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Abstract
Traditionally, marine sediments are viewed as horizontally layered structures. However, in recent
decades there has been growing awareness of the naturally occurring microscale heterogeneity
affecting the biogeochemical functioning. Studies on microscale dynamics have been facilitated by
recent developments of high resolution sensors for 2-dimensional chemical imaging. The presented
work has contributed to this development by introducing a simple, robust and inexpensive 2dimensional imaging system, which has made the approach accessible to a much wider user-group.
The presented study utilizes the advances in chemical imaging to study benthic processes in
systems, where the natural function of microscale heterogeneity has been ignored or improperly
appreciated. The results confirm the importance of natural heterogeneity in benthic ecosystem
functioning including: trace metal mobilization, microbial abundance/activity and localized
increased concentrations of electron donors.
The combined findings highlight the need for high spatial resolution to achieve a full conceptual
and quantitative understanding of benthic microbial systems.
The current work has opened a number of avenues for future work on microscale patchiness. This
especially includes; I) Plant and microorganism effects on rhizosphere biogeochemistry; II)
Microscale heterogeneity of microbial abundance, diversity and function; III) Fauna induced
microscale heterogeneity and structure.
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Preface

This thesis represents part of the work carried out in the last 3 years by the author. The work
presented in chapters 2-7 is original scientific work which has been finished and written up for the
presented thesis and for future publication. Chapter 1 represents a general introduction to the thesis
topic. Much of the work carried out in the last 3 years has initiated several new research projects
that will contribute to scientific publications (not presented in this thesis) and also to smaller
projects that do not have sufficient quantity for publication. Some of these smaller research projects
will be presented in chapter 1, the general introduction, as Cases. The Cases will be used as
examples to illustrate some of the topics discussed in the introduction. Furthermore, the cases are
used to present and discuss important and interesting data that has been generated within the last 3
years
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General introduction

Benthic carbon mineralization

Traditionally, sediments are viewed as horizontally layered structures where electron acceptors for
carbon mineralization are depleted sequentially following the free energy yield as described by
Froelich (1979). This view has significantly influenced the way sediment processes are viewed and
understood. Based on the free energy yield, expected porewater profiles of electron acceptor would
ideally follow the vertical distribution as shown in Fig. 1.

Fig. 1. Idealized vertical distribution of electron acceptors in a typical marine sediments. The respiration pathaways are
indicated with bars on the left-hand side. After Canfield er al. (2005).
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In benthic sediment, O2 is rapidly consumed in the surface layers and the penetration is generally
limited to only a few mm (Glud 2008). Below the O2 rich horizon, carbon mineralization is coupled
to other electron acceptors besides O2, generally in the following order; denitrification followed by
manganese reduction, iron reduction, sulfate reduction and carbonate reduction to methane in
successively deeper layers (Froelich et al. 1979; Bender and Heggie 1984; Canfield et al. 1993).
However, different processes may overlap and the relative importance of the pathways differs
regionally (Canfield et al. 1993). In continental margin sediments, not more than 20% of total
organic carbon is oxidized aerobically (Canfield et al. 1993).
As a consequence of high sulfate concentration of seawater, sulfate reduction generally dominates
the anaerobic carbon mineralization (Jørgensen 1982; Canfield et al. 2005). The reduced products
of anaerobic metabolism (e.g. H2S, Fe2+) diffuse upwards and can act as electron donor for other
microbially mediated redox reactions, driving redox cycles within the sediment matrix (Canfield et
al. 2005). As most reduced chemical species produced by anaerobic carbon mineralization are
oxidized with O2 as the terminal electron acceptor, O2 can be used as a proxy for the total sediment
carbon mineralization (Glud 2008), independent from the actual partitioning between the different
pathways (Bender and Heggie 1984; 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 FeS2. 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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Understanding of benthic system has come largely from measurements performed on sediment
cores (Aller and Mackin 1989; Rysgaard et al. 1998; Larsen et al. 2012, Chapter 2) and to some
extend also from benthic landers (Glud 2008; Glud et al. 2009). This includes measurement of total
exchange rates across the sediment water interface of e.g. O2, DIC, N2, nutrients and trace metals
(Thomsen and Kristensen 1997; Nicholson et al. 1999). Furthermore recovered sediment cores have
been used for measurements of sulfate reduction, anammox, trace metal dynamics both intact cores
and sediment slurries (Canfield et al. 1993; Thamdrup et al. 1994; Rysgaard et al. 1998; Larsen et
al. 2012, Chapter 2). Recovered sediment cores have also been used extensively for obtaining
porewater profiles of a wide range of elements. Typically these studies have performed horizontal
core slicing and porewater extractions at cm vertical resolution (Rysgaard et al. 1998), in cores with
a typically diameter 5-10 cm. This procedure effectively averages heterogeneities (both vertically
and horizontally) in sediment processes and concentration within the volume of each sediment slice,
typically 10 to 80 cm3. The work based on interpretation of ”bulk” measurements as mentioned
above, have and still does, contributes significantly to the understanding of benthic processes and
have build the foundation of today’s research on sediment biogeochemistry.
There has been growing awareness that the inherent averaging of traditional sediment core slicing,
with its implicit assumptions of horizontal homogeneity (Brendel and Luther 1995; Stockdale et al.
2009) may neglect more localized stochastic variations in the sediment chemistry. Thereby
providing an oversimplified picture of the diagenic activity and underestimating the process rates.
This awareness has largely originated from the development of methods to perform measurements
at high spatial resolution.
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Measurements at high spatial resolution

To effectively quantify and understand microscale variability, measurements at high spatial
resolution are essential. Therefore there has been a significant effort in developing sensor
technologies with high spatial resolution for a range of analytes.
Some of the first measurement and insight into microscale heterogeneity originated from the
development of microelectrodes, in particular the O2 microelectrodes. Still today the
microelectrodes are an invaluable tool and are used extensively in a large number of applications.
The introductions of O2 electrodes opened up the field for 1-dimensional measurements at high
spatial resolution and have been followed by a range of microsensors for different analytes (see
later). Following the development of the 1-dimensional high resolution came sensors for 2dimensional chemical imaging. These sensors include planar optodes and DGT (diffusive gradient
in thin films). To date however, these techniques have not had as a significant effect on microscale
measurements as microelectrodes, and the techniques are limited to a smaller scientific community.
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Microsensors

The first microsensors for high resolution measurements were O2 microelectrodes used in marine
sediment (Revsbech et al. 1980a; Revsbech et al. 1980b), using a modified Clark type electrode
(Clark et al. 1953) original designed for blood O2 measurements. In the Clark type electrode a
current is generated by O2 reacting at an electrode (cathode) after diffusing through a membrane.
The measured current is directly proportional to the O2 concentration. The Clark type electrode was
further improved by electroplating the tip with gold and using silicone rubber for the membrane
(Revsbech and Ward 1983) and incorporating an internal guard cathode to quench O2 diffusing
toward the sensor from the internal electrolyte (Revsbech 1989). The main merits of the O2
microelectrodes is a very small measuring tip (down to ~5 um), fast response times (<0.5 sec) and
very stable signals. Given the small tip diameter, the microelectrodes allow very high spatial
resolution, however as investigated by (Glud et al. 1994b) even an electrode with a tip diameter of 5
µm can have a measurable effects on the thickness of the DBL (diffusive boundary layer), causing
compression of the DBL thickness, with an reduction of up to 45% . But generally, microsensors
provide a unique tool for “non invasive” measurements.
The O2 microelectrode is the most widely used microelectrode, but other electrode types have also
provided valuable insight in microscale heterogeneity. Some of the most used microelectrodes are;
H2S (Kühl et al. 1998), pH and CO2 (Cai et al. 2000), N2O (Andersen et al. 2001) and NO3(Revsbech and Glud 2009). The NO3- sensors are compared to the other mentioned sensors, based
on microbial reduction of the analyte by bacteria immobilized in the tip of the electrode (Revsbech
and Glud 2009). The bacteria reduce NO3- to N2O, the N2O is then measured with a traditional N2O
microelectrodes. Other novel “bio” microelectrodes have been developed for e.g. methane
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(Damgaard and Revsbech 1997; Damgaard et al. 2001) and water potentials in soils (Herron et al.
2010).
Microsensors based on luminescent sensors (mico-optodes) for O2, pH, pCO2 and temperature, have
also been developed (Klimant et al. 1997; Kosch et al. 1999; Neurauter et al. 2000). These sensors
generally have a larger tip diameter >50 µm and slower response times that the microelectrode
equivalent (typically > 10 sec). However response as fast as 250 ms have been reported for O2
sensors (Klimant et al. 1999). Mico-optodes as compared with microelectrodes are generally easier
to manufacture and less fragile (Klimant et al. 1999) – but generally require more sophisticated
signal amplifiers.
The majority of microsensor measurements have to date been performed in marine systems,
however some studies have been performed in soils (Nielsen and Revsbech 1998; Horn et al. 2003),
with the main focus on rhizosphere work e.g. (Nielsen and Revsbech 1998; Revsbech et al. 1999;
Herron et al. 2010).

Planar optodes

Compared to the 1-dimensional data obtained with the microsensors, planar optodes offer the
significant advantage of high spatial resolution over a large area >200 cm2, at the same time, but
still providing fast response times (typical < 30 sec) and a fully reversible signals.
Since the introduction of planar optodes for high resolution studies of benthic O2 dynamics (Glud et
al. 1996) the technique has been used in more than 40 scientific publications. The majority of the
literature has focused on benthic systems e.g. O2 dynamics in surface sediments (Glud et al. 2005;
Carreira 2012, Chapter 4), fauna activity (Wenzhöfer and Glud 2004; Polerecky et al. 2006; Larsen
et al 2012, Chapter 3), photosynthetic systems (Glud et al. 1999; Kühl and Polerecky 2008; Fischer
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and Wenzhofer 2010) and permeable sediments (Cook et al. 2007; Kessler et al. 2012, Chapter 7),
but recently planar optodes have also been used for soil studies (Askaer et al. 2010; Blossfeld et al.
2010; Elberling et al. 2011; Larsen et al. 2012, Chapter 6).
Planar optodes rely on a luminescent indicator entrapped in an analyte permeable support matrix,
coated onto a support foil to fabricate a sensors sheet – referred to as the planar optode. In
construction of the luminescent sensing layer, planar optodes are equivalent to the micro-optodes
(see above), and only differ in the interrogation of the luminescent signal. Micro-optodes are
traditionally interrogated by photomultipliers or photodiodes (Klimant et al. 1999) and hence do
now allow for 2-dimensional quantification. Planar optodes are in contrasts interrogated using
cameras with either CCD (charged coupled device) or CMOS (Complementary metal oxide
semiconductor) image sensors that make it possible for 2-dimensional quantification of the analyte
concentration.
Since the introduction of planar optodes for 2-dimensional real-time analytes imaging, several
camera systems have been developed, but they can be divided into 2 subgroups. The subgroups are
based on the 2 properties of the luminescent light; it can either be fluorescent or phosphorescent.
For a more detailed description of various imaging approaches see Larsen et al. (2011, Chapter 3).
Measurements of fluorescence relies on the quantification of the light intensity emitted from the
fluorescent indicator during excitation (Zhu et al. 2005; Fan et al. 2011; Larsen et al. 2011). The
fluorescent intensity of the indicator is directly related to the analyte concentration.
In contrast, phosphorescent measurements rely on the duration of the indicators intensity decay
immediately after excitation is preformed (Holst et al. 1998; Holst and Grunwald 2001) – this decay
time is referred to as the indicators “lifetime” and is generally in the µs range (Borisov and Klimant
2007). The phosphorescent lifetime of the indicator is directly related to the analyte concentration.
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Measurement of the fluorescent signal intensity is the most widely used, as it does not require
sophisticated equipment and can be performed using standard digital cameras (Zhu et al. 2005; Fan
et al. 2011; Larsen et al. 2011; Staal et al. 2011). The majority of these “simple” systems take
advantage of ratiometric imaging approaches to enhance signal quality. The ratiometric
measurement use the fluorescent signal recorded at 2 different excitation or emission wavelengths
(Zhu et al. 2005; Larsen et al. 2011, chapter 3). The development of these simple and inexpensive
systems is likely to significantly increase the number of planer optode users. Since the introduction
of the system presented in Larsen et al. (2011, Chaper 3), more that 12 of these systems have been
copied by research groups worldwide.
Due to the relative short lifetime of phosphorescent signals (generally less than 100 µs),
measurements of phosphorescent lifetimes requires relative sophisticated cameras (high sensitivity
and fast gatable) (Holst et al. 1998; Holst and Grunwald 2001) and have so far only been limited to
a few research groups. Only indicators for O2 and temperature are phosphorescent, and thus only
these are compatible with lifetime based imaging systems.
Luminescent indicators exist for a range of analytes e.g. O2, pH, pCO2, Cl-, temperature, NO3among others (Huber et al. 2001; Borisov et al. 2008; Zhu and Aller 2010). However, in benthic
studies only measurements of O2, pH and pCO2 have been performed (Glud et al. 1996; Zhu et al.
2005; Fan et al. 2011; Larsen et al. 2011). For soil and rhizosphere other analytes can potentially be
of interest e.g. humidity/water sensors (Chang et al. 1997; Bedoya et al. 2006), sugar (Zenkl and
Klimant 2009) and enzymes (Cao et al. 2011). As the majority of the luminescent sensors are
fluorescent only, the intensity based systems have the highest versatility.
Combination of multiple indicators for the manufacturing of dual analyte sensors is achievable by
carefully choosing appropriate indicators, sensors design and integration systems. So far only O2
and pH have been combined (Blossfeld et al. 2011). It is however possible to combine O2/pCO2
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indicators in to a single sensing layer (Borisov et al. 2006; Schroeder et al. 2007), for 2-dimensional
studies of sediment/soil primary production – such work is in progress. Furthermore it is possibly to
combine O2 or pCO2 sensors with 2-dimensional PAM imaging systems; this is foreseen in the near
future.

DGT (Diffusive gradient in thin films)

Similar to planar optodes, DGT offer high resolution 2- dimensional analyte imaging. The main
difference is however that DGT does not offer real-time measurements, but only the time integrated
signal as the analyte is immobilized in a binding layer in the DGT (Davison et al. 2000). The
binding laver is typical prepared from chelex-100 or SPR-IDA (Suspended particulate reagent
iminodiacetate) dispersed in a hydrogel (Warnken et al. 2004; Letho et al. 2012). The integrated
signal allows for very high detection limits (Davison et al. 2000) compared to similar diffusive
sample devices peepers and DET (diffusive equilibrium in thin films) (Hesslein 1976; Pagès et al.
2011). Subsequent to DGT deployment, the analyte concentration can be measured at high spatial
resolution (sub mm) by laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS).
For low spatial resolution measurements the DGT can be sliced and the analyte eluted from the
slices and measured using traditional methods (Ding et al. 2011).
Fick's First Law of diffusion is used to calculate the concentration in the exposure solution from the
measured mass of analyte bound to a binding layer placed behind a diffusive gel of known thickness
(Stockdale et al. 2009). If porewaters are effectively buffered by rapid resupply from a local source,
such as a desorbing solid phase, the DGT measured flux can be quantitatively interpreted as a
concentration (Davison et al. 1997). Generally the DGT measurement is best treated as an
assessment of the solute that can be locally supplied in response to a perturbation. A local peak in
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the signal indicates a local elevation in the concentration in the porewaters or a locally increased
supply from the solid phase (Davison et al. 2000).
DGT was first developed by (Davison and Zhang 1994) as a method to determine trace metal
concentration in solutions, but have since predominately been used for measurements of metals in
sediments (Zhang et al. 1995; Fones et al. 2004; Tankere-Muller et al. 2007; Robertson et al. 2008).
Several binding layers have been developed for a large range of analytes (Davison et al. 2007).
Several studies have utilized DGT for investigation microniche dynamics (Naylor et al. 2004;
Widerlund and Davison 2007; Larsen et al. 2012, Chapter 4).
Apart for trace metal measurements, DGT for H2S has also been developed (Teasdale et al. 1999;
Motelica-Heino et al. 2003), these DGTs rely on the transformation of AgI immobilized in the gel
to Ag2S, upon reaction with H2S. The formation of Ag2S causes the DGT to darken. The density of
the color change, which can be related directly to concentration, can be analyzed using a flatbed
scanner.
As for planar optodes, combination for various measurements for multiple sensors are possibly, e.g.
the combination of sensors for simultaneously measurements of trace metals and sulfides, allowing
for sub mm scale investigation of metal and sulfides dynamics (Motelica-Heino et al. 2003;
Robertson et al. 2008). Furthermore, DGT can be combined with planar optodes (Stahl et al. 2012;
Larsen et al. 2012, Chapter 4), this however requires the use of ultra thin DGTs (Letho et al. 2012;
Larsen et al. 2012, Chapter 4), to avoid smearing of the analyte measured by the planar optode
(Stahl et al. 2012).
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Microscale heterogeneity and microniche observations

Progress in the methodologies described above has been one of the driving forces for studying an
understanding microscale. The methodologies have primarily been applied to benthic system and to
some extend also in soils. The prime difference in focus on microscale variability from sediments to
soil, is to a large extent dependent on a tradition for development of methods in sediments science,
that only slowly spread to soil science.

Definition

The term “nice” is often used within the context of ecology and is used to summarize the
environmental factors that influence the growth, survival and reproduction of a species (Molles
2002). The first rigorous definition of the niche concept was developed by Hutchinson (1957) who
defined the niche as an “n-dimensional hypervolume”. In the n-dimensional hypervolume, n, equals
the number of environmental factors important for the survival and reproduction by a species.
In the following chapters the term niche/microniche is not in full agreement with the ecological
definition presented by Hutchinson (1957). Rather the term microniche will be used to describe
spatial heterogeneity, generally on the millimeter scale. This heterogeneity does not generally n
express factors that influence growth, survival, or reproduction of a species but rather small scale
heterogeneity in biogeochemical chemistry. Therefore a microniche is defined as a small-scale
location within the 3-D measuring matrix where the geochemical behavior differs significantly from
the average for that depth (Sochaczewski 2008). An example might be a particle of organic matter
or other component that has biogeochemical reaction rates which are significantly different from the
surrounding environment.
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Heterogeneity in sediments

The majority of studies investigating microscale variation in sediments have been based on
measurement using O2 microelectrodes. Studies are normally performed under laboratory
conditions (Fenchel 1996; Carreira et al. 2012, Chapter 5). A more elegant, but significantly
cumbersome and challenging, alternative to laboratories studies are in situ based studies using
benthic landers e.g. (Reimers et al. 1986; Reimers 1987; Glud et al. 2005). The main advantages of
in situ samplers are the non destructive nature of the measurements and that recovery artifacts, to
the collected sediments, are avoided e.g. pressure and temperature effects (Reimers et al. 1986;
Reimers 1987; Glud et al. 1994a).
Due to inherent high resolution that can be achieved using microsensors, they are ideal tool for
studying in situ microscale variation in benthic carbon mineralization. Glud et al. (2009) obtained a
high resolution grid of more than 129 O2 profiles from an area of 190 cm2 and reported significant
microscale variability in O2 dynamic at the sediment water interface. Based on the number of
microprofiles, it was possible to model microscale heterogeneity of the depth integrated volume
specific O2 uptake rates. The data from Glud et al. (2009) demonstrate that O2 consumption was
characterized by the existence of several mm to cm sized microniches with high O2 consumption,
spatially separated by zones with lower consumptions. It was argued that the variation in O2
consumption must reflect an inhomogeneous distribution of electron donors and suggests that the
turnover of material within the oxic zone to a large extent was confined to these microniches. The
observed trends in O2 dynamics observed by Glud et al. (2009) are comparable to that observed by
Carreira et al. (2012, Chapter 5), that furthermore demonstrated microscale heterogeneity in virus
and bacteria abundance.
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It is generally believed that these sediment microniches can be explained by highly localized input
of organic material. The majority of the organic input to sediment is in the form of marine snow
particles, which sinks down through the water column and ultimately settles on the sediment surface
(Fowler and Knauer 1986; Alldredge and Cohen 1987). The stochastic nature of the settling marine
snow,

to

a

large

extend,

drives

the

formation

of

surface

sediment

microscale

heterogeneity/patchiness and formation of microniches.
The studies of O2 dynamics and microbial composition in marine snow in the pelagic have received
significant scientific interest (Ploug 2001; Simon et al. 2002; Grossart et al. 2003; Kiorboe et al.
2003). However, the importance of this pelagic benthic coupling have to date not been extensively
studied.
It would seem that O2 planar optode would be a valuable tool, in studying in situ small scale
variations in carbon mineralization, due to the excellent 2-dimensional quantification. Benthic
landers with inverted periscopes designed for planar optode imaging have been designed (Glud et
al. 2001; Glud et al. 2005; Fan et al. 2011). However due to the invasive process of lowering the
periscope into the sediment, disturbance and redistribution of sediment and electron acceptors can
prove a significant and unavoidable problem (Nilsson and Rosenberg 2000; Glud et al. 2001).
However compared to lander based studies, the application of planar optodes in the laboratory
conditions has been the most widely used approach to study small scale heterogeneity (Glud et al.
1999; Fischer and Wenzhofer 2010; Larsen et al. 2012, Chapter 4; Carreira et al. 2012, Chapter 5).
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Fauna induced heterogenity

Many of the initial studies documenting and investigating microscale heterogenity in sediments
were focused on the impact of bioturbation and irrigating fauna. (Aller 1980; Aller 1983a;
Kristensen 1988). The studies investigating bioturbation/irrigation have mainly focused on the redistribution of redox components (Aller 1983a; Nielsen et al. 2004) and importance in creating
microscale varibility in bacterial communities and solute diffusion induced by burrow walls and
mucus lining (Aller 1983b; Aller 2001; Hannides et al. 2005; Papaspyrou et al. 2006) but also fauna
fecal pellets and fauna carcasses can induce microscale variability (Watling 1988).
It has been suggested changing redox oscillations induced by fauna irrigating may lead to more
rapid decomposition of organic matter than, simple unidirectional redox changes (Aller 1994; Sun
et al. 2002). These redox oscillations are observed as fauna activity ventilate their burrow structures
with O2 rich water (Kristensen 1988; Fenchel 1996; Nielsen et al. 2004; Polerecky et al. 2006;
Volkenborn et al. 2010) see also Case I. The irrigation can greatly enhance solute transport
between sediments and the overlying water column, thus, transporting e.g. O2 and nutrients, into the
otherwise anoxic sediment and hence stimulates sediment processes e.g. denitrification (Pelegri et
al. 1994).

