevalence of macrophytes. Data are
discussed in terms of spatial variability and the relative contribution fauna, macrophytes and
microphytobenthos to the sediment oxygen dynamics.

59



Chapter 3

Figure 3.1.: Sample site with sampling stations (northern Kattegat)

3.3. Methods

3.3.1. Study site

The studies were conducted from the research vessel ’F/S Heincke’ between 04 July and 13 July
2006 in the western Kattegat, a 100-150 km wide and on average 23m deep channel that forms
the major hydrographic transition zone between the North Sea and the Baltic Sea (Fig. 3.1)
(Floderus and Pihl, 1990). The work was grouped around 3 main stations, while most of our
work focused on station 3. The crawler MOVE was deployed once at station 1 and 2 (D1 and D2)
and three times at station 3 (D3a-D3c; Table 3.1). The maximum distance between deployments
at station 3 was 1.6 km. In addition to the instruments carried by MOVE, the oxygen flux
was also measured by Eddy Correlation at D3c. By monitoring the video stream of MOVE’s
pan-tilt camera in real time, we identified spots, where we could use all our instruments without
interference by macro algae, rocks etc. After a set of measurements was finished, MOVE was
driven to the next sampling position, typically some meters away. The water depth in our study
area was between 10 and 15m and the bottom water temperature varied from 11 to 17°C (Table
1). The sediment was dominated by fine sand with a median grain size of 125μm and an average
porosity of 0.36.

3.3.2. C-MOVE

The benthic crawler C-MOVE (Marum, Bremen) is an underwater platform capable to carry
different instruments with the possibility to get real-time access to the instruments from the
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Figure 3.2.: The crawler C-MOVE and the scientific payload. A: Planar optode periscope with optional
LED illumination. B: Surface topography scanner, consisting of laser line projector and
digital camera, together with the microelectrode profiler for oxygen profiling (laser line on
the seafloor highlighted). C: Benthic chamber with optional LED illumination

ship. It is based on the idea of a moving lander, a (possibly autonomous) vehicle, equipped
with different sensors and measuring systems that is able to transit on the seafloor (Smith et al.,
1997). The operating range of C-MOVE is in the order of 1 km at a speed of up to 10 cm s−1

(Fig. 3.2). A pan-tilt camera and LED lights enabled visual inspection of the seafloor and the
attached instruments. Navigation was carried out by doppler velocity log and path integration.
The use of standardized aluminum profiles for the 2 × 2m2 frame makes C-MOVE highly flexible
concerning the integration of scientific payload with a submerged weight up to 200 kg. To recover
C-MOVE, weights are being released acoustically and it floats to the surface. During our study,
all instruments, except for the RCM11 CTD, were connected to the on-board computer of C-
MOVE via TCP/IP and a fiber optic cable connection to a surface buoy and subsequent wireless
LAN transmission to the ship. This enabled real time access to data and changes in measuring
programs of the different instruments according to already obtained results.
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3.3.3. Transecting Micro Profiler

The microelectrode profiler represents a miniaturized version of the instrument described in
Gundersen and Jorgensen (1990) and held 3-4 electrodes (Fig. 3.2B). This compact design
allowed us to mount the profiler on the laterally movable sledge of the surface topography scanner
(s. below) for transecting measurements. We used 3 clark-type oxygen microelectrodes with
internal reference and guard cathode (Revsbech, 1989). A 4mm diameter spherical quantum
irradiance sensor (US-SQS/L and LI 250A, Walz GmbH) was used to assess the light field close
to the sediment surface and close to the position of the oxygen electrodes in order to account
for the effect of shading by the instruments. Irradiance data at the seafloor were correlated
to data collected with the ship’s atmospheric downwelling radiance sensor. The submerged
sensor operated 10 cm above the oxygen sensor tips to prevent it from penetrating the sediment.
The 3 oxygen sensors and the irradiance sensor were attached to the electronics cylinder of
the microelectrode profiler in a distance of 18mm. Oxygen electrodes were calibrated in situ
using the bottom water oxygen concentration from the RCM11 Aanderaa optical oxygen sensor
(s. below) and the zero value, reached within the anoxic part of the sediment. Profiling was
done in 0.1mm steps. Oxygen microelectrode profiling took place at all stations and during all
C-MOVE deployments, denoted by D1-D3c (Table 1). To gain information on spatial as well
as temporal variability, the movable sledge was programmed to re-visit a number of positions
during deployments D1-D3a. During deployment D3a, the profiler, equipped with 3 oxygen
electrodes, was moved to 3 positions with 100mm spacing by means of the scanner sledge.
Therefore, a total number of 9 positions were measured repeatedly (3 sensors × 3 positions).
Each position was visited 6-times; the duration of the whole measurement was 17.5 h covering a
light range from darkness to 40μmol photonsm−2 s−1. During D3c, single profiles (3 sensors) at
7 different positions were measured resulting in a total number of 21 oxygen microprofiles along
a 64m transect. Oxygen fluxes were calculated from microprofiles within the diffusive boundary
layer (DBL) (Jørgensen and Revsbech, 1985, Gundersen and Jorgensen, 1990) using Fick’s first
law of diffusion as the product of the oxygen gradient within the DBL times the molecular
oxygen diffusion coefficient of seawater at the respective temperature, salinity and depth (Li
and Gregory, 1974, Schulz and Zabel, 2000). The thickness of the DBL was estimated from the
profiles as described in Jørgensen and Revsbech (1985). The oxygen penetration depth (OPD)
was calculated as the distance between the lower boundary of the DBL (=sediment surface) and
the depth where the oxygen profile reached zero.

3.3.4. Benthic Chamber

Total diffusive oxygen uptake (TOU) was measured by a transparent benthic chamber, enclosing
sediment with supernatant water (e.g. Wenzhöfer and Glud, 2004). The cylindrical chamber had
a diameter of 38 cm with ∼15 cm overlying water and consisted of transparent polycarbonate.
The whole chamber was lowered into the sediment by a spindle-driven elevator system and the
exact height of the enclosed overlying water was determined by a scale on the outside of the
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chamber that was visible trough the pan-tilt camera of C-MOVE. Two clark-type oxygen elec-
trodes mounted inside the lid of the chamber measured the oxygen concentration in the chamber
water. The chamber was stirred constantly by a motorized stirrer bar with an appropriate speed
to ensure a well mixed water body without creating a strong pressure gradient across the sed-
iment surface (Janssen et al., 2005). To assess the influence of the light conditions on oxygen
fluxes in situ, artificial illumination of the sediment within the chamber was carried out. Six
self-made LED spotlights, surrounded the chamber and facilitated the application of 4 different
light intensities by changing the LED current (∼10, ∼50, ∼100, ∼200μmol photonsm−2 s−1).
Each spotlight consisted of 20 single LEDs with a color temperature of 2850K in a MR16 hous-
ing (Conrad Electronic) (Fig. 3.2C). The incubation chamber was used at all 3 stations and
deployments (D1-D3a and D3c; Table 3.1). During D1 to D3a, the chamber measured at one
position during the night over a period of 11 h, 7 h and 17 h, respectively. During each of these
measurements, the artificial illumination was increased in 4 steps with durations of 1 h to in-
vestigate the response of benthic photosynthesis to increasing light intensity. During D3c, the
chamber was placed at 4 different positions for 2 h each at highest light intensity to compare
benthic photosynthesis at the same illumination.

3.3.5. Planar Optode (PO)

To investigate the small-scale variability on centimeter scale, planar optode images of the oxygen
concentration were taken across the sediment-water interface. The basic optical, mechanical and
electronically setup of the PO module is described in detail in Glud et al. (2005). The PO consists
of a vertical titanium cylinder with a sensitive, fast gateable 12 bit digital camera (SensiMod,
PCO imaging). The window of a periscope head at the lower end of the cylinder carries the oxygen
sensitive foil. This periscope could be moved into the sediment with an elevator system (Fig.
3.2A). The foil contains an oxygen sensitive dye, exhibiting different fluorescence intensities and
lifetimes at different oxygen concentrations. It is being illuminated by blue LEDs (4× LUXEON
Star Royal Blue 5W LXHL-MRRC, λmax =455 nm, Lumiled) and the resulting fluorescence can
be imaged by the camera through a long pass filter (Kodak red wratten gelatine filter Nr. 29
(’deep-red’), Kodak, Inc., cut-off wavelength 610 nm) which filters the excitation light from the
fluorescence signal. We analyzed the fluorescence lifetime as described in Holst et al. (1998).
The PO sensor is based on a 125μm thick PET foil (Goodfellow Inc.), coated with a 20μm thick
oxygen sensing layer that consisted of platinum(II) mesotetra (pentafluorophenyl) porphyrin
(Frontier Scientific, Inc.), dissolved together with polystyrene in chloroform (Precht et al., 2004).
To increase the amount of excitation light within the sensing layer, titanium dioxide particles
(TiO2 , 5μm, Aldrich) were added (König et al., 2005). Since the excitation light might have an
influence on the oxygen concentration field by stimulating photosynthesis, a 20μm thick layer
of black silicone optically insulated the PO. The total imaged area was 73.1 × 58.4mm2 with a
resolution of 57μm pixel−1. For the analysis of the PO data, vertical profiles were extracted from
the oxygen images by averaging over 5 columns (=286μm), spaced 1mm apart. The sediment
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surface and oxygen penetration depth was determined as described for the microprofiler. Oxygen
fluxes were not calculated from the PO images, since the optode periscope might compromise the
sediment water interface (Glud et al., 1996). To stimulate benthic photosynthesis, the sediment
area in front of the PO was artificially illuminated. A flashlight, consisting of 8 high-power
LEDs (LUXEON Star Warm White, 1W, LXHL-MWGC, Lumiled) with collimating optics in a
self-made underwater housing was mounted above the inverted periscope and allowed to create
an irradiance of ∼200μmol photonsm−2 s−1 (Fig. 3.2A). The planar optode module was utilized
during D3a-D3c. During D3a and D3b, time series of oxygen images were taken over a time
period of 15 h and 11.3 h, respectively. Here, 5 consecutive oxygen images were recorded every
15min. While the measurements at D3a were carried out at night, natural scalar irradiance
during D3b changed from a maximum value of 60μmol photonsm−2 s−1 to darkness at the end
of the measurement. During D3c, measurements were performed at 4 different positions, spaced
several meters apart. During two of these measurements, artificial illumination of the sediment
in front of the PO was applied for 2h to stimulate benthic primary production.

3.3.6. Surface topograpy scanner

Millimeter scale topography was measured by laser scanning acording to Røy et al. (2005). A
laser sheet (10mW, 670 nm line-generating diode laser) was projected vertically onto the seafloor
where it resulted in a less than 1mm wide straight laser line of ∼400mm length. A digital still
camera (Nikon CoolPix 990) in an underwater housing (UK Germany) was equipped with a 670 ×
40 nm band pass filter to reduce the background illumination due to ambient light. Images of the
laser line were taken at a spacing of 5mm along a 700mm long stretch, covered by a horizontal
linear drive, moving both laser projector and camera (Fig. 3.2B). In the obtained digital images,
taken from an angle of 45° relative to the laser sheet, seafloor elevations were represented by
upward shifts in the position of the laser line. The substantial perspective distortion of the
images that result from the inclined camera position was removed by rectifying the images using
the ’spherize’ and ’perspective’ filter tools of the software Photoshop (Adobe Systems Inc.).
The best settings of these tools were determined beforehand by processing calibration-images
taken of a regular 5 × 5mm2 grid that was positioned exactly in the plane of the laser sheet.
The detection of the laser line center in the respective pixel columns of the rectified images
takes place automatically as described in Røy et al. (2005) using a Matlab (MathWorks, Inc.)
routine. After conversion of the laser-line position in each of the pictures into mm-coordinates,
the resulting elevation-profiles are assembled to a 3D set of coordinates describing the sediment
surface topography on a regular grid.

3.3.7. Eddy correlation

Eddy correlation relies on measuring turbulent fluctuations in the vertical velocity and the cor-
responding O2 concentration simultaneously and at the same point above the sediment surface.
The measurements are done with an adequate temporal resolution to capture these fluctuations

65



Chapter 3

and for a period long enough to obtain a statistically sound representation of their variations.
The vertical flux of O2 can then be calculated by keeping track of the discrepancy between up-
ward and downward flux. The plane of measurement is a horizontal plane that passes trough the
measuring point of the instrument (Berg et al., 2007), in our case 35 cm above the seafloor. The
sensor package used was, in principle, identical to the system described by Berg et al. (2003).
The instrument, however, was fully autonomous with on board data storage and power supply.
The instrument was programmed to collect 20 minutes long data series of oxygen and velocity
at 25Hz. After each 20 minutes data set the instrument actively turned into the current based
on the average current direction in the preceding 20 minutes and a new 20 minutes series im-
mediately initiated. Downwelling irradiance was measured concurrently with O2 and velocity at
25Hz via a biospherical cosine collector sensor mounted on the instrument 50 cm above seafloor.
Slow varying changes in the O2 concentration were recorded at 0.1 Hz by an Aanderaa optical
oxygen sensor mounted down-stream from the main oxygen sensor. The raw O2 data were cali-
brated from the zero signal in deoxygenated seawater on board and the in situ response together
with the in situ oxygen concentration measured by the Aanderaa sensor. The average vertical
velocity was corrected to zero by subtracting the average of the entire 20 minutes data set from
each individual vertical velocity of that set. The flux was calculated simply by summing up the
product of vertical velocity and O2 concentration. The areal coverage depends on the flow regime
and is typically 10-50m2 in upstream direction (Berg et al., 2007).

3.3.8. RCM11

Time series of conductivity, temperature, depth, turbidity, current velocity and bottom water
oxygen concentration were recorded with the RCM11 Doppler Current Meter (Aanderaa Inc.)
with a temporal resolution of 1min.

3.3.9. Sediment characteristics

Cores for determination of chlorophyll distribution, sediment porosities and permeabilities was
retrieved by a multi-corer with 30mm diameter cores at all stations (Barnett et al., 1984). Depth
resolved measurements of chlorophyll concentrations of the upper sediment layer were performed
in 1 cm intervals. Cores were sliced on board and the sediment was stored frozen until analysis.
After freeze-drying the sediment and extracting the pigments with 7.5ml acetone (90%) per gram
sediment, absorption at three different wavelengths was determined before and after acidification
with 10% HCl (Lorenzen, 1967).

3.4. Results

A detailed multi-analytical investigation on the spatio-temporal variability of oxygen penetration
depth and fluxes across the sediment water interface was carried out at station 3. Here, the 4
different methods (microelectrode profiling, PO imaging, chamber incubations and eddy correla-
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Figure 3.3.: Chlorophyll α concentrations in 4 different multi cores taken during deployments D1-D3c.
At each depth interval (1 cm) 3 parallels have been measured.

tion) were used concurrently. Together with measurements from station 1 and 2 these data were
used to assess the regional variability in oxygen penetration depth and diffusive oxygen uptake
(Fig. 3.1).