The often highly variably irrigation patters and complex burrow structures often

observed for benthic fauna can further cause considerably spatial and temporal heterogeneity (see
Case I and II).
Apart from macrofauna, meiofauna activity has been demonstrated to create heterogeneity in solute
transport (Aller and Aller 1992; Glud and Fenchel 1999; Bernhard et al. 2003). Rooted macrophytes
have also been shown to create microscale variation in O2 dynamics (Sand-Jensen et al. 1982;
Jensen et al. 2005; Frederiksen and Glud 2006; Larsen et al. 2012, Chapter 6).
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Case I: Microscale heterogeneity of O2 in the burrow of the
brittlestar Amphiura filiformis

Images A,B,C,D represent O2 planar optode images, extracted from a 242 image sequence, with images recorded every
5 min. On the images an individual A. filiformis burrow can be observed as a distinct oxygenated zone, in the otherwise
anoxic sediment. The fauna irrigation is highly variable and irregular. The O2 concentration at the position of the central
disk cavity is found to oscillate significantly, creating spatial and temporal microscale heterogeneity in O2
concentration.
The images demonstrate how fauna irrigation draws down O2 rich water through the arm-channel close to the optode.
The anoxic water leaves the burrow through one of the 2 other arm-channels (see case II), this can be seen as distinct
anoxic plumes rising up from the sediment surface into the water column (A,B,C and D). The temporal variations in O2
concentration are illustrated in E, during a 12 h period, measured at the central disc cavity. A period of relative regular
irrigation activity can be observed between 9 and 12 h into the measurements. (F) Represents isochronal time series of
profiles of O2 concentrations for the entire data set (~20 h), the position of the profile is show in (A). As can be
observed, the irrigation pattern of the fauna cause highly temporal and spatial variably in O2. The O2 microscale
variations will stimulate aerobic processes in the otherwise anoxic sediment e.g. stimulation of nitrification and hence
the coupled nitrification-denitrification or anammox. Larsen and Glud, unpublished data.
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Case II: Complex burrow structure of Amphiura filiformis

CT-scan (Computed tomography) of burrow structures of the brittle star Amphiura filiformis. A) Shows the complex 3dimensional structure of the burrows in natural sediment collected in Loch Etive, Scotland. More than 10 burrows can
be observed, the fauna density is comparable to in situ. B,C) show an individual burrow isolated from the dataset
presented in A. The volume and surface area can be calculated from the data and corresponds to 2.9 cm3 and 25 cm2,
respectively. All observed burrow structures, had a similar structure as the burrow show in B and C, with a central disk
cavity and 3 arm channels connected to the sediment surface. The burrow surface corresponds well with previous
findings (Solan and Kennedy 2002; Vopel et al. 2003), the volume area of the burrow however, was found to be 3 times
larger that have previously been estimated. It is speculated that heterogeneity in e.g. diffusion coefficient, burrow age,
mucus lining can create a patchwork of highly dynamic microniches in the sediment. This will be an interesting topic
for further studies. Larsen and Glud, unpublished data.
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Microniches
The existence of microniches in marine sediments was suggested Emery and Rittenberg (1952) as
an explanation for the occurrence of FeS2 in oxidized sediments. Later pioneering work by
(Jørgensen 1977) demonstrated bacterial sulfate reduction in oxidized surface layers of a coastal
sediment using a radiotracer technique. He concluded that in the oxidized sediments sulfate
reduction took place in reduced microniches with diameter ranging from 50 to 200 µm.
The initial pioneering work of Jørgensen, has since been used to further investigate anoxic
microniches and their influence on porewater profiles and the microbial processes in the sediments
(Jahnke 1985; Brandes and Devol 1997; Sakita and Kusuda 2000). Especially microniches of H2S
production and metal dynamics have been the focus of many studies several (Jørgensen 1977;
Motelica-Heino et al. 2003; Naylor et al. 2004; Widerlund and Davison 2007). Microniches of
organic material with high H2S production may play an important role in sediment trace metals
dynamics, as H2S will readily react with trace metals and form metal sulfides (Di Toro et al. 1992;
Larsen et al. 2012, Chapter 5).
Experimental data on O2 consumption and dynamics on aggregates settling on the sediment surface
have been investigated using planar optodes (details in Glud 2008). These data for the first time
demonstrated how a true anoxic microniche develops at the aggregate, similar to what is observed
in Larsen et al. (2012, Chapter 4) and in Case III. The data in Larsen et al. (2012, Chapter 4), also
demonstrate how these aggregates can create significant heterogeneity in surface sediment metal
mobilization.
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Case III: True anoxic microniches in marine sediment

Planar optode O2 images, demonstration the temporal and spatial development of a true anoxic microniche, as a parcel
of organic material is deposited on a sediment surface. In a “true” anoxic microniche the anoxic isoline of the pellet and
sediment surface meet. The presented images are a part of a 152 h, time-series, with images recorded every 20 min.
The calculated volume specific O2 uptake of the microniche is estimated to be ~ 2 orders of magnitude higher than of
the surface sediment. It has been speculated that microniches are intensified regions for trace metal mobilization as
consequence of high digenetic activity. This is further studied in Larsen et al. (2012, chapter 4). The microniche is
observed to be long-lived (> 6 days) and only slowly diminishes in size as the organic material is consumed and as the
parcel is disintegrated by meiofauna.
In addition to the observed decrease in O2, intense meiofauna activity was observed at the niche, eroding and
disintegrating the pellet. Arrows on image I and L, indicate the position of meiofauna observed to reside in the low
oxygen regions (<5 % air sat.) that exist between the core of the microniche and the anoxic sediment. It could be
speculated that some of these meiofauna observed in the low O2 zone, belong to the group of NO3- assimilating and
respiring foraminifera (Risgaard-Petersen et al. 2006; Høgslund et al. 2008), migrating into a NO3- zone generate by the
organic material. Larsen and Glud, unpublished data.
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Soils
Evidence for the existence of microscale heterogeneity and microniches in natural environments
have, as described above, mainly been focused on aquatic environments. This is likely to be
reflected by the generally higher focus on high resolution measurements in sediments. However,
some evidence of microscale variability in terrestrial systems has been presented. These microscale
variations in aquatic systems are often related to fauna activity and rooted macrophytes.
Earthworms have been shown to create significant heterogeneity in soil biochemistry e.g. O2/pH
dynamics in fecal pellets/burrow lining, N2O production in the gut (Horn et al. 2003) and increased
and diversified microbial community in burrow lining (Tiunov and Scheu 1999). Similar to aquatic
macrofauna bioturbation/irrigation, earthworms can create significant reconstruction of the soil
matrix through complex burrow structures (Capowiez et al. 1998), potentially redistribution reactive
material (e.g. fecal pellets and other organic material). More detailed investigations of O2/pH
dynamics of earthworms microniches would be a potentially exciting field for future research.
Probably one of the most studied environments in soil is the rhizosphere. The rhizosphere is best
defined as the volume of soil around living roots, which is influenced by root activity Hiltner (1904)
in Hartmann et al. (2008). Root specific activity is generally found to be highest at root tips, as
roots grow by cell production in the tip. This result in very high diagenetic activity, e.g. nutrient
uptake and root exudates release, both potentially leading to distinct micro environments at the very
root tip (see case IV). This have e.g. been observed as localized microniches of elevated phosphorus
concentrations (Santner et al. 2012) visualized using high resolution DGT measurements. Such
mobilization could potentially be driven by localized pH minima, increasing solubilisation of
precipitated and/or adsorbed phosphorus as have previously been reported in the literature (Hawkins
et al. 2008). Such pH microniches have been reported by use of pH microelectrodes (Revsbech et
al. 1999; Nichol and Silk 2001) and visualized using pH indicators (Weisenseel et al. 1979).
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Recently, planar optode pH measurements of Zea mays, have demonstrated highly localized pH
minima at root tips (Case IV). Combination of phosphorous DGT and pH optodes for
simultaneously 2-dimensional imaging is in progress, using so-called sandwich sensors (Stahl et al.
2012; Larsen et al. 2012, Chapter 4). Such preliminary experiments have proven successful.

Microscale heterogeneity of O2 in soils have compared to O2 dynamics in sediments, received
significantly less scientific focus. The O2 availability and control of soil biogeochemical cycling
e.g. denitrification rates, have been estimated using the WFPS (Water filled Pore space) as proxy of
O2 availability (Bakken and Dörsch 2007). This clearly oversimplifies the heterogeneity of soil
matrixes. As described in Larsen et al. (2012, Chapter 6), root O2 leakage can serve as an important
driver of microscale heterogeneity in anoxic soils. As non-water logged soils generally are well
aerated and oxygenated, waterlogged soils are generally anoxic. The presence of plants with well
developed aerenchyma tissue in these waterlogged soils can be of major importance for the
rhizosphere and soil biogeochemistry (Larsen et al. 2012, Chaper 6). The radial O2 loss from the
roots creates oxic microniches in the anoxic soil and can thus stimulate aerobic processes in the
otherwise anoxic soil matrix e.g. nitrification, coupled nitrification-denitrification, methane
oxidation and trace metal dynamics (Reddy et al. 1989; Risgaard-Petersen et al. 1998; Jørgensen et
al. 2012). The introduction of planar optode systems as the one presented in Larsen et al. (2011,
Chapter 3), have been applied by several research groups to study O2 dynamics in various plant/soil
systems, giving valuable information of complex biological systems, at high spatial resolution.
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Case IV: Root induced microniches and microscale variability in soils.

(A) 2-dimensional representation of the pH concentration in the rhizosphere of Maize (Zea mays), grown in soil spiked
with NO3- and NH4+. The image is recorded with the optode system presented in Larsen et al. (2011, Chapter 3). It can
be observed that microniches of low pH (<6.5) develops around the root tips. The pH minima are due to root uptake of
NO3– and consequently release of H+. On parts of the roots behind the tip, an increase in pH (compared to bulk soil) is
observed; this is due to uptake of NH4+ and consequently release of OH-. Release of H+ and OH- by the plant is
observed as plants actively maintain cation-anion balance across the root surface (Haynes 1990). NH4+ is preferentially
taken up by the plant (von Wiren et al. 2000) but at the very root tip, N requirements cannot be met by NH4+ alone and
NO3- is taken up, as NH4- gets depleted. The observed microniches of low pH can potentially have significant effect soil
mobilization and plant uptake of phosphorous (Gahoonia and Nielsen 1992). Larsen and Glud, unpublished data.
(B) 2-dimensional representation of the Fe(II) mobilization in the rhizosphere lowland rice (Oryza sativa L.), as
measured by high resolution DGT. High rates of Fe(II) mobilization can be observed to coincide with the existence of
rice roots. The observed mobilization of Fe(II) induced by the root, is more than 22 times higher than bulk soil Fe(II)
mobilization. Mobilization of other metals demonstrated similar root induced patters. The mobilization of Fe(II) at the
position of the root is not obvious, but is likely to be linked to plaque formation deposited on and around the root
(Larsen et al. 2012, Chapter 6). As deeper roots of Oryza sativa L., have been observed not to leak O2, it is speculated
that reductive dissolution of Fe- and Mn-oxides found in the plaque, are responsible for the observed Fe(II)
mobilization. Dissolution of oxides, would also explain the observed mobilization of other trace metals (e.g. Zn, Ni, Pb)
often sorbed to Fe- and Mn-oxides (Larsen et al. 2012, Chapter 4). The microscale variability in metal dynamics has not
previously been investigated at this scale. Data from (Williams et al. in preparation).
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Importance of microscale heterogeneity

Although many studies have investigated microscale heterogeneity in various systems using a range
of different techniques, the relative importance of these microscale processes have not been
quantified in detail. But based on the evidence from the growing number of studies reporting on
microniche dynamics, it becomes clear that the current understating of sedimentary diagenesis in
many cases may have been oversimplified by analysis at larger scales, e.g. the inherent averring and
integration when performing “traditional” core slicing.
This oversimplification is not necessary “harmful” as the integrated measurements still takes the
microniche activity into account, even though it is not directly evident. However, if microniches
are found to account for a significant proportion of organic matter degradation, re-examination of
the current conceptual understanding of some aspects of sedimentary diagenesis (e.g. trace metal
behavior) may be required (Stockdale et al. 2009). This becomes important if reaction rates for
processes occurring in microniches may be much greater than comparable rates estimated for
‘whole sediment’.
Perhaps the most important aspect of microscale heterogeneity is the recognition of its existence
and to perform measurement at the relevant scale.
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Project aim

Marine sediments are traditionally viewed as horizontally layered structures. However in recent
decades this view has been challenged by the growing awareness of the naturally occurring
microscale heterogeneity. A heterogeneity that could potentially affect the biogeochemical
functioning. Studies on microscale dynamics have been facilitated by recent developments of high
resolution sensors for 2-dimensional chemical imaging. The presented thesis takes advantage of
these recent developments in sensor technology and aims to further investigate small scale
heterogeneity of carbon mineralization and trace metal mobilization in benthic systems.
The initial projects aims were I) Development and testing of a novel planar optode system mainly
for pH and pCO2 and optimize existing systems for O2. II) Optimization of ultra thin DGT for trace
metals measurements. III) Combination of I and II to form a sandwich sensor that would allow for
simultaneous measurements of O2, pH or pCO2 and trace metals (e.g. Fe, Mn and Pb). Following
the initial developments the aim would be shifted towards applying the newly developed sensors.
The applications should mainly be focused on small scale heterogeneity in carbon mineralization
and furthermore how this might affect trace metal mobilization in marine sediment. This would be
addressed experimentally by I) Artificially introducing microniches of organic material to the
sediments. II) Investigate the natural abundance of microniches. III) Study how microniches affect
the microbial community.
.
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Main Conclusions

The results presented in this thesis confirm the existence and importance of natural heterogeneity in
benthic ecosystem functioning including: Trace metal mobilization, microbial abundance/activity
and localized increased concentrations of electron donors. This has been accomplished by using
novel and newly developed high resolution 2-dimensional sensors. The combined findings highlight
the need for high spatial resolution to achieve a full conceptual and quantitative understanding of
benthic microbial systems. The presented work has contributed to this development by introducing
a simple, robust and inexpensive 2-dimensional imaging system which has made the approach
accessible to a much wider user-group. The developed imaging system has received much attention
in the scientific community and the number of users of high resolution planar optode systems has
significantly increased as a direct outcome of the thesis.
The presented study utilized the advances in chemical imaging to study benthic processes in
systems, where the natural function of microscale heterogeneity had been ignored or improperly
appreciated. The natural heterogeneity and small scale patchiness have been studied in various
systems (e.g. permeable sands, rhizosphere, cohesive sediments) focusing on a range of processes
and dynamics (e.g. carbon mineralization, microbial interactions, trace metal and O2 dynamics.
Despite the range of systems and processes studied in this thesis, microscale heterogeneity was
observed throughout. It was evident that in order to get a detailed conceptual understanding of the
studied systems, microscale heterogeneity cannot be neglected.
The work presented has opened a number of fields for future studies on microscale patchiness.
This especially includes I) Plant and microorganism effects on rhizosphere biogeochemistry II)
Microscale heterogeneity of microbial abundance, diversity and function III) Fauna induced
microscale heterogeneity and structure.
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Abstract
Benthic carbon mineralization and solute exchange was investigated on a Celtic sea sandbank during July
2008. The sediment bank-top consisted of consolidated sand, characterized by advective porewater
transport and was difficult to sample. However, intact sediment cores were sampled at four stations at the
slopes and base of the bank. This sediment was used to assess rates and pathways for benthic diagenesis.
Total sediment O2 uptake (TOU) ranged from 5.8 to 9.0 mmol m-2 d-1 and total sediment release rates of
dissolved inorganic carbon (DIC) ranged between 8.60 and 13.8 mmol m-2 d-1. Microbial denitrification
and sulfate reduction accounted for <2% and 12-28 % of the total benthic carbon mineralization,
respectively. The remaining activity is primary ascribed to iron respiration. Activity profiles of
unsupported 210Pb from all stations indicated deep mixing presumably caused by intense trawling activity
in the area. Calculation based on satellite tracking of fishing vessel suggest that on average 33% of the
sediment is affected by trawling activity every year. This facilitates high metal respiration rates by
continuously oxidizing reduced iron that otherwise would accumulate in the sediment. Extracted
porewater profiles reflected elevated NO3- levels as compared to microsensor determined NO3- profiles
that were measured in parallel. We suggest that this reflect NO3- leakage from meiofauna – and that
intercellular nitrate concentrations for the top 5 cm of the sediment, represents up to 45 time of the total
benthic nitrate pool. However, this is presumably turned over at very slow rates and bacterial
denitrification is the dominant N sink in the sediments at Jones Bank.
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Introduction

The 100 to 200 m deep Celtic-Sea shelf area develops a strong stratification during the summer (Sharpels
et al. 2012, this issue). In general this leaves the upper 25 m of the water column depleted in nutrients (<1
µmol L-1), limiting new growth of phytoplankton and hence the chlorophyll concentration in the upper
water column (Sharples et al. 2007) . However, recently chlorophyll hotspots have been identified during
the summer, and the locally intensified activities have been being linked to the presence of sand banks
(Sharpels et al. 2012, this issue). It is hypothesized that intensified vertical mixing on the slopes of the
banks results in an updraw of nutrient rich water reaching the photic zone, a process that has been
described for the Celtic sea shelf edge (Sharples et al. 2007) and for Georges Bank, Gulf of Maine (Horne
et al. 1996). The mixing events are mainly tidal driven and the photosynthetic hotspots presumably persist
during most of the summer. The locally intensified production results in a high abundance of fish and the
bank system are exposed to an intense pelagic and benthic fishery (Pinnegar et al. 2002).
Trawling for bottom-dwelling fish is likely to impact the structure and function of the seabed (Duplisea et
al. 2001). In the literature the main focus concerning bottom trawling has been on the physical damage
that beams and otter trawls inflict on the bottom macro-faunal communities (Rosenberg et al. 2003, Smith
et al. 2000). But the disturbance must also redistribute and oxygenate sediment particles that are
suspended in large plumes and translocated by near-bottom currents (Riemann & Hofmann, 1991;
Durrieu et al. 2000, Martin et al. 2008). Sediment resuspension releases nutrients to the water column,
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mixing organic carbon material and particulate redox-active phases, resulting in an overall sediment
oxidation (Fanning et al. 1982, Riemann & Hoffmann 1991, Trimmer et al. 1999, Smith et al. 2000). This
study investigates the potential difference in benthic carbon mineralization rates and pathways on and
around a natural sand bank in the Celtic Sea during the summer of 2008. We focus on 5 sampling stations
on and around the bank, as we hypothesis that the hydrodynamically driven vertical mixing at the bank
slopes stimulates the pelagic primary production which in turn leads to differences in benthic pelagic
coupling between on and off bank stations. We hypothesis that these differences can lead to changes in
the mineralization rates, solute exchange, and carbon preservation among the different stations on the
bank. Rates and pathways were investigated in sediment cores recovered using traditional core
incubations techniques in combination with labeled tracer incubations and porewater profiles. The
findings are discussed in the context of the trawling activity and local hydrodynamic control.

Materials and Methods

Study site. The investigations were carried out on Jones Bank, which is a tidal bank of the Celtic Sea
bank system that consists of more than 30 banks covering an area of 100,000 km2. The banks are
elongated, parallel ridges 35-60 m high, 5-15 km wide, and 40-120 km long, with a regular spacing of
~16 km (Reynaud et al. 1999, this study). The banks are oriented at right angles to the shelf break and
occur at water depths ranging from 100 m to 170 m. Jones Bank is found at a water depth of 120-130 m,
is ~ 40 km long, but higher than described by Reynaud et al. 1999, reaching a maximum of ~60 m. The
study focused on five stations on and around the bank: MS1 (MS; Mooring Station) top of bank slope;
MS2, on middle slope of north-east bank; MS3, on North-East base of bank; MS4 flat site South-East of
bank (Fig. 1). MS5, to the North-West of the bank was considered to be unaffected by bank-induced
mixing as the dominating current direction in general and during the investigation period was parallel to
the western slope of the bank. We thus anticipated using MS5 as a reference station.
Water column characteristics
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CTD profiles from all stations reflected a surface temperature of ~15.2 °C and a bottom temperature of ~
10.6 °C and showed a distinct thermocline between 24-30 m, well above any of the benthic stations.
Bottom water; O2 concentration (259-268 µmol L-1, 93.0-96.3 % air sat.), DIC concentration (2165-2178
µmol L-1) and NO3- concentration (6.1-9.5 µmol L-1) did not vary significantly among stations (Table 1).

Sediment and water sampling. At MS1 the sediment was too sandy to be sampled by standard coring
techniques; therefore we only recovered sediment with a Day grab (Rees et al. 1999, Sommerfield et al.
1995). Sediment recovered by the Day grab showed indications of disturbance from the lid of the
sampler. Six small sub-cores (I.D. = 2.6 and 5.2 cm) were taken from the grab and used for measurements
of sulfate reduction, O2 microprofiles, porosity and organic carbon (see below).
At MS2, MS3, MS4, and MS5 sediment was sampled using a multiple-corer (MUC) equipped with 8
core liners (I.D. = 10.5 cm) (Barnett et al. 1984). All cores appeared undisturbed with clear overlying
water and intact microstructures at the sediment surface. At each station a minimum of 14 cores were
used for on-board analysis. MS2 was sampled twice during the cruise; data is presented as MS2 and MS21, respectively.
Six cores were used for measurements of microprofiles of O2 and NO3- and subsequent determination of
total exchange of O2, DIC, and denitrification. Three cores were used for measuring depth profiles of
porosity, organic carbon, dissolved inorganic carbon (DIC) and SO42-. Two cores were used to determine
sulfate reduction rates (SRR) and one core for measurements of anammox. Three cores were used for
porewater extraction of nutrients, metals and for determination of the 210Pb activity.

Basic sediment characteristics. Sediment porosity was calculated from the measured density and water
content, quantified as water loss after drying at 70°C for 24 hr. In addition to the gravimetrical porosity
measurements, porosity near the sediment surface was estimated from O2 microprofiles as described in
Epping et al. (1999):
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(1)

Where (dC/dz)DBL and (dC/dz)SED is the O2 concentration gradient in the DBL (Diffusive boundary layer)
and sediment respectively. Sediment organic carbon and nitrogen content was analyzed on a Costech,
ECS 4010 Elemental Combustion System. Activity of 210Pb was measured using a gamma ray
spectrometer (EG&G 92X-P, Ortec or InSpector 2000, Canberra). Grain size distribution was measured
using a laser particle size analyzer (LS230 Coulter Counter, Beckman).

Microprofiles of O2 and NO3-. Sediment cores for microprofiles and subsequent total exchange rates
were submerged in a 100 L tank filled with bottom water sampled by a CTD rosette ~ 5 m above the
sediment surface. The tank was kept at in situ temperature (~10.5 °C) and submerged cores were for all
stations pre-incubated at in situ O2 saturation for 24 h prior to any measurements. In situ bottom water O2
concentration was maintained with two mass flow controllers (5850S, Brooks instruments) connected to a
control and readout unit (0154, Brooks instrument) using oxygen free N2 and compressed atmospheric air.
Teflon coated magnets were suspended from the inner wall of each core-liner and their continuous
rotation was maintained by an externally rotating magnet; this ensured a well mixed overlying water
phase inside each core and a continuous exchange of water between the incubator tank and core-liners
(Rasmussen & Jørgensen 1992).
Oxygen profiles were measured by Clark type microelectrodes equipped with an internal reference and a
guard cathode (Revsbech et al. 1989). The sensors had external tip diameters of 10-20 µm, a stirring
sensitivity < 2% and a 90% response time of < 1 s. Microprofiles of NO3- were measured with newly
developed biosensors (Revsbech & Glud, 2009). The tip size of these sensors were 40-50 µm, they had no
stirring sensitivity and a 90% response time of ~50 s.
Both sensors types were mounted on a motor driven micromanipulator and the sensor currents were
measured using a picoammeter (PA 2000, Unisense) and transferred via an A/D-converter to a PC. The
O2 and NO3- microprofiles were measured at a vertical resolution of 100 µm and 200 µm, respectively.
Chapter 2

6

The vertical profiles were calibrated against the measured analyte concentration of the water in the
incubation tank and zero values were recorded at depths in the sediment where analytes were presumed to
be depleted. The zero values recorded in the sediment were checked against signals in O2- and NO3--free
samples kept at in situ temperature.
For O2 microprofiles, the diffusive oxygen uptake (DOU) was calculated using Fick’s first law of
diffusion, J = D0(dC/dz), where dC/dz is the O2 concentration at a given depth within the Diffusive
Boundary Layer (DBL) and D0 is the molecular diffusion coefficient corrected for salinity and
temperature. Volume-specific O2 consumption and NO3- consumption/production were estimated from
the measured microprofiles, using diffusion-reaction models and by assuming zero order reaction kinetics
and steady state, using the software package “Profile” (Berg et al. 1998). Microprofiles across the
sediment surface were modeled as R = D(∂ 2C/∂z2), with boundary conditions C(z =0) = C0 stating that
solute concentration at the top is held constant (and set equal to the water phase concentration) and no
flux at the bottom of the profile. Use of these boundary conditions allowed an independent comparison
between the depth-integrated turn-over rates and the diffusive exchange calculated from the DBL
gradient. The diffusion coefficient of O2 and NO3- at in situ temperature and salinity were estimated
according to Li & Gregory (1974). Sediment diffusivity was determined as Ds = D0 φ-2 where φ is
porosity (Ullman & Aller 1982)

Determination of total solute exchange and NO3- reduction rates. After 24 h of pre-incubation and
microprofiling of O2 and NO3- (as described above) the six cores were capped with acrylic lids and
incubated. For every 4 – 5 h one core was de-capped and water samples for DIC and nutrients were
collected. The O2 concentration of the enclosed water was monitored continuously with an optode (Fibox
3, PreSens GmbH) until de-capping of the individual cores. In none of the 6 incubation did the initial O2
concentration drop by more than 20% of the initial concentration. DIC samples were taken in triplicates
with a gravity feed overflow and stored in 12 ml glass vials (Exetainers, Labco) spiked with 50 µL
saturated HgCl2 until later analysis. DIC concentrations were analyzed using a CO2 Analyzer
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(Coulometer CM5014, UIC) after the sample had been acidified using an acidification module (CM5130,
UIC). Samples for nutrients (NO3-, NH4+, PO43- and Silicate) were filtered frozen at -20℃ and stored until
further analysis – Only NO3- are reported here, but the remaining data can be supplied by contacting the
authors. Nutrient concentrations were analyzed colourimetrically on a flow injection auto-analyzer
(Quichchem 8500, Lachat) (Carvalho & Eyre 2011)
In order to determine total sediment NO3- reduction rates by denitrification and anammox we applied a
modified version of the isotope pairing techniques (IPT) (Risgaard-Petersen et al. 2003). After incubation
for total exchange, the de-capped cores were allowed to re-equilibrate for 4 hr and subsequently the water
level of the tank was lowered below the edge of the cores. Hereafter, 15NO3- was added to each core
reaching a final concentration of 8.2-12.8 µM. Given the natural NO3- concentration in the bottom water
this resulted in a specific labeling of 0.27-0.68. After addition of 15NO3-, the cores were incubated for 12
h to ensure sufficient time for the added 15NO3- to diffuse through the oxic zone. During this period the O2
concentration was kept at in situ concentrations as previously described. Cores were then re-capped and
incubated for a maximum of 32 h.
Samples for 29/30N2 from the water phase were collected from each core as cores were successively decapped with a 4-6 h interval. After sampling the clear water phase, 2 ml ZnCl2 (50 % w/w) was added to
the remaining water, before it was gently slurried with the top ~4 cm of the sediment. After coarser
sediment particles had settled, water samples for 29/30N2 determination were collected. All samples were
taken using a gravity-fed overflow.
Samples for 29/30N2 determination in the water phase and slurry were taken in duplicates in 12 mL glass
vials (Exetainers, Labco) and 200 µl ZnCl2 (50% w/v) was added. The production of 14N15N and 15N15N
from the incubations with 15NO3- enrichment were determined using continuous-flow isotope ratio mass
spectrometry in line with a gas chromatograph (Delta V Plus, Thermo). Denitrification rates (r14) were
calculated as described in Risgaard-Petersen et al. (2003). This calculation requires a separate
determination of the relative importance of anammox for total N2 production (see below):
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r =
14

(1 − ra) × R 29 − ra
( 2 − ra)

(2)

Where R29 is the ratio between 29N2 (14N15N) and 30N2 (15N15N) production and ra is the relative
contribution of N2 through anammox. Substituting equation (2) in (3) gives the genuine N2 production,
p14:

(

)

p = 2 × r ×  p 29 N + p30 N × 1 − r 
14
14 
2
2
14 

(3)

Where p29N2 and p30N2 are total production of p29N2 and p30N2. From Eq.2 the production of N2 via
denitrification D14 can be calculated:

D14 = p14 × (1 − ra )

(4)

Potential anammox. Rates of anammox, NH4+ oxidation by NO2- to N2 (Thamdrup & Dalsgaard 2002,
Dalsgaard & Thamdrup 2002), were investigated in four different parallel anoxic time-series incubations
spiked with different combinations of 15NH4-, 15NO3-, 14NH4-, and 14NO3 (Rysgaard et al. 2004). Each
series consisted of six, 12 ml glass vials (Exetainers, Labco) filled with 2 ml homogenized sediment
sampled 3-4 mm below the determined O2 penetration depth. The Exetainers were topped up with anoxic
NO3--free seawater. The four series were spiked with the following tracer combination; A: 15NH4+, B:
15

NH4+ + 14NO3-, C: 14NH4+ + 15NO3- and D: 15NO3-, all individually added to a final concentration of ~ 40

µM, corresponding to a specific labeling of 0.83-0.97 and 0.90-0.92 of the indigenous NO3- and NH4+
pool, respectively. Incubations were stopped by adding 200 µl 50% ZnCl2 (50% w/v) to glass vials from
each time series approximately every 4 h. The first sample was taken immediately after tracer addition
and was used to confirm the specific labeling. The accumulation of 29/30N2 in the times series A and B
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were used to demonstrate potential denitrification (Eq. 5), accumulation in C and D to calculate potential
anammox (Eq. 6) (Thamdrup & Dalsgaard 2002):

Denitrification = p 30 N × F − 2
2 N

(5)

Anammox = F − 1 ×  p 29 N − 2 × (1 − F ) × F − 1 × p 30 N 

2 
N
2
N
N

(6)

Where p29N2 is the production of 14N15N, p30N2 is the production of 15N15N, and FN is the fraction of 15N
in the NO3- pool.

Porewater profiles. Sediment cores were sectioned in 0.5 cm depth intervals in a N2-flushed glove bag.
Porewater for NO3 and metals (Fe/Mn) was subsequently extracted by centrifugation for 10 min at 5000
rpm. Samples for DIC determination were filtrated and transferred into 3 ml glass vials (Exetainers,
Labco) spiked with 20 µl saturated HgCl2 and kept at 5ºC until analysis (see above) samples for SO42NO3-, NH4+, PO43- and Silicate determination were transferred to 2 ml Eppendorf tubes and frozen (18°C) until analysis. SO42- was analyzed on an ion chromatograph (ICS-2000, Dionex) and samples for
NO3-, NH4+, PO43- and silicate were analyzed as above. Porewater samples for trace metals were analyzed
on a ICP-MS (Thermo Fisher X-series II).

Sulfate reduction rates. For determination of sulfate reduction (SRR) 5 µL-aliquots of 35SO42- (80 kBq
µL-1, were injected horizontally through silicone ports at 1 cm intervals from the sediment surface and
down to 15 cm (Jørgensen 1978). After 35SO42- injection cores were dark-incubated at in situ temperature
for 24 h, and subsequently sliced into 1 cm slices that were transferred to 50 ml centrifuge tubes
containing 5.7 ml ZnAc (20% w/v) and shaken vigorously. Samples were then frozen at -18°C until
further analysis. The amount of reduced 35S was quantified by the single-step chromium reduction
method (Fossing & Jørgensen 1989) and SRR was calculated as follows:
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(SO )× a × 24 × 1.06
SRR =
2−

4

(A + a ) × h

(6)

where a is the total radioactivity of ZnS , A is the total radioactivity of SO42- after incubation, h is the
incubation time in hours, (SO42-) is the sulfate concentration in nmol cm-3 sediment, and 1.06 is a
correction factor for the assumed isotope fractionation.

Fishing vessel tracking. Fishing frequency was calculated using data from European Community
Satellite Vessel Monitoring System (VMS). VMS monitors all bigger fishing vessels (>15 m) and records
vessel identification, date, time, course and speed every 2 hours. Trawling activity was assumed if vessel
speed was less than 9.3 km hr-1 (Hiddink et al. 2007). Fishing vessel data from the last 6 years were used
to determine the fishing activity in the area. To estimate the area impacted by the trawling activity it is
assumed that the width of the total fishing gear is 24 m (two beam trawls each 12 m wide or one otter
trawl of 24 m wide) (Hiddink et al. 2007). Therefore, at a VMS record frequency of once 2 h-1, one
satellite monitoring record in one grid cell represents a trawled area of 0.449 km2. The grid cell size for
the Jones Bank area is ~1290km2.

Results

Sediment characteristic. The sediment surface at the top of the bank (MS1) consisted of medium
grained bioclastic sand with an average grain size of 513 µm (SD ± 130) and an organic carbon content of
0.76% dry wt/wt. Sediment at stations MS2 to MS5 consisted of hard packed and poorly sorted cohesive
muddy/ fine sand. Mollusk sp. shells, especially from Scaphopoda sp. were found at depths of 15 cm, but
very little living macrofauna was observed at any stations. The amount of organic carbon did not show
any obvious trends with depth in the top 15 cm of the sediment (except for MS1), and values remained
between 3.8% to 4.2% of sediment dry weight (Fig. 2). For all stations sediment porosity decreased from
0.63-0.70 near the sediment surface down to ~ 4-5 cm where the values reached a plateau of 0.59-0.53
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(Fig 2). Porosity at the very sediment surface as estimated from Eq. 1 amounted to a minimum of 0.85
(SD ± 3.3, n = 4) for MS1 and a maximum for 0.90 (SD ± 6.6, n=5). This is significantly higher than
quantified by the standard procedure. However, as the microsensor derived values represent conditions at
the very surface we used them for all microprofile calculations (see below), while calculations on deeper
sediment layers were based on the values presented in Fig 2.
Permeability can be calculated from the porosity and the grain diameter using the empirical KozenyCarman equation, assuming a fairly uniform sediment grain diameter (Bear 1972, Boudreau 1997):

(5.6 × 10 −3 × ϕ3 × d s )
2

K=

(1 − ϕ)2

(7)

Where φ is the porosity and ds is the sediment grain diameter. The calculated permeability for MS1 was
1227 D, which clearly indicates permeable conditions with extensive advection. However, the calculated
permeability for the remaining stations only ranged from 59 to 144 D (average for top 5 cm), lowest at
MS2 and highest MS5. According to Huettel & Gust (1992) sediments with permeability coefficients as
found on MS2 to MS5 can potentially be affected by advective flow, but this is not likely at the relative
weak bottom currents of 3-4 cm s-1 found at these sites.

Sedimentation rates. Activity profiles of unsupported 210Pb from MS2 to MS4 showed activity ranging
from 2.3 to 43.7 Bq kg-1. None of the profiles showed the expected decrease with increasing depth (Fig 3).
Thus, all profiles indicated mixing down to the bottom of the recovered sediment cores and no sediment
accumulation rates could be inferred. Only station with a potential depth relation was station MS5 but
values were very noisy and the activity decline was not significant.
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Microprofiles of O2 and NO3-.O2 microelectrode profiles showed that O2 penetration ranged from 6.1
mm (SD ± 0.31, n=5) at MS3 to a maximum of 8.3 mm (SD ± 1.2, n=8) at MS5. The diffusive O2 uptake
(DOU) calculated from the concentration gradient within the DBL, ranged from 5.6 (SD ± 0.84, n=6) at
MS1 to 8.1 (SD ± 1.9, n=8) mmol m-2 d-1 at MS3. The modeled depth-integrated O2 uptake was not
significantly different from the DOU calculated on the basis of the DBL-gradient at any of the stations,
but generally showed some divergence (Table 2).
The highest volume-specific consumption rates were generally found in the middle and bottom of the oxic
zone on all stations and profiles, with a mean rate of 2005 nmol cm-3 d-1 (SD ± 968, n=18), for MS2-MS5.
The location of maximal O2 consumption suggests a zone with reoxidation of reduced chemical species
diffusing up in to the oxic zone, in contrast to the oxidation of newly settled fresh labile carbon (Fig. 4A).
Nitrate microprofiles showed penetration depths of 7.9 -10.4 mm, and values were not significantly
different among stations (Table 2). Profiles from MS3 and MS4 showed a sub surface NO3- maximum,
indicating active nitrification (Fig 4B). Some profiles from MS1 showed more or less constant NO3concentrations (bottom water concentrations) down to 1.6 to 3.9 mm. The average NO3- production in the
oxic zone as modeled from the porewater microprofiles ranged from -0.07 mmol m-2 d-1 (n=1) at MS2 to
0.10 (SD± 0.09, n=4) at MS3. Rates of NO3- modeled for the prevailing anoxic zone ranged from 0.10
mmol N2 m-2 d-1 (SD ± 0.02, n=5) at MS 1 to 0.24 mmol N2 m-2 d-1 (SD ± 0.1, n=3) at MS5 Table (2).

Sediment-water O2 uptake and nutrient fluxes across the interface. Total Oxygen Uptake rates (TOU)
ranged from 5.8 mmol m-2 d-1 (SD ± 1.0, n=6) at MS5 to 9.0 mmol m-2 d-1 (SD ± 3.0, n=7) at MS4, but
the rates were not significantly different between the stations (Table 3). DIC fluxes were slightly higher
than the TOU fluxes at all stations, ranging between 8.6 mmol m-2 d-1 (SD ± 1.8, n=4) at MS3 and 13.8
mmol m-2 d-1 at MS4 (SD ± 4.1, n=3). The apparent community respiratory quotient (CRQ = DIC/TOU)
thereby varied between 1.20 and 1.53, highest at MS4 and lowest at MS3. DOU was generally slightly
lower than the measured TOU from the same station, although not significantly different (Table 3). This
reflects a low contribution of fauna mediated O2 uptake consistent with the observed very low macro
faunal abundance in the study area.
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Denitrification and anammox. Rates of denitrification were low and showed a high degree of variation,
both among cores at the respective stations and between stations. MS2 showed the highest denitrification
rates of 0.18 mmol N2 m-2 d-1 (SD ± 0.07, n=6), while lowest rates of 0.04 mmol m-2 d-1 (SD ± 0.05, n=6)
were found at MS5. (Table 3). Based on the anoxic slurry incubations (see above), anammox accounted
for 9% to 22 % of the total N2 production rates for all stations (Table 2). Total N2 production from
denitrification and anammox was calculated to be: 0.228, 0.080, 0.087 and 0.051 mmol N2 m-2 d-1, for
MS2, 2-1, MS4 and MS5 (Table 3). NO3- consumption from the profiles was converted to N2 production
using the equation N2 production = NO3- consumption × (1 + ra), which takes into account that half of the
N2 from anammox is derived from NH4+. IPT based N2 production rates accounted for 66%, 23% and
41% of the N2 production estimated from the NO3- profiles, for MS2, MS2-1 and MS4, respectively.
Anammox rates for MS3 was estimates using the mean from the other stations.

Porewater NO3-, DIC and Fe. Nitrate profiles measured on porewater extracted by centrifugation
showed no obvious trends with depth but rather a constant elevated level of 35 – 161 µM as compared to
the microprofiles.
Porewater DIC from station MS2 to MS5 increased from 2172 µM (SD ± 5.0, n=5) in the bottom water to
a broad maximum concentration of 2534-2975 µM, 2-3 cm below the surface. Below the maximum the
concentration gradually declined with the sediment depth.
Porewater profiles of Fe showed relative large variations between the different stations and no clear trend
with depth. MS2 and MS4 had maximum Fe concentrations of 5.4 and 3.0 µM whereas MS3 and MS5
had maximum concentrations 30 and 25 µM. Both MS2,3 and 5 showed a relative broad peak in Fe
concentration 3 to 9 cm below the sediment surface, at MS4 no broad peak was observed. For all stations
the concentration decreased to less than 1µM at 9-11 cm depth (data not shown).
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Sulfate reduction rates. Depth-integrated sulfate reduction rates (0-15 cm) varied between 0.03 mmol m2

d-1 and 0.92 mmol m2 d-1. Rates were lowest on the sandy top of the bank, MS1 and highest on MS3.

Rates from the other cohesive stations were lower but comparable to those of MS3 (Table 3).
The peak activity was found at depths ranging between 6 and 10 cm (7.9-8.2 nmol cm-3 d-1). Sulfate
reduction rates declined gradually below peak activity, but at all stations activity still occurred at the
deepest measuring point (15 cm). Linear extrapolation of the sulfate reduction rate depth profiles
suggested that sulfate reduction was active down to ~21.0 cm (excluding MS1), (Fig. 6).
The sulfate reduction rates from sediment deeper than 15 cm estimated from the extrapolation, varied
from 0.09 to 0.16 mmol m2 d-1 equivalent to ~14% of the total depth integrated sulfate reduction rate
(Table 3). These values should be regarded as minimum estimates (see Discussion).

Fishing vessel tracking. VMS data from the last 6 years showed that the Jones Bank area experiences
higher trawling intensity than any adjacent areas. The mean intensity throughout all months of the last 6
years indicate that on average sediment around Jones bank is disturbed by trawling gear for 72 h pr.
month. Assuming that all trawling activity is carried out at a constant speed of 9.3 km hr-1 with a of the
trawling gear of 24 m, 32 km2 sediment would be affected by trawling a month grid cell-1 (1290km2).
This translates that on average 30% of the sediment surface is affected by trawling every year. Taking
into account the quality of the VMS data this must be seen as a low estimate (i.e. low spatial resolution
and the problems in determining “trawling” from the discrete measurements of vessel speed) and the fact
that not all fishing vessels are monitored. Although there are some obvious limitations in the VMS data; it
is evident that Jones bank sediment is heavily affected by trawling gear. Anecdotally this was confirmed
by high abundance of fishing vessels around the study area during the cruise.
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Discussion

Sandy station on top of bank (MS1). The sediment at the top of the Bank (MS1) clearly differed from
that of the other stations. The sandy sediment was permeable and in situ conditions must have been
affected by advective porewater flow. The porewater advection compromises any interpretation of data
derived by onboard procedures as it was impossible to maintain advection under any realistic regime.
This is not only a shortcoming of the present study, but a general problem investigating permeable
sediments (Huettel & Webster 2001, Cook et al. 2007). The problem is especially explicit for porewater
profiles while process rate measurements might be less affected. However, as the OPD presumably is
markedly reduced during the incubations as compared to in situ conditions the relative contribution of
anaerobic mineralization is most likely overestimated (Cook et al. 2007). For the cohesive sediments at
the remaining stations the laboratory-based measurements should better reflect in situ conditions.

Benthic O2 uptake and nutrient fluxes. Total O2 uptake rates measured on stations MS2, MS3, MS4
and MS5 were similar but in the lower range of comparable shelf areas; Southern North Sea 5.3-27.8
mmol m-2 d-1 (Upton et al. 1993), Irish Sea 2.29-20 mmol m-2 d-1 (Van Raaphorst et al. 1992, Trimmer et
al. 1999, Trimmer et al. 2003).
Sediment CRQ-values ranged between 1.2 and 1.5 (Table 2). These are typical for coastal sediments
values but might likely be slightly higher than the annual average due to intensified anaerobic activity and
accumulating O2 debt (i.e. Fe(II), Mn(II/III), H2S ) in the sediment during the summer (Therkildsen &
Lomstein 1993)
CRQ-values are also likely to be affected by CaCO3 dissolution; which wasn’t quantified during this
study, but a reasonable estimate for the contribution of CaCO3 dissolution to the DIC release for this area
is ~10% (Stahl et al. 2004, Anderson et al. 1986, Green & Aller 1998). Indeed, mollusk shells were
observed throughout the recovered sediment cores. Correcting for a 10 % CaCO3 dissolution of the DIC
flux results in CRQ-values of 1.08 to 1.38. These values will be used for all further calculations.
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Porewater profiles of NO3-. Porewater profiles of NO3- measured with microelectrodes were very
different from the porewater profiles measured on porewater extracted by centrifuging. Integrating the
concentration in top to 5 cm of the sediment, the traditional method, yielded concentrations up to 45 times
higher than what was measured by the microelectrodes (Fig. 7).
The results suggest that NO3- is released during porewater extraction potentially from the enclosed
meiofauna. In recent years it has been shown that foraminifera can accumulate large internal pools of
NO3- (Risgaard-Petersen et al. 2006, Høgslund et al. 2008, Glud et al. 2009). Several species known to
accumulate NO3- internally (Piña-Ochoa et al. 2010) were found in the sediment from Jones Bank
(Ammonia beccarii, Bolivina subspinescens, Bullimina aculeate, Bullimina marginata, Cassidulina
laevigata, Nonionella turgida , Stainforthia fusiformis),(Owen et al. 2012) accounting for 33% of the
species found on Jones Bank.
The pools of nitrate are used as energy storage and respired when the foraminifera move down into the
anoxic sediment. Previous studies have shown that the internal pools of NO3- can make up 80% of the
total sediment nitrate pool (Risgaard-Petersen et al. 2006, Glud et al. 2009, Prokopenko et al. 2011). The
total benthic nitrate pool thereby consists of a large intercellular pool that is consumed at a very slow
rates and a smaller interstitial pool that is turned over much faster (Glud et al. 2009). Previous estimates
based on measured metabolic rates of foraminifera suggest a turnover time of the internal NO3- pool on
the order of 17-52 days (Glud et al. 2009). This is much slower that the turnover time calculated from the
NO3- microprofiles measured in this study, which suggest (~0.5 day), comparable to what was found by
Glud et al. 2009 (~0.2 days). The difference between the two measuring techniques suggest that the NO3released from foraminifera during porewater extraction equals more than 50 µM down to the measuring
depth of 5 cm. Assuming an average NO3- concentration of 101 pmol cell-1 for all species mentioned
above (values from individual; species from Piña-Ochoa et al. 2010), densities need to reach 495
individuals cm-3. The average densities of foraminifera in the surface sediment on Jones Bank was found
to be between 0 and 233 cm-3, with an average of 98.2 (SD ± 103, n = 10) (Owen et al. 2012). These
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densities can only account for 20% of the NO3- released during sediment centrifugation, even if it is
assumed that the entire internal NO3- pool for all foraminifera are leaked during the centrifugation. Either
this sediment holds other sources of nitrate or the average cell specific concentration is higher than
previously encountered. Piña-Ochoa et al. (2010) however, also noted the ability of species of the
Gromiida taxon, also belonging to the rhizaria, to accumulate and respire NO3- through denitrification.
Species of Gromiida from the North Sea and Skagerrak have on average been found to contain NO3pools of up to 35 nmol pr cell (SE ± 17, n=12). The internal NO3- pool from less than two individuals per
cm3 would lead to concentration higher than 50 µM and is enough to explain the discrepancy between the
concentration measured by the microprofiles and porewater extraction.
Simultaneous measurements of porewater NO3- concentration with both techniques have not previously
been presented, and the current study clearly demonstrates the potential of overestimating sediment NO3pools using traditionally porewater extraction methods. Existing estimates of denitrification rates for
various foraminifera range from 46 to 248 pmol pr cell d-1 (Risgaard-Petersen et al. 2006, Piña-Ochoa et
al. 2010). At these rates, the densities of NO3- respiring meiofauna found on Jones Bank would lead to
denitrification rates equivalent to 0.4 and 10.5 % of the measured IPT rates and are therefore only of
minor importance as compared to the microbial driven denitrification. This is consistent with other
studies comparing meiofauna and bacteria driven denitrification rates (Glud et al. 2009, Schumacher et al.
2007, Prokopenko et al. 2011)

Possible effects of trawling and sediment mixing. The sediments at Jones Bank are trawled intensively
but the VMS data are not detailed enough to verify any difference in trawling intensity among the
stations. The porewater data did not suggest any clear difference in trawling impact among the stations.
The 210Pb profiles actually suggest that all stations were heavily affected by trawling.
The impact of gear will be very local as passing otter doors will create furrows up to 20 cm deep
(Løkkeborg 2005), whereas the remaining trawling gear predominantly has an impact on the surface
sediments. Following a given disturbance the porewater profiles will gradually reestablis, but steady state
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mediated by diffusion will first be reached only after several weeks or months upon a heavy impact.
Sediments cores within a relatively confined area may therefore reflect transiently recovering sediment
profiles after independent trawling events.

Effect of hydrodynamic conditions on sediment biogeochemistry. Bank topography clearly affected
the hydrodynamic conditions and lead to different productivity regime in provinces around the bank. We
were, however, not able to resolve any significant differences in benthic diagensis among stations, with
the exception of MS1 on the bank top.
MS1 was very different in respect to sediment structure and we attribute this to differences in the near
bed hydrodynamics. Strong current velocities at the top of the bank (up to 54 cm s-1) must erode fine
silt/clay particles leaving a coarser and more permeable sediment behind, and as discussed, this must have
major consequences for the benthic biogeochemical processing . Unfortunately MS1 is the least sampled
station, making comparison between stations difficult. As the top bank makes up ~30% of the total bank
area, sediment biogeochemical processes on Jones Bank may to a relatively large extend be affected by
advective transport processes. Thus, one of the dominating and most representative sediment types for
Jones Nank has not been represented fully in this study. This is a challenge that would require very
unconventional sampling and measuring approaches (e.g. Janssen et al. 2005, Cook et al. 2006).

Relative importance of different electron acceptors on carbon mineralization. If the CaCO3- adjusted
DIC fluxes are used as a measure of the total carbon mineralization rate within the sediment, the relative
contribution of sulfate reduction can be estimated. Assuming a reaction stoichiometry of SO42- to organic
C of 1:2 (i.e. SO42- + 2CH2O + 2H+ → 2CO2 + H2S + 2H2O) carbon mineralization ascribed to sulfate
reduction is equivalent to 1.4-2.2 mmol C m-2 d-1 equal to 12-29 % of the total carbon mineralization.
Measurements by Jørgensen et al. 1990 from the North Sea, demonstrated that sulfate reduction can occur
to depths greater than 3.5 m and that on average 46% (± 22%) of the total sediment sulfate reduction,
occurred in the top 15 cm of the sediment surface, on the 6 stations investigated. This indicates that the
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estimated sulfate reduction rates from Jones Bank are likely to be significantly underestimated. It should
be noted that in general most sulfate reduction rates are assessed as in this study, and as a consequence
most rates from coastal regions appear to be underestimated.
Rates of denitrification found in this study are low and thus carbon mineralization due to denitrification is
negligible. Assuming a reaction stoichiometry of NO3- to organic C of 4:5 (i.e. 4NO3- + 5CH2O + 4H+ →
5CO2 + N2 + 2H2O) and ignoring the minute contribution from foraminifera, carbon mineralization due to
denitrification amounted to 0.03-0.15 mmol C m-2 d-1 equal to 0.4-1.5 % of the total carbon mineralization
for all stations (Table 4). Therefore 79 − 88 % of the carbon mineralization is not accounted for by sulfate
reduction and denitrification, and must be due to mineralization with O2, Fe(III) or Mn(III, IV) as
terminal electron acceptor. We did not directly quantify the Fe(III) or the Mn(III,IV) mineralization rates
at Jones Bank, but metal respiration can contribute significantly to organic carbon mineralization
(Canfield et al. 1993, Rysgaard et al. 1998). Data compilation indicates that Fe(II) can account for 1 up to
50% of the total carbon mineralization with an average of 17% while Mn(III,IV) generally contribute by
less than 10% (Thamdrup 2000). The broad maximum of porewater Fe observed in the current study
indicates a very active Fe-cycle that could be coupled to carbon mineralization. Importantly, the repeated
mixing of the sediment by trawling would give favorable conditions for Fe(III) reduction, as reduced
Fe(II) is continuously re-oxidized back to the oxide maintaining a high iron respiration (Canfield et al.
1993). Carbon mineralization with Mn(III,IV) would likewise be stimulated by repeated sediment mixing.
Even though the contribution of metal reduction to the total carbon mineralization is not quantified, it is
plausible that both Fe(III) and Mn(III,IV) reduction contributed significantly to the total benthic carbon
mineralization around Jones Bank
During the study period the average water column primary production in the region amounted to 27.0
mmol C m-2 d-1 (SD ± 4.8, n=10) (Davidson et al. 2012, this issue), corresponding to 29 to 49 % of the
sediment total carbon mineralization. This indicates relatively efficient pelagic-benthic coupling and that
benthic mineralization play an important role for nutrient regeneration in the region.
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Comparison between on and off bank stations. The 5 stations at Jones Bank expressed very similar
carbon degradation rates and pathways. It was expected that the topography of the bank and hence
different hydrodynamic regimes would be reflected in benthic mineralization rates, but this could not be
confirmed. Rather trawling disturbances seem to be a characteristic feature of the investigated sediments.
Variation from the trawl caused extensive local heterogeneity overshadowing potential inter stations
variation. Apart from the sediment on top of the bank, there is little evidence that bank topography has
impacts on benthic carbon mineralization.
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Fig.1. Bathymetry map of the study area with the position of the 5 sampling stations.
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Table 1. Position, water depth, bottom water (BW); temperature, O2 concentration, DIC (dissolved
inorganic carbon) and NO3- concentration, measured on the 5 sampling stations, during the cruise in July
2008. Values in brackets are standard deviation. O2 concentrations represent the mean for the water body
10 m above the sediment surface.