3.4.1. Sediment characteristics

The chlorophyll concentration at all stations was constant within the first 5 cm of the sediment
(∼5-6μg cm−3) and declined strongly below this layer, reaching zero at ∼15 cm sediment depth
(Fig. 3.3). Incident irradiance at the seafloor during our study did not only vary in diurnal cycles
but changed also strongly within minutes due to shading by clouds (data not shown). The average
daily (24 h) irradiance at the seafloor during our studies was ∼10μmol photonsm−2 s−1, while the
maximum light intensity was ∼60μmol photonsm−2 s−1 (Table 3.1). The bottom water oxygen
concentration also varied considerably. At site D3c, it stayed virtually constant at 300μmol L−1

over the first 11.5h of the deployment, followed by a rapid decrease to 270μmol L−1 within about
1h. At the same time, the temperature dropped from 11.6°C to 11.2°C. The absolute current
speed oscillated between 2 and 10 cm s−1, with a period of ∼6h. Sites 1 and 2 showed comparable
dynamics in bottom water oxygen concentration. At site 2, the variation in temperature was
most pronounced with changes of up to 3°C in less than 1h (data of temperature, current speed
and BW O2 not shown). The sediment topography at our measuring positions was relatively flat
with typical maximum elevations of ± 20mm within the scanner area of 400 × 700mm2 (Fig.
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Table 3.2.: Average oxygen penetration depth (OPD) in all planar optode images and micropro-
files, diffusive oxygen exchange (DOE, microprofiles), total oxygen exchange (TOE)
as measured by chamber incubations in the dark and oxygen uptake as measured by
eddy correlation in the dark.

MOVE depl.
mean median mean median mean DOE TOE TOE
Profiler Profiler PO PO Profiler Chamber Eddy

OPD [mm] mmol m−2 d−1

all 4.6 ± 3.2 (n=102) 3.2 4.3 ± 0.71 4.31 -12.5 ± 6.7 (n=72) - -
D1 7.9 ± 4.2 (n=17) 6.6 - - -17.5 ± 4.2 (n=5) -23.3 -
D2 6.1 ± 4.2 (n=18) 4.4 - - -11.7 ± 5.3 (n=7) -7.0 -
D3a 3.4 ± 1.4 (n=32) 2.9 4.4 ± 0.5 4.5 -13.0 ± 6.8 (n=28) -22.1 -
D3b 3.7 ± 1.4 (n=18) 3.1 4.0 ± 0.5 4.0 -8.7 ± 8.3 (n=17) - -
D3c 3.6 ± 2.6 (n=17) 2.8 4.6 ± 0.9 4.1 -11.7 ± 3.7 (n=15) - -56.1

1values calculated from D3a-D3c

3.9). Visual observations at station 1 showed a higher coverage by macrophytes and a generally
more structured sediment surface, comprising small rocks which were not observed at station 2
and 3.

3.4.2. Oxygen penetration depth

The oxygen penetration depth (OPD) as derived from in total 102 microelectrode profiles at all
sites was highly variable ranging from 2 to 19mm with a median value of 3.2mm (Table 3.1).
Even on the smallest distances, as few as 18mm apart from each other, oxygen profiles often
exhibited strong heterogeneities in OPD (Fig. 3.4). Many profiles (14 %) appeared visually
disturbed, probably by bioturbation and bioirrigation activity. They do not show the typi-
cal, steadily decreasing profile of respiring sediment communities. Instead, they exhibit locally
strongly enhanced or decreased concentrations (e.g. Fig 3.4A, D2). The highest average OPD
was measured at station 1 positioned in the middle of stations 2 and 3, (distance to stations
2 and 3: 30 and 20 km, respectively), with a median of 6.6mm. Here, the variability was also
highest (Fig. 3.5) with 60% of all profiles appearing to be influenced by faunal activity. A lower
OPD with a median of 4.4mm and reduced variability was determined for station 2. However,
a 1-way ANOVA showed no significance for the difference in OPD between station 1 and 2. At
station 2, 13% of the profiles appeared to be influenced by benthic fauna activity. All three
deployments at station 3 (D3a-D3c) exhibited very similar microsensor OPDs with a median
of ∼3mm. The average OPD was statistically different to station 1 but not to station 2. The
fraction of fauna-influenced profiles was lowest at station 3 (8%). Planar optode derived OPDs
for D3a-D3c showed consistently a lower variability in OPD then microsensor profiles (Fig. 3.5,
Table 3.2).
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Figure 3.4.: (A) Oxygen microprofiles at 8 different positions. The circles between the panels depict
the positions of profiles relative to each other (distances in millimeters) (B) Oxygen profiles
(left) extracted from planar optode images (right). Arrows depict the position of the profiles;
the color of the arrows identifies the different profiles. The oxygen penetration depth (OPD)
differs due to sediment topography. (C) Differing OPD in PO image due to fauna activity
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Figure 3.5.: Box plot of oxygen penetration depth (OPD) distribution in microelectrode profiles and
profiles, extracted from planar optode measurements during all 5 deployments of MOVE
(D1-D5) at all 3 Stations. Data for the rightmost box originate from PO images with
artificial illumination for more than 1h before the measurement (s. text). The middle line
in each box represents the median; the extension of the box gives the upper and lower
quartile, respectively. Crosses depict outliers (values >1.5x upper quartile or <1.5x lower
quartile); whiskers extend to the most extreme data points, which are not outliers. The
notches of the boxes give the 5% significance level for the median of the OPDs. Values
above 15 mm OPD have been omitted.
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Figure 3.6.: Oxygen fluxes measured with the eddy correlation method over a period of 12h (A) and
irradiance at the sediment surface (B). Right: scatter plot of irradiance versus oxygen flux
(C).

3.4.3. Oxygen fluxes

Diffusive oxygen exchange between water column and sediment (DOE) varied between -32.2 and
4.0mmol m−2 d−1 with a mean of −12.5mmol m−2 d−1 for all deployments (Table 3.2); nega-
tive values imply fluxes from the overlying water to the sediment. The highest mean DOE was
measured at D1 (−17.5mmol m−2 d−1). A 1-way ANOVA revealed that only D1 differed sig-
nificantly from the other deployments. At deployments D2 - D3c, the average DOE was lower
than at station 1 (-11 mmol m-2 d-1). A total number of 5 profiles (4% of all profiles) during
D3b showed fluxes from the sediment to the water column, indicating net autotrophic condi-
tions. Total oxygen exchange (TOE) determined with the eddy correlation method at D3c were
considerably higher than DOE values for this site, ranging between -68 and −10mmol m−2 d−1

and were dependent on the incident irradiance (Fig. 3.6A and B). Overall TOE was higher than
DOE at all deployments, except D2 (Table 3.2); here TOE was 40% lower than the DOE. For
the other deployments D1 and D3a, total exchange rates were 25 and 41% higher, respectively.

3.4.4. Potential benthic photosynthesis

Strong artificial illumination of sediment in front of the planar optode at D3c stimulated benthic
photosynthesis and led to zones of slight oxygen supersaturation within the top millimeters of
the sediment (Fig. 3.7). However, these areas of net photosynthesis exhibited a high horizontal
heterogeneity resulting in a rather patchy distribution within the investigated sediment horizon.
Eddy correlation fluxes also exhibited a strong light dependency, with decreasing fluxes to the
sediment at increasing incident irradiances (Fig. 3.6 A,B). in situ experiments with the artificially
illuminated chamber showed a trend of decreasing TOE with increasing light intensity (Table
3.3), yet the result was not as clear as with the eddy correlation measurements using the natural
light conditions. At D1 and D2, for example, the TOE was initially increased when the light
was switched from darkness to 10μmol photonsm−2 s−1 (Table 3.3). Lowest oxygen uptake rates
were observed at light intensities of 100 and 200μmol photonsm−2 s−1, respectively. At station
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Figure 3.7.: Planar optode images (top) and profiles extracted at the positions given by the arrows
(bottom) at two different light conditions. In the left panel, the sediment in front of the
optode was illuminated artificially. The right panel shows the situation 1h after the light
was switched of.

D3c, the chamber was deployed at 4 different positions, spaced several meters apart, for 2 h each,
at highest illumination. Here, TOE varied strongly between a net oxygen uptake of the sediment
of −26mmol m−2 d−1 and a net oxygen release of 84mmol m−2 d−1 (Table 3.3).

3.4.5. Temporal variability

A high degree of temporal variability was detected in the microprofile measurements. At deploy-
ment D3a time series of microprofiles for a total number of 9 positions were measured, where
each position was visited 6 times (Fig. 3.8). In the most extreme case, the OPD changed from
3.6mm to 10.1mm within 2 h. Another 3.5 h later, the same position showed an OPD of 3.9mm

(Fig. 3.8).

At deployment D3b, the PO was left in the sediment for a prolonged period of 11.5 h without
artificial illumination and oxygen images were obtained every 15min. After insertion of the PO
module into the sediment, the oxygen distribution appeared to be initially strongly disturbed.
The whole imaged area was oxic and the system needed more than 1.5 h until a steady-state
situation was reached. After this period, OPD varied from a minimum average of 3.9mm to
a maximum average of 4.6mm (data not shown). However, there was no clear trend and no
correlation to irradiance or daytime and the changes were statistically not significant, given
the technical variance of the method. The sediment surface, however, was clearly moved on a
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Table 3.3.: Total oxygen exchange (TOE) at D1-D3a during 5 different (artificial) light condi-
tions. Each light condition lasted for 1h. After the most intense illumination, another
period in the darkness was measured. At D3c, four measurements were carried out at
different positions and highest light intensity. Negative values indicate oxygen fluxes
into the sediment.

Irradiance [μmol photons m−2 s−1]
0 10 50 100 200 0

TOE [mmol m−2 d−1]
D1 -20 -31 -17 -11 -12 -25
D2 -9 -16 -10 -8 -6 -
D3a -22 -16 -17 -13 -14 -23
D3c - - - - 84 -
D3c - - - - 18 -
D3c - - - - -3 -
D3c - - - - -26 -

Figure 3.8.: (A) Changes in oxygen penetration depth (OPD) and diffusive oxygen exchange (DOE) at 9
different positions (denoted by the different symbols) over time. (B) Measuring procedure.
The 9 positions result from a measurement, where the transecting profiler was programmed
to re-visit 3 positions (t1, t2, ...). At each of these positions, profiles were measured with 3
sensors.
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Figure 3.9.: Example of surface topography at station D3b (A) and a second measurement 3 h later (B).
The difference between the two topographies is shown in panel C.

small (sub-millimeter) scale from image to image. These changes, most likely caused by faunal
activity, were usually confined to small areas and happened unsteadily. During the last third of
the measurement, one periodically oxygenated worm burrow appeared. Benthic photosynthesis
in front of the PO was stimulated by artificial illumination. However, even 1 h after the light was
switched off, the oxygen penetration depth in profiles extracted from the zones of high production
had not changed as indicated by a two-tailed t-test (p>0.05) of all profiles extracted from two
PO images, one taken immediately before and one 1 h after the light was switched off (Fig. 3.7).
Net sediment transport on the time scale of hours was very limited. During deployment D3b
and D3c, surface topographies were measured at the same position with several hours time in
between. Most of the changes in sediment topography were related to faunal activity like sliding
mussels (Fig. 3.9).

3.5. Discussion

3.5.1. Carbon mineralization and benthic primary production

Shelf sediments are characterized by an active benthic compartment that remineralizes the set-
tled organic matter and releases most of the nutrients back into the water column (Middelburg
et al., 2005). Often, pronounced benthic primary production can be found. The average diffu-
sive oxygen flux to the sediment during our study in the order of 13mmol m−2 d−1 indicates a
net heterotrophic system. The flux is in the lower range of previous measurements in coastal
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sediments in comparable water depths, ranging from below 1 to several 100mmol m−2 d−1 (Mid-
delburg et al., 2005, and references therein). Dark core incubations with sediment from the
NE Kattegat resulted in similar total oxygen uptake rates (15mmol m−2 d−1) (Sundbäck et al.,
1991). A total annual carbon mineralization rate of 40 - 130 gC m−2 yr−1 can be estimated for
our study site, assuming a respiratory quotient of 1.3mol O2 mol−1 Corg, if the measured total
oxygen exchange rates from chamber measurements between -7 and 23mmol m−2 d−1 would be
representative throughout the whole year. An empirical relationship between water depth and
benthic respiration in coastal sediments derived by Middelburg et al. (2005) yields values around
130 gC m−2 yr−1 for the depths of our study sites and is thus in good accordance.

The high seasonal dynamic in temperature and input of organic matter of coastal benthic
ecosystems in temperate regions generally leads to high rates of benthic mineralization during
the summer and lower rates in winter (Thamdrup et al., 1994). Our study was conducted during
the summer; therefore the estimate for the annual respiration rate can be seen as an upper
boundary. However, periodic events like algal blooms can have profound impact on benthic
mineralization rates. Hansen and Blackburn (1992) found an immediate increase in benthic
oxygen uptake of 39% after the addition of phytoplankton to coastal sediment from similar
water depth. They estimated a half-life time of 2-3 weeks for the material, highlighting the
rapid cycling. Faunal activity and grazing pressure on microphytobenthos also vary strongly
throughout the year (Miller et al., 1996). For a complete overview of the benthic mineralization
in this region, measurements at different times of the year are thus desirable.

Benthic photosynthesis has a profound impact for the functioning of shelf sediments by af-
fecting the exchange of oxygen and nutrients across the sediment water interface and providing
a food source for heterotrophic organisms (MacIntyre et al., 1996). The eddy correlation mea-
surements provide clear evidence for BPP during our study (Fig. 3.6). However, even at the
highest incident irradiances, the rate of gross photosynthesis did not balance sediment respira-
tion. Gattuso et al. (2006) reported necessary light intensities to reach the compensation points
for seagrass- and macroalgae beds of ∼30 and ∼20μmol photons m−2 s−1, respectively, but only
∼3μmol photonsm−2 s−1 for microphytobenthos. Therefore, the light availability at the seafloor
during our study with peak values of up to 60μmol photonsm−2 s−1 and average daily values of
around 10μmol photons m−2 s−1 (Table 3.2) would be sufficient for net autotrophic conditions
and thus the microphytobenthos was not light limited. High grazing pressure could be a reason
that the microphytobenthos did not exploit the available light (Evrard, 2007). In a laboratory
study with sediment from the SE Kattegat, Sundbäck et al. (1991) also report net heterotrophic
conditions at a daily average photon flux density of 13μmol photonsm−2 s−1. During the illu-
mination (20μmol photonsm−2 s−1), however, they observed a net efflux of oxygen to the water
column, in the order of 6mmol m−2 d−1, in contrast to our findings. The exclusion of macrofauna
in their experiments is a likely reason for this difference.