Stn. ID

Latitude
(N)

Longitude
(W)

Water depth
(m)

BW Temp
(°C)

MS1

49º 86.5’N

07º 94.9’W

72

10.7

MS2

49º 90.7’N

07º 87.4’W

108

10.5

MS3

49º 94.3’N

07º 81.9’W

119

10.6

MS4

49º 76.0’N

07º 67.6’W

123

10.6

MS5

50º 00.0’N

08º 15.0’W

118

10.5
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BW O2
(µmol L-1)
(% air sat.)
268 (±0.2, n=21)
96.3 (±0.08, n=21)
267 (±0.2, n=21)
96.0 (±0.05, n=21)
264 (±0.1, n=21)
94.7 (±0.04, n=21)
267 (±0.1, n=21)
96.3 (±0.04, n=21)
259 (±0.07, n=21)
93.0 (±0.02, n=21)

BW DIC
(µmol L-1)

BW NO3(µmol L-1)

2170 (±10, n=5)

6.1 (±1, n=2)

2174 (±5.1, n=5)

8.5 (±0.4, n=4)

2175 (±8.7, n=6)

7.9 (±0.3, n=2)

2165 (±18, n=6)

6.9 (±0.8, n=3)

2178 (± 11, n=4)

9.5 (±0.8, n=2)
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Fig. 2. Depth profiles of organic carbon, porosity and C/N ratio for MS2 (●) MS3(○) MS4(▼) and
MS5(Δ). Horizontal line represents the sediment surface.
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Fig. 3. Depth profiles of unsupported 210Pb from all stations, expressed as C0/Cz. C0 values are 39.6, 30.6,
31.4 and 240 Bq kg-1 for MS2, 3, 4 and 5 respectively.
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Table 2. Summary of O2 and NO3- microprofiles data. Mean ± standard deviation (in brackets) at each
station. OPD: Oxygen penetration depth. DOUDBL: Diffusive oxygen uptake calculated from the O2
gradient in the Diffusive Boundary layer. DOUMODL: Model depth integrated O2 uptake. Rvol max:
Maximum volume specific O2 uptake. NPD: NO3- penetration depth. NO3- flux: Modelled net NO3- flux
across the sediment surface, negative values represent uptake. N2 prod.: Modelled N2 production. ND.,
No data. O2 uptakes rates are shown as positive values.

————————————O2 profiles————————————
Stn. ID

OPD
(mm)

MS1

MS2

MS3

MS4

MS5

DOUDBL
-2

Rvol max

DOUMODL
-1

(mmol m d )

-2

-1

(mmol m d )

-3

———————NO3- profiles———————
NPD

-1

(nmol cm day )

(mm)

NO3- flux.
-2

N2 prod.
-1

(mmol m d )

(mmol m-2 d-1)

6.9

5.6

7.3

2518

7.9

0.04

0.10

(1.2, n=7)

(0.84, n=6)

(1.8, n=6)

(1185, n=6)

(1.7, n=5)

(0.02, n=5)

(0.02, n=5)

7.8

5.0

5.9

1993

8.2

-0.07

0.14

(1.0, n=7)

(1.5, n=6)

(1.8, n=6)

(1039, n=6)

(0.14, n=2)

(n=1)

(n=1)

6.1

8.1

7.6

2592

8.6

0.1

0.14

(0.31, n=5)

(1.9, n=5)

(1.4, n=5)

(1082, n=5)

(1.6, n=5)

(0.09, n=4)

(0.03, n=3)

7.7

7.9

6.4

1395

10.4

0.05

0.24

(0.70, n=8

(1.9, n=3)

(0.88, n=3)

(443, n=3)

(1.7, n=5)

(0.08, n=3)

(0.1, n=3)

ND.

ND.

ND.

8.3

6.2

6.6

1850

(1.2, n=8)

(1.6, n=4)

(0.62, n=4)

(998, n=4)
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Fig. 4A. O2 microprofiles from Jones Bank sediment, obtained from bank (MS3) and reference station
(MS5), respectively. Rates of DOU and depth integrated consumption O2 are shown. Dots represent
measured O2 concentration and the line fitted by model software profile. B. NO3- microprofiles from
Jones Bank sediment, obtained from bank (MS3) and off-bank station (MS4), respectively. Dots represent
measured NO3- concentration and the line fitted by model software “profile”. Consumption rates are
shown with bars. Horizontal line represents the sediment surface
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Table 3. Mean flux and process, rates ± standard deviation (in brackets) at each station. DOU (diffusive
oxygen uptake) and TOU (total oxygen uptake) rates are show as positive values. DIC: Dissolved
inorganic carbon. CRQ: Community respiration quotient. SRR: Sulfate reduction. Denitrification and
anammox data from MS2 represent data from 2 separate measurements as the station was sampled twice
during the cruise. Uptake rates are shown as positive values.

————Fluxes (mmol m-2 d-1) ————

——————————— Rate processes (mmol m-2 d-1) ————————

Stn. ID

Total N2 pro.

DOU

TOU

DIC

CRQ

SRR

Denitrification

% Anammox

MS2

5.8
(2.4, n=7)

7.3
(1.7, n=10)

10.7
(2.0, n=3)

1.47

0.93
(0.12, n=3)

0.18/(0.073)
0.155/(0.023)
n=6

20.2/9.4

0.228/0.080

MS3

8.3
(1.7, n=6)

7.5
(2.3, n=6)

8.9
(2.3, n=4)

1.20

1.1
(0.17, n=3)

N.D

N.D

N.D.

MS4

7.1
(2.8, n=8)

9.0
(3.0, n=7)

13.8
(4.1, n=4)

1.53

0.76
(0.05, n=3)

0.079
(0.044, n=6)

8.8

0.087

MS5

5.8
(1.3, n=7)

5.8
(1.0, n=6)

8.6
(1.8, n=4)

1.49

0.68
(0.89, n=3)

0.039
(0.046, n=6)

22.0

0.051
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Fig. 5. Porewater concentrations of DIC, from MS3 (bank) and MS5 (reference station). Error bars are
standard deviation, n=3. Horizontal line represents the sediment surface.
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Fig. 6. Depth profiles of volume specific SO2-4 reduction rates from MS3 (bank) and MS5 (reference
station). Error bars are standard deviation, n=3. Horizontal line represents the sediment surface. Solid
lines represent the line used for extrapolating the total depth integrated SO2-4 reduction rate (see text for
explanation). Horizontal line represents the sediment surface.
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extracted porewater, see text for explanation (■). Notice different x-scales, top scale for microsensor
measurements and bottom scale for porewater extraction. Horizontal line represents the sediment surface.
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Table 4. Carbon mineralization on Jones bank. Total carbon mineralization estimated from DIC fluxes.
Absolute and relative rates of total carbon mineralization through sulfate reduction and denitrification.
Unaccounted is carbon mineralization not accounted for by sulfate reduction or denitrification. Values in
brackets are % of the total carbon mineralization.

————— Carbon mineralization (mmol C m-2 d-1) —————
St ID

Total
mineralization

Sulfate
reduction

Denitrification

Unaccounted

9.6

1.9
(19 %)

0.15/0.084
(1.5/0.6 %)

7.6/7.7
(79/80 %)

2.2
(28 %)

N.D.

7.7
(72 %)

MS2
MS3

8.0

MS4

12.4

1.5
(12 %)

0.063
(0.5 %)

10.9
(88 %)

MS5

7.7

1.4
(17 %)

0.031
(0.4 %)

6.4
(82 %)
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A simple and inexpensive high resolution color ratiometric
planar optode imaging approach: application to oxygen
and pH sensing.
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Abstract
A simple, high resolution colormetric planar optode imaging approach is presented. The approach is simple
and inexpensive yet versatile, and can be used to study the two-dimensional distribution and dynamics of a
range of analytes. The imaging approach utilizes the inbuilt color filter of standard commercial digital single
lens reflex cameras to simultaneously record different colors (red, green, and blue) of luminophore emission
light using only one excitation light source. Using the ratio between the intensity of the different colors recorded in a single image analyte concentrations can be calculated. The robustness of the approach is documented
by obtaining high resolution data of O2 and pH distributions in marine sediments using easy synthesizable sensors. The sensors rely on the platinum(II)octaethylporphyrin (PtOEP) and lipophilic 8-Hydroxy-1,3,6-pyrenetrisulfonic acid trisodium (HPTS) salt derivate for O2 and pH measurements, respectively. The brightness of
both indicators is dramatically enhanced by making use of energy transfer from a donor molecule (Macrolex
yellow coumarin). Furthermore, the emission from the donor serves as an internal reference for the O2 sensor.
The approach relies on semitransparent sensors, facilitating visual inspection of the sediment behind the sensors during measurements. Software for data acquisition and calibration will be available from the authors,
whereas all hardware is available from a range of commercial sources. The total cost of the complete measuring
system is approximately $3000 US.

The introduction of planar optode measurements to
aquatic sciences has greatly improved our understanding of
solute dynamics in complex benthic systems. Planar optode
measurements offer a unique opportunity to resolve both spatial and temporal variations on a submillimeter scale for a
range of analytes. So far, the majority of planar optode studies
have been focused on O2 dynamics in marine sediments

including the investigation of microbial mats and biofilms
(Glud et al. 1998, 1999; Fenchel and Glud 2000); effects of bioturbating/irrigating fauna (Behrens et al. 2007; Volkenborn et
al. 2010; Pischedda et al. 2008); O2 dynamics in rhizospheres
(Jensen et al. 2005; Frederiksen and Glud 2006); and studies of
O2 distribution in permeable sediments (Precht et al. 2004;
Polerecky et al. 2005; Franke et al. 2006; Cook et al. 2007).
Recently, measurements in sea-ice have also provided promising results for resolving physical and biologically induced O2
dynamics (Rysgaard et al. 2008). Although studies on O2 dominate the planar optode literature, recent advances also allow
two-dimensional studies of pH (Hulth et al. 2002; Zhu et al.
2005; Stahl et al. 2006), pCO2 (Zhu et al. 2006; Schröder et al.
2007) and ammonia (Strömberg and Hulth 2005) in benthic
substrates. There is a broad interest in applying planar optodes
to benthic communities but the requirements of relatively
complicated measuring systems has limited the number of
users. This calls for simpler, more versatile, and user-friendly

*Corresponding author: E-mail: Morten.Larsen@sams.ac.uk;
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tration. The 2 intensity images are either recorded at 2 different excitation wavelengths (Hulth et al. 2002; De Nooijer et al.
2009; Strömberg et al. 2009) or at 2 different emission wavelengths (Song et al. 1997). The ratiometric approach is relatively robust to variations in luminophore concentration and
inhomogeneity in the excitation light field. So far the use of
ratiometric measurement for planar optode studies in marine
science, has only been used for pH and pCO2 measurements,
with both sensors making use of dual excitation and single
emission of the pH indicator HPTS (8-hydroxypyrene 1, 3, 6,
trisulfonic acid trisodium salt) (Hulth et al. 2002; Zhu et al.
2006). Compared with the relatively complicated and expensive systems required for lifetime planar optode imaging,
intensity and ratiometric measurements can be performed
with relatively simple systems. Zhu et al. (2005) and Zhu et al.
(2006) made use of a digital single-lens reflex (DSLR) camera
to record the green emission light from the luminophore in 8bit resolution. A similar approach was used by Hulth et al.
2002, but with the use of a monochrome 8-bit CCD camera.
Ratiometric measurement schemes for O2 have also been
reported and are generally referred to as the “shark fin”
approach, using the ratio of the luminescence images recorded
during excitation and after excitation to express the O2 concentration (Hartmann and Ziegler 1996). This measurement
scheme, however, relies on a gateable 8-bit CCD camera. By
using fast pulsed LEDs, two images are successively recorded
and the ratio between the two is used to express the O2 concentration. The first image is recorded during excitation and
records the rise of the luminophore emission. The second
image is recorded after excitation and therefore records the
integrated intensity signal during luminophore decay time.
A combination of the ratiometric and lifetime systems for
pH measurement has been presented and is referred to as the
time domain dual-lifetime referencing system (t-DLR) (Liebsch
et al. 2001). In the t-DLR system, the intensity of the indicator is referenced to the luminescent lifetime of a reference dye.
The t-DLR has been used for pH imaging in marine systems
(Schröder et al. 2005) and for planar optode studies of marine
sediments (Stahl et al. 2006).
Despite the great scientific insight that can be gained by
imaging O2, pH and pCO2 distribution, dynamics and turnover in marine, limnic, and terrestrial environments, the
number of research groups applying the technique has
remained limited. The main limitations have been the requirements of sophisticated, complex, and expensive camera and
triggering systems, specialized software, cumbersome data
treatment and lack of flexibility of the measuring systems—
systems that often are built around custom-made cameras and
setups (Holst and Grunwald 2001; Oguri et al. 2006; Kühl and
Polerecky 2008).
Here, we present a simple and inexpensive high resolution
color ratiometric planar optode imaging approach based on a
commercially available digital single lens reflex camera. Compared with other presented two-dimensional imaging

measuring setups such as the one presented in the current
manuscript.
The first planar optode systems introduced for aquatic
applications were based on pure intensity measurements
(Glud et al. 1996). This measurement system relies on luminescence intensity of an O2 quenchable luminophore, measured by a high grade CCD camera (Charged Coupled Device).
Pure intensity measurements have several weaknesses and
limitations as they are sensitive to variations in background
reflection, inhomogeneous distribution of luminophore
chemistry and excitation light. These weaknesses can, to some
extent, be minimized by carefully carrying out pixel-to-pixel
calibration of the optode before or after use, but the approach
requires that the sensors are covered by an optical insulation
to reduce light-scattering artifacts from the sediment (Glud et
al. 1996). Efficient insulation makes the sensor nontransparent, and therefore, it becomes cumbersome to determine the
relative position of the sediment water interface or relate
anomalies in O2 distribution to any sediment structure. Further, the silicone layer generally increases the response time of
the optode to more than 30 s. Response times of 10-30 s are
not problematic for most applications, but can be limiting in
studies of systems with fast inherent dynamics (i.e., phototropic communities and oscillating flows). Response times
without the silicone layer vary depending on the thickness of
the luminophore and the interrogation method, but response
times of 2-3 s are possible (Mayr et al. 2009).
Holst et al. (1998) introduced a modular luminescence lifetime-based imaging scheme to planar optode measurements,
relying on a relatively short-lived lifetime (µs range) of the
emission light from the luminophore. The approach is superior and overcomes the main limitations of the intensitybased systems, nontransparent sensors, unstable calibration
curves, and the requirements for homogeneous sensor foils
and excitation light (Holst and Grunwald 2001). However,
lifetimes of applicable O2 sensitive luminophores are normally
between 5-80 µs (Borisov and Klimant 2007) and thus require
relatively complex, and noncommercially available hardware
for both triggering, and the synchronization of the camera
and excitation light. The lifetime measurement scheme furthermore requires a fast gateable CCD camera with high light
sensitivity. Until now, the pure lifetime-based measuring
scheme has only been used for O2 planar optode imaging, as
indicators with a suitable lifetime for other analytes are limited. However, some indicators and complexes with a suitable
lifetime exist for temperature and ammonia sensing (Borisov
and Klimant 2008; Stich et al. 2008; Waich et al. 2009). Luminescence lifetimes for pH indicators are normally in the range
of ns (Ryder et al. 2002; Hille et al. 2008) and are thus too
short to be recorded with the lifetime-based imaging systems
described by Holst et al. (1998).
One alternative to the intensity or lifetime-based systems is
the ratiometric approach, where the intensity ratio between 2
emission images carries information on the analyte concenChapter 3
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approaches, we use the inbuilt color filter in the camera to
simultaneously record different colors of luminophore emission light in 12-bit resolution, using only one excitation light
source. The approach of applying single excitation and dual
emission is to our knowledge novel in two-dimensional planar
optode imaging. By using the ratio between the intensity of
the different colors, recorded by a single image, analyte concentrations can be calculated. The color ratiometric approach
presented here can be applied to all sensors that display a
dynamic color change as a function of analyte concentration.
Here we describe and demonstrate the performance of the
imaging approach by applying it to O2 and pH sensors. The
sensors are based on previously described and well-proven
indicators.

Fig. 1. (A) Graphic representation of physical color pixels on the image
sensor of the Canon 1000D camera. (B) Graphic representation of 4 color
pixels that are interpolated between the physical pixel and the intensity
of the neighboring pixels in the 8-bit JPEG image.

Materials and procedures
Camera and image formats
The camera applied is a relatively inexpensive standard,
digital single-lens reflex (Canon EOS 1000D). The only modification made to the off-the-shelf version was removal of the
NIR blocking filter. This modification increases the camera’s
sensitivity to red light and hence allows a better use of the
spectral sensitivity of the image sensor (Lebourgeois et al.
2008). The Canon 1000D camera has an optical resolution of
10.1 million effective pixels (3888 ¥ 2592) and a sensor size of
22.2 ¥ 14.8 mm. Like the majority of digital cameras the sensor makes use of the Bayer color filter to separate the incident
light into the three primary colors: red, green, and blue. As the
image sensor, without any filtering, is sensitive to all wavelengths in the visible spectrum, the light sensitive part of the
sensor is overlaid by a primary color filter made up of a matrix
of red, green, and blue squares (Fig. 1A). The Bayer color filters
have an overrepresentation of green, mimicking the human’s
eyes increased sensitivity to green; this explains the two green
pixels observed on Fig. 1A. Each pixel of the sensor can record
only one of the primary colors with a resolution of 12-bit
allowing 4095 quantization steps for each color. The camera is
capable of recording images in RAW and in JPEG format. The
RAW format contains the unprocessed pixel intensities
whereas the JPEG format uses a sophisticated interpolation
algorithm to calculate the missing two colors for each pixel on
the basis of human eye perception from the surrounding pixels (Fig. 1B), thereby generating and adding artificial pixels to
the true signal recorded by the image sensor. After this interpolation, the dynamic resolution of each color is reduced to
8-bit. This step therefore represents a ~16 times reduction in
quantization steps from the 12-bit unprocessed data of the
RAW image file. As the pixel intensities in JPEG file formats
have been generated by the interpolation process, they do not
represent the true recorded pixel intensity but a reconstructed
signal. Furthermore, generation of pixels artificially boosts the
spatial resolution from the true 11.4 ¥ 11.4 µm in RAW file format to 5.7 ¥ 5.7 µm. This should be acknowledged if JPEG file
format is used for detailed quantitative evaluation of analyte
Chapter 3

responses, and consequently, we recommend working with
the original RAW image files.
In the imaging approach presented here, only the RAW
image data with its full 12-bit resolution has been used. To
obtain the intensities of all primary colors for the same pixel,
their size has been virtually increased by combining four pixels to one. This approach reduces the number of sensor pixels
to 2.5 million pixels (1935 ¥ 1301) with an increased virtual
pixel size of 11.4 ¥ 11.4 µm, but maintains the full 12-bit
dynamic range for each color. Furthermore, this method gives
full flexibility for additive data processing algorithms.
The camera was equipped with a quality prime macro lens
(Sigma 50 mm F2.8 EX DG Macro). The maximum lens magnification of 1:1 resulted in a minimum field of view 22.2 ¥
14.8 mm with a maximum theoretical pixel resolution of 11.4
¥ 11.4 µm, when recorded in RAW format. A lens with high
aperture is inevitably necessary to prevent shading effects in
the image corners. Therefore, standard zoom lenses are not
suitable for this setup. The camera was connected to a PC and
controlled with custom-made software (Look@RGB). The software enabled control of the exposure time, lens aperture, and
focus. The software also features a live view function and 10 ¥
zoom function that allowed precise focusing. RAW images
recorded were automatically converted into 4, 12-bit TIFF
images by the software, each corresponding to 1 of 4 colors in
the Bayer matrix (Red, Green1, Green2, and Blue). The 12-bit
TIFF images were used for all further image calculations. All
images were recorded at ISO speed 100 equivalent.
Excitation light and filter settings
For excitation of the O2 sensitive luminophores, we applied
4 high power blue LEDs (l-peak = 445 nm, LXHL-LR3C, Luxeon, F = 340 mW at IF = 700 mA) in combination with a 470
nm short pass filter (Blue dichroic color filter, Uqgoptics.com).
For excitation of the pH sensitive luminophores, we used 4
high power UV LEDs (l-peak = 405 nm, LZ1-10UA05, LedEngin, F = 460 mW at IF = 700 mA) used in combination with a
350
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405 nm band pass filter (NT43-156, Edmundoptics.com). LEDs
were powered by a 700 mA LED driver (Philips, Xitanium outdoor, 930958 30). Emissions filters in front of the camera were
Schott 530 nm and 455 nm long pass filters (Uqgoptics.com)
for O2 and pH, respectively. The on/off operation of the LED’s
was controlled by the camera control software by a simple custom-made USB controlled LED power supply (Fig. 2).
Preparation of O2 and pH sensitive planar optodes
The O2 sensitive optode sensor is based on the commonly
used O2 sensitive luminophore the platinum(II)octaethylporphyrin (PtOEP) (Lee and Okura 1997; Oguri et al. 2006; Kühl
and Polerecky 2008). It has, however, recently been shown
that the brightness of the platinum(II) complexes can be dramatically increased by combining the indicator with an
antenna dye that acts as an energy donor for the indicator.
The antenna dye effectively collects the excitation lightenergy and transfers the energy to the indicator—a principle
referred to as light harvesting (Mayr et al. 2009). Here we use
the coumarin dye Macrolex® fluorescence yellow 10GN (MY)
as the antenna dye. Both the antenna dye and the indicator
show excellent absorption spectra for excitation with commercially available high power blue LEDs. By altering the ratio
between the antenna and the indicator, the effectiveness of
the energy transfer can be tuned, so that a part of the excitation energy collected by the antenna is emitted from the
antenna dye itself and not transferred to the indicator (Mayr
et al. 2009). As the emission intensity and energy transfer of
MY are unaffected by the O2 concentration, the emission
intensity of MY is constant, allowing the signal to be used as
an internal reference. The emission from PtOEP, on the other
hand, is quenched in the presence of O2, and emission intensity is therefore regulated by the O2 concentration.
The emission light from the antenna dye is dominated by
green luminescence with a peak wavelength of 480 nm,
whereas the indicator emission is dominated by red luminescence with a peak wavelength of 650 nm (Fig. 3A). The relatively large difference in the wavelengths of emission peaks
ensures minimal optical crosstalk. By simultaneously recording the intensity originating from both dyes, ratiometric measurements become possible using the emission of MY as an
internal reference. As the peak emission wavelength from MY
is found at 480 nm in the polystyrene matrix, a 530 nm longpass filter will, to some extent, attenuate the luminescence signal. However, as the emission spectra from MY is relatively
broad, a large amount of the emission light is still recorded in
the 2 green images.
A good ratio of antenna to indicator dye in this study was
found to be 1%/1% (wt/wt) in a 4% polystyrene matrix.
Antenna dye, indicator dye, and the polystyrene were dissolved in chloroform to form a cocktail. The cocktail was
coated onto a 125 µm thick, dust-free polyester support foil
(goodfellow.com) to form the O2 sensitive optode. The final
thickness of the coating was < 2 µm after evaporation of the
solvent. We found that the ratiometric measuring scheme was
Chapter 3

Fig. 2. Illustration of the experimental setup used for O2 and pH measurements (not to scale). Exf.: Excitation filter, 470 mn shortpass and 405
nm bandpass filter, for O2 and pH, respectively. Emf.: Emission filter; 530
nm and 455 nm longpass for O2 and pH, respectively.