The incident irradiance did not induce increased OPDs in both microprofiles and PO images
(Fig. 3.10B). The assumption that higher light intensities would generally lead to higher oxygen
penetration depth due to benthic photosynthesis (Epping and Jørgensen, 1996) did therefore not
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Figure 3.10.: Evaluation of all oxygen profiles from station 1-3. (A) Diffusive oxygen exchange (DOE) vs.
oxygen penetration depth (OPD). Circles represent profiles that where clearly influenced
by fauna (see text). The solid line represent the empirical relationship found by Cai and
Sayles (1995). (B): Average Irradiance at the seafloor in the 30min before the profile was
started, plotted against the OPD.

hold true in our study. Although a large number of microprofiles were measured during daytime,
only 5 profiles exhibited signs of flux from the sediment to the water column. However, longer
uninterrupted strong artificial illumination (∼3× the measured max. natural irradiance) in front
of the PO caused an increase in OPD and patches with slight super-saturation (Figs. 3.5 and
3.7) and the artificial illumination in chamber experiments also resulted in reduced sediment
oxygen uptake. Since planar optode measurements do not include the effect of macrophytes
and the chamber was also not positioned above apparent patches of macrophytes, it can be
concluded that a benthic microbial phototrophic community was present. This finding is backed
by chlorophyll concentration profiles in the sediment (Fig. 3.3). The influence of this community
on oxygen penetration depth at typical ambient light conditions is limited or it is obscured by
fauna activity.

The eddy correlation method includes the effect of macrophytes since it averages over much
larger areas (Berg et al., 2007). The average eddy correlation fluxes in the darkness of -54
mmol m−2 d−1 reduced with increasing incident irradiance to −13mmol m−2 d−1 (Fig. 3.6C).
Most of this reduction in sediment oxygen uptake during the day can thus be attributed to macro-
phytes. No further reduced eddy correlation fluxes at irradiances above 10μmol photonsm−2 s−1

were found (Fig. 3.6C). The light saturation of the phototrophic community was reached or
enhanced respiration of the sediment was induced, e.g. due to light-stimulated fauna activity
(Wenzhöfer and Glud, 2004) or light enhanced microbial respiration (Epping and Jørgensen,
1996). It is well known for intertidal sediments that a large proportion of the carbon fixed
by microphytobenthos is excreted as extracellular polymeric substances (EPS) (e.g. Middleburg
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et al., 2000, De Brouwer and Stal, 2001). This easily degradable pool of organic carbon is quickly
oxidized by bacteria and deposit feeders (Middleburg et al. 2000) and can therefore lead to sub-
stantially enhanced respiration rates in the light. Recently, Evrard et al. (2008) reported that
the proportion of assimilated carbon by microphytobenthos that is excreted as EPS can exceed
50% in shallow subtidal sediments.

3.5.2. Spatial and temporal variability

Entirely uniform habitats or organism distributions are rare in nature and heterogeneities may
have important impact on the functioning of marine benthic ecosystems (Ellingsen et al., 2007).
Differences in average oxygen dynamics were found on the scale of several 10 kilometers during
our study between station 1 and 3, while no significant differences in average OPD and DOE were
found for the three deployments at station 3 (D3a-D3c), spaced at maximum 1.7 km apart (Fig
3.5, Table 3.2). This indicates a low heterogeneity for the scale of hundreds of meters. However,
4 chamber incubations at D3c at constant illumination, spaced several meters apart, yielded very
different TOE values (Table 3.3), suggesting that patches with typical sizes of meters existed. The
variability in OPD was generally less pronounced in profiles extracted from PO images compared
to microsensor profiles (Table 3.2, Fig. 3.5). The microsensor measurements at each C-MOVE
deployment were carried out at distances of 18 mm to several meters, while all extracted PO
profiles originate from a cross-section of 73mm sediment. The lower variability in OPD in PO
images is concluded to be an effect of the different scales involved: Variability on the scale of
millimeters to few centimeters was therefore less pronounced then variability on scales of several
centimeters to meters. The same conclusions can be drawn from experiments with stimulated
BPP by artificial illumination in front of the PO. The size of supersaturated patches below
the sediment surface was in the order of centimeters, heterogeneities in production on smaller
spatial scales were not detected. A likely reason for these patches is an inhomogeneous lateral
distribution of MPB. Patchy distributions of MPB down to centimeter-scale have previously
been reported (e.g. Jesus et al., 2005, Morris, 2005). They can be caused by responses to
environmental variables (Christie et al., 2000) and macrofaunal activity (e.g. grazing) (Cartaxana
et al., 2006). Recently, Dyson et al. (2007) reported that heterogeneities in nutrient concentration
within sediments caused by the decomposition of organic matter led to heterogeneities in MPB
distribution. All these studies were carried out on intertidal, mostly muddy sediments, but it is
likely that the stated mechanisms are also existent in subtidal systems.

The insertion of the PO periscope disturbed the oxygen distribution within the sediment.
Oxygenated bottom water was dragged down in former anoxic regions and it lasted for more
than 1 h to re-establish close to steady state conditions. This slow response of the sediment
can be a consequence of relatively low microbial respiration rates. The same effect was observed
after changes in light conditions in front of the PO. Although the phototrophic community reacts
instantaneously, the oxygen penetration depth remained unchanged for at least 1 h (Fig. 3.7).
Given the high fluctuations in the light field due to shading by clouds, the frequent changes
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in bottom water oxygen concentration and the actively burrowing and pumping infauna, this
slow response will result in non-steady state oxygen distribution for most of the time. As a
consequence, benthic microorganisms and meiofauna are faced with constantly changing ambient
oxygen concentrations. Depth resolved respiration rates calculated from microsensors profiles
(Berg et al., 1998) should be taken with caution in these sediments, since they rely on the
steady-state assumption.

The distribution of chlorophyll within sediments can be used to quantify sediment mixing,
since the chlorophyll turnover in coastal sandy sediments is high (Hansen and Blackburn, 1992)
and light only penetrates the first millimeters (Kühl and Jørgensen, 1994). Therefore, chlorophyll
that is found in deeper layers was most likely transported downwards. The virtually constant
chlorophyll content in the top 5 cm of the sediment (Fig. 3.3) thus indicates a strong physical
mixing of this sediment horizon. Bioturbation can explain part of this mixing (Rusch et al., 2000).
The high degree of homogenization and accord between the different cores makes it plausible that
re-suspension events also play an important role. However, the sediment morphology did not
change strongly during several hours between consecutive topography scans (Fig. 3.9), although
the prevalent current speeds were in a typical range for this region (Floderus, 1988). Thus, the
mixing seems not to happen constantly but episodic. The most important factors for strong
resuspension events in the Kattegat are wind-induced wave action and trawling (Floderus and
Pihl, 1990) and therefore, the observed mixing most likely occurs periodically during such events.
The effect of sudden, intense sediment rearrangements on the functioning of the benthos in the
Kattegat remains to be studied.

3.5.3. Importance of fauna

The high average OPD and the variances between the microprofiles of station 1 can be explained
to a large extend by fauna activity, given the high proportion of fauna-influenced microprofiles.
Generally, increased oxygen uptake leads to decreased OPDs (Glud, 2008). While this holds true
for single profiles (Fig. 3.10), averages for all profiles of one station show the highest average
OPD to be correlated to the highest average DOE at station 1 (Table 3.2). Jørgensen et al.
(2005) report a 2-fold increase in oxygen flux in sediments with higher abundance of polychaetes.
They conclude that the increased DOE might be a consequence of fauna activity. This effect
can be partitioned into direct faunal respiration and faunal stimulated bacterial activities due
to irrigation of otherwise anoxic sediment layers (Aller and Aller, 1998). Wenzhöfer and Glud
(2004) found the latter process to be clearly dominant in very shallow, coastal sediment. They
report a fauna mediated portion of the total sediment oxygen uptake of 50-70%. In our study,
the difference of total oxygen exchange (TOE) and diffusive oxygen exchange (DOE) yields a
slightly lower contribution of 30-40% of faunal respiration to the total sediment oxygen uptake.

Strong heterogeneity down to centimeter scale could be detected, comparing single microsensor
profiles, with differences in OPD of up to 300% within 18mm (Fig. 3.4A). Many of these
heterogeneities can be explained by burrowing fauna. Additional evidence for this effect is
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also seen in the planar optode images where worm borrows could be identified (Fig.3.4C). This
active reworking of the top sediment layer has a profound impact on the biogeochemistry of the
sediments, since it increases the exchange of both solutes and solid particles. Berg et al. (2001)
calculated that the effect of fauna on solute transport can be as important as molecular diffusion
for sandy coastal sediments. The large impact of fauna on the average OPD during our study
suggests an even larger influence (Fig. 3.10), at least at station 1, were 60% of the microprofiles
appeared to be disturbed by fauna.

Most changes in sediment morphology, as measured with the topography scanner, originated
from crawling fauna (Fig. 3.9). This interpretation is backed by the PO time series. Here, the
sediment surface was clearly moved on a small (sub-millimeter) scale from image to image. These
changes were confined to small areas and happened unsteadily. The high temporal variability in
oxygen profiles at the same position is another indicator for intense bioturbation/bioirrigation
since no correlation of OPD to other factors like daytime or light was observed (Fig. 3.8 and
3.10B). Macrofauna was thus the most important factor for the depth of the oxic/anoxic interface
and for the total volume of oxygenated sediment.

3.5.4. Topography effects

Seafloor topography, whether resulting from physical (e.g. current) or biological (e.g. biotur-
bation) processes, may stimulate exchange rates between sediments and water column (Forster
et al., 1996, Røy et al., 2002). Topography can also enhance the OPD on small scales since
an uneven sediment surface is consequently penetrated by microsensors at different angles (Fig.
3.4B). This effect most likely did not increase the average measured OPD for more than 5-10%,
given the relatively moderate surface roughness found at our study sites (Røy et al., 2005). A
much stronger effect of sediment topography on oxygen penetration depth can occur, if advective
flow through the sediment, driven by pressure differences at the seafloor, is induced (Ziebis et al.,
1996). This effect, however, was not observed in our study. The shape of some microprofiles
close to the sediment surface suggests the existence of a Brinkman-Layer, a layer with a thick-
ness in the order of few sediment grains, which is constantly or periodically flushed by bottom
water (Morad and Khalili, 2009). This flow could explain part of the different oxygen exchange
measurements of the different technologies. Oxygen produced by MPB within the first ∼0.5mm

of the sediment could be flushed out and can consequently not be measured with microsensors,
while benthic chambers and eddy correlation record this production by measuring in the over-
lying water (O’Connor and Hondzo, 2008). Planar optodes more or less obstruct the Brinkman
layer flow. Therefore, flux measurements with planar optodes might be more accurate than
microsensor profiling in permeable sediments. More detailed comparisons between the different
technologies are necessary to better constrain the magnitude of this effect.
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3.5.5. Conclusions

The sediment in the western Kattegat was found to be net heterotrophic during our study, even
though the phototrophic community was most likely not light limited under the studied summer
conditions. The oxygen dynamic was dominated by fauna activity and macrophytes, while
microphytobenthos appeared to play a minor role. The sediment oxygen concentration reacted
slowly on changing light conditions, bottom water concentrations and sediment perturbations,
while all these factors were found to be highly dynamic. Therefore non-steady state in respect
to O2 distribution is likely to be prevalent. The heterogeneity on scales smaller then 1 cm and
temporal changes in oxygen penetration depth within hours could mostly be attributed to fauna
activity, while microphytobenthos patches below 1 cm were not observed. Decoupling the effects
of time and space represents a major challenge in such highly dynamic systems with variability on
different time- and space scales. The benthic crawler C-MOVE proved to be a highly versatile and
flexible system for seafloor studies in this respect. The simultaneous deployment of the different
instruments opened the possibility to study heterogeneity of oxygen distribution and dynamics on
very different scales, ranging from millimeters (planar optode) over centimeters (microelectrode
profiler with sledge), several hundred meters (operation radius of C-MOVE) to many kilometers
(ships range). The concurrent use of these different measurement technologies, complemented
by eddy correlation measurements, enabled to identify key processes and the relative importance
of fauna, macrophytes and microphytobenthos in benthic oxygen dynamics and mineralization
of organic matter.
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4.1. Abstract

The low-productivity South Pacific Gyre (SPG) is Earth’s largest oceanic province. Its sediment
accumulates extraordinarily slowly (0.1–1m per million years). This sediment contains a living
community that is characterized by very low biomass and very low metabolic activity. At every
depth in cored SPG sediment, mean cell abundances are 3 to 4 orders of magnitude lower than at
the same depths in all previously explored subseafloor communities. The net rate of respiration
by the subseafloor sedimentary community at each SPG site is 1 to 3 orders of magnitude
lower than the rates at previously explored sites. Because of the low respiration rates and the
thinness of the sediment, interstitial waters are oxic throughout the sediment column in most
of this region. Consequently, the sedimentary community of the SPG is predominantly aerobic,
unlike previously explored subseafloor communities. Generation of H2 by radiolysis of water
is a significant electron-donor source for this community. The per-cell respiration rates of this
community are about 2 orders of magnitude higher (in oxidation/reduction equivalents) than in
previously explored anaerobic subseafloor communities. Respiration rates and cell concentrations
in subseafloor sediment throughout almost half of the world ocean may approach those in SPG
sediment.

4.2. Introduction

Life is previously unknown in the subseafloor sediment of the vast low-productivity regions
that dominate the open ocean. Past studies have focused on sites relatively close to shore and
beneath major upwelling zones (Whelan et al., 1986, Parkes et al., 2000, D’Hondt et al., 2004,
Jørgensen et al., 2006) (Fig. 4.1), where biological productivity and organic flux to the seafloor
are generally high (Jahnke, 1996). Their subseafloor [greater than 1.5mbelow seafloor (mbsf)]
sedimentary communities contain abundant living microbes (Schippers et al., 2005, Sørensen
and Teske, 2006, Biddle et al., 2006, Lipp et al., 2008). These communities (Inagaki et al., 2006,
Biddle et al., 2008) and their metabolic activities (D’Hondt et al., 2004, Hinrichs et al., 2006) are
diverse. Their activities are dominated by fermentation, sulfate reduction, and methanogenesis
(D’Hondt et al., 2002). Their principal food source is buried organic matter from the surface
world (D’Hondt et al., 2004). The environmental properties of these previously sampled sites
differ greatly from environmental properties throughout most of the open ocean, where oceanic
productivity and organic flux to the seafloor are very low (Jahnke, 1996). To understand the
extent and nature of subseafloor life in the low-productivity heart of the ocean, expedition Knox-
02RR surveyed and cored the sediment at 10 sites throughout the South Pacific Gyre (SPG) and
at 1 site at its southern margin (Fig. 4.1). The central SPG has been described as Earth’s largest
oceanic desert (Claustre and Maritorena, 2003). The middle of the gyre is farther from continents
and productive oceanic regions than any other site on Earth. It contains the clearest seawater in
the world (Morel et al., 2007). Its organic flux to the seafloor is extremely low (Jahnke, 1996).
The area of its low-chlorophyll [≤0.14mg of chlorophyll-a/m3 (chl-a/m3)] region (5.2× 107 km2)
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Figure 4.1.: Site locations on a map of time-averaged sea-surface chl-a concentrations (Global SeaWiFS
Chlorophyll (mean of September 1997–December 2004)). White dots mark sites analyzed
for this study. Black dots mark sites previously analyzed for subseafloor biomass and/or
activity (2, 3). Dashed white lines delimit the area in each gyre where the sea-surface
chlorophyll-a (chl-a) concentration is ≤0.14mg m−3.

is more than twice the area of North America (equal to ≈19,000 Rhode Islands) (Fig. 4.1). Its
subseafloor ecosystem has never before been explored.

4.3. Results

4.3.1. Sedimentation and Organic Burial

The cored sediment ranged in age from 0 to 70Ma and in depth below seafloor from 0 to 9m (Table
4.1). Total sediment thickness ranges from 1m (SPG-7) to 130m (SPG-12) (determined from 3.5-
kHz sonar and seismic reflection profiles). At the deepest water sites in the low chlorophyll region
of the SPG (sites SPG-1 to SPG-4 and SPG-9 to SPG-11), the cored sediment is homogeneous
brown clay capped by a nearly continuous layer of manganese (Mn) nodules. Discrete horizons
of Mn nodules or Mn crust also occur deeper in the cored sediment at SPG-1 and SPG-10. Silt
and sand-sized Mn nodules and cosmic debris commonly occur within the brown clay, but fossils,
except for scattered ichthyoliths, do not. The cored sediment at the shallowest sites (SPG-6 and
SPG-7) is calcareous nanofossil-bearing clay. The sediment at SPG-5 is transitional between
these 2 lithologies. Site SPG-12 lies outside the low-chlorophyll region, and its cored sediment is
dominantly siliceous ooze with abundant diatom debris and sponge spicules. Mean sedimentation
rates are extremely low in the low chlorophyll region of the SPG (Rea et al., 2006) (Table 4.1).
In general, they are lowest at sites where the seafloor is below the calcite compensation depth
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[≈4500m below sea level in this region (Seibold and Berger, 1982)] and sea-surface chlorophyll
concentrations are below 0.1mg chlm−3. Mean sedimentation rate is higher at our eastern-most
sites, where water depth is shallowest (allowing carbonate sediment to accumulate), and at our
western-most sites, where sea-surface chlorophyll content is above 0.1mg chlm−3 and the sites
were south of the central gyre many tens of millions of years ago. The rate is highest at SPG-12,
just outside the central gyre, because of sedimentation of siliceous debris. Mean sedimentation
rates within the SPG are among the lowest that occur at the Earth’s surface. The highest SPG
rates are, respectively, 1 and 2 orders of magnitude lower than rates at equatorial Pacific and Peru
Margin sites, where subseafloor life has previously been studied (D’Hondt et al., 2003, Skilbeck
and Fink, 2006). Organic carbon burial rates at the sediment surface in the brown clay-dominated
sites of the low-chlorophyll region are also extremely low (Table 4.1). The highest of these is
more than 1 order of magnitude lower than organic carbon burial rates at sites where subseafloor
sedimentary life has previously been studied [e.g., 4.5× 10−7 mol C cm−2 annually at equatorial
Pacific Ocean Drilling Program (ODP) Sites 1225 and 1226 and 3.1× 10−6 mol C cm−2 annually
at Peru Margin ODP Sites 1227 and 1230 (D’Hondt et al., 2004)]. Most of the buried organic
matter is oxidized in the shallowest portion of the sediment column. Burial of total organic
carbon (TOC) below 1.5 mbsf ranges from 4.4× 10−10 to 8.2× 10−9 mol C cm−2 annually (Table
4.1). TOC declines very little with increasing depth below the initial few tens of centimeters
below seafloor (cmbsf); for example, at SPG-3, it declines from 0.52% at 3 cmbsf to 0.26% at 23
cmbsf and 0.17% at 1.47 mbsf but then declines more slowly to 0.09% at the base of the sediment
column (5.17 mbsf). If the TOC burial rate has been relatively constant over the 70million years
of sedimentation at SPG-3, the relative constancy of TOC content at depths greater than a few
centimeters below seafloor indicates that organic matter at those depths is so recalcitrant or
inaccessible that almost none of it has been oxidized since passing through the near-surface zone
in its initial few million years after burial.

4.3.2. Microbial Biomass

Despite the extraordinarily low rate of organic burial, microbes occur throughout the cored sed-
iment columns (Fig. 4.2), indicating that biomass persists in the sediment for at least 70 million
years (compare Fig. 4.2 and Table 4.1). However, cell abundance is extremely low; the average
counted concentration at each depth below the seafloor at SPG sites 1–11 is 3 to 4 orders of
magnitude lower than the average of all previously explored subseafloor sediment populations at
the same depths (Fig. 4.2). Throughout much of the sediment column at these sites, cell concen-
trations are below the detection limit of standard counts in slurried sediment. Consequently, our
counts are based on populations of cells separated from the sediment (Kallmeyer et al., 2008).
Although counts of separated cells may slightly underestimate total cell concentrations, there are
not significant differences between the results of the 2 techniques at SPG-12, where cell counts
are typically above the detection limit of the standard technique. If the counts of separated
cells underestimate total cell concentration by 10–30% (Kallmeyer et al., 2008), the effect is not
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Figure 4.2.: Cell concentrations in subseafloor sediment. White dots mark data from SPG sites SPG-1 to
SPG-11, and white triangles mark data from site SPG-12, just outside the gyre (this study).
Black dots mark data from all other sites (Parkes et al., 2000, D’Hondt et al., 2004).

significant on the orders-of-magnitude scale that distinguishes the SPG counts from counts of
subseafloor populations in other regions (Fig. 4.2).

4.3.3. Chemical Evidence of Microbial Activity

Pore water chemistry indicates that O2 is reduced and organic matter is oxidized within the
sediment at all the cored sites. At the sites within the low chlorophyll portion of the SPG,
dissolved O2 is the principal electron acceptor. It is present throughout the cored sediment
columns. Its concentration decreases by tens of micromoles per liter within the initial few tens
of centimeters below seafloor and then declines much more slowly with greater depth (Fig. 4.3
Left). In contrast to O2, NO−3 increases slightly (by a few micromoles per liter at SPG-1 to
SPG-4 and at SPG-10 to SPG-11) or exhibits no clear change (at SPG-5 to SPG-9) with depth
(Fig. 4.3 Center); the slight increase is attributable to oxidation of buried organic nitrogen.
Comparison with sparse data from Deep Sea Drilling Project (DSDP) Leg 92 sites (Gieskes and
Boulègue, 1986) in the northern SPG at 20°S suggests that NO−3 concentrations are probably
at or above deep-water concentrations throughout the entire sediment column of the SPG. Just
outside the low-chlorophyll region of the SPG, at SPG-12, O2 disappears within 1 mbsf and
NO−3 disappears by 2.5 mbsf. Dissolved SO4 concentration is constant with depth below seafloor
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at all 11 sites. This result is not surprising for sites SPG-1 to SPG-11, because SO4 is not
reduced where dissolved O2 and NO−3 are available. Given the absence of dissolvedO2 below
1 mbsf and NO−3 below 2.5 mbsf at SPG-12, the constancy of SO4 with depth indicates that
oxidized metals, such as iron and Mn, are the principal electron acceptors at greater depth in
the sediment at SPG-12. Alkalinity increases very slightly with depth at 5 sites in the low-
chlorophyll region (SPG-2, SPG-4, SPG-7, SPG-9, and SPG- 10) and exhibits no clear trend
with depth at the remaining 5 sites in this region (SPG-1, SPG-3, SPG-5, SPG-6, and SPG-11).
Alkalinity increases much more strongly with depth at SPG-12 than at any of the sites in the
low-chlorophyll region. Alkalinity can be increased by oxic respiration because the carbon dioxide
produced will dissolve carbonate if it is present. Nitrate reduction also produces alkalinity. We
calculated fluxes of O2 downward into the subseafloor ecosystem and NO−3 upward at all the
sites within the central gyre where the dissolved chemical profiles are stable enough that fluxes
can be calculated (Table 4.1). For these calculations, we followed the convention of previous
studies by defining the subseafloor ecosystem as beginning at 1.5 mbsf (D’Hondt et al., 2004,
2002). At steady state, these fluxes are nearly equal to the net rate of O2 reduction and the net
rate of NO−3 production by the entire subseafloor sedimentary ecosystem below 1.5 mbsf at each
site (these fluxes are not exactly equal to the net subseafloor sedimentary reaction rates because
they do not account for fluxes across the sediment/basement interface). The upward NO−3 flux
cannot be calculated (i) at SPG-4 and SPG-6 because no clear trend occurs in their dissolved
NO−3 concentration profiles or (ii) at SPG-5 because its dissolved NO−3 concentration decreases
with depth. These O2 fluxes demonstrate that an active microbial community is present in the
subseafloor at these sites, despite the very low concentrations of chlorophyll in the overlying ocean
and the extraordinarily low rate of organic matter input. The NO−3 production rates at SPG-1 to
SPG-3 and SPG-9 to SPG-11 indicate that this activity is partly fueled by oxidation of nitrogen
from buried organic matter. Just outside the central gyre at SPG-12, dissolved O2 disappears
well above 1.5 mbsf and the subseafloor ecosystem is characterized by net reduction of NO−3
rather than net production. The downward flux of NO−3 past 1.5 mbsf is 2.6× 10−8 mol cm−2

annually. Because NO−3 disappears before 2.5 mbsf at SPG-12, this flux fuels respiration for only
the shallowest fraction of the subseafloor community at this site.

4.3.4. Radiolytic H2 Production

H2 is naturally produced by radiolysis of water in any environment where water is bombarded
by α-, β-, and γ-radiation produced during radioactive decay. Radiolytic H2 has been identified
as a significant electron donor in deep continental aquifers where organic products of photosyn-
thesis are largely absent (Lin et al., 2005). It may also be a significant electron donor in marine
sediment where organic matter is scarce. Radiolytic H2 production is particularly efficient in
deep-sea clays because all the α particles produced in the clay escape from the clay grains and
travel through water before being stopped (Blair et al., 2007). We estimate that the radiolytic
production of dissolved H2 at these sites is 1× 10−12 mol cm−3 sediment per year (at SPG-1 to

92



Subseafloor sedimentary life in the South Pacific Gyre

Figure 4.3.: Dissolved chemical concentrations in subseafloor sediment of the SPG sites: O2 (Left), NO−3
(Center), and alkalinity (Right).

SPG-6) to 1.2× 10−12 mol cm−3 sediment per year (at SPG-9 to SPG-11). Total H2 production
by this process varies from site to site with thickness of the sediment column; it ranges from
1.6× 10−8 mol H2 cm−2 annually at SPG-11 to 8.0× 10−10 mol H2 cm−2 annually at SPG-3 (Ta-
ble 4.1). To assess potential microbial use of radiolytic H2, we calculated the H2 concentrations
that would be expected if H2 were not consumed in the sediment column. For these calculations,
we considered 2 cases: first, assuming there is a sink for H2 in the underlying basalt and, second,
assuming the basalt is impermeable to H2. These 2 cases bracket the range of possibilities for the
bottom boundary condition. H2 production, diffusivity, porosity, and tortuosity were assumed to
be constant with depth. If radiolytic H2 is not consumed, its peak concentration scales with the
square of the thickness of the sediment column. Sites SPG-1 and SPG-3 provide examples of the
predicted H2 concentrations. For SPG-1, predicted peak concentration at the base of the cored
section (7.81 mbsf) is between 25 and 26μM. For SPG-3, 5.5 m in length, predicted peak con-
centration is between 0.32 and 0.64μM. Measured H2 concentrations are consistently far below
these calculated values. No H2 was detected in any of the 154 samples from sites SPG-1 through
SPG-11, except for a single sample at SPG-10 (the detection limit ranged from 2–229 nM). The
scarcity of H2 at all sites indicates that radiolytic H2 is removed as quickly as it is generated, as
expected from in situ microbial utilization.
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4.4. Discussion

4.4.1. An Aerobic Subseafloor Ecosystem

In electron (oxidation/reduction) equivalents, O2 fluxes down past 1.5 mbsf in the SPG are nearly
equal to the rates at which organic carbon is buried below 1.5 mbsf (Table 4.2). However, the
O2 flux slightly exceeds this organic carbonburial rate (by a factor of 2–10) at all but 2 of the
sites (Table 4.2). This difference is exacerbated by the evidence from SPG-3 that most of the
organic matter below 1.5 mbsf does not get oxidized, even on time scales of many tens of millions
of years. The difference between the O2 flux and the TOC burial rate at these sites has several
possible explanations: (i) a significant fraction of the O2 may be diffusing through the sediment
to the underlying basalt, (ii) the burial rate of organic carbon may have been slightly higher in
the very distant past (tens of millions of years ago) than in the past several million years, or
(iii) some of the O2 flux oxidizes inorganic chemicals (e.g., reduced iron) in the sediment. The
initial explanation likely applies at most, perhaps all, of the sites from SPG-1 to SPG-11, because
dissolved O2 concentrations decline very slightly with sediment depth and extrapolations of the
concentration profiles predict O2 to be present throughout the entire sediment column at most
or all of the sites (Fischer et al., 2007). This explanation is also consistent with estimates of O2

reduction derived from rates of subseafloor NO−3 production (Table 4.2). These estimates assume
that the carbon/nitrogen (C/N) ratio of buried organic matter approximates the Redfield ratio:
106:16. Estimated in this manner, the average organic-fueled O2 reduction rate in the subseafloor
sediment of our SPG sites is only about 20% of the average downward O2 flux at the SPG sites
and less than half of the average rate of TOC burial below 1.5 mbsf. The inference that porewater
is oxic throughout the sediment column in most of the SPG has 2 major implications. First,
this subseafloor sedimentary community is predominantly aerobic, unlike previously explored
deep subseafloor communities. Second, the flux of O2 through the sediment may sustain aerobic
life in the underlying basalt, which ranges in age to more than 100Ma. These relatively short
geochemical profiles do not allow us to quantify precisely how much of the O2 flux is going to
sustain microbial respiration in the sediment and how much is going to oxidize the underlying
basalt. Precise separation of these 2 rates requires drilling of the entire sediment column at
several sites to determine the rate at which dissolved O2 migrates from the sediment to the
basalt.

4.4.2. Relation to Oceanographic Properties

Even if most of the O2 flux is used to sustain respiration within the sediment at most of the
SPG sites, subseafloor sedimentary rates of net respiration are much lower in this region than
at all previously explored sites. In electron equivalents, the average O2 flux into the subseafloor
ecosystem at the SPG sites (3.7× 10−8 mol e− cm−2 annually) corresponds to a net respiration
rate that is a factor of 5.4 lower than the rate of organic-fueled subseafloor respiration in the
lowest activity site previously explored (Peru Basin ODP Site 1231 on the eastern edge of the
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SPG) and a factor of 550 less than the rate at the highest respiration site previously explored
(Peru Margin ODP Site 1230) [Site 1230 and 1231 rates were taken from the work of (D’Hondt
et al., 2004)]. These differences between sites are even greater when O2 reduction is estimated
from the rate of subseafloor NO−3 production (Table 4.2); calculated in this manner, the mean
organic-fueled O2 reduction in the subseafloor sediment of our SPG sites (7× 10−9 mol e− cm−2

annually) is a factor of 28 lower than the rate of organic-fueled respiration at ODP Site 1231 and
a factor of 2910 lower than the rate of organic-fueled respiration at Site 1230. Subseafloor cell
abundance is also much lower (by 3 to 4 orders of magnitude on average) in the central SPG than
at all previously studied sites (Fig. 4.2). These very low cell concentrations and net respiration
rates mirror basic oceanographic properties of the SPG. Sea-surface chlorophyll concentrations,
organic carbon burial rate, and sediment accumulation rate are all extremely low throughout the
region. Sea-surface chlorophyll and productivity are low because the region is far from coastal
and other regions of strong upwelling. Organic carbon burial rate is low because sea-surface
chlorophyll, biological productivity, and sediment accumulation rates are low.Sedimentation rate
is low because (i) the low productivity results in a very low production rate of biogenic debris;
(ii) the great distance from shore leads to very low sediment transport from land; and (iii)
throughout much of the region, the seafloor is below the carbonate compensation depth, and
biogenic carbonate consequently dissolves in the water column and at the seafloor.