Fig. 3. (A) Emission spectra the O2 sensitive optode under excitation at
445 nm. (B) Emission spectra of the pH sensitive optode under excitation
at 405 nm.
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from Frontier Scientific (frontiersci.com) and Macrolex yellow
coumarin from Simon and Werner GmbH (simon-undwerner.de). The lipophilic HPTS can be synthesized according
to the literature procedures (Mohr et al. 1995; Borisov et al.
2009).
Imaging procedures
The procedure for obtaining O2 and pH data are identical,
apart from the use of different filter settings and excitation
wavelengths (Fig. 2). Images were recorded by the camera
immediately after the LEDs were turned on. An image exposure time of 0.5-1.5 s generally resulted in optimal image quality. The 4 RAW TIFF images were automatically transferred and
saved onto the computer and used for further calculations.
Processing of the recorded images was preformed with the free
software ImageJ (http://rsbweb.nih.gov/ij/) and a customdesigned software that can be supplied by the authors.
Calibration and performance of O2 and pH sensors
The optodes were adhered to the inside of a small transparent acrylic aquarium (H ¥ L ¥ W: 20 ¥ 15 ¥ 8 cm) using a water
film, this was done without capturing any air bubbles. Subsequently the foil was then fixed with small pieces of tape
(Scotch super 33+). The camera was positioned perpendicular
to the aquarium, and the LEDs were orientated at a 45° angel
relative to the optode (Fig. 2). The aquarium was filled with
35‰ seawater and thermoregulated to a constant temperature
of 17°C (± 0.5). The O2 concentration in the aquarium was
controlled with 2 mass flow controllers (5850S, Brooks Instruments) controlled by a digital control/readout unit (0154,
Brooks Instruments). The O2 concentration in the water phase
was checked in parallel by a calibrated O2 micro-optode
(Microx TX3, PreSens GmbH).
The pH optode calibration setup was similar to the one
used for the O2 optode, but the 35‰ artificial seawater contained 10 mM TRIS-HCL buffer. A temperature-compensated
pH macro-electrode (PHM205, radiometer.dk) was used to
continuously monitor the pH level of the aquarium. The pH
macro-electrode had an accuracy of ± 0.02 pH units after calibration with standard buffers (pH 4, 7, and 10, NIST). The pH
of the tank was adjusted by adding either 1 M HCl or 1 M
NaOH to the aquarium.
Average values for 25 cm2 of each sensor were used for
assessing the sensor performance, but the optical setup differed between the two setups and equaled 1440000 and
980100 pixels for the O2 and pH optode, respectively. All
images were recorded in the darkness.
Sediment images
For sediment measurements, the sensors were transferred to
an acrylic aquarium (H ¥ L ¥ W: 15 ¥ 14 ¥ 8 cm) that was subsequently filled with muddy/sandy sediment collected in the
Dunstaffnage Bay, Oban, Scotland. The sediment was sampled
with a custom-made sediment sampler that enabled a virtually
intact sediment structure to be transferred into the aquarium.
The setup was allowed to settle for 2-3 d before the presented
images were recorded. During this period, the setup was kept

sensitive to wavelength dependent scattering and reflection
from any background behind the transparent sensor. However, a thin translucent silicon layer imbedded with carbon
powder solved the problem. Thus, the O2 sensitive film was
coated with a 4:1 (w/w) hexane/silicone mix doped with 1%
(wt/wt) carbon powder. The dry silicone layer was ~15 µm
thick and semitransparent with a light transmission of ~20%.
This ensured that any structures behind the sensor were still
visible during O2 measurements, without affecting the ratiometric approach.
The pH sensor relies on a lipophilic 8-hydroxy-1,3,6-pyrenetrisulfonic acid derivate (HPTS). HPTS is a well-known, very
hydrophilic, and water-soluble pH indicator (Hulth et al.
2002; Zhu et al. 2005), but chemical modification renders the
indicator lipophilic and water-insoluble (Mohr et al. 1995;
Borisov et al. 2009). Analogous to the O2 sensor, the brightness
of the pH sensor can be markedly enhanced by using energy
transfer from a donor, in this case the coumarin dye Macrolex
Fluorescence Yellow. Under basic conditions, the energy collected by the donor is transferred to the indicator dye and
emission from the indicator dominates (Fig. 3B). Under acidic
conditions, there is no overlap between the emission spectrum of the donor (maximum, 505 nm) and the absorption
spectrum (maximum, 420 nm) of the acceptor, and consequently, there is no energy transfer and the fluorescence from
the MY dominates. The luminescence emitted by the
lipophilic HPTS in the basic form is dominated by green light
peaking at 555 nm and the coumarin dye emits blue light with
a peak wavelength at 505 nm, in the D4 hydrogel matrix (Fig.
3B). It can be observed how MY emission from the pH sensor
is shifted more into the green region relative to the MY emission from the O2 sensor. This shift can be explained by the different chemical properties of the D4 hydrogel and polystyrene
matrix, respectively.
The dynamic luminescence emission response from both
dyes makes the sensor suitable for ratiometric sensing. It
should be noted that the MY in itself is not a pH sensitive dye.
Emission intensity from MY is only controlled by energy
transfer to the lipophilic HPTS pH indicator.
For the pH sensitive optode a sensor cocktail was prepared
by adding 1.5% (wt/wt) Macrolex yellow and 1.5% lipophilic
HPTS to a 10% (wt/wt) polyurethane hydrogel (Hydromed D4)
in a 9:1 (vol/vol) ethanol/water mixture. The cocktail was
coated onto a 125 µm thick dust-free polyester support foil to
form the pH sensitive optode, the thickness of the dry coating
was ~20 µm. As for the O2 optode, a translucent ~10 µm thick
carbon powder containing a hydrogel layer was coated on top
of the cured sensor. The layer had a light transmission of ~
20%. We did not find any difference in response of sensors
with and without the carbon coating. To ensure an optimal
signal quality, it is advantageous to prepare the sensing layer
as homogenous as possible and to ensure that the sensing
cocktail is well mixed before it is coated on to the support foil.
Platinum(II)octaethylporphyrin is commercially available
Chapter 3
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at a constant temperature of 17°C and exposed to a 12/12 h
light/dark cycle. The sediment had an average porosity of 0.88
for the top 5 cm, which was estimated from the measured density and the water content calculated from weight loss after
drying. The sediment hosted a number of juvenile Hediste
diversicolor polychaetes. When imaging during the “lightperiod,” the ambient light was turned off immediately before
image recording to eliminate any potential interference with
the luminescent signals.

Assessment
Sensor calibration
For calibration of the O2 sensor, we used the pixel intensity
ratio between the average intensity of the 2 green images and
the intensity of the corresponding red image simultaneously
recorded by the camera (Eq. 1). The green images are dominated by luminescence from Macrolex yellow coumarin and
the red image is dominated by the luminescence emission
from the PtOEP. As mentioned, the Macrolex yellow is not
quenched by O2 and luminescence intensity is unaffected by
the O2 concentration. The green signal serves as an internal
reference (Fig. 4A).
R=

Red − Green
Green

(1)

where R is the pixel intensity ratio, Red the intensity of the red
pixels, and Green the average pixel intensity of the 2 green
images recorded by the image sensor (Fig. 1)
A typical calibration curve for the O2 planar optode is
shown in Fig. 4B. The optode’s response is nonlinear with
maximum sensitivity at low O2 concentrations. The ratio
decreases more than 75% when the O2 concentration
increases from 0 to 50% air saturation, but the sensor still
retains a sufficiently large reduction in ratio from 50% to
100% air saturation to make the sensor fully useful over the
entire calibration range.
As for most other O2 optode sensors a modified SternVolmer equation adequately described the response of our
setup (Klimant et al. 1995):
⎛
⎞⎤
1
R ⎡
= ⎢a + (1 − a ) ⎜
⎟⎥
R0 ⎣
⎝ 1 + K SV ⋅ C ⎠⎦

Fig. 4. (A) Pixel intensity of the Red (䊏) and Green (䊉) image at different O2 concentrations. Points are mean pixel values ±SE, for an area of 25
cm2 of the optode (n = 1440000 pixels). (B) Calibration curve for the O2
optode in 35‰ artificial seawater at 17°C. Points are mean pixel values
±SE for an area of 25 cm2 of the optode (n = 1440000 pixels). In both
panels, error bars are smaller than the symbol size.

(2)

where a is the nonquenchable fraction of the luminescence
signal, Ksv the Stern-Volmer quenching constant, R the (redgreen)/green luminescent intensity ratio, R0 is the ratio in the
absence of O2, and C the O2 concentration. The average KSV
and a values of the described sensor in the applied configuration were determined to 1.51 ¥ 10–2 µmol L–1 ± 0.4 ¥ 10–3 and
7.6 ¥ 10–2 ± 0.8 ¥ 10–2, respectively. Because temperature has a
pronounced effect on the behavior of any O2 sensor (Borisov
et al. 2006), it is important to perform sensor calibration at the
application temperature— or to subsequently account for any
temperature effects on the calibration constants. Subsequent
calibrations were performed using Eq. 3.
Chapter 3

C=

R0 − R
K SV ⋅ ( R − R0 ⋅ a )

(3)

The ratio signal was uniform across the optode, with a maximum SE of ± 0.0021 (n = 1440000 pixels) for a sensor area of
25 cm2 at 100% air saturation. This high degree of uniformity
was found for all calibrated sensors. The uniformity allows sensor calibration using an average area approach in contrast to
pixel to pixel calibration. O2 images were thus calibrated using
2-point area averages for an area with 0% air saturation (anoxic
sediment) and an area of 100% air saturation (water phase).
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The ratio between the blue and the red image show a typical sigmoid relationship for pH calibration curves (Hulth et al.
2002; Zhu et al. 2005; Stahl et al. 2006) (Fig. 6B). The pKa value
of 7.47 is slightly higher than those reported for other HPTSbased sensors (Zhu et al. 2005; Hulth et al. 2002) but lower
than pH sensors based on the carboxyfluorescein derivative,

The response time of the O2 optode was tested in a custommade flow cell. The flow cell consisted of a 5 mL half-cylinder
with a flat glass front plate. A 1 ¥ 3 cm large piece of the optode
was attached to the inside of the flat front plate. The flow cell
was connected to N2 and compressed air gas cylinders through
a manually controlled 3-way valve. Using a Clark type O2 electrode (Revsbech 1989), it was found that the O2 concentration
in the flow cell could be changed from 0 to 100% air saturation
in less than 0.5 s. The t90 response time (time to reach 90% of
the full signal) for the O2 sensors were generally around ~ 20 s
(Fig. 5). In comparison, the response time for the optode without the silicone layer was around a 2-3 s.
For calibration of the pH optode, we used the blue and red
RAW images recorded by the camera. The blue image is dominated by luminescence from the Macrolex yellow and the red
image by luminescence from the lipophilic HPTS pH indicator.
As the peak luminescence wavelength of lipophilic HPTS is
555 nm, the majority of the emission is recorded in the 2
green images, however, as there is considerable crosstalk in the
green image, we applied the red image as a measure for
lipophilic HPTS luminescence intensity. As the pH increased
from 5 to 10, the luminescence intensity from Macrolex yellow decreased, whereas the luminescence intensity from
lipophilic HPTS increased, due to increased energy transfer
from Macrolex yellow to lipophilic HPTS (Fig. 6A).

Fig. 6. (A) Pixel intensity of the Red (䊏) and Blue (䉱) image at different
pH values. Values are mean pixel values ±SE, for an area of 25 cm2 of the
optode (n = 980100 pixels). (B) Calibration curve for the pH optode in
35‰ artificial seawater buffered with 10 mM TRIS-HCl at 17°C. Values are
mean pixel values ±SE, for an area of 25 cm2 of the optode (n = 980100
pixels). In both panels, error bars were smaller than the symbol size.

Fig. 5. Continuous measurements of the O2 saturation in a flow cell
equipped with a planar optode as the O2 saturation is rapidly changed
within 0.5 s between 0 and 100% air saturation. Broken lines indicate
90% of the full sensor response.
Chapter 3
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2′,7′-dihexyl- 5(6)-N-octadecyl-carboxamidofluorescein ethyl
ester (DHFAE) (Schröder et al. 2005; Stahl et al. 2006).
In 35‰ artificial seawater with 10 mM TRIS-HCl, the sensors show a reasonable constant sensitivity in the interval
from pH 6 to 9. At pH values outside this range the sensitivity
tailed off (Fig. 6B). The pseudo linear range of the sensor (~3
pH units) is comparable with other pH optodes as presented
by Zhu et al. 2005 (pH 5.5-8.6) and Stahl et al. 2006 (7.2 – 9.8)
but larger than Hulth et al. 2002 (pH 5.4-7.4)
The calibration curve can be described using 4 fitting
parameters of a sigmoidal curve:
a
R = R0 +
(4)
⎡ pH − pKa ⎤
−
⎥⎦
1+ e ⎢⎣
b
where R is the blue/red image intensity ratio and a, b are fitting constants, a expressing the Hill slope and b expressing the
asymptote to the calibration curve at increasing pH, respectively. By rearranging Eq. 5, pH is expressed as:
⎡ a
⎤
pH = pKa − b ⋅ ln ⎢
−1
⎣ R − R0 ⎥⎦

(5)

The sensor ratio was uniform across an area of the optode
of 25 cm2. The SE was found to decrease from 2.3 ¥ 10–3 to 7.4
¥ 10–4 as pH increased from 5.22 to 10.09, respectively (n =
980100). As for the O2 sensors, the uniform pixel ratio of the
sensor makes it possible to use an area average calibration for
the entire optode. For future, in situ calibration values of pKa,
R0, a, and b have to be determined before deployment. Due to
the ion permeable hydrogel matrix, the pH sensor is affected
by salinity (ionic strength) as with other described pH sensors
(Zhu et al. 2005; Stahl et al. 2006). This should be taken into
account when calibrating the sensor.
Response time of the pH sensor was found to be approximately 60 s, when the pH was increased from pH 6.5 to 8.9.
Photostability of the pH sensor was investigated by continuous exposure of the sensor to UV light for 1 h, equivalent to
the excitation light the sensor would receive during approximately 7200 images recordings. During this period the
blue/red ratio did not change more than 9.9 ¥ 10–4 pH units at
pH 7.9. Potential leaching of the MY and lipophilic HPTS from
the hydrogel matrix was investigated by continuously monitoring the blue /red ratio in a TRIS-HCl buffer for 24 h. During
the investigation period the ratio did not change more than
6.4 ¥ 10–4 pH units at pH 7.9.
O2 sediment images
A series of 16 planar optode images were recorded with a 20
min interval between each image, two images from the series
are presented in Fig. 7 and reflect the dynamics of faunainduced irrigation. Vertical and horizontal O2 profiles
extracted from Fig. 7A and 7B show how irrigation caused elevated O2 concentrations well below the primary sediment
water interface (Fig. 8). Figure 9 shows the O2 concentration
extracted from a 3.5 mm wide horizontal profile across the
small irrigated burrow structure from 7 images during the time
Chapter 3

Fig. 7. (A, B) Example of O2 planar optode images recorded with the
presented imaging approach. The images are a part of 16 images
recorded in a series, with a 20 min interval. Image 7B is recorded 3 h after
image 7A. Two large burrow structures of the polychaete Hediste diversicolor can be observed on the images. A smaller burrow can be observed
between the 2 larger burrows. The dotted white lines represent extracted
profiles shown in Fig. 8.
series, it can be observed how the O2 concentration oscillates
between < 5 and 110 µmol L–1 during the time of recording.
During the image series, no drift was observed in the signal.
The average O2 concentration in the water phase was 239 ±
2.18 µmol L–1 and 0.067 ± 0.0060 µmol L–1 in the anoxic part
of the sediment. This confirms that an area average calibration
procedure is adequate for obtaining high quality images. Horizontally extracted profiles of the red, green, and ratio pixel
intensity from Fig. 7A demonstrate how the ratiometric imaging approach overcomes an uneven excitation light field
(Fig. 10).
pH sediment images
Figure 11 reflects the microscale distribution of pH in the
sediment; typically with a minimum pH of 7.0 at ~ 3 mm
below the sediment surface and a maximum pH of 7.7 in irrigated burrows.
The transparency of both optodes exposed to ambient light
is sufficient to allow visual inspection of the sediment structure behind the optodes. This makes it possible to visually link
sediment features to variations and anomalies in O2 or pH distribution (Fig. 12). Conditions for visual inspection can be further improved without exciting the luminophores by using
355
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Fig. 8. (A, B) Extracted horizontal O2 profiles from image A and B on Fig. 7, 1 cm below the sediment surface as indicated by the line on Fig. 7A. It can
be observed how the sediment O2 concentration increases around the irrigated burrows in the otherwise anoxic sediment. A small burrow can be observed
between the 2 larger ones, the temporal O2 dynamic is depicted in Fig. 9. (C) Vertical profile extracted from Fig. 7A, demonstrates how irrigation of Hediste
diversicolor elevates the O2 concentration below the sediment water interface. The horizontal line at (Y = 0) represents the sediment surface.
red light for illumination. It is easy to fabricate sensors that
provide image quality, as shown above and at the same time
achieve the transparency of the images presented in Fig. 12.
Image noise and resolution
By averaging images, the inherent image noise can be significantly reduced. However, averaging also reduces the temporal resolution by ~2-3 s per image included in the averaging
procedure, due to the image acquisition time and data conversion. Pixel binning of 2 ¥ 2 pixels further improves signal
to noise ratio. Applying 2 ¥ 2 pixel binning on a single image
decreases the noise level to values that are similar to 12 image
averaging. However, pixel binning reduced the spatial resolution proportionally and the intensity of the “new pixels” is
calculated from the average of the merged pixels. This procedure does not incorporate any smoothing, interpolation, or
generation of new data. For this study, a 6 image average and
a 2 ¥ 2 pixel binning was found to be the optimal trade-off
between noise reduction, temporal, and spatial resolution.
Tests of the spatial resolution preformed with the planar
optode setup using a resolution test target (USAF 1951 resolution target), revealed that the maximum spatial resolution
that could be achieved was ~22 ¥ 22 µm, thus, less than the

Fig. 9. A smaller section of the profile extracted from the horizontal O2
profile in Fig. 8A, showing 6 profiles from a 16 image time series,
recorded with a 20 min time interval. The profiles illustrate the temporal
O2 variation around the burrow structure of a small polychaete burrow.
Profiles shown are recorded 0, 100, 140, 160, 200, and 240 min into the
image series, where the first image is recorded at 0 min.
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Fig. 10. (A, B). Horizontally extracted profiles of pixel intensities from the red and green image. (C) The corresponding ratio of the red and green pixels intensities. The ratiometric approach eliminates the uneven excitation light field that causes the horizontal variations in pixel intensity that can be
observed on the red and green profiles of pixel intensities.

Fig. 11. pH images and extracted profiles. (A) A pH image in sediment relatively unaffected by animal behavior, although the outline of a burrow can
be observed on the right of the image. The dotted line represents extracted profiles. (B1, B2) Extracted profiles from image 11A. The horizontal line (Y
= 0) represents the position of the sediment surface. (C) A pH image showing the elevated values around a 2 day old burrow of the polychaete Hediste
diversicolor. The dotted line represents the extracted profile shown in panel D. Fig. 11A and 11C do not show the same portion of the aquarium.
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ratiometric imaging approach. The approach can be adapted
to all sensors that display a dynamic color change as a function of analyte concentration. Planar optode sensors for pCO2
imaging based on HPTS can be used with the presented setup,
and this work is in progress. Sensors for other analytes are also
possible, e.g., temperature sensors based on europium(III)
luminophores (Borisov and Klimant 2008; Peng et al. 2010) or
ammonium optode sensors based on nonactin and merocyanine 540 (Strömberg and Hulth, 2005). Furthermore, the measurement scheme can potentially also be used to interrogate
true colormetric sensors based on nonluminescent dyes.
Lifetime-based optode imaging is less prone to inhomogeneous luminophore distribution and excitation, photo bleaching and scattering from the background and does have superior sensor transparency. But in our experience, the image
quality of the new RGB-color ratiometric imaging approach
compares with what can be achieved with the much more
expensive lifetime-based camera setup. Further, the new system offers excellent versatility for two-dimensional imaging of
a range of different analytes, in a simpler and more affordable
way than with the lifetime-based system. The RGB system also
offers excellent possibilities for tuning the sensors dynamic
range, by simply mixing different indicators (for the same analyte) with similar emission spectras. Preliminary work has
shown that this principle can be adapted to O2 and pH
optodes, and combined sensors can, for instance, be used for
pH sensitive optodes that operate over the range from pH
5–10 by combining two pH indicators or O2 sensors that can
cover the range from 0–480% air saturation by combining two
O2 indicators. Combined sensing of temperature and pCO2, by
means of a color camera have previously been presented (Stich
et al. 2009).
All together, we find that the presented imaging approach
is simple and robust and foresee that it will help make the planar optode technology more accessible. Most of the described
hardware and software is either freely available or is commercially available from many sources. Special software for image
acquisition and image calibration along with general system
blue-prints and a “shopping list” can be obtained from the
authors. More information on how to obtain soft- and hardware can be found at http://imaging.fish-n-chips.de. The total
estimated cost for an intact planar optode system is approximately 3000 US$. The system can relatively simply be incorporated into inverted periscopes (Rhoads and Cande 1971) or
for direct in situ analyte imaging at the sea (Glud et al. 2001;
Wenzhöfer and Glud 2004).