4.4.3. Potential Reliance on Radiolytic H2 Production

Our calculations indicate that generation of H2 by radiolysis of the interstitial water is a signifi-
cant electron donor source for this community. In electron equivalents, we estimate the rate of H2

production by water radiolysis at sites SPG-1, SPG-2, SPG-3, SPG-10, and SPG-11 to approach
or exceed the rate of organic carbon burial below 1.5 mbsf (Table 4.2). This equivalence implies
that radiolysis of water provides roughly half of the electron donors used by the subseafloor sed-
imentary community at these sites and buried organic matter provides the other half, if all the
organic matter is completely used. If less of the organic matter is used, as indicated by the con-
stancy of TOC concentration with depth at SPG-3, radiolytic H2 is the principal electron donor.
Although microbial oxidation of this H2 increases gross respiration in this ecosystem, it does not
contribute to the net respiration calculated from downward O2 fluxes because the release of O2

by water radiolysis nearly stoichiometrically balances the O2 used to oxidize the H2 (H2O →
1/2 O2 + H2). H2 from water radiolysis may be the principal electron donor in this sediment
at depths greater than a few meters to a few tens of meters. Buried organic matter is probably
the dominant food in the shallowest sediment because it tends to be oxidized at highest rates in
shallow sediment and at successively lower rates in deeper (and older) sediment, where only the
most recalcitrant or biologically inaccessible organic matter remains. In contrast, radiolytic H2

production will be nearly constant throughout the sediment column if porosity, grain size, and
concentrations of radioactive elements remain constant as our estimates assume; consequently,
as organic oxidation declines with increasing depth below the seafloor in SPG sediment, H2 from
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water radiolysis is likely to become the dominant food source. Recovery of the entire sediment
column will ultimately be required to (i) quantify the respective roles of buried organic matter
and radiolytic H2 at each depth in the sediment column at each site and (ii) test if H2 from water
radiolysis is the dominant electron donor at depth in SPG sediment.

4.4.4. Respiration per Cell

Organic-fueled respiration per cell can be independently estimated from O2 fluxes, NO−3 fluxes,
and organic carbon burial rates at 1.5 mbsf (Table 4.2). The first approach assumes that all
the downward O2 flux is used for oxidation of organic matter in the sediment. The second
approach assumes that a Redfield C/N ratio (106:16) can be used to calculate the rate of organic
oxidation from the rate of NO−3 production (NO−3 flux upward). The third approach assumes
that the organic carbon burial rate has been constant over time. These approaches are subject
to different uncertainties. The O2-based rates are overestimates to the extent that O2 migrates
through the sediment to the underlying basalt. Uncertainties in estimates from NO−3 fluxes may
result from (i) NO−3 produced in the sediment diffusing to the underlying basement (as well as
to the overlying ocean) and (ii) C/N ratios of buried organic matter differing from the Redfield
ratio if organic nitrogen is oxidized faster than organic carbon. Estimates from organic burial
rates may be overestimates because they assume that all organic matter is eventually oxidized.
Potential gross respiration per cell can be estimated by adding any of the above estimates to
the in situ rate of radiolyticH2 production per cell (Table 4.2). With any of these approaches
(O2 flux, NO−3 flux, or organic burial rate), gross respiration per cell is above rates necessary to
counter aspartic acid racemization and DNA depurination (Price and Sowers, 2004). Respiration
per cell appears to be much higher in the oxic SPG sediment than in previously explored anoxic
sediment; in electron equivalents, respiration per cell in the anoxic sediment of ODP Leg 201
ranges between 1× 10−17 and 5× 10−17 mol e− cell−1 annually [calculated from fluxes and cell
counts of ODP Sites 1226, 1227, 1230, and 1231 (D’Hondt et al., 2004, Wang et al., 2006)]. This
result is consistent with the calculation that the energy requirement for biomass synthesis by
aerobes is more than 10 times the requirement for biomass synthesis by anaerobes (McCollom
and Amend, 2005).

4.4.5. Global Implications

These results have direct implications for global patterns of biomass and activity in subseafloor
sediment. Several oceanographic properties are at their extreme in the center of the SPG (e.g.,
sea-surface chlorophyll concentration, distance from continents). The subseafloor sedimentary
community of the central SPG is likely to define the low-biomass low-activity end-member for
global distributions of subseafloor biomass and respiration. However, the other major ocean gyres
resemble the SPG more closely than they resemble the regions where subseafloor life was previ-
ously explored. For example, sea-surface chlorophyll concentrations are below 0.14mg chl/m3 in
all the major ocean gyres (Fig. 4.1). Consequently, rates of organic-fueled respiration, cell con-
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centrations, and metabolic reliance on radiolytic H2 in subseafloor sediment throughout almost
half (48%) of the world ocean may approach the end-member values in SPG sediment.

4.5. Materials and Methods

4.5.1. TOC Content, Sedimentation Rate, and Burial Rates

TOC was measured at the University of Rhode Island using the technique (Verardo et al., 1990)
and a Costech ECS4010 elemental analyzer. For sites SPG-2 to SPG-12, mean sedimentation
rates were calculated from crust age and sediment thickness. For SPG-1, mean sedimentation rate
was calculated from the 20.1mbsf depth of the 65-Ma Cretaceous / Paleogene iridium anomaly
at DSDP Site 596 (Zhou et al., 1991). Organic carbon burial rates were calculated from TOC
content and mean sedimentation rate and adjusted for porosity and wet bulk density. Surface
burial of organic carbon is based on TOC content of 0–5 cmbsf at sites SPG-1 to SPG-11 and
10–15 cmbsf at site SPG-12. Burial of organic carbon at 150 cmbsf is based on TOC content of
samples taken close to 150 cmbsf (between 143 and 167 cmbsf).

4.5.2. Sediment Physical Properties

Wet bulk density, grain density, and porosity were measured on discrete samples using the ap-
proach of Blum (1997). Vertical conductivity measurements were performed shipboard with
a Brinkmann/Metrohm Conductometer every 5 cm on cores throughout the cored sediment
columns. The conductivity probe consisted oft 2-mm-diameter platinum electrodes set 1 cm

apart in a plastic block.

4.5.3. Cell Counts

At each site, 12–25 sediment samples were taken for shipboard cell counts. Cells were separated
from the sediment and counted using the technique of Kallmeyer et al. (2008). At every site, a
blank sample was processed by treating 500μL of 0.2μm-filtered NaCl solution like a sediment
sample through the entire process of cell extraction and counting. Because absolute cell con-
centrations may not be accurately calculated from regression lines through log-transformed data
(Fig. 4.2), average cell counts were calculated from non transformed data. We used data from
(Parkes et al., 2000) and (D’Hondt et al., 2003) to calculate average concentrations for previously
explored communities.

4.5.4. Dissolved Chemical Concentrations

Interstitial waters were extracted from 5-cm long whole rounds of cores using a Manheim-type
hydraulic sediment press. Alkalinity titrations were run on a Metrohm 809 Titrando with a
Metrohm pH microelectrode, following the method of Gieskes et al. (1991). Based on duplicate
analyses of a control sample, precision is 0.5%. Sulfate concentration was quantified with a
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Metrohm 861 Advanced Compact IC comprising an 853 CO2 suppressor, a thermal conductivity
detector, a 150 × 4.0-mm Metrosep A SUPP 5 150 column, and a 20μL sample loop. A Metrohm
837 IC Eluent/Sample Degasser was coupled to the system. Based on duplicates, the 95%
confidence limit is 0.25%. Nitrate concentrations were analyzed with a Metrohm 844 UV/Vis
Compact IC with a 150 × 4.0-mm Metrosep A SUPP 8 150 column. The pooled SD of duplicates
is 0.3%. Ex situ dissolved O2 measurements were performed on thermally equilibrated intact
whole rounds of cores. At SPG-1 and SPG-2, both custom-made microelectrodes (Revsbech and
Jørgensen, 1986) and optodes (Klimant et al., 1995) were used. The optodes, connected to a
Microsensor Oxygen Meter Microx TX3 (Presens GmbH), were more stable and were used for
measurement at all other sites. Dissolved O2 concentration was determined by inserting a probe
radially into the center of the core. Model calculations and radial profiles showed that the O2

concentration in the core center of the core was not affected by ambient air on the time scales of
our analyses. For dissolved H2 analyses, samples were collected with sterile 3mL cutoff syringes.
The sample was then extruded directly into a vial, which was immediately filled completely
with distilled H2O. A headspace was then created by injecting H2-free gas (500μL) through
the septum while allowing an equal volume of water to escape. The H2 was then given time
to diffuse out of the interstitial water (>24 h). Three hundred microliters of the headspace gas
was removed and injected into a reduced gas analyzer (Trace Analytic ta3000). The instrument
was calibrated with a 100.6-ppm H2 standard (Scott Specialty Gases). Blanks were prepared by
using vials with distilled H2O and the H2-free headspace. The average detection limit was 67 nM

H2 (range: 2–229 nM). At SPG-1, the headspace gas was laboratory air. Because these blanks
contained too much H2 relative to the samples, we modified the procedure for the remaining sites
by using bypass gas [carrier gas (N2) that has passed over the mercury bed to remove traces of
H2] for the headspace.

4.5.5. Chemical calculations

Dissolved chemical fluxes were calculated using Fick’s law, F = (D/f) ∗ (dC/dx), where dC/dx

is the gradient of the dissolved chemical concentration profile at 1.5 mbsf, D is the diffusion
coefficient for the chemical in free solution, and f is the formation factor (measured as the ratio
of the conductivity of seawater to the conductivity of the saturated core). Diffusion coefficients
are taken from the method of (Schulz and Zabel, 2000) and corrected for a temperature of 1.5 °C
[bottom water temperature in this region (Pickard and Emery, 1982)]. Our electron transport
estimates make the following assumptions. Four electrons are accepted by reducing a molecule of
O2, and 5 are accepted during reduction of NO−3 to N2. Eight electrons are donated by oxidizing
a molecule of organic nitrogen (NH3) to NO−3 , and 2 are donated by oxidizing an H2 molecule
to H2O. Because organic matter is a mix of molecules with carbon in different redox states, the
number of electrons donated by oxidizing organic carbon is intermediate between the molecules
with the most extreme redox states; because the extreme redox states of organic carbon are
carbohydrates [C (0)] and lipids [C (-II)], we assume that 5 electrons are donated by oxidation
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of each organic carbon molecule. H2 yields from water radiolysis were calculated as described
by Blair et al. (2007). These calculations use the H2 yields of Spinks and Spinks (1990); decay
data from Ekstrøm and Firestone (1999); and the stopping power ratios of Aitken (1985) for α

-, β -,and γ -radiation. Potassium-40 abundance was calculated from total potassium according
to the method of Wedepohl (1978). The average 238U, 232Th, and 40K concentrations for SPG-
1 to SPG-11 were assumed to be equal to the average 238U, 232Th, and 40K concentrations
for DSDP Site 595A (SPG-1) [U=12.2 ppm (n=9) and Th=2.9ppm (n=9) (Chan et al., 2006),
K=1.56wt% (n=15) (Plank and Langmuir, 1998)]. The average porosity and grain density for
SPG-1 to SPG-6 were assumed to be equal to the average measured porosity(82%)and grain
density (2.41 g cm−3) for SPG-1 (n=27).The average porosity and grain density for SPG-9 to
SPG-11 were assumed to be equal to the average measured porosity (76%) and grain density
(2.43 g cm−3) for SPG-9 (n=18). The H2 concentrations that would be expected from radiolytic
H2 production if there were no in situ H2 utilization were calculated from these radiolytic H2

yields, by analytical solution of the continuity equation, using the same porosity as in the H2

yield calculations, formation factor, and an H2 diffusion coefficient corrected for 1.5 °C.
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5.1. Abstract

Sediment oxygen concentration profiles and benthic microbial oxygen consumption rates were
investigated during an IODP site survey in the South Pacific Gyre. Primary production, particle
fluxes and sedimentation rates are extremely low in this ultra-oligotrophic oceanic region. We
derived O2 consumption rates from vertical oxygen profiles in sediments obtained on different
spatial scales ex situ (in piston cores and multi cores), and in situ (using a benthic lander
equipped with a microelectrode profiler). Along a transect in the area 24 to 46°S and 165 to
117°W, cores from 10 out of 11 sites were oxygenated over their entire length (as much as 8 m
below seafloor), with deep O2 concentrations >150μmol L−1. This represents the deepest oxygen
penetration ever measured in marine sediments. High-resolution microprofiles from the surface
sediment layer revealed a diffusive oxygen uptake between 0.1 and 1.3mmol m−2 d−1, equal to a
carbon mineralization rate of ∼0.4 - 4.5 g Cm−2 yr−1. This is in the lower range of previously
reported fluxes for oligotrophic sediments but corresponds well to the low surface water primary
production. Half of the pool of reactive organic matter was consumed in the top 1.5 - 6 mm of
the sediment. Because of the inert nature of the deeper sediment, oxygen that is not consumed
within the top centimeters diffuses downward to much greater depth. In deeper zones, a small
O2 flux between 0.05 and 0.3μmol m−2 d−1 was still present. This flux was nearly constant with
depth, indicating extremely low O2 consumption rates. Modeling of the oxygen profiles suggests
that the sediment is probably oxygenated down to the basalt, suggesting an oxygen flux from
the sediment into the basaltic basement.

5.2. Introduction

Interpretation of sediment oxygen profiles is a common way to assess benthic carbon cycling
since oxygen consumption rates correlate well with remineralization rates in sediments (Bender
and Heggie, 1984, Thamdrup and Canfield, 2000). Oxygen concentration profiles thus contain
information about the magnitude and vertical organization of carbon turnover. The depth of the
oxic-anoxic interface is regulated by the balance between oxygen consumption (aerobic respiration
and re-oxidation of the reduced products from anaerobic metabolism) and oxygen transport
from the water column (diffusion, advection, bio-irrigation) (Glud, 2008). Due to the low flux
of particulate organic matter from the photic zone to the seafloor in ocean gyres, only low
rates of carbon mineralization can be sustained, and therefore, deep oxygen penetration can be
expected. Wenzhöfer et al. (2001) found an oxygen penetration depth of ∼25 cm in the central
South Atlantic. Earlier studies in the central Pacific found oxygen concentrations decreasing
with depth only in the top layer and showing very little change with depth below 20 - 40 cm
(Murray and Grundmanis, 1980).

The South Pacific gyre (SPG) is the largest oligotrophic marine environment on earth (Claus-
tre and Maritorena, 2003). It is farther away from continents than any other oceanic region,
and hence, it has very little aeolian and fluviatile input. The surface water of the SPG is char-
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acterized by chlorophyll concentrations below 20μg m−3 (Ras et al., 2008) and these waters are
among the clearest on earth in terms of UV absorption (Morel et al., 2007). The low surface
water productivity results in low sedimentation rates that vary between 0.08 and 1.1mm kyr−1

(D’Hondt et al., 2009). In general, sediments of the SPG have received little scientific interest
since the 1901 expedition of the S.S.Brittania described them as oceanic red-clays with man-
ganese nodules. The whole area is understudied compared to other oceanic regions (Daneri and
Quinones, 2001) and little is known about the carbon cycle in the seabed. Since the overall
area of oligotrophic subtropical gyres represents up to 60% of the global oceans (Claustre et al.,
2008), their importance is evident. A recent study by D’Hondt et al. (2009) provides evidence
that SPG sediments harbor subseafloor communities where microbial cell abundances are orders
of magnitude lower than in all previously described subseafloor environments at the respective
subseafloor depths. D’Hondt et al. (2009) used deep penetrating oxygen profiles coupled with
pore water distributions of electron acceptors and metabolic products to demonstrate that ex-
tremely low aerobic metabolic activities occur throughout the SPG sediments. In this study, we
more carefully investigate those deep oxygen profiles, combine them with microprofiles of the top
sediment layer and explore these data in terms of depth-resolved oxygen consumption rates via
mathematical modeling.

To investigate the oxygen flux in oligotrophic sediments, in situ and ex situ measurements with
microsensors were performed using a free-falling benthic lander (Reimers et al., 1986, Wenzhöfer
and Glud, 2002) and a multi-coring device, respectively. The high-resolution O2 profiles obtained
from the uppermost active first centimeters were used to calculate the diffusive oxygen uptake of
the sediment. Additionally, a special set-up for onboard measurements of oxygen concentrations
in long piston and gravity cores was developed. Combining these methods enabled an integrated
picture of the respiration rates in the first decimeters of the sediment down to several meters.
Extrapolating the profiles down to the basalt and the application of a reaction-diffusion model
gave further insight into O2 consumption in deeper layers. The rates of benthic carbon min-
eralization of the ultra-oligotrophic sediments of the SPG are discussed in comparison to other
oligotrophic environments.

5.3. Material and Methods

5.3.1. Study site

During the KNOX-02RR expedition (17 December 2006 - 27 January 2007), we sampled sediment
cores at 11 stations within the region 24°S to 46°S and 165°W to 117°W (Fig. 5.1). The cruise
track can be divided into two transects. A northern transect at a latitude of 24°S to 27°S, proceeds
from older crust (∼100 Ma) to younger (∼6 Ma) and at the same time from the outer portion
of the gyre to its center. The southern transect at latitude of 38°S to 45°S leads out of the gyre
towards older crust (∼75 Ma) (Fig. 5.1). Bottom water temperatures in this region are between
1.2 and 1.4°C, the salinity is 34.7 and bottom water oxygen content is ∼220μmol L−1 (derived
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from the database of the International Council for the Exploration of the Sea, ICES) which
corresponds to 63% saturation at the sea surface (Weiss, 1970). To gain a comprehensive picture
of oxygen profiles in low-activity sediments, different methods were used for their investigation
at different spatial scales. Oxygen profiles in the top few centimeters of the sediments were
measured with microelectrodes profiling top down, both in situ with a benthic lander and ex situ
in recovered cores. To investigate deeper sediment layers, oxygen concentrations were measured
ex situ with needle-shaped optodes through drilled holes in piston core liners.

5.3.2. in situ measurements

A free falling, programmable benthic lander was used to measure oxygen profiles in the top
centimeters in situ with high resolution (Archer et al., 1989, Wenzhöfer and Glud, 2002). The
lander was equipped with a microelectrode profiler enabling profiling in 100μm steps down to
5 cm. On-board sensor calibration prior to the deployment was performed with air-saturated and
anoxic seawater at in situ temperature. The obtained profiles were used to calculate diffusive
fluxes into the sediment, using Fick’s first law of diffusion (Berner, 1980). Since the diffusive
boundary layer (DBL) could not accurately be determined from the profiles, the diffusive flux
(DOU) was calculated from gradients just below the sediment surface:

DOU = −φDs
∂C

∂z

∣∣∣∣
z=0

= −D0

F

∂C

∂z

∣∣∣∣
z=0

(5.1)

where φ represents the porosity and Ds is the sediment diffusion coefficient (corrected for
tortuosity). The molecular diffusion coefficient of oxygen in free solution D0=1.13× 10−9 m2 s−1

was taken from (Schulz and Zabel, 2000) and corrected for in situ salinity and temperature
(Li and Gregory, 1974). We did not determine the sediment porosity directly. Instead, we
measured the formation factor F as the ratio of the electric resistivity of the bulk sediment to
the resistivity of the unrestricted porewater (Fig. 5.2). Conductivity was determined with a
Brinkman / Metrohm Conductometer every 5 cm in the center of split piston cores. The probe
consisted of two 2mm ∅ platinum electrodes spaced 1 cm apart. All calculations were done using
an average sediment formation factor F of 1.69. In subsequent equations, we express D0/F as
φDs for consistency with the literature. The lander was deployed at station 2, 5, 7 and 10.
However, due to technical problems, in situ microprofiles could be obtained only at station 10.

5.3.3. Ex situ measurements on multi-cores

To study the top sediment layer in more detail, sediment was recovered using a Multiple Corer
(Barnett et al., 1984). These cores appeared undisturbed with intact microstructure at the
sediment surface. Immediately after recovery, the sealed tubes were stored at 4°C. Small rotating
magnets ensured well-mixed overlying waters and prevented a too large DBL to develop (Glud
et al., 1994, Rasmussen, 1992). Due to technical limitations, oxygen profiles were measured only
at 4 out of the 11 stations with Clark-Type microelectrodes (Revsbech, 1989), a custom-made
picoamperemeter, an A/D converter (DAQPad-6020E, National Instruments) and a motorized
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Figure 5.1.: Sampling stations in the South Pacific (middle) and deep oxygen profiles at the respective
positions. The shaded areas depict surface chlorophyll concentrations below 0.1 (light blue)
and 0.03 (dark blue) mg m−3, respectively. The chlorophyll concentration of the remaining
sampling area was between 0.1 and 0.25 mg m−3 (averaged SeaWiFS remote sensing data).
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Figure 5.2.: Sediment formation factors as calculated from conductivity measurements on cores of all
stations. The black line represents the average value of 1.69.

stage (VT-80, Micos GmbH, Germany). The calculation of DOUs was carried out as described
in section 5.3.2. It is known that ex situ measurements of oxygen profiles are biased by core
recovery artifacts, tending to underestimate the oxygen penetration depth and to overestimate
the calculated benthic flux (Glud et al., 1994). Sediment decompression and warming as well
as enhanced availability of labile organic matter are possible explanations. These findings result
from investigations in highly productive areas with high gradients and low oxygen penetration
depths. Since our measurements were performed in low-productivity regions with deep oxygen
penetration and low microbial activities, only little differences between in situ and ex situ results
are to be expected.

5.3.4. Ex situ measurements on piston cores

We compared measurements with clark-type microelectrodes and needle optodes on both-, piston
cores and trigger cores (which operate like gravity cores) of Station 1 and 2 and found no signifi-
cant difference in the oxygen profiles (data not shown). However, the signals of the optodes were
found to be more stable and precise. Since optodes are also mechanically more robust, they were
used for all subsequent measurements. Oxygen concentrations in one piston core were measured
per station. The optode itself consisted of a fiber optic cable (125μm ∅), glued into a stainless
steel capillary that was reinforced by another stainless steel tube into which the capillary was fit
(Klimant et al., 1995, Wenzhöfer et al., 2001). The fiber tip was polished using lapping film with
decreasing grain size, down to 0.5μm (3M Inc.). The sensing dye consisted of 2% platinum(II)
mesotetra (pentafluorophenyl) porphyrin (Frontier Scientific, Inc.) in a polystyrene matrix. To
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coat the fiber tip, the mixture was dissolved in chloroform and applied under a microscope using a
micromanipulator. Optode readout was done using a MICROX TX3 (PreSens Precision Sensing
GmbH) optode meter. A two-point calibration was done using anoxic and air-saturated seawater
at room temperature about every 2 h. Conversion of the measured fluorescence lifetime of the
optode to oxygen values was done internally by the instrument, using a modified Stern-Vollmer
equation.

After recovery, the piston cores were cut into sections of 150 cm and the ends were sealed with
PVC caps and adhesive tape. The cores were allowed to thermally equilibrate for at least 24
h in the lab at 20 °C before the measurements started. The raised temperature decreases the
solubility of oxygen within the porewater of the sediment. If supersaturation was reached, a
change in oxygen concentration would have been the result. However, the oxygen solubility at
20 celsius and salinity of 35 is 231μmol L−1. This is below the bottom water concentration at all
sites. Therefore, oversaturation could not occur. Since the volumetric O2 consumption rates in
the deeper layers were very low, we assume that small variation in this rate due to warming will
not affect our measurements on the time scales involved. Immediately prior to each measurement,
two 6mm ∅ holes were drilled through the core liner in close vicinity to each other using a spiral
drill with a stop unit to prevent drill penetration into the sediment. The self-made fiber sensor
was inserted through one of the holes into the center of the core and a temperature probe for
thermal compensation was inserted through the second hole. Over the first 50 cm of the piston
core, measurements were done in 10 cm intervals, while the remaining core was measured in 20 -
30 cm intervals. After insertion of the optode into the center of the core, the sensor was allowed to
equilibrate for about 15 min, before the optode readout was averaged over 5min. A randomized
order of measurements along the core prevented measurement drift artifacts. To ensure that the
center of the core was unaffected by ambient air that diffused into the core after recovery, radial
microsensor profiles with a clark-type microsensor were done on a core that was left in the lab
for 32 h . In a distance of about 2 cm from the core liner, the oxygen profile leveled-off, showing
that the center of the 10 cm ∅ core was undisturbed (data not shown).

5.3.5. Modeling

Our model analysis of the oxygen profile is based upon steady-state mass balance of oxygen in
the pore water. We used different parameterizations of a 1-dimensional reaction-diffusion model
to analyze different aspects of the data. Since bioturbation and sedimentation can be neglected
in the SPG, the 1-D-model can be formulated as

φDs
∂2C

∂z2
−Rsurf −Rdeep = 0 (5.2)

where φ is the porosity, Ds the sediment diffusion coefficient (φDs was measured as D0/F ,
s. section 5.3.2), C the oxygen concentration, z is the depth within the sediment and Rsurf and
Rdeep are terms describing the O2 consumption rate close to the sediment surface (labile organic
carbon) and deep within the sediment (refractory organic carbon). There was no clear trend in

113



Chapter 5

the formation factor with depth and the scatter in the measurements was relatively high (Fig.
5.1). Therefore, we used an average (constant) formation factor of 1.69 for all calculations. Since
it is likely that the first meter of the piston cores was disturbed during coring (Buckley et al.,
1994, Skinner and McCave, 2003), we excluded these data points from our analysis of the deep
oxygen profiles.

In order to obtain upper and lower bounds for rates deep within the sediment at each site,
we varied Rdeep and the oxygen flux Fd at the lower boundary of the domain zmax, which was
set to the depth of the deepest data point. The use of a mean value of the topmost three data
points for C0 was chosen to account for scatter in the data. We assumed that Rdeep remained
constant with depth and since the surface sediment layer was not included in this modeling step,
Rsurf was set to zero. We used the symbolic math software Maple (Maplesoft, Inc.) to obtain
an analytical solution for the oxygen concentration C at depth z (in meters below C0) with the
given boundary conditions:

C(z) =
1
2

Rdeep

φDs
z2 +

z

φDs
(Fd −Rdeepzmax) + C0 (5.3)

The goodness of fit was evaluated by calculating generalized R2 values for all tested combina-
tions of Fd and Rdeep as the sum of squares of the distances of the data points to the fitted model
at the respective depths, normalized to the squared distances of the points to the mean of all
values (R2=1-SSR/SST, Schabenberger and Pierce (2001)). To incorporate the high-resolution
microprofiles in the model (Eq. 5.2), Rdeep was set to constant values, found in the model cal-
ibration for the deep sediment described above. A depth-dependent O2 consumption rate was
assumed to account for the much higher respiration in the top layer, decreasing exponentially
with depth:

Rsurf(z) = Rmaxe
−αz (5.4)

The bottom water concentration C0 was used as top boundary condition whereas a fixed flux
(Fd) to the basalt was chosen as bottom boundary condition. As analytical solution of equation
5.2 and 5.4 with these boundary conditions, we obtained:

C(z) =
1

φDs

(
Rmaxe

−αz

α2
+

Rdeepz
2

2
+z

(
Rmaxe

−αzmax

α
−Rdeepzmax+Fd

)
−Rmax

α2

)
+C0 (5.5)

A simultaneous variation of Rmax and α was performed to fit the model to the complete dataset,
including microsensor and piston core measurements. The flux to the basalt was set to zero for
this study (Fd = 0). For a more intuitive interpretation of the fit parameter α, the depth zhalf

at which the rate drops to half the surface rate Rmax can be calculated from α as:

zhalf = − ln(0.5)
α

(5.6)

Since the system is not electron-acceptor limited, this can be regarded as the depth where half
of the reactive organic matter is used up. To compare the integrated O2 consumption rates in
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the surface with the integrated rates deeper in the sediments, the flux to the surface layer was
calculated as

Fsurf=

∞∫
z=0

Rsurf(z)dz with Eq. (4.4), this simplifies to Fsurf=
Rmax

α
(5.7)

and the integrated deep uptake as
Fdeep = Rdeepzs (5.8)

with zs being the thickness of the sediment at the respective station.

5.3.6. Calculation of carbon input

Several empirical models have been proposed for the calculation of the carbon flux to oceanic
sediments from primary production in surface waters (Berger et al., 1987, Betzer et al., 1984, Pace
et al., 1987, Suess, 1980, e.g.). Specific models for oligotrophic regions, however, do not exist. The
model composed by Antia et al. (2001) was used in this study (JPOC_A = 0.1PP 1.77z−0.68 ) since
it represents an average of the cited models, where PP is the surface water primary production
in gC m−2 yr−1 and z the water depth in meters. Primary production values were estimated
from SeaWiFs remote sensing data, converted into integrated annual primary productivity by
the IMCS Ocean Primary Productivity Team (Rutgers, State University of New Jersey) using
the algorithms from Behrenfeld and Falkowski (1997). To convert the measured oxygen fluxes
into fluxes of labile organic carbon (JPOC_R) we used a respiratory quotient (O2:C) of 1.3.