Fig. 12. Transparency of the O2 and pH optodes when deployed in sediments. (A) The transparency of the O2 (B) Transparency of the pH
optodes. The arrows on the images indicate cracks in the sediment.
theoretical maximum resolution of the camera image sensor
(11.4 ¥ 11.4 µm). The main source of image distortion was
found to be associated with the acrylic walls and the sensor
foils. Thus, using a 2 ¥ 2 pixel binning will in reality not lead
to reduced spatial resolution. In this context, it should be
noted that what we used is a relatively inexpensive SLR, and it
is likely that image quality can be improved using higher
grade cameras with improved sensitivity.
Investigations by Franke (2005) and Fisher and Wenzhöfer
(2010) have documented that light guidance in sensor support
foils and aquaria walls can distort and smear analyte images.
This is not a problem specific to the current setup, but of planar optode approaches in general. The optic crosstalk from the
light traveling inside the support foil and aquarium wall can
be eliminated by casting the O2 sensitive foil onto a fiber optic
face plate (FOFP) that is inserted into the aquarium wall
(Fisher and Wenzhöfer 2010).
It should also be noted that as planar optode imaging is
always preformed along a wall, the hydrodynamic conditions
differ from those of the central flow channel and conclusions
on solute dynamics in the overlying water should always be
done with caution (Glud 2008).
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Abstract
Trace metal and O2 dynamics in sediment microniches of reactive organic material were
investigated using a novel sandwich sensor. The sensor is composed of O2 sensitive planar optode
overlain by an ultra thin DGT (diffusive gradient in thin films). The sandwich sensor allows for
simultaneously high resolution measurements of trace metals and O2. Trace metal dynamics was
investigated in 2 types of sediment microniches of reactive organic material. Both types of
microniches were mm sized and demonstrated distinct trace metal dynamics compared to the bulk
sediment. Trace metal mobilization at subsurface microniches (12-15 mm below the sediment
surface), demonstrated mobilization of all measured trace metals (Co, Cu, Fe, Mn, Ni, Pb and Zn).
The microniches are speculated to originate from relict macrofauna burrow structure or carcass.
High resolution measurements (< 100 µm) revealed localized removal of metals at the edge of the
microniche, suggesting that H2S and trace metals generated within the microniche, precipitates as
metal sulfides at the edge of the nice. O2 dynamics at the surface microniche (composed of natural
spirulina material), demonstrated a rapid (within ~9 h) consumption of O2 and developed a distinct
anoxic feature on the sediment surface. Trace metal mobilization was observed for Cu,Fe,Mn and
Pb whereas Co, Ni and Zn demonstrated uptake. It is speculated that the uptake of Co, Ni, Zn is
induced by microbial growth, driven by the addition of reactive organic material, causing a
localized demand for trace metals. This has to our knowledge not been directly observed previously.
The data provides new insight to trace metal dynamics and demonstrate simultaneously removal
and mobilization of trace metal, using novel DGT/optode sensors.
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Introduction

Trace metal dynamics in the sediments have traditionally been investigated by core slicing
(Benninger et al. 1979; Thamdrup et al. 1994). These studies have provided valuable contributions
to the overall understanding of bulk sediment trace metal dynamics. Inherent to the traditional
horizontal core slicing is the averaging of sediment process and the assumption that dynamics can
be modeled appropriately applying a 1-dimensional approach. Recent evidence suggests that this
approach overlooks the dynamics of trace metal interactions and transformations occurring at a
much smaller scale (Davison et al. 1997; Robertson et al. 2009; Pagès et al. 2011).
Localized existence of inorganic and organic material in surface sediments can lead to significant
small scale variation in trace metal and O2 dynamics (Motelica-Heino et al. 2003; Glud et al. 2009).
These localized micro environments are often referred to as microniches or hotspots and have to
date received significant interest in the literature (Emery and Rittenberg 1952; Jørgensen 1977;
Stockdale et al. 2009), with much work focusing on H2S producing microniches (Jørgensen 1977;
Widerlund and Davison 2007; Widerlund et al. 2012). It has been hypothesized that these
microniches are driven by localized parcels of organic material, and that microniches can have a
significance contribution to trace metal mobilization in marine sediments (Fones et al. 2004). The
organic material is delivered to the sediments as particles (e.g. marine snow) formed by a variety of
organic components in the water column (phytoplankton, detritus and carcasses) (Alldredge et al.
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1988; Grossart and Simon 1993). Only a limited number of studies have investigated trace metal
mobilization in microniches, even though information at this scale may be key to understanding
mineral formation (Stockdale et al. 2010) and the availability of elements to biota.
DGT (diffusive gradients in thin films) (Davison and Zhang 1994) has been widely used for in situ
measurements of trace metals, H2S and various nutrients at high spatial resolution (> 100 µm)
(Davison et al. 2000; Motelica-Heino et al. 2003; Warnken et al. 2004). As analyte is gradually
accumulated and immobilized within the DGT during deployments, the measurement provides
time-average fluxes, significantly enhancing the sensitivity, compared to peepers and DET
(Diffusive equilibrium in thin films). Planar optodes have been widely used in various biological
systems and have improved our understanding of complex systems, through real time high
resolution measurements (Glud et al. 1996; Polerecky et al. 2006). So far in the literature planar
optodes have mainly been used for quantification of oxygen dynamics in marine sediments, but in
recent year planar optodes have also been introduced to sea-ice, rhizosphere and soil (Rysgaard et
al. 2007; Blossfeld et al. 2011; Elberling et al. 2011). Planar optode sensors for pH and pCO2 have
likewise been developed and applied in marine sediments (Zhu et al. 2005; Zhu and Aller 2010;
Larsen et al. 2011). Recently preliminary studies on ammonium/ammonia planar optodes are
encouraging and may soon also add to our 2-dimensional biogeochemical tool-box (Strömberg and
Hulth 2005; Strömberg and Hakonen 2011).
As sediment heterogeneity generally is observed on a sub mm spatial scale, it is essentially to have
high resolution 2-dimensional measurement. Furthermore as the small scale heterogeneity is caused
by complex interactions between different elements, combined sensors for multiple analytes greatly
enhance understanding of interactions.
In this study, we use a combined ultra thin DGT/optode sandwich sensor for simultaneously
measurements of trace metal fluxes of Co, Cu, Fe, Mn, Ni, Pb and Zn and real time O2 dynamics, as
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previously described by Stahl et al. (2012). The combination of the sensors provides a unique
technique for linking O2 and trace metal dynamics. Here we describe trace metal and O2 dynamics
in naturally and artificially marine microniches of reactive organic material. The data provides new
information on trace metal release and uptake that have previously not been described in the
literature.

Material and Methods

Sediment handling. Sediment was collected from Workington Marina, (UK) in the spring of 2009
and placed in two 50 L plastic containers until further use. The sediment was kept submerged in
natural seawater with the same salinity as the in situ water (19 ‰) and kept at 15-17 ℃. Water O2
concentration was continuous maintained at 100% air sat. At the time of sampling, sediment was

inhabited by a number of macro fauna species, e.g. Corophium sp. and juvenile polychaetes. Prior
to DGT/optode measurements the sediment was transferred into smaller acrylic aquariums (H×
L×W: 15×14×8 cm), using a custom made sediment sampler. The procedure maintained a virtually
intact sediment structure. The setup was allowed to settle for 2-3 d before deploying the
DGT/optode sensor. The aquariums were kept at a constant temperature of 19°C (± 1) in darkness
throughout the experiments. The overlying water inside the aquarium was circulated using a small
pump, ensuring a steady semi-laminar flow of 2-3 cm s-1. An air pump ensured that the O2
concentration in the water was kept constant at 100% air saturation. At the time of the experiments
the macro fauna abundance was minimal, as macrofauna were continuously manually removed
from the sediment.
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Preparation of the O2 sensitive optode. The O2 sensitive optode relies on the well known O2
quenchable luminophore Pt(II)-meso-Tetra(PentaFluorophenyl)Porphine (PtTFPP) (PtT975,
frontier scientific, frontiersci.com) (Borisov and Klimant 2008; Fischer and Wenzhofer 2010). The
brightness of the PtTFPP is significantly increased by using an antenna dye; this principle is
referred to as light harvesting (Mayr et al. 2009; Larsen et al. 2011). The antenna dye used in this
study is the Coumarin C545T (557595, Sigmaaldrich.com). The antenna dye effectively collects the
excitation light from the LED light source and transfers the energy to the PtTFPP O2 indicator.
Furthermore, sensors based on the light harvesting principle can effectively be used in combination
with 2-dimensional color ratiometric imaging techniques (Larsen et al. 2011). The sensor cocktail
consisted of 2/1 % (wt/wt) mix of Coumarin C545T and PtTFPP, respectively in a 4% (wt/wt)
polystyrene matrix (goodfellow.com) (Mayr et al. 2009). The sensing chemistry was coated directly
onto a fiber optic faceplate (FOFP) measuring 75×50×3 mm (Schott.com) as described by Fischer
and Wenzhofer (2010). After evaporation the sensing layer had a thickness of ~10 µm. The
faceplate was later inserted into the removable wall of the acrylic aquarium (see later). The use of
the FOFP significantly increases the maximal spatial resolution that can be achieved with planar
optode measurements (Fischer and Wenzhofer 2010) by eliminating light guidance inside the
aquarium wall and sensor support foil. The planar optode was later covered by the DGT foil
forming a so-called “sandwich-sensor” (see below).

Planar optode imaging. The principles for planar optode imaging outlined below have previous
been described in detail (Glud et al. 1996; Holst et al. 1998; Holst and Grunwald 2001). The
imaging system used in this study is similar to those used in (Frederiksen and Glud 2006; Behrens
et al. 2007; Volkenborn et al. 2010; Stahl et al. 2012) and is based on a fast gateable, 12-bit, peltier
cooled CCD camera (Charged Couple Device) (SensiCam, PCO.de). The camera was mounted with
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a prime macro lens (Sigma 50 mm F2.8 EX DG Macro), equipped with a 600 nm long-pass dichroic
color filter (UQG optics, UQGoptics.com). The excitation light was delivered from a 10 W blue
LED (light emitting diode) with a peak wavelength of 465 nm (LZ4-40B200, LEDENGIN.com),
equipped with a 475 nm short-pass dichroic color filter (UQG optics, UQGoptics.com). The camera
and LED power supply was synchronized with custom made trigger box controlled by the software
Look@Molli (Holst and Grunwald 2001). Recorded images were calibrated using the CalMolli
software using the phosphorescent lifetime recorded in each pixel. The lifetime signal was
calibrated using the modified Stern-Volmer equation (Eq. 1) (Klimant et al. 1995; Larsen et al.
2011)
τ = α + (1−α ) 1  
1+KSV ⋅ C 
τ0 

Where τ0 is the O2 dependent, phosphorescent lifetime in the absence of O2 and τ is the lifetime in
the presences of any given O2 concentration (C), KSV the bi-molecular quenching constant and α the
non-quenchable fraction of the phosphorescent signal. τ was derived from two well defined time
frames configured by the Look@Molli software. Subsequent calibrations of the O2 concentration in
each pixel were performed with 2-point calibration applying an experimentally determined α value
of 0.14. All images were recorded in darkness to avoid interference of ambient light. Images were
recorded using a 16 image average to increase the signal to noise ratio. Images were recorded with a
20 min interval.

Ultra thin DGT gel preparation and analysis. The ultra-thin resin gels used suspended particulate

reagent (SPR) with a polystyrene divinylbenzene substrate, which has been chemically derivitized
with imidodiacetate (IDA) functionality (CETAC Technologies Inc., USA). The SPR-IDA resin has
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0.2 µm diameter beads and has been tested under a range of experimental conditions are selective
towards Co, Ni, Cu, Cd and Pb (Warnken et al. 2004). The resin was incorporated into a hydrogel
matrix using established procedures (Davison et al., 2000). Briefly, 10 mL of acrylamide (40%)
(VWR International) and 2.5 mL of DGT cross-linker (DGT Research Ltd.) were mixed together.
Subsequently 1 mL of this mixture was added to 1 mL of a 10% solution of SPR-IDA, and then 14
µL of 10% ammonium persulfate (Fisher Scientific UK Ltd.) and 4 µL of N,N,N’,N’tetramethylethylenediamine (TEMED) (Sigma-Aldrich, Inc.) were added. The gel solution was then
immediately pipetted on to a glass plate, with a 50 µm thick plastic spacer on 3 sides. A second
glass plate was then immediately placed on top of the spacer and fastened to the underlying glass
plate plastic clips. The glass plate assembly containing the resin gel solution was placed in an oven
for 1 h at 45°C. The plastic clips were removed from the glass plate assembly, which was then
immersed in 0.5 L MQ water (Millipore) and allowed to hydrate for approximately 30 min. The
glass plates were thereafter separated and the resin gel removed from the assembly and placed into
0.5 L of MQ water. The gel was left to hydrate for 24 h, during which the water was changed
several times. No expansion of resin gel thickness was observed. After casting, the resin gel sheets
were cut into 50 mm x 70 mm sheets, which were then placed between two sheets of acid washed
Whatman Nuclepore membrane (pore size: 0.4 µm; thickness: 10 µm) (Whatman.com), these three
layers are referred to below as ‘the DGT’. After deployment of the sandwich sensor (see below), the
DGT was rinsed with ultra-pure water and removed from the planar optode, using a Teflon-coated
razor blade and plastic forceps. It was stored between clean plastic sheets at 5℃ until analysis. Prior
to analysis the DGT was pre-dried by placing it onto a thick blotting paper, covering with a plastic
film and applying light pressure overnight. This pre-drying procedure ensured a homogenous
structure of the fully dried sensor (Warnken et al. 2004). The DGT were then transferred to a gel
drier (Bio-Rad model 543) at 60 ºC for 8 h. The drying process only diminishes the gel thickness;
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while the areal dimensions remained unaltered. When dry, areas of interest on the gel were cut and
mounted onto glass microscope slides with double sided adhesive tape. Laser ablation was
undertaken using a NewWave UP-213 coupled to a Thermo Electron X Series (Hemel Hempstead,
UK) inductively coupled plasma mass spectrometer (ICP-MS). A beam diameter of 100 µm was
selected to achieve the optimum analyte signal. Ablation intensity was set at 43% with a firing time
of 4 s and an inter-sample dwell time of 10 s. These parameters were chosen to ensure peaks were
easily resolved from the background. The distance between the centres of each ablation spot was
200 µm. All handling and processing of gels, before and after deployment was carried out in a
class-100 laminar flow hood using clean laboratory techniques including acid washing of all
equipment. The calibrated single point laser ablation data was reconstructed for 2-dimensional
visualization using ImageJ. DGT deployment was done at normal laboratory conditions.

DGT/optode sandwich sensor deployment. To assist in easy deployment of the DGT/optode
sandwich sensor and to disturb the sediment structure minimally, the aquarium was designed with a
replaceable sidewall (Fig. 1). Before deploying the DGT/optode sandwich sensor, the water in the
aquarium was drained and the sidewall was gently removed. As the sidewall was removed, the
aquarium was kept slightly tilted 15-20° to ensure that sediment was retained. The sidewall
containing the FOFP was quickly wiped off with 96% ethanol before it was rinsed with MQ water.
Using a pair of acid washed tweezers the DGT was positioned on top of the FOFP facing the optode
sensor – covering the entire FOFP (Fig 1B). The DGT was gently fixed on all 4 sides using water
resistant vinyl tape (super 33+, Scotch®) ensuring that no folds were visible on the DGT. The
sidewall containing the DGT/optode sensor was quickly mounted on the aquarium, ensuring a good
contact between the sediment and the DGT. The process of replacing the sidewall took
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approximately 30 s and sediment exposure to the atmosphere was therefore minimal. Immediately
hereafter the aquarium was gently filled with water.
Immediately after DGT deployment, 3 spherical pellets of organic material were placed on the
sediment surface as close to the DGT as possibly (Fig. 1.B) – without forcing the pellet against the
sandwich sensor. The pellets were place ~1 cm apart. The spherical pellet was prepared from freeze
dried Spirulina powder (SigmaAldrich.com) mixed into a 0.5% agar paste (wt/wt). After drying, the
pellets had a diameter of 2-3 mm and a weight of 5-7 mg. The pellets were visibly through the
semitransparent DGT/optode sandwich sensor on images recorded by the camera under ambient
light. The images were used to align the position of the DGT relative to the O2 sensitive optode and
the position of the sediment water interface (SWI). In a control experiment a sandwich sensor was
deployed in the same sediment, without spirulina pellets added. The sandwich sensor was harvested
by removing the sidewall as describe above. The DGT was rinsed with MQ water to remove
sediment particles. Using Teflon coated razorblades the DGT was cut out from the “frame” created
by the tape and placed in an acid washed plastic sheet at 5°C until drying.

Spirulina pellet total O2 uptake. Total O2 uptake (TOU) of the spirulina material was measured in
3 ml glass vials (Exetainers, Labco.co.uk) each with 15 mg freeze dried spirulina material topped
up with 0.2 µm filtered seawater. Each vial was equipped with a small magnet that was constantly
rotated by an external stirrer plate. O2 concentration was recorded by a 4 channel fiber optic O2
meter (Firesting, pyroscience.com), via O2 sensitive sensor spots placed inside each vial.

H2S microprofiles. Sediment microelectrode profiles of H2S were measured using a Clack type
H2S sensor (Kühl et al. 1998) connected to picoammeter (PA-2000, Unisense.dk). The micro
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electrode was mounted on a motorized x-z axis micro manipulator (MUX2, pyroscience.com).
Microprofiles were recorded with a depth resolution of 200 µm.

Data analysis. The 2-dimemsional images of trace metals and O2 concentrations were aligned from
the black and white images. The analyzed images from the DGT and the O2 optode had a size of
40.5×23.5 mm and 47.0×36.7 mm and a spatial resolution of 500×280 µm and 37×37 µm,
respectively. All calibrated images were saved in TIFF file formats and were further processed
using the free software ImageJ (http://rsbweb.nih.gov/ij/). The presented trace metal images are
artificially increased in pixel size from original 81×84 to 545×317 for visualization purpose only;
all data treatment is based on the original pixel size.

Results

O2 dynamics in surface sediments. O2 penetration depth in the surface sediment calculate from
vertical extracted profiles from the O2 images was 3.08 mm (S.D=0.12, n=3) with a diffusive O2
uptake (DOU) of 12.1 mmol m-2 d-1. These values are typical for coastal marine sediments (Glud
2008). The volume specific O2 uptake of the surface sediment was calculated to be 0.046 nmol cm-3
s-1 (S.D. = 2.6×103, n=3). As previously described, 3 pellets were place on the sediment surface,
however, due to generally similar behavior in O2 and trace metal dynamics, only one of the pellets
will be described in detail.
After ~10 h a distinct anoxic feature developed on the sediment surface at the position of the
spirulina pellet (Fig 2). After a ~2 h lag period, the average O2 concentration declined rapidly and
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systematically at the center of the Spirulina pellet as the anoxic isoline of the sediment gradually
rose upwards towards the center of the pellet (Fig. 3.A) – to a maximum of ~2.2 mm above the
sediment surface. The anoxic microniche area introduced by the pellet grew from ~3.5 mm2 after 9
h to ~14 mm2 after 44 h. The center of the pellet had been anoxic for ~32 h when the DGT was
retrieved (Fig. 3.B), corresponding to 72 % of the total deployment time. The average O2
concentration at the pellet position was 56 µM (S.D=28, n=128). In contrast to previous
investigations (Glud 2008, Larsen et al. Unpub), we did not observe a discrete anoxic microniche,
where the 0 µM isoline of sediment and pellet were separated by an oxic zone. The highest DOU at
the central position of the anoxic pellet was calculated to be 20.7 mmol m-2 d-1, derived from the
linear reduction of O2 at the position of the pellet, assuming a porosity of 1, as extracted from Fig.
2.D. Thus, the spirulina pellet O2 uptake was only ~1.7 times larger, than the DOU of the primary
SWI.

DGT fluxes. The metal accumulated by DGT in a known area for a given time is measured directly
and so the average flux of metal to the local part of the probe is readily calculated. The supply for
this flux comes from the porewater and metal that is rapidly (minutes) released from the solid phase
in response to its local depletion in the porewater at the surface of the device. Model simulations of
standard DGT devices adjacent to sediment have shown that local, small-scale, maxima in the DGT
signal reflect locally elevated concentrations in the porewater, with the peak in the DGT interpreted
concentration being within 60-80% of the peak height in the porewater at the surface of the device.
This percentage is likely to be lower for the setup used here with a thinner diffusion layer.
However, local elevation in the DGT measurement reflects local elevated concentrations in the
porewater and therefore localized mobilization of metals in the sediment. Data are simply presented
as the directly measured DGT fluxes.
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Bulk sediment trace metals dynamics. In contrast to background measurements of metal fluxes in
sediment without spirulina pellet added (Fig. 4), sediments with added spirulina material showed a
high degree of small scale spatial variability for all analyzed trace metals (Co, Cu, Fe, Mn, Ni, Pb
and Zn) (Fig. 5). Some degree of large scale variations could also be observed with some areas
having elevated fluxes of trace metals (Fig. 5); the large scale variation was most pronounced for
Co and Mn. For Zn, Ni and Cu relatively large fluxes were found in the water column compared to
sediment fluxes (Fig. 5). This may reflect the rapid removal of these metals from solution by
adsorption and H2S formation within the sediment. Besides the larger scale variations, there were 4
distinct microniches with significantly different trace metal flux rates compared to the bulk
sediment. The one microniche at the SWI (hereafter; surface microniche) overlaps with the position
of the spirulina pellet. The microniches observed deeper in the sediment (hereafter; subsurface
microniches) could not directly be linked with any visual features in the sediment.

Subsurface microniche. In the permanently anoxic sediment, 12 to 15 mm below the SWI, 3
distinct areas of significantly elevated trace metal mobilization could be identified from the DGT
image (Fig. 5). The area for the 3 microniches, labeled A, B and C, were determined to be; 2.0, 4.2
and 0.83 mm2, respectively. The area defined as microniche, were selected as areas having a metal
mobilization dynamics significantly different that the bulk sediment. All 3 microniches were
elongated and orientated approximately horizontal to the SWI. The mobilization fluxes for each
trace element were similar for all 3 microniches (Fig. 5), and significantly larger that background
fluxes. Maximum release rates from the 3 microniches for all trace metal varied by less than 34%
(S.D= 21, n=18). Only the largest of the 3 microniches (A) will be discussed in detail. The relative
mobilization flux, given as the ratio of the peak to background flux, followed the order
Pb>Ni>Co>Fe>Zn/Cu>Mn. Fluxes of Pb and Mn from the subsurface microniche was 390% and
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130% higher that background values from sediments adjacent to the microniche, equivalent to
absolute rates of 0.11 and 12.7 fmol cm-2 s-1 for Pb and Mn, respectively. Fe and Cu fluxes had the
highest and lowest average values of 38.4 and 0.05 fmol cm-2 s-1, respectively. Fluxes of all trace
metals measured in the microniche were strongly correlated, with an average positive coefficient of
0.92 (S.D=0.07, n=21) (Table 1, Fig. 6). The highest correlation coefficient of 0.99 (n=93) was
found for Co:Mn. The best correlations for the other trace metals were generally obtained with Fe
and Mn.

Surface microniche. The observed microniche for trace metal dynamics at the SWI covered a
larger area than all subsurface microniches. The elongated microniche, as observed from the DGT
flux differing from background, corresponded to an area of ~6.8 mm2. The position of the
microniche overlapped with the initial position of the spirulina pellet, but with the center shifted
horizontally by ~1 mm. Approximately 62% of the microniche area was observed above the SWI at
the approximate position of the spirulina pellet. The remaining part of the microniche was observed
below the SWI, up to 3 mm below the center of the spirulina pellet.
Similar to the subsurface microniches, fluxes of Fe, Pb, Mn were higher than the adjacent
background fluxes. Absolute mobilization rates were, except for Mn, higher than at the subsurface
microniche. For Fe, Pb and Mn, fluxes were 1410%, 427% and 154% higher, respectively, than in
the sediment just below the microniche, corresponding to absolute fluxes of 384, 0.93 and 16.3 fmol
cm-2 s-1. The highest fluxes were generally observed in the part of the microniche below the SWI.
For both parts of the microniche observed above and below the SWI, the highest fluxes were found
in the central part of the microniche. There is also evidence for an elevated flux of Cu
corresponding to the surface microniche, but, because of the more general elevation of Cu fluxes in
the overlying water and surface sediment, this is less distinct.
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In contrast to Fe, Pb, Cu and Mn that all showed elevated fluxes, consistent with local metal
mobilization and maxima in concentrations in solution (both porewater and immediately overlying
water), the fluxes of Zn, Co and Ni were lower than in the adjacent sediment, indicating removal of
metal. Maximum rates were 74, 50 and 24 % lower than in the sediment just below the microniche,
with absolute rates of 11.4, 0.200 0.138 fmol cm-2 s-1 for Zn, Co and Ni, respectively. Scatter plots
(Fig. 6) indicated positive linear relationships among Zn, Co and Ni, with correlation coefficients
and all above 0.83, suggesting that similar processes control their localized removal (Table 1, Fig.
6).
Except for Fe:Pb, scatter plots for the remaining elements did not generally follow a simple linear
trend. Rather there appeared to be a dual relationship, that could be described by 2 independent
linear correlations, as can be observed for Fe:Co, Fe:Ni, Fe:Zn and to some extend for Fe:Mn, even
though this latter pair had the highest correlation coefficient of 0.93 for all the data (Fig. 6, Table 1).
Metal fluxes and O2 did not show any strong correlation (<0.57), the data however demonstrated
that microniches with highest fluxes of metals generally had the lowest exposure to O2 (Table 1,
Fig. 7).

H2S microprofiles. Sediment H2S profiles (n=5) did not shown signs of H2S down to depths of 5
cm (data not shown). This is in agreement with the physical observations of the sediments that
generally appeared light grey and well oxidized, with no indications of H2S production

Spirulina material oxygen uptake and trace metal concentration. The volume specific
respiration of the spirulina material, as calculated from the slurry incubations, gave a volume
specific consumption equal to 377 nmol cm-3 h-1 (S.D= 109, n=3) . The rates are however
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comparable with previous published values on O2 uptake of marine aggregates/pellets of 280 – 450
nmol cm-3 h-1 (Ploug 2001). Trace metal concentrations in the spirulina sp. material were: Mn 58,
Fe 13×102, Co 0.24, Ni 11, Cu 0.36; Zn 86 nmol g-1 (DW). Element ratios were in good agreement
with those previously found for Spirulina sp. (Tokuşoglu and Ünal 2003).

Discussion

O2 contamination during sensor deployment. In this simple experimental setup it is unavoidable
that the sediment is exposed to O2 during deployment of the DGT/optode sandwich sensor. Even
though the exposure time to atmospheric air lasted no more that 30 s, it was evident from the planar
optode images recorded immediately after the sensor deployment, that O2 contamination had
occurred. Contamination was observed as small discrete regions with maximum concentrations of
~120 µM – presumably pockets of gas or water films. However, the O2 was consumed within 2 h –
less than 5% of the total DGT deployment time. The observations of the distinct regions of O2
contamination, demonstrate that irrespectively of the DGT not being deoxygenated before
deployment, it does not represent any significant source of O2, consistent with the very small
volume of solution contained in this very thin assembly. Furthermore we did not find any features
in the measured trace metal fluxes that could be linked to the initial O2 contamination measured by
the optode. In future it could be considered to mount the sandwich-sensor under N2 purged water.

DGT sensor capacity considerations. The possibility of capacity problems should be considered,
especially in the case of long deployment times, as e.g. used in this study. For ultra-thin DGT as
used in this study (Letho et al. 2012) measured a capacity of 71 nmol cm-2. The maximum Fe
concentration measured as a single sharp peak was 62 nmol cm-2 and all other metals had
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concentrations significantly lower than Fe. It is therefore unlikely that the DGT reached saturation
levels in the current set-up

Variability in O2 and trace metals in surface sediments. Sediment surface O2 dynamics revealed
a high degree of temporal and spatial variation generated by the addition of organic material
(spirulina pellet). The observed initial lag followed by a rapid O2 consumption in the vicinity of the
pellet is consistent with microbial colonization followed by rapid growth. As the pellet was
prepared from freeze dried material, the microbial community was assumed to be negligible at the
beginning of the sensor deployment. Thus, O2 consumption by the pellet was initially slow. As the
pellet is colonized, O2 is consumed by the rapid increase in microbial O2 respiration and by reoxidation of reduced chemical species potentially generated within the microniche (e.g. H2S, Fe(II),
NH4+, Mn(III/IV)). The observed lag phase before anoxia is observed at the center of the pellet is
comparable with findings of other microniche studies (Glud 2008; Larsen et al. unpublished data).
Interestingly the DOU of the pellet is only 1.7 times higher than the DOU of the SWI. The
variations of the DOU between the primary SWI and spirulina pellet are therefore within the range
of DOU variations mapped in natural heterogeneous sediments (Glud et al. 2009). Similar, the
volume specific uptake for the spirulina material was only found to be 2.3 times higher than the
volume specific uptake of the surface sediments.Thus in this experiment there was no significantly
intensified O2 consumption associated with the spirulina pellet.

Trace metal dynamics in subsurface microniche. The elevated fluxes of all measured metals in
the subsurface anoxic microniches demonstrated a significantly enhanced mobilization of metals on
a sub mm scale. Similar local release of trace metals has previously been observed using DGT
measurements in several studies (Motelica-Heino et al. 2003; Warnken et al. 2004) and have been
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linked to localized sources of organic matter (Motelica-Heino et al. 2003). Simulations using
dynamic reaction-transport models (Sochaczewski et al. 2008; Stockdale et al. 2010) have shown
that microniches of reactive organic material with similar dimensions generate a local high demand
for electron acceptors. Fe and Mn respiration dominates until their reactive oxides become depleted,
and then SO4- reductions with associated H2S production becomes important. We speculate that the
observed microniche in trace metals is driven by such a localized existence of organic matter. As
the sediment was abundant in fauna at sampling, the microniches could potentially be associated
with the existence of a carcass/burrow structure within the sediment matrix. The high release of Fe
demonstrates the process of reductive dissolution of its reactive oxides. The strong positive
correlation of >0.95 for Fe and all other metals suggest that the reductive dissolution of Fe-oxides
controls the release of trace metals sorbed to the oxides as also observed by (Gounou et al. 2010)
and earlier workers. A similar strong correlations (>0.94) was observed for Mn and the other trace
metals, suggesting release of trace metals sorbed to Mn-oxides may be important. The
approximately 10 fold greater release of Fe compared to Mn and the strong correlation between
Fe:Mn (0.99) is consistent with Mn being released primarily by desorption than reductive
dissolution. Reactive Mn oxides are easily consumed and can be missing from organic rich surface
sediments (Davison 1993) and it has previously been argued that Mn mobilization from an organic
rich microniche can be explained solely by the dissolution of Fe-oxides (Motelica-Heino et al.
2003).
Conventionally, metal sulfides are viewed as sinks for many trace metals (Di Toro et al. 1992),
implying that their concentrations in porewaters are controlled by the concentration of H2S. Thus,
conventional viewed, high porewater concentrations of H2S and trace metals do no coincide.
However, simultaneous production of H2S and metal release has been observed at a small scale
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microniche (Motelica-Heino et al. 2003) and explained by trace metals being supplied faster that
they can be removed by precipitation.
Microprofiles of H2S measured down to 5 cm depth revealed that there was no free H2S in the bulk
sediment (data not shown). However, such measurements do not preclude the possibility of H2S
being produced in localized organic microniches within the sediment matrix. H2S was not
measured simultaneously within the DGT-optode assembly because it would have been difficult to
fabricate an additional layer of DGT and still retain the optode capabilities. Hence we do not have
direct evidence for the presence or absence of H2S within the observed subsurface microniches.
However, it has previously been demonstrated that H2S producing microniches can persist in both
marine and freshwater sediments (Jørgensen 1977; Widerlund and Davison 2007; Widerlund et al.
2012) and model studies have demonstrated their likely occurrence as small parcels of reactive
organic material are oxidised (Stockdale et al. 2010).
Horizontal transects of metal fluxes through the subsurface microniches, as illustrated in Fig. 8,
showed slightly lower fluxes at the edge of the microniches compared to the central part and bulk
sediment, indicating removal of metal. Although the removal of trace metals was only apparent as a
minimum in the DGT measured flux over 2-3 measuring points (400-1200 µm), it was observed for
all measured trace metals and for all 3 subsurface microniches. It appears, then, to be a genuine
reflection of trace metal dynamics rather than an analytical artifact. A possible explanation for the
removal of trace metals is based on the production of H2S within the microniche as local supplies of
Fe and Mn oxides are exhausted. (Stockdale et al. 2010) modeled the 3-dimensional distribution of
FeS concentration in H2S producing microniches in surface sediments and found that FeS
preferentially formed at the outer shell of spherical microniches. Increased FeS precipitation will
reduce Fe porewater concentration and decrease the measured DGT flux. We would expect
removal of other trace metals by adsorption to FeS and/or formation of their metal sulfides in a
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process similar to that modeled for Fe. We observed minima in metal fluxes, indicating metal
removal at the edge of the microniches, for all trace metals. MnS is the most soluble of the metal
sulfides and does not usually precipitate. The small Mn removal observed is then most likely due to
Mn being adsorbed onto FeS (Morse and Luther 1999).

Trace metal mobilization in surface microniche. It is clear that trace metal dynamics at the
surface and subsurface microniches differ, most strikingly with respect to Co, Zn and Ni, which are
removed in the surface feature. But there is enhanced trace metal mobilization of Fe, Mn, Cu and
Pb at both surface and subsurface microniches.
As mentioned we did not measure H2S in the specific microniches investigated by the 2D sandwich
sensor hence we cannot exclude the presence of H2S at these specific points. However, we argue
that as Fe mobilization at the position of the pellet is high, the concentration of H2S was kept low,
as Fe would rapidly be precipitated as FeS, and H2S only played a minor role for trace metal
mobilization in the surface hotspot.
Fe mobilization was ~3 times higher than Mn, that demonstrated the second highest rates. The high
mobilization of Fe, suggest a significant reduction of Fe-oxides due to reducing conditions
developing within in center of the disintegrating spirulina pellet. The Fe:Mn, and Fe:Co/Ni/Zn
correlation plot in Fig. 6 suggest that 2 independent process are controlling trace metal dynamics.
We speculate that the microniche can be defined as being composed of 2 zones, with a center
dominated by anoxic reducing conditions and ongoing dissolution of oxides, surrounded by a partly
oxidized outer zone with active redox cycling of trace metals. This description of a partly oxidized
zone surrounding the reducing core, may not be correct for the entire deployment period, but could
exist at some point during the prolonged deployment period.
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The positive Fe:Mn correlation in the center of microniche (defined as the area with highest metal
mobilization), was particular strong (0.97, n=44) and indicting a concomitant release of Fe and Mn.
The average Mn:Fe element ratio for the center of the microniche was found to be 15, close to that
found from Fe-oxides deposited on Teflon strips in a River Estuary (Douglas and Adeney 2000),
supporting the hypothesis that reduction dissolution if oxides is dominating the metal mobilization.
Generally, the relative strong similarity between plots of Fe:Pb and Mn:Pb, suggest that metals are
mobilized by both Fe- and Mn-oxides dissolution in the microniche center.
The Fe:Mn correlation in the outer oxidized zone of the microniches is significant different from the
center and demonstrate a weak negative correlation (-0.61, n= 74). In the outer zone, we expect that
trace metal dynamics predominantly are controlled by oxide formation, either through direct
reaction with O2 or via a redox cascades.
Reduced Fe and Mn released in the center of the microniche will diffuse into the outer oxidized
zone, were they immediately hydrolyzed to form oxides. Formation of the oxides in the outer zone
would to some extend cause other trace metals to be co-precipitated with and/or adsorb to the Feoxides. In fact, fluxes of Co, Ni and Zn were lower in the zone immediate outside the microniche,
suggesting the metals are in fact being removed in the zone due to adsorption to the freshly formed
oxides. Apart from the reductive dissolution of oxides and release of adsorbed metals, release of
trace metals from the spirulina pellet can have implications for the interpretation of the observed
trace metal patterns.
If it is assumed that the entire metal inventory of the spirulina pellet was released from an area of
6.8 mm2 (size of the observed microniche) the resulting mobilization would be >28 times higher
than measured by the DGT. Assuming that the pellet material would remain its original volume (14
mm3), the observed microniche area would be ~2 mm deep, for a 44 h deployment we would expect
the DGT signal to be affected by porewater in this zone (Harper et al. 1999).
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Based on the observed metal mobilization at the position of the pellet and the metal inventory of
spirulina material, maximum 0.1 % of the spirulina Fe concentration could have been release during
the deployment (Table 2). Thus, in our opinion, the spirulina trace metal release can be regarded as
having a negligibly role in trace metal mobilization compared to dissolution/formation of oxides.

Uptake of Co, Zn and Ni. Highly localized uptake of Co, Zn and Ni and simultaneously release of
Fe, Mn, Cu and Pb have to our knowledge not previously been reported. There were minima in
DGT measured fluxes of these Co, Zn and Ni where Fe mobilization was highest, indicating that the
highest uptake rates occurred in the center of the microniche (Fig. 6). A possible explanation is that
these metals are assimilated as micronutrients during microbial growth that is stimulated by the
addition of the spirulina pellet. We did not quantify the pellet microbial biomass, but the addition
of organic material has been shown to stimulate microbial growth in marine sediments (Carreira et
al 2012; Middelboe et al. 2006). Co, Zn and Ni have all been reported to be micronutrients,
required for microbial growth (Gadd and Griffiths 1977; Mowll and Gadd 1983; White et al. 1995).
The potential requirement for Co and Zn by a microbial community during growth can be estimated
assuming microbial cell concentrations of 0.8 and 37 fg Cell-1 for Co and Zn, respectively, as
reported for a marine algae (Heterosigma akashiwo) (Watanabe et al. 1989). Assuming that the
microbial biomass in the spirulina pellet at the beginning of the experiment was insignificant and
that the cell concentration at the end of the DGT deployment had increased to 108 cells cm-3 (a
typical value for marine sediment (Carreira et al. 2012), potential biomass uptake can be calculated.
Assuming that DGT measurements integrate concentrations in the 2 mm of porewater adjacent to
the DGT (Harper et al. 1999), it is possible to estimate a microbial biomass of 27 cells cm-2,
integrating the sediment 2 mm behind the sensor. Applying the above Co and Zn cell concentrations
and that the biomass, the resulting microbial uptake would be 0.27 and 11.3 nmol cm-2, for Co and

Chapter 4

22

Zn, respectively. This estimated microbial uptake is 0.5 to 2.9 times larger than the uptake
calculated from the DGT fluxes, for Co and Zn, respectively. These simple approximate
calculations suggest that micronutrient uptake by microbial biomass could feasibly account for the
observed microniche of trace metal removal. The possible microbial trace metal uptake have
previously been suggested by Stockdale et al. (2008), who suggested that localized removal of PO4and V (Vanadium) at a with H2S producing microniche could have be induced by microbial uptake.
Luxury uptake of PO4- and trace metal have been reported previously (Watanabe et al. 1989).
In addition to the metabolism dependent uptake considered above, several studies have reported
metal sorption to microbial cell walls and uptake by biosorption to organic material (Gadd and
Griffiths 1977; White et al. 1995) as potential important processes in microbial/metal interactions.
Microbial uptake of Fe and Mn will also occur, but it is most likely overcompensated by the
simultaneously release of the metals from dissolution of their oxides.

Overlap of spirulina pellet and trace metal microniche. Comparing the relative position of the
spirulina pellet on Fig. 5 and the position of the microniche for metal release it is clear that the 2
areas do not overlap completely. Furthermore the shape and size of the pellet and the metal
microniche are significantly different. According to visual observations the pellet slowly
disintegrated during the experiment from the initial sphere like structure. This can be explained by a
combination of the pellet slowly dissolving and the pellet being colonized by micro and meiofauna
that physically fragment and rework the pellet. We have previously observed increased meiofauna
activity around pellets of organic microniches, undermining/eroding the sediment below, causing
the pellet to sink down below the surface and at the same time disintegrating, causing the organic
material to be mixed into the sediment (Larsen and Glud., unpublished data). The fact that the
position of the spirulina pellet do not overlap completely, also suggests that the apparent uptake of
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Co, Zn and Ni cannot be related to the pellet acting as a diffusion barrier, limiting the diffusive
supply of trace metals to the DGT.

Perspective. The data presented demonstrate high resolution trace metal mobilization microniches
in marine sediments using a novel DGT/O2 sandwich sensor. Two distinct types of microniches
were observed, both demonstrating enhanced trace metal fluxes. 3 subsurface microniches were
observed 12-15 mm below the SWI, presumably originating from relict macrofauna burrow
structures or fauna carcasses. All 3 microniches were observed to significantly enhance trace metal
mobilization of all measured trace metals (Co, Cu, Fe, Mn, Ni, Pb and Zn). However, the surface
microniche composed of organic material (freeze-dried spirulina), demonstrates simultaneously
trace metal uptake of Co, Zn and Ni and mobilization of Fe, Mn, Pb and Cu. To our knowledge this
has not previously been demonstrated. The removal of trace metals can be explained by an increase
in microbial biomass, stimulated by addition of organic material to the sediment surface, causing a
localized demand for trace metals, this have to our knowledge not been directly observed
previously.
The data provides new insight to trace metal dynamics and demonstrate simultaneously removal
and mobilization of trace metal. The observed small scale dynamic in trace metals and O2, clearly
demonstrate that high resolution measurements as DGT and planar optodes are required to resolve
these dynamics. The combination of DGT and O2 optode allows better interpretations of the
observed trace metal mobilization microniches in the surface sediments, as microniches can be
directly linked to O2 dynamics.
In the deeper anoxic sediment, O2 optodes provide no additional information on trace metal
dynamics. The application of pH optodes will in contrast provide interesting information.
Combination of DGT and pH optodes is technical achievable and such work is in progress.
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Fig. 1. A) Schematic representation of the experiential setup and B) deployment of the DGT/optode
sandwich sensor. For part A numbers represent the following: 1, aquariums with sediment; 2,
Removable side wall with FOFP (see text for explanation); 3, FOFP with ultra thin DGT and O2
optode; 4, LED excitation light with emission filter; 5, planar optode camera, equipped with macro
lens and emission filter. For part B number represent the following: 1, spirulina pellet placed in
front of the sandwich sensor; 2, sediment in aquarium; 3, ultra thin DGT; 4, O2 planar optode
sensing layer; 5, FOFP; 6, acrylic wall of the aquarium with the FOFP inserted. Illustrations not to
scale.
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Fig. 2, A,B,C,D. Representative O2 planar optode images from the 44 h long sandwich sensor
deployment. Images recorded after 5 h, 9 h, 23.3 h and 36.6 hr, for A,B,C and D, respectively. The
dashed line on A represents the sediment surface. The dashed circle on A represent the initial
position of the spirulina pellet. The oxygen signature of 2 additional pellets can just be observed to
the left and right of the pellet.
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Fig 3. A) Temporal development of the O2 concentration at the position of the spirulina pellet
during the 44 h long sandwich sensor deployment. Data points represent the average O2
concentration for an area of 2.5 mm2 at the position the spirulina pellet. B) Image representing the
time in hours, when the O2 concentration of individual pixels was less that 5 µM.
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Fig. 4. Vertical extracted 1D profiles of trace metal mobilization of Co, Cu, Fe, Mn, Pb, Ni, and Zn,
respectively, from sediment with no Spirulina material added. The sediment water interface is
located at y=0.
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Fig 5.
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Fig. 5. Graphical representations of 2D high resolution images and extracted 1D profiles of trace
metal mobilization and O2 concentration from the combined DGT/optode deployment. Units on the
2D images are consistent with the units on the 1D profiles. The positions of the extracted profiles
are shown on the O2 image. Profiles 1 is shown as dark points and profile 2 as light points on the
1D profiles. A,B and C on the O2 image represents the 3 subsurface microniches (SS). The dashed
circle on the O2 image represents the initial position of the spirulina pellet. The position of the
surface microniche is represented on the Co DGT image. The O2 image represents the average
concentration during the deployment, calculated from the 132 single images.
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Table 1. Correlation coefficient for trace metals and O2 from the subsurface and subsurface
microniche. Data used for O2 is based on the average O2 concentration from the spirulina pellet
position. Only correlation coefficients higher than ±20 are shown. Correlation data for the surface
and subsurface microniche is based on 123 and 93 data points, respectively.

—Elements—

Co : Zn
Co : Ni
Co : Cu
Co : Mn
Co : Fe
Co : Pb
Cu : Ni
Cu : Zn
Cu : Pb
Cu : Fe
Cu : Mn
Fe : Mn
Fe : Pb
Fe : Zn
Fe : Ni
Mn : Pb
Mn : Zn
Mn : Ni
Ni : Zn
Ni : Pb
Pb : Zn
O2 : Fe
O2 : Pb
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—Correlation data—
Surface

Subsurface

0.91
0.85
-0.59
-0.60
0.21
0.93
0.80
-0.40
-0.57
0.62
0.83
-0.57
-0.48
0.34
0.28

0.94
0.99
0.78
0.99
0.99
0.95
0.81
0.83
0.87
0.81
0.79
0.99
0.96
0.96
0.99
0.95
0.94
0.99
0.95
0.96
0.95
-
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Fig. 6. Scatter plots of trace metals from subsurface microniche (SS) in column 1 and surface
microniche (S) in columns 2 and 3.
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Fig. 7. Scatter pots of trace metals and average O2 at the spirulina pellet during the sandwich sensor
deployment.
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Figure 8. High resolution line transects of metal mobilization of Fe, Mn and Pb, extracted from the
main subsurface microniche.
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Table 2. Comparison of potential maximum trace metal release from the spirulina pellet, in contrast
to the actual trace metal mobilization measured at the microniche. The maximum amount of trace
metals that could have been released from the spirulina material to give the measured values are
shown in %. The maximum trace metal release from the spirulina material is calculated based on
the spirulina trace metal concentration and assuming that all trace metals are released in an area
having the same size as the observed microniche.

Maximum release from

Maximum mobilization

Maximum release from

Spirulina material

measured from microniche

Spirulina material

-2

-1

-2

-1

( fmol cm sec )

( fmol cm sec )

(%)

Mn

159×102

16.3

0.1

Fe

364×103

384

0.1

Co

60.7

0.653

1

Ni

289×10

1.27

4×10-2

Cu

86.7

1.79

2

Zn

199×102

36.8

0.2

Pb

26.6

0.935

4
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Abstract
Virus abundance in sediment is 10-100 higher than in pelagic systems with typical vertical profiles
showing a decrease in abundance with depth. However, very little is known about the role of virus
in benthic systems. It is presumed that metabolic activity in the sediment occurs at mm scales,
rather than the cm to km scales usually sampled, as has recently been demonstrated for the water
column. We propose to examine for the first time the small scale (mm) 1-, 2- and 3-dimensional
spatial distribution and abundance of bacteria and viruses in combination with oxygen
measurements in surface sediments sampled at a shallow coastal site, as well as the temporal
dynamics in homogenised sediment. Results show that O2 is heterogeneously distributed with a
penetration depth of 2.36 (± 0.3) mm and diffusive oxygen uptake of 18.9 (± 6.4) mmol m-2 d-1.
Bacteria and viruses are also heterogeneously distributed within distances smaller than 2 mm.
Distribution is characterised by hotspots surrounded by patches with 3 fold lower abundance. This
supports the evidence of heterogeneous microscale distribution of organic matter and microbial
activity in sediments suggested by O2 and DIC (Dissolved Inorganic Carbon) measurements.
Abundances of bacteria and virus ranged from 0.27-0.83 x 1010 cells cm-3 and 0.81-2.59 x 1010 virus
cm-3. These abundances are approximately 1 order of magnitude higher than previously found in
coastal sediments, probably be due to a higher efficiency of the extraction method used. VBR
(virus:bacteria ratio) were similar to other studies ranging from 2 to 6. Temporal experiments
showed that even if a coupling between bacteria and virus activity exist, there was no apparent
correlation observed from the microscale experiments. The data strongly indicated that bacterial
metabolic activity is the major factor regulating benthic virus production. Small scale heterogeneity
is likely to be an important driver of virus-host interactions in sediments by influencing the densitydependent viral lysis of bacteria and creating microhabitats of increased viral production relative to
bulk conditions.
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Introduction

Virus abundance in marine sediments are generally 10-100 times higher than in the pelagic zone
(Weinbauer 2004), yet still very little is known about their role in benthic environments. The
conditions in sediments differ in many ways from those of free water masses, but three factors are
of particular importance for bacteria-virus interactions: sediments hold an enormous surface area,
have low transport coefficients and the volume-specific microbial activity of surface sediments are
orders of magnitude higher than those in water columns (Glud 2008).
Generally the abundance of viruses correlates positively with bacterial abundance (Danovaro et al.
2008b; Middelboe et al. 2006) and activity (Middelboe et al. 2003) in sediments, and viruses have
been shown to be a dynamic component of microbial communities in marine sediments (Fischer et
al. 2003; Glud & Middelboe 2004; Hewson & Fuhrman 2003) with potential significant impact on
prokaryote mortality and biogeochemical cycling (Fischer et al. 2003; Glud & Middelboe 2004;
Hewson & Fuhrman 2003). The production of benthic viruses is also correlated with microbial
activity and has been shown to vary on a seasonal scale (Siem-Jørgensen et al. 2008) and along
trophic gradients (Middelboe & Glud 2006). The strength of the link between viruses and bacteria
appears to differ between systems, with some studies showing a strong correlation (Middelboe et al.
2003; Siem-Jørgensen et al. 2008), whereas others show weak or no relation (Maranger & Bird
1996; Mei & Danovaro 2004). Similarly, the virus-to-bacteria ratios obtained from sediments
covers 2 orders of magnitude, with large variability both between environments (e.g. (Danovaro et
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al. 2008a) and within individual sediment cores (Middelboe et al. 2003) underscoring the high
variability in the coupling between the abundances of viruses and bacteria. This lack of consistency
between studies could reflect physico-chemical differences between environments but may also be
due to highly dynamic sub-populations of bacteria changing on a background of more inactive
communities, but evidence for this is lacking (Fischer et al. 2003). Furthermore viruses are
dependent on a host, propagating easily at bacterial hotspots, generating viral hotspots. However, as
viruses have a period of replication, bacterial and viral hotspots are expected to be displaced in time
and space, causing short term or local uncoupling between viral and bacterial abundance.
Bacterial and viral abundance normally decrease with sediment depth, as resolved by traditional
vertical sediment slicing at cm to m resolution (e.g (Glud & Middelboe 2004; Hewson et al. 2001;
Middelboe et al. 2011). Horizontally, viral distribution has been monitored along transects at spatial
scales ranging from a few cm to km distance (e.g. (Hewson et al. 2001; Middelboe & Glud 2006;
Middelboe et al. 2006). These studies conclude that despite overall relations between trophic status
and the abundance of bacteria and virus, most of the variability is expressed on a smaller scale with
sediment patches separated by a few cm exhibiting highly different abundances of bacteria and
virus (Hewson et al. 2001; Middelboe & Glud 2006; Middelboe et al. 2006). However, presuming
that microbial metabolic activity are driven by a highly patchy distribution of electron donors which
differ extensively on the micrometer scale (Fenchel & Glud 2000; Glud et al. 2009; Glud et al.
2005) none of these studies might have focused on the most relevant spatial scale for interactions
between microbial communities and viruses.
Recently, Seymour et al. (Seymour et al. 2006; Seymour et al. 2008) showed a highly
heterogeneous microscale distribution of bacteria and virus in the ocean water column, on the scale
of 4.5 to 12 mm. Interestingly, and in contrast to correlations generally observed at larger
spatiotemporal scales, viral and bacterial abundances were not correlated at the mm-scale, and viral
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and bacterial distribution were highly variable and contrasting within short distances (Seymour et
al. 2008).
In the present study we for the first time, examined the small scale (mm) 1-, 2- and 3-dimensional
spatial distribution and abundance of viruses and bacteria in combination with oxygen
measurements in sediments sampled at a shallow coastal site. In addition, we followed the temporal
dynamics of bacteria and viruses in homogenized sediment samples as a function of the community
level metabolic activity as expressed by production of dissolved inorganic carbon (DIC).