5.4. Results and Discussion

Biogeochemical processes in sediments can be divided into transport phenomena and reaction
processes. In general, important vertical transport processes in marine sediments are bioturba-
tion/bioirrigation, advection and molecular diffusion (Berg et al., 2001). Since we found very
few traces of macrobenthos in the SPG, bioturbation and bioirrigation are likely to be negligible
for solute transport; the low permeability of clay sediments (Spinelli et al., 2004) found at all
stations also excludes any appreciable advection. Therefore, molecular diffusion is the dominant
transport process in these oligotrophic sediments, and together with biogeochemical reactions
(e.g. respiration), controls the penetration of oxygen into the sediment.

5.4.1. Benthic carbon fluxes

Microsensor oxygen profiles of the uppermost sediment layer were measured ex situ in recovered
sediment cores at Stations 4 - 7 and in situ at Station 10 (Fig. 5.7, right panels). A general
trend of decreasing oxygen fluxes toward the center of the gyre was observed (Table 5.1), varying
between 0.12mmol m2 d−1 (Station 6) and 1.32mmol m2 d−1 (Station 4). However, the value
at station 4 appears exceptionally high, especially compared to station 10. Here, farthest away
from the center of the gyre and with the highest surface productivity, higher rates than closer
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Table 5.1.: Sampling positions, waterdepth [m], sediment thickness [m], diffusive oxygen uptake
(DOU) and fluxes of particulate organic matter as calculated from primary production
(JPOC_A) or using the oxygen fluxes (JPOC_R). Units: DOU: mmolm−2 d−1 PP,
JPOC_A, JPOC_R: gCm−2 yr−1. Sediment thicknesses after D’Hondt et al. (2009).

Stat. Lat. Lon. W. depth Sed. Thick. bottom W. O2 DOU JPOC_R PP JPOC_A

1 23◦51′ 165◦39′ 5697 71 203 – – 77 0.61
2 26◦03′ 156◦54′ 5127 17 228 – – 83 0.75
3 27◦57′ 148◦35′ 4852 5.5 218 – – 86 0.83
4 26◦29′ 137◦56′ 4285 9.4 217 1.32 4.46 72 0.66
5 28◦27′ 131◦23′ 4221 16.5 220 0.45 1.51 77 0.75
6 27◦55′ 123◦10′ 3738 15 221 0.12 0.40 70 0.69
7 27◦45′ 117◦37′ 3688 1.5 202 0.26 0.88 66 0.69
9 38◦04′ 133◦06′ 4925 19.8 205 – – 118 1.90
10 39◦19′ 139◦48′ 5283 21.4 227 0.23 0.79 113 1.60
11 41◦51′ 153◦06′ 5076 67 213 – – 130 1.90
12 45◦58′ 163◦11′ 5306 130 205 – – 157 2.49

to the center would have been expected. It has to be noted that station 10 represents the only
in situ measurement and ex situ measurements tend to overestimate DOU (Glud, 2008, e.g.).
However, locally enhanced consumption rates can also not be excluded.

The measured oxygen fluxes are slightly lower compared to previously reported fluxes from
oligotrophic sediments in the Atlantic (>0.3mmol m−2 d−1 (Wenzhöfer and Glud, 2002, Wen-
zhöfer et al., 2001)), however, an older study by Smith (1978) reported oxygen fluxes in the
NW Atlantic as low as 0.02mmol m−2 d−1. The fluxes reported here are higher than some fluxes
measured in the central equatorial Pacific (0.09 - 0.68mmol m2 d−1 (Hammond et al., 1996)
and 0.013 - 0.22mmol m−2 d−1 (Murray and Grundmanis, 1980)) even though there is a lower
primary production in the surface-water of the SPG. However, the coarse sampling resolution
of several centimeters by Murray and Grundmanis (1980) and Hammond et al. (1996) very
likely underestimates the oxygen consumption at the sediment-water interface. Reimers et al.
(1984) report microelectrode measurements in the central Pacific with values between 0.2 and
0.8mmol m−2 d−1, supporting this assumption.

Since the vast majority of organic matter that reaches the seafloor is ultimately oxidized,
oxygen fluxes can be used to calculate organic carbon fluxes (Jahnke, 1996). Converting our
measured oxygen fluxes into carbon equivalents, assuming a respiration coefficient of 1.3 resulted
in carbon fluxes (JPOC_R) between 0.40 and 4.46 gC m−2 yr−1 with a mean of 1.61 gC m−2 yr−1

(Table 5.1). These carbon fluxes are in the same order of magnitude as fluxes reported for
the deep North Pacific (Murray and Kuivila, 1990). These carbon fluxes (JPOC_R) generally
confirm the extrapolated estimates of Jahnke (1996) for the SPG which were based on a rather
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simple extrapolation procedure. The decrease of fluxes towards the center of the gyre parallels
a decrease in surface water primary production, indicating that the benthic mineralization is
primarily fueled by the export of organic matter from surface waters.

Using primary production estimates from ocean color data (Behrenfeld and Falkowski, 1997)
and an empirical model for carbon export to deep waters (Antia et al., 2001) permits an alter-
native estimation of the particulate organic carbon (JPOC_A) fluxes to the sediment. Given the
high discrepancies generally found between POC fluxes, calculated from ocean color data and
sediment trap measurements (Gehlen et al., 2006), the fluxes from remote-sensing PP generally
agree with the fluxes derived from our oxygen profiles (JPOC_R). At stations 4, 5 and 7, JPOC_R

exceeds JPOC_A by 21-85%, while at stations 6 and 10, JPOC_A is 74% and 103% larger, re-
spectively. Generally, JPOC_A shows a lower variability between the stations on the northern
transect than JPOC_R. Differences between JPOC_R and JPOC_A were not correlated to sur-
face chlorophyll concentrations or sedimentation rates. One cause for the remaining differences
may be the assumption that the formation factor remains constant with depth, and hence one
ignores the porosity gradient in the surface layer. Another, and maybe more likely, explanation
for the discrepancy may be that the empirical algorithms used to correlate chlorophyll a content
with ocean color are based mostly on data points in the Northern Hemisphere with few points
from oligotrophic gyres (Claustre and Maritorena 2003). Although quantification of primary
production by remote sensing has improved, oligotrophic regions are still poorly represented and
empirical models for carbon export fluxes are poorly constrained (e.g. Gehlen et al., 2006). The
presence of a very large pool of dissolved organic matter in the SPG (Raimbault et al., 2008) can
furthermore skew the results and lead to overestimation of primary production estimates derived
from remote sensing (Claustre and Maritorena, 2003). Additionally, Dandonneau et al. (2003)
argue that floating particles can cause significant artifacts in chlorophyll sensing in oligotrophic
waters. All these factors could lead to increasing overestimations of JPOC_A towards the cen-
ter of the gyre. While the limited number of sampling stations in our study and uncertainties
about the porosity gradient in the first millimeters of the sediment does not allow a final conclu-
sion about the magnitude of cross-gyre differences in carbon mineralization, the overall average
magnitude of carbon mineralization at the seafloor for this region has, for the first time, been
experimentally constrained.

5.4.2. Coupling surface and deep respiration

The low sedimentation rates in the SPG prevents labile organic carbon from reaching deeper
sediment layers, and thus respiratory activity strongly drops with depth, and the gradient in the
oxygen concentration rapidly decreases as can be seen from the microprofiles (Fig. 5.7, right
panels). The measured O2 fluxes at the sediment-water interface are not exceptionally low com-
pared to other oligotrophic open-ocean sites (Hammond et al., 1996, Murray and Grundmanis,
1980, Suess, 1980, Wenzhöfer and Glud, 2002). Nevertheless, because of the inert nature of the
deeper sediment, any oxygen that escapes consumption in the surface layers is free to diffuse
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Figure 5.3.: Deep fluxes calculated from linear fits of the measured oxygen profiles on piston cores. Error
bars represent 90% confidence intervals. Stations 6 was omitted due to the low number of
data points below 1m.

downwards and oxygenate deep layers. All piston cores within the central gyre were oxygenated
over their entire length (up to 8m, Fig. 5.1). The only station where oxygen did not penetrate
to the base of the core is Station 12, farthest away from the center of the gyre, where oxygen
penetrated about 1 m into the sediment. Generally, the piston cores showed a drop in oxygen
concentration within the first meter from bottom water concentration (220μmol L−1) to 170 -
180μmol L−1. However, in the microsensor profiles, both-, ex situ and in situ, this same initial
drop in concentration was already observed within the first few centimeters. The considerably
greater interval over which this decrease occurred in the piston cores (∼1 m) most likely resulted
from the coring process, mixing the top section of the cores (Buckley et al., 1994, Skinner and
McCave, 2003).

The downward oxygen flux within the deep piston cores was constrained in two ways. First,
we simply fitted a linear trend to the oxygen profile below 1 mbsf to obtain an estimate of the
downward oxygen flux Fd (Rdeep=0). A decrease of Fd towards the center of the gyre is suggested
(Fig. 5.3), yet it is statistically not significant.

In a second step, we fitted a 1-D diffusion-reaction model (Eq. 5.3) to the deep profiles below
1mbsf (Fig. 5.4) while varying the respiration rate (Rdeep) and the downward flux (Fd) at the
lower boundary provides lower and upper constraints on the respiration rate. Figure 5.5 shows
combinations of the parameter Rdeep and Fd that lead to the fits shown in Figure 5.4. Reasonably
good fits could be obtained for O2 consumption rates between zero and ∼ 30μmol m−3 yr−1.
Downward fluxes are likely to be below 0.3μmol m−2 d−1 but above 0.05μmol m−2 d−1 except
for stations 6 and 9, where lower fluxes appear to be possible (Fig. 5.5). Note however that
these fluxes and consumption rates are very small and, as shown in Figure 5.5, the downward
flux Fd correlates strongly with the oxygen consumption rate Rdeep, which makes that these two
parameters are not well constrained. Additionally, different scatter in the data lead to values of
R2 of the best fitting model between 0.23 at station 9 and 0.91 at station 5.

Extrapolation of 10 exemplary profiles obtained from the range of well fitting parameters down
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Figure 5.4.: Best fitting model runs for 9 different stations (black lines) as a result of a variation of the
constant respiration rate Rdeep and the flux at the lower boundary Fd. Please note the
different scales on the depth axis.

119



Chapter 5

Figure 5.5.: Parameter combinations for the best fitting profiles of figure 5.4 and 5.6

to the basalt for each site, suggests the presence of oxygen within the entire sediment column
(Fig. 5.6). Exceptions are station 1 and 11, where oxygen might have reached zero within the
sediment. The complete oxygenation of the sediment column excludes all other electron acceptors
from use and the low overall respiration rates deep in the sediment effectively stretch the zone
over which the aerobic degradation of organic matter occurs to several meters.

The whole oxygen profile, including surface and deeper layers was modeled for all stations,
where surface microsensor profiles were available (Stations 4-7 and 10), assuming exponentially
decreasing rates in the top centimeters plus a constant term accounting for the deep aerobic
respiration (Fig. 5.7).

A similar approach to model sediment O2 profiles was taken by Hammond et al. (1996) for
central Pacific sediments. However, they assumed a sum of two exponentially decreasing res-
piration terms and applied the model to coarse resolution porewater measurements of the top
centimeters only. We found the model to be in excellent accord with the data (R2>0.94) for all
5 stations. The exponential term can be explained by a pool of reactive organic matter which
is being exploited by the microbial community, following first order reaction kinetics. Half of
the reactive organic matter was consumed in depths (zhalf), varying between 1.3 mm (Station
4) and 6 mm (Station 10) (Fig. 5.7). Given that the sedimentation rate is in the order of 0.1
to 1mm kyr−1 (D’Hondt et al., 2009), a low rate constant for organic carbon oxidation can be
expected and intraanual variations in sediment oxygen uptake are unlikely (Sayles et al., 1994).

By integrating the exponentially decreasing respiration rate Rsurf(z) over the whole sediment
thickness using the best fitting parameter combinations, the integrated O2 consumption in the
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Figure 5.6.: Extrapolated profiles of oxygen concentration of 9 different stations down to the basalt (grey
bar). Circles indicate measured oxygen concentrations; solid lines depict the extrapolations
for different parameter constellations for the deep respiration rate and the flux (for further
information see text)
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Figure 5.7.: Composed profiles of Stations 4-7 and 10, using data from piston core measurements and
microprofiler (red symbols) and fitted model with exponentially decreasing respiration rates
with depths for the upper sediment layer plus constant offset, accounting for deep respiration
(solid line). The left panels show the composed profiles, whereas the right panels represent a
magnification of the top 5 cm, showing microsensor data and model result only. For station
7, no deep measurements (below 1m) were available. Units: Rmax [nmol cm−3 s−1]; zhalf

[mm].
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Table 5.2.: Best fitting parameters of the combined surface and deep oxygen uptake model
(Fig. 5.7, Eq. 5.5). The values for Fsurf represent the total flux of oxygen due to
the exponential (surface) term while Fdeep are the respective fluxes due to the con-
stant (deep) term (s. text for details).

Stat. Rdeep Rmax zhalf Fsurf Fdeep

[μmol m−3 yr−1] [μmol m−3 s−1] [mm] [mmol m−2 d−1] [μmol m−2 d−1]
4 7.88 7.59 1.3 1.26 0.20
5 6.31 1.06 3.4 0.45 0.29
6 7.88 0.59 3.1 0.23 0.32
7 7.88 0.88 3.6 0.39 0.03
10 3.15 0.32 5.9 0.25 0.18

upper sediment layer is calculated (Fsurf , Eq. 5.7). It is 3-4 orders of magnitude higher compared
to the deeper sediment as calculated by the integrated rate Rdeep (Fdeep, Eq. 5.8) (Table 5.2).
Given the small values of zhalf (Table 5.2), more than 99.9% of the total oxygen that enters the
sediment is consumed in the top few centimeters of the sediment and only a very small proportion
is taken up by the deep subsurface or enters the basaltic basement. Since the DOU values (Table
5.1) were obtained by linear interpolation of the oxygen profiles within the top millimeter below
seafloor, small differences to the summarized surface- and deep fluxes as obtained by the model
were found.

The deep O2 consumption can be fueled by slow degradation of highly refractory organic
matter, up to millions of years old. The small decline of total organic carbon with depth in
the deeper layers as reported by D’Hondt et al. (2009) would agree well with this. In this case,
the low respiration term would not be constant but declining with such a low decrease with
depth that it is not significantly different from a constant term. Another explanation for the
relatively constant deep respiration would be the radiolysis of water due to radioactive decays
in sediment grains (Blair et al., 2007, D’Hondt et al., 2009, Jørgensen and D’Hondt, 2006).
This process, reported for continental rock by Lin et al. (2005), would split water in hydrogen
and hydroxyl radicals. The hydrogen could act as electron donor while the hydroxyl radicals
could further react to molecular oxygen. If this reaction is stoichiometric, the whole process is
completely cryptic and is not reflected in the oxygen profiles at all, since the produced hydrogen
and oxygen could be recombined microbially to water. If the hydroxyl radical, however, does not
completely form molecular oxygen but further reacts with organic material or mineral surfaces,
the additionally stimulated respiration could account for the constant respiration rate over depth
that we observed. The bioavailability of refractory organic matter can be enhanced by reaction
with the highly reactive hydroxyl radicals formed by radiolysis, stimulating deep respiration. A
similar process is well known for the degradation of organic matter with ultraviolet light (Benner
and Biddanda, 1998, Moran and Zepp, 1997, Zafiriou, 2002).
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5.4.3. Basement fluxes

Previous studies have shown the possibility of seawater flowing through cracks and voids of the
basalt that underlies marine sediments, and thus act as a source or sink of dissolved substances
(D’Hondt et al., 2004). Extrapolations of our oxygen profiles show the possibility of fluxes across
the sediment / basalt interface (Fig. 5.6). In a scenario with higher respiration rates, which still
provides acceptable fits of the data (Fig. 5.4 & 5.5), this could lead to fluxes from the basalt
to the sediment. However, for stations 3 and 4, where the piston core measurements reached
close to the basalt, and hence the extrapolation procedure is the most reliable, such an efflux
seems to be unlikely. The sediments from Stations 1 - 11 are geochemically similar and microbial
cell numbers are comparable for these sites. Furthermore, high volumetric respiration rates are
not supported by nitrate and alkalinity data (D’Hondt et al., 2009). Thus, a net flux of oxygen
through the sediment into the basement at each site constitutes the most likely scenario, and
leads to the question of possible sinks within the basalt. Oxygen could either be transported
away by fluid flow within cracks and voids in the basalt (Fisher, 1998) or it could be reduced. One
possibility would be the existence of a chemolitotrophic community within the basalt (Edwards
et al., 2005, Stevens, 1997). Such communities were previously described for the flanks of the
mid-ocean ridges (Ehrhardt et al., 2007, Huber et al., 2006) but their existence under the ocean
basins remains controversial (Cowen et al., 2003). Drilling into the basalt under the SPG is
necessary to further address this issue.

5.4.4. Regional and global relevance

Our sample sites cover a large part of the SPG. Therefore, we calculate that the total area of
completely oxygenated sediments in this region is at least 10 - 15million km2, thus accounting for
3 - 4% of the global marine sediments. Murray and Grundmanis (1980) also found oxygen below
50 cm in equatorial Pacific sediments (hence outside of the SPG). Like the profiles obtained here,
their oxygen profiles did not reach zero values but showed rather constant concentrations below
an initial drop in the first several centimeters. Taking these findings into account, the fully
oxygenated area is likely to be much larger, when including the deeply oxygenated sediment
further north. Since the vast majority of all oxygen profiling measurements so far has been
done in highly productive coastal areas or at mid-ocean ridges (Seiter et al., 2005, Wenzhöfer
and Glud, 2002), it is likely that deep oxygen penetration also occurs in other low-productivity
regions on earth, e.g. the North Pacific. Wenzhöfer et al. (2001) measured an in situ oxygen
penetration depth of ∼25 cm in the Atlantic; comparable ex situ oxygen penetration depths were
measured by Rutgers Van Der Loeff et al. (1990). Estimated carbon mineralization rates from
the subtropical Atlantic gyre are in the order of 1.5 - 2 gC m−2 yr−1 (Wenzhöfer and Glud, 2002)
and compare well with rates from our sites (Tab. 1). However, they are based only on few in
situ measurements. Considering only the central sites (Station 6 and 7) rates differ by a factor
2, highlighting the extreme setting of the central SPG as an ultimate oceanic desert.
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5.5. Conclusions

The aim of this work was to measure and analyze oxygen fluxes and consumption rates in sed-
iments of the South Pacific Gyre, the most oligotrophic oceanic region on earth, and to obtain
information about the magnitude and spatial organization of carbon turnover. While the oxygen
flux to the sediment is not extraordinary low compared to other oligotrophic sites, we found
strong indications for oxygen penetrating down to the basalt in nearly the whole region. Oxygen
consumption rates decrease strongly within the first few centimeters of the sediment and oxygen
that is not reduced within this upper sediment horizon is free to diffuse further downwards. Even
in the deeper layers, there is still a small and constant flux of oxygen.
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Concluding Remarks and Perspectives

Oxygen is a key element in the global biogeochemical cycles and oxygen fluxes in marine sed-
iments can be used to determine carbon mineralization rates. Almost all reducing equivalents
from organic carbon oxidation in marine sediments finally end up reducing molecular oxygen.
This happens either directly during aerobic respiration or indirectly by reoxidation of reduced
compounds released by anaerobic processes. This thesis presents studies on oxygen distribution
and oxygen dynamics in marine sediments on different spatial scales and in contrasting environ-
ments. It comprises laboratory and field studies as well as the development of novel measurement
technology.

In Chapter 2 a new high resolution planar optode (HiPO), based on the combination of fiber
optics with O2 imaging technology is described. This technique enables the concurrent imaging
of light and oxygen distributions within sediments. By means of this method, light-driven mi-
croscale heterogeneities of oxygen concentrations in photic sediments can be investigated. Since
the HiPO also exhibits increased accuracy in oxygen imaging compared to conventional planar
optodes, it is particularly suited to calculate rates of production and respiration by mathematical
modeling of the transient O2 concentration field. The technique was successfully used to study
the coupling between autotrophic and heterotrophic communities in sandy sediments and their
dependence on local light conditions. Pronounced heterogeneities in the distribution of respira-
tion and photosynthesis rates existed and were clearly correlated to the likewise patchy scalar
irradiance within the sediment. Changes in the illumination were reflected by immediate changes
in the oxygen distribution. In contrast to this fast response of the microbial community to chang-
ing light conditions, several hours were still needed to re-establish steady-state conditions in the
sediment oxygen distributions.
Chapter 3 reports on benthic oxygen dynamics in shallow, subtidal photic sands of the

Kattegat at water depths of ∼10m. Sandy subtidal sediments are largely understudied with
respect to oxygen dynamics and especially benthic primary production is poorly constrained.
The different methods that exist to determine benthic oxygen fluxes in situ all act on different
characteristic time and length scales. In order to decouple spatial and temporal variability
in this highly dynamic system planar optodes, microsensors, incubation chambers and an eddy
correlation instrument were deployed simultaneously. Considerable spatial variability was present
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on scales ranging from centimeters to kilometers, often correlated with faunal activity. Primary
production by microphytobenthos was detected but benthic oxygen dynamics were dominated
by the influence of fauna and macroalgae. The sediment was net heterotrophic at all observed
light conditions. Strong changes in incident light and mechanical perturbations of the sediment
resulted in transient oxygen concentrations within the sediment, sometimes lasting for several
hours. Non-steady state situations in these sandy sediments are thus likely to be prevalent. This
is an important finding that should be taken into account if microsensor-derived oxygen fluxes
are used to quantify benthic carbon mineralization, since especially the calculation of depth-
resolved respiration rates from microprofiles relies on the steady-state assumption. While this
study yielded data about short-term variability, it also raises questions about changes in benthic
mineralization on time scales of days to months. It is a great technological and logistic challenge
to approach these questions.

A contrasting environment to the highly productive and dynamic coastal sediment was found
in the South Pacific Gyre, the most oligotrophic marine environment on earth, as described
in Chapter 4 and 5. For the first time, benthic mineralization rates were constrained by
oxygen flux measurements and were found to be in the order of 0.4 - 1.5 gC m−2 yr−1 for a
region of about 10 - 15million km2. At all study sites faunal activity was negligible and POC
fluxes were so low that almost all bioavailable organic carbon was oxidized in a thin surface
layer of the sediment. Volumetric respiration rates dropped several orders of magnitude within
these upper five centimeters as revealed by mathematical modeling of microprofiles. Deeper in
the sediment, microbial cell numbers were exceptionally low but the per-cell respiration rates
exceeded those of more active deep-sea sediments. The downward diffusion of oxygen overran
oxygen consumption by microbial respiration and in consequence, oxygen was measured even
at eight meter below the seafloor. The difference between sampling sites that were hundreds of
kilometers apart was notably small in this respect. Extrapolations of the oxygen distribution
in the deep profiles suggested completely oxic sediment and an O2 flux to the underlying basalt
bedrock for a large region within the South Pacific. Recent measurements in the subtropical
North Atlantic showed similar results, underlining the global importance of these oligotrophic
regions (pers. communication Timothy G. Ferdelman and Hans Røy). Given the large area of
the subtropical gyres, it is not unlikely that almost half of the global ocean sediments show very
deep oxygen penetration.

There are still large undersampled regions like the Arctic Ocean and the Subtropical Gyres.
Here, benthic mineralization rates are poorly constrained. Therefore, exploratory studies (Chap-
ter 4 and 5) are still needed to complete global carbon flux budgets. Furthermore, even in the
well-studied regions, little is known about the spatial variability of benthic carbon mineralization
on scales ranging from millimeters to kilometers. This implies a high risk that extrapolations
are carried out from findings that are not representative. Temporal variability of carbon fluxes
to the seafloor on different timescales has also been investigated only for a few sites, further
complicating up-scaling attempts. Mathematical models of early diagenetic processes, being
appropriate to investigate the temporal response of marine sediments to changes in organic
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matter input, are not able to tackle the driving forces that determine these changes (e.g., fluxes
of organic matter, benthic primary production and light regime, benthic activity patterns). To
overcome these limitations, long-term in situ monitoring, complemented with studies on different
spatial scales (Chapter 3) seems to be the natural next step. While suitable sensors for the
monitoring of physical parameters are widely available, only few chemical sensors are applicable
for long-term use to this point. The fast developing field of optical sensing is most promising in
this respect. Currently, new optode materials with enhanced performance and durability emerge
on the market. A combination of fiber optics with imaging technology allows the parallel use
of hundreds of fiber-optodes; a working example of such an instrument has been developed as
a by-product of this thesis. By this approach, long-term data for benthic and pelagic oxygen
dynamics could be easily attained, particularly if methods of in situ calibration are developed.
Together with the evolution of low power consuming microcomputers, and modern composite
structural materials, autonomous, small and smart instruments for multi-parameter long-term
measurements come into reach. These instruments would allow combined monitoring of benthic
oxygen exchange and other biogeochemical parameters like pH, H2S, pCO2, Ca2+ over extended
periods of time and with high spatial coverage and thus help to improve the knowledge about
spatio-temporal dynamics of benthic biogeochemical processes.
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Appendix A.

Two-dimensional mapping of photopigments
distribution and activity of Chloroflexus-like
bacteria in a hypersaline microbial mat

Ami Bachar1, Lubos Polerecky1, Jan P. Fischer1, Kyriakos Vamvakopoulos1, Dirk de Beer1,
Henk M. Jonkers1,2

Published in FEMS Microbiology Ecology 65 (2008) 434-448

Abstract

Pigment analysis in an intact hypersaline microbial mat by hyperspectral imaging revealed very
patchy and spatially uncorrelated distributions of photopigments Chl a and BChl a/c, which
are characteristic photopigments for oxygenic (diatoms and cyanobacteria) and anoxygenic pho-
totrophs (Chloroflexaceae). This finding is in contrast to the expectation that these biomarker
pigments should be spatially correlated, as oxygenic phototrophs are thought to supply the
Chloroflexaceae members with organic substrates for growth. We suggest that the heteroge-
neous occurrence is possibly due to sulfide, which production by sulfate-reducing bacteria may
be spatially heterogeneous in the partially oxic photic zone of the mat. We furthermore mapped
the near infra-red light controlled respiration of Chloroflexaceae under light and dark conditions
and found that Chloroflexaceae are responsible for a major part of oxygen consumption at the
lower part of the oxic zone in the mat. The presence of Chloroflexaceae was further confirmed
by FISH probe and 16S rRNA gene clone library analysis. We assume that species related to the
genera Oscillochloris and ’Candidatus Chlorothrix’, in contrast to those related to Chloroflexus
and Roseiflexus, depend less on excreted photosynthates but more on the presence of free sulfide,
which may explain their presence in deeper parts of the mat.

1Max Planck Institute for Marine Microbiology, Bremen, Germany
2Delft University of Technology, Delft, The Netherlands
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Presentations and Field Trips during my
PhD study

B.1. Oral presentations

• Innovative Technologies for high resolution measurements of biogeochemical
processes
J. P. Fischer, F. Wenzhöfer
Visit of a Chinese delegation at AWI and MARUM, March 9, 2006 Bremerhaven, Germany

• Benthic Primary Production in subtidal Sands: Variability on different scales
J. P. Fischer and F. Wenzhöfer
11th International Symposium on Microbial Ecology (ISME-11), August 20-25, 2006 Vi-
enna, Austria

• Benthic Oxygen Dynamics in the photic zone - spatial organization of O2 pro-
duction and respiration measured in high resolution 2D
J. P. Fischer and F. Wenzhöfer
ASLO 2007 Aquatic Sciences Meeting, February 4-9, 2007 Santa Fe, New Mexico

• Benthic biogeochemical studies in coastal marine sediments on different spatial
and temporal scales using the mobile sensor platform C-MOVE
F. Wenzhöfer, C. Waldmann, J. P. Fischer, M. Bergenthal, H. Røy
ASLO 2007 Aquatic Sciences Meeting, February 4-9, 2007 Santa Fe, New Mexico

• Extreme oligotrophy in subsurface sediments of the South Pacific Gyre: Evi-
dence from low oxygen fluxes
J. P. Fischer, T. Ferdelman, S. D’Hondt, F. Wenzhöfer, and KNOX-02RR Shipboard Sci-
entific Party
Goldschmidt 2007, August 19-24, 2007 Cologne, Germany

• Deep oxygen penetration in ultra-oligotrophic South Pacific Sediments
J. P. Fischer, T. Ferdelman, S. D’Hondt, F. Wenzhöfer, and KNOX-02RR Shipboard Sci-
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entific Party
International Workshop on Microbial Life under Extreme Energy Limitation ’The Starving
Majority’, October 21-24, 2007 Aarhus, Denmark

B.2. Poster presentations

• Distribution and quantification of benthic primary production in sandy coastal
sediments
J. P. Fischer, F. Wenzhöfer, R. N. Glud
ASLO 2005 Summer Meeting, June 19-24, 2005 Santiago de Compostella, Spain

• Benthic Oxygen Dynamics in the photic zone - spatial organization of O2 pro-
duction and respiration measured in high resolution 2D
J. P. Fischer and Frank Wenzhöfer
Visit of the MPI advisory board, Febrary 2008

• Oxygen dynamics in ultra-oligotrophic sediments of the South Pacific Gyre
J. P. Fischer, T. Ferdelman, S. D’Hondt, F. Wenzhöfer, and KNOX-02RR Shipboard Sci-
entific Party
Visit of the MPI advisory board, Febrary 2008

B.3. Research Cruises / Field trips

• WATT cruise 04A, German Wadden Sea, 26 October - 6 November, 2004

• Helsingør, Field trip, April 2005

• Sylt, Field trip, April 2006

• F/S Heincke, Cruise He 254, Kattegat, July 4-13, 2006

• R/V Roger Revelle, Cruise KNOX-02RR, South Pacific, 17 December 2006 - 27 January
2007

• F/S Meteor, Cruise M76/2, Namibia, 17 May - 04 June, 2008
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