Material and methods

Study site and Sediment characteristics. Sampling was conducted during November 2009 at
Dunstaffnage Bay (West Coast of Scotland) (56°27.0’N, 5°26.4’W). Three cores were sampled and
used for general characterization of sediment porosity and the content of organic matter. Briefly, 3
sediment cores were sampled and sliced every 0.5 cm to a maximum depth of 5 cm. Porosity (φ)
was determined from the measured density and the weight loss after drying at 105ºC for 24 h. The
content of organic matter was measured from the weight loss of dried samples after combustion at
450ºC for 24 h. At the same time intact sediment pieces were sampled and immediate transferred
into pre-constructed flow chambers (20×15×8 cm; H×L×W). Once in the laboratory, the sediment
was kept submerged under re-circulating seawater at in situ temperature (9±1℃) and O2
concentration for 2 days before experiments were carried out.
Two experiments (2-dimensions, 2D; and 3-dimensions, 3D) were performed with the sediment. In
each experiment, abundance of bacteria and virus were measured in parallel to O2 concentrations
and dynamics. The measurements of O2 concentrations and dynamics were preformed using planar
optodes and microelectrodes.
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Planar optode imaging. The principles for planar optode imaging have been previously described
in detail (Glud et al. 1996; Holst & Grunwald 2001; Holst et al. 1998) and is only briefly described
below. The imaging system used in this study is similar to what have been used in Frederiksen &
Glud (2006) and is based on a 1.3 megapixel fast gatable, 12-bit, Peltier cooled, CCD camera
(Charged Couple Device) (SensiCam, www.PCO.de). The camera was equipped with a 25 mm/1.4
Nikon wide-angle lens equipped with 690 nm long-pass dichroic colour filter (UQG optics,
www.UQGoptics.com). Excitation light was delivered from 4 high power LED’s (light emitting
diode) (λ-peak = 445 nm, LXHL-LR3C, Luxeon, F = 340 mW at IF = 700 mA), equipped with a
475 nm short-pass dichroic color filter (UQG optics, www.UQGoptics.com). To allow
measurements of the relative short lived phosphorescent lifetime, the camera and a LED power
supply was synchronized with custom made trigger box. The triggerbox was connected to a PC and
controlled by the software Look@Molli (Holst & Grunwald 2001). The phosphorescent lifetime
was inferred from two well defined time frames configured by the Look@Molli software. Recorded
images were calibrated using the phosphorescent lifetime recorded in two areas where the foil was
exposed to known O2 concentrations (100% air-saturation in the overlying water and 0% air
saturation in deep anoxic sediment layers), and using a rearranged modified Stern-Volmer equation.

C=

τ0 − τ
KSV ⋅ ( τ − τ0 ⋅α )

(1)

Where τ0 is the phosphorescent lifetime in the absence of O2 and τ is the lifetime in the presences
of any given oxygen concentration (C), KSV the bi-molecular quenching constant and α, the nonquenchable fraction of the phosphorescent signal, which was experimentally determined to be 0.14.
All images were recorded in darkness to avoid potential interference from ambient light. Images
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were recorded using a 16 image average to increase the signal to noise ratio. The maximum
theoretical spatial resolution that could be achieved with the given optical setup was ~100×100 µm.

Microelectrode profiling. O2 profiles were measured by Clark type microelectrodes equipped with
an internal reference and a guard cathode (Revsbech 1989). The sensors had external tip diameters
of 10-20 µm, a stirring sensitivity < 2% and a 90% response time of < 1 s. The sensors were
mounted on a motor driven micromanipulator and the sensor currents were measured using a
picoammeter (PA 2000, Unisense) and transferred via an A/D-converter to a PC. The O2
microprofiles were measured at a vertical resolution of 100 µm. The sensor values were calibrated
against the known O2 concentration of the overlying water and zero values recorded in deep anoxic
sediment layers. The diffusive oxygen uptake (DOU) was calculated using Fick’s first law of
diffusion, J = D0(dC/dz), where dC/dz is the O2 concentration at a given depth within the Diffusive
Boundary Layer (DBL) and D0 is the molecular diffusion coefficient corrected for salinity and
temperature. Two sensors were mounted on the micromanipulator, thus 2 independent profiles were
acquired simultaneously. Profiling of the 30 samples took approximately 6 h.

Small-scale spatial sampling of bacteria and virus. Small-scale samples for bacteria and virus
abundance were taken using a purpose-designed minicore. The plastic minicore had an outer
diameter (O.D.) of 3.6 mm and an inner diameter (I.D.) of 3.0 mm and a maximum length of 80
mm. As the objective of this study was to sample both in 2D and 3D, two different devices were
used. For the 2D sampling 9 minicores were fixed and aligned side by side separated by a centre
distance of 5.6 mm. The 9 cores penetrated the sediment to a maximum depth of 27 mm, while
suction was imposed by a vacuum pump (each minicore was connected to the pump by a plastic
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tube). A steady vacuum during sampling ensured that no sediment was lost during recovery. Each
of the nine minicores was sliced vertically at a depth resolution of 3 mm.
In the 3D experiment we used a different sampling strategy. The same minicores were used, but
now, one by one, minicores were inserted through a plate with a grid of holes. The plate was fixed
to the wall of the flow channel and a total of 30 minicores were recovered with an internal center
distance of 11.2 and 5.6 mm in length and width, respectively. Unlike the previous experiment (2D)
each minicore were inserted to a depth of 6 mm and subsequently sliced in two depth intervals: 0-3
mm and 3-6 mm.

Sample preparation and analysis of bacteria and virus counts. Each sediment slice (~23 µL)
was placed into a sterile 2 ml tube and fixed with 2% glutaraldehyde (final concentration) for 15
min at 4ºC. The samples were then snap frozen in liquid nitrogen and kept at -80ºC until further
analysis. Bacteria and viruses were extracted from the sediment by the addition of
Tetrasodiumpyrophosphate (10 mmol L-1 final concentration) in the dark for 15 min and sonicated
using a probe sonicator (Sonicprep 150; 4 µm amplitude) in three cycles of 1 min sonication and 30
sec of manual shacking in an ice bath. Then, 5 µL of the extract were diluted in 1 ml of 0.02 µm
filtered seawater (virus free) and filtered onto a 0.02 µm Anodisc-filter. Filters were stained in a
drop of 10 % SYBR Gold (Noble & Fuhrman 1998) for 15 min and subsequently rinsed three times
in a series of MilliQ water drops. Finally the filter was mounted on a glass slide with an anti-fade
solution (50 % glycerol; 50% PBS pH = 7.5; 1% p-phenylendiamine) and preserved at -20ºC.
Bacteria and viruses were counted on an epifluorescence microscope (Olympus) at 600-750x
magnification. 400 bacteria or viruses or at least 10 fields were counted per sample.
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Temporal dynamics of bacteria and viruses. To explore the temporal dynamics in the abundance
of bacteria and viruses along with community level metabolic activity, sediment below the oxic
zone was homogenised under a nitrogen atmosphere of a glove bag. The homogenized sediment
was divided into 2 similar sized gas tight Würgler bags (Hansen et al. 2000); one of them was
enriched with yeast extract (~12.5 mmol C per kg), and both bags were incubated at in situ
temperature. Samples for DIC concentration, bacterial and viral abundance were collected under
anaerobic conditions every 4 h for the first 24 h where after the sampling frequency was reduced
until the end of the experiment after 136 h. For DIC measurements pore water from sediment was
retrieved after centrifugation (5 min, 3000 rpm), and preserved in 2 ml gas-tight vials containing 20
µl saturated HgCl2 at 5oC until further analysis on an infrared gas analyzer (ADC-225-MK3) (Glud
& Middelboe 2004).

Results

Sediment characteristics. The porosity of the sediment surface was 0.6 v/v decreasing slowly to
0.40 v/v at 5 cm depth. The content of organic matter was highest in the top 0.5 cm (2.3 % dry
weigth) and gradually declined to ~ 1.7 % at a sediment depth of 5 cm.

Small scale 2-dimensional spatial distribution.Oxygen images resolved a mean O2 penetration
depth of 1.96 ± 0.27 mm (mean ± SD) along the primary interface (Fig. 1). A few patches of
elevated O2 concentration were observed in the deep otherwise anoxic sediment, presumably as a
result of irrigating fauna.
The contour plots show the small scale variability in the distribution of bacteria and virus (Fig. 2A
and B) at distances as small as 2 mm over the 2D area sampled (1307 mm2). The concentrations
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ranged from 0.27-0.83 x 1010 cells cm-3 (0.42 ± 0.10 x 1010 cells cm-3; n = 79) and 0.81-2.23 x 1010
virus cm-3 (1.29 ± 0.29 x 1010 virus cm-3) for bacteria and virus, respectively. The spatial pattern for
both bacteria and virus concentration were characterized by patches with higher abundance
surrounded by areas 3 fold lower in abundance. There was no correspondence between bacteria and
virus hotspots and no clear vertical patterns were observed in bacteria or virus abundance. The
mean virus to bacteria ratio (VBR) was 3.1 ± 0.6, and again reflected no clear patterns, though coldand hotspots were observed (Fig. 2C). Bacteria, virus and O2 concentrations did not show any
correlation.

Small scale 3-dimensional spatial distribution. The small scale variability in O2 distributions
apparent in Fig. 1 was also reflected in the measured O2 microprofiles (Fig. 3). The mean OPD
(Oxygen Penetration Depth) was 2.36 ± 0.3 mm, meaning most O2 was found in the top layer (0-3
mm), though some hotspots could be found in the bottom layer (3-6 mm; Fig. 4). The mean
diffusive O2 uptake derived from the O2 concentration gradient of the DBL was 18.87 ± 6.37 mmol
m-2 d-1, which is a typical value for coastal marine sediments (Glud 2008). In the top layer (0 – 3
mm; Fig. 4) the mean O2 concentration varied between 40 and 139 µmol L-1 with an overall average
for the entire sediment horizon of 80 ± 22 µmol L-1. In the bottom layer (3 – 6 mm; 8 ± 18 µmol L1

; Fig. 4) the patchy O2 distribution was reflected by variations from 0 to 81 µmol L-1.

While the O2 concentration in the two sediment horizons was significantly different, the average
abundance of bacteria and viruses were rather similar (Fig. 5). The average bacteria values in the
two horizons was 0.40 ± 0.07 x 1010 cells cm-3 (Fig. 5A) while the average virus abundance in the
two horizons was 1.51 ± 0.39 x 1010 virus cm-3 (Fig. 5B). However, bacteria and virus were very
heterogeneously distributed in both depth horizons (0-3 and 3-6 mm) varying from 0.27-0.65 x 1010
cells cm-3 and 0.88 - 2.59 x 1010 virus cm-3 for bacteria and virus, respectively. Single hotspots of
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bacteria occurred next to contrasting coldspots within a few mm (Fig 5). Similar observations were
made for virus. But spots of elevated bacteria or virus abundance did not coincide either in the oxic
or anoxic sediment layers. The relation between bacteria and virus was not significant (Fig. 6). This
experiment was repeated with the results showing the same heterogeneity and abundances (data not
shown).
The mean overall VBR (virus:bacteria ratio) was 3.8 ± 0.8, varying from 2.6 – 5.8, with no
difference between the two layers (Fig. 7). The data from the 2D and 3D investigation clearly
reflect a large small-scale variation apparently without any direct correlation between abundances
of bacteria, virus or digenetic activity as expressed by O2 concentration.

Temporal series. Homogenising sediment stimulates diagenetic activity by releasing otherwise
unavailable organic matter pools (Hansen et al. 2000). This stimulation of activity can be further
stimulated by addition of labile material. In both incubations, the DIC concentrations showed a
significant linear increase during the first ~50 h (p < 0.05) and then stabilized (Fig. 8A and B).
From the DIC production it was estimated that organic matter corresponding to approximately 11 %
of the added organic carbon was consumed during incubation. In the enriched bag, the
concentrations generally stabilized at a level, which was ~1.2- fold higher than in the control. The
abundance of bacteria and virus showed a significant linear increase during the first 10-20 h (p <
0.05; Fig. 8A and B) in both bag incubations. In the control bag bacterial and viral abundances
reached 2.6 × 108 cells cm-3 and 1.7 × 108 virus cm-3, respectively, whereas carbon enrichment
further increased the maximum bacterial and viral abundance by 26 and 24 %, respectively. The
rates of net bacteria and virus production in the control bag was 7.0 ± 0.5 x 105 cells cm-3 h-1 and
3.8 ± 0.8 x 106 virus cm-3 h-1, respectively, increasing to 15.5 ± 0.9 x 105 cells cm-3 h-1 and 6.6 ± 0.2
x 106 virus cm-3 h-1, respectively, in the enriched incubation. The initial increase in viruses in the
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bags was always followed by a significant linear decline in viral numbers (2-7 x 106 virus cm-3 h-1,
p < 0.05), which increased in the C-enriched cultures, whereas bacteria stabilised after reaching the
peak abundance. The VBR for both the control and the enriched bags increased during the first 38 h
and then decreased and stabilised after 68 h (Fig. 8C). The VBR was on average 1.1 times lower in
the enriched bag (5.0 ± 2.7). No correlation was found between bacteria, virus and DIC (Fig. 9).
The experiment documents that as microbial metabolic activity is increased by enhanced
accessibility of organic material, both bacterial and virus abundance increase but the respective
responses are not necessarily synchronized.

Discussion

Small scale spatial distribution of bacteria and virus in sediment. Until now spatial variations in
bacterial and viral abundances have been monitored in homogenized sediment samples at cm to m
scale resolution, and reported values have thus typically represented average abundances in 30-100
cm3 sediment slices, depending on the diameter of the sediment core. Essential aspects of benthic
microbial and viral dynamics, however, happen on a much smaller scale related to microniches
induced by e.g. sedimentation of aggregates, fauna activity etc. In the present study, we therefore
zoomed in on mm-scale distributions of bacteria and viruses, and quantified their densities in 0.023
cm3 sample volumes in relation to the corresponding microscale oxygen distribution reflecting the
diagenetic activity. The data revealed a highly heterogeneous distribution of bacteria and viruses in
the upper 3 cm of a tidal sediment with hotspots of elevated abundances extending a few mm in
vertical and horizontal directions. This spatial distribution of microorganisms supports the
accumulating evidence of highly heterogeneous microscale distribution of organic matter (Fenchel
2008) and microbial diagenetic activity in surface sediments as resolved by O2 and DIC

Chapter 5

12

measurements obtained using planar optode and microelectrode technology (Fenchel & Glud
2000).
On vertical scales of cm to m significant decreases in viral abundance have been observed with
sediment depth (Hewson et al. 2001; Middelboe et al. 2011) or along trophic gradients (Hewson et
al. 2001; Middelboe & Glud 2006), corresponding to decreasing microbial activity and decreasing
input of organic matter. This has suggested that microbial activity and abundance are master
parameters determining the abundance and distribution of benthic viruses. On a smaller scale, on
the other hand, the correlation between viral abundance and bacterial parameters is much less
obvious. Bacterial and viral abundance did not show any significant correlation across the vertical
and horizontal gradients analysed in the current study (Fig. 6) and no clear vertical or horizontal
patterns in their distribution were observed at this spatial resolution within the investigated
sampling grids (1307 mm2 (2D vertical grid) and 10238 mm3 (3D grid)). Consequently, viral
dynamics and the relation to the activity and abundance of bacterial hosts observed in the present
study reflect differences from patterns obtained from homogenized sediment samples on larger
scales.
The spatial heterogeneity in the upper 3 cm of a tidal flat sediment corresponded well with the
existence of short-lived oxic and anoxic microniches caused by sedimentation of marine snow
aggregates, prolongation of root hairs, meiofauna migration, funnel structuring of macrofauna and
advective flow in microbial communities as previously been demonstrated (e.g.(Glud 2008;
Wenzhöfer & Glud 2004). 2D imaging of pCO2 and pH variations in anoxic sediments documents
the existence of local pH minima and elevated CO2 indicative for anaerobic hotspots with elevated
heterotrophic activity (Larsen et al. 2011; Stahl et al. 2006; Zhu et al. 2006a; Zhu et al. 2006b).
Our observations are in line with the 2D distribution of bacteria and viruses obtained at a similar
spatial scale in pelagic environments (Seymour et al. 2006; Seymour et al. 2008), and emphasizes
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that microscale microbial dynamics and local diagenetic hotspots are an inherent feature of both
sediment and water column environments. In pelagic systems it has been repeatedly demonstrated
that organic matter is heterogeneously distributed in aggregates which attract bacteria and provide
microzones of elevated bacterial activity (Blackburn et al. 1998).
In the present study we combine for the first time measurements of micro-scale oxygen distribution,
reflecting microbial activity, with measurements of bacterial and viral abundances. Interestingly,
bacterial and viral abundances did not correlate significantly with oxygen concentration. This
suggested that local reductions in oxygen concentration, likely reflecting a preceding increase in
bacterial respiration were not closely linked in time with zones of elevated bacterial and viral
abundances. Previous observations of fast production and decay of viruses in anaerobic incubations
support that short pulses of viral production may indeed occur in marine sediments creating
transient (few hours) hotspots of elevated viral abundances associated with stimulation of bacterial
activity (Glud & Middelboe 2004; Siem-Jørgensen et al. 2008). However, differences in the timing
and duration of elevated microbial activity, with consequently oxygen depletion, may result in a
decoupling of the co-occurring parameters in any given microsample.
We suggest, therefore that similar to what has been suggested for pelagic environments, the
heterogeneous distribution of bacteria and viruses at mm scale in surface sediments is driven by the
dynamics of formation and degradation of patches of labile organic matter in the sediment, which
stimulates bacterial respiration and abundance and subsequently viral abundance. A similar spatial
heterogeneity was observed for bacteria and protists at submillimeter scale in a surface sediments at
600 m depth in Santa Barbara Basin (Bernhard et al. 2003), without any relation to the vertical
structure of oxygenated and anoxic-sulfidic layers. This observation emphasized that a mosaic of
chemically heterogeneous microhabitats exists in both vertical and horizontal dimensions,
independent of the concomitant oxygen distribution.
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The actual volume-specific abundances of bacteria and viruses obtained in the present study is
approximately 1 order of magnitude higher than abundances previously found in coastal sediments
(Hewson & Fuhrman 2003; Middelboe et al. 2003), while the VBR values agreed well with values
from literature (e.g. (Bettarel et al. 2006; Danovaro & Serresi 2000; Middelboe et al. 2003). This
difference may in part be explained by the highly organic rich conditions characterizing the tidal
flat environment, receiving high amounts of organic carbon from both allochthonous and
autochthonous sources. In addition, we propose that the efficiency of bacterial and viral extractions
from the small sample volumes used in the present study may be significantly higher than from
extractions performed with 50-100 fold larger volumes normally used, thus in part explaining the
higher abundances.

Temporal dynamics of viral and bacterial abundance in homogenized sediment. Assuming that
viral abundance is in fact related to bacterial abundance and activity in the sediment, the spatial
uncoupling between the distribution of bacteria, viruses and oxygen concentration as observed in
the spatial study above, suggested that the development in these parameters is separated in time. If
that is the case, their distribution would reflect the recent history of the specific environment rather
than the actual activity of the micro habitat. In order to resolve the temporal succession in bacterial
and viral abundance, in relation to changes in the concurrent microbial activity, we measured these
parameters over time in incubations of homogenized sediment.
The incubations showed significant net increases in bacterial and viral abundances in both
treatments along with increased bacterial respiration. Homogenization of sediment prior to and
during incubation has previously been shown to stimulate microbial activity by a factor 1.1 – 3.2
relative to undisturbed cores (Hansen et al. 2000). Consequently, handling of the anaerobic
sediment may have stimulated microbial activity and thus explaining the observed increase in viral
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and bacterial abundance. Thus, a net virus production rate of 3.8 ± 0.8 x 106 virus cm-3 h-1 obtained
in our control incubations can probably not be directly interpreted as actual in situ rates.
However the increase in bacterial and viral activity in carbon enriched incubations relative to the
control verifies that viruses represent a dynamic component of marine sediments and that the
abundance of viruses respond to changes in prokaryotic activity.
Both experiments showed initially a relatively tight coupling between respiration rate (i.e. increase
in DIC concentration) and bacterial abundances. However, after approximately 10 h the bacterial
abundance stabilized whereas respiration continued for another 50 h, indicating that cell production
after that point was balanced by a corresponding loss and/or bacterial growth efficiency was
reduced, perhaps due to a shift in available substrate as previously observed for planktonic bacteria
(Middelboe et al 1993). Viral abundance increased after a time delay relative to net bacterial
production as expected due to the infection cycle of lytic viruses. Interestingly, the viruses that
accumulated during the initial part of the incubation showed a rapid decay (2-7 x 106 virus cm-3 h-1),
whereas the concentration of newly produced bacteria remained constant over time. The reason for
this difference is not known, but it implies that even though both bacteria and viruses respond to a
stimulation of metabolic activity by an increase in abundance, bacterial and viral abundances at any
given time are not correlated. This uncoupling of bacterial and viral abundance at macroscale is
illustrated by the absence of a positive correlation between bacteria and viruses in the individual
temporal experiments (Fig. 9).
The data strongly indicate that bacterial metabolic activity is the major factor regulating benthic
virus production. On a large spatial scale this results in positive correlation between viral abundance
and bacterial abundance and activity across gradients in trophic level or across seasons. This
suggests that the general level of viral abundance in a given benthic environment is constrained by
the levels of average microbial activity in that same environment or season. On a microscale, on the
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other hand, the rates of increase in DIC concentration and abundances of bacteria and viruses are
not tightly coupled in time, suggesting that virus-bacteria interactions occurs as periodic elevations
and declines of viral and bacterial densities associated with a continuous redistribution of
microscale resource patches.
Such small scale heterogeneity is likely to be an important driver of virus-host interactions in
sediments by influencing the density-dependent viral lysis of bacteria and creating microhabitats of
increased viral production relative to bulk conditions. The small scale variability therefore
influences the rates and regulation of virus-host interactions with implications for microbial
biogeochemical cycling that extends beyond the specific microhabitat, ultimately determining the
benthic carbon cycling on the global scale. Caution is therefore required when assessing the role of
viruses from studies of viral and bacterial activity based on homogenized samples, and there is a
need for development of methods to measure in situ viral production at the scale and conditions at
which they occur.
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Fig. 1. Planar optode image representing the average 2-dimensional O2 distribution in the surface
sediments as calculated from the 166 optode images, recorded previously to the microscale
sampling. Crosses represent the position of the microscale sampling for bacteria and virus.
Calibration bar represent oxygen concentration in µmol L-1.
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Fig. 2. 2-dimensional (48.4 x 25.5 mm) distribution and concentration of A) bacterial abundance, B)
viral abundance and C) virus:bacteria ratio in Dunstaffnage Bay sediment. Scale bar represents cells
and virus x1010 cm-3, respectively.
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Fig. 6. Virus as a function of bacteria in oxic (filled symbols) and anoxic (open symbols)
conditions; the solid and dashed lines represent the linear regressions for oxic and anoxic conditions
respectively. R2 values for oxic and anoxic plots are 0.31 and 0.18, respectively.
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mm depth in Dunstaffnage Bay sediment.
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Fig. 9. Virus as a function of bacteria in the control (filled symbols) and enriched (open symbols)
incubations; the solid and dashed lines represent the linear regressions for control and enriched
incubations, respectively. R2 values for Control and Enriched plots are 0.05 and 0.22, respectively.
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Abstract
High resolution 2-dimensional oxygen dynamics in the rhizosphere of rice (Oryza sativa L.), is
investigated using planar optodes. Oxygen release was observed from a central oxygenated zone at
the root base and from individual roots. The oxygenated zone was generally not connected to the
oxygenated surface sediment. The average oxygen concentration in the rhizosphere decrease
linearly from 18.7 to 2.83% air saturation, when oxygen in the air above the plant was reduced from
100 to 21% air sat. Irradiance transition from light to dark only decreased the oxygen leakage from
13.9 to 10.6 % air sat. Radial oxygen loss (ROL) was found to correspond to 274% of the oxygen
flux across the soil water interface – significantly larger than for other submerged macrophytes,
suggesting that no significant barrier to oxygen loss is present in young rice roots. The oxygenated
zone induced by root oxygen loss was estimated to correspond to a volume of 17.8 cm3. This large
oxic volume is believed to have significant importance for supporting aerobic processes in the
otherwise anoxic soil. We speculate that the observed spatial and temporal dynamism observed play
a profound role in controlling root biogeochemistry and plaque formation.
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Introduction

Plants growing in waterlogged soils or sediments depleted in oxygen, face the challenge that
naturally occurring toxic chemical species like sulfide or iron(II) can enter their root system. Plants
have developed two strategies to handle this dilemma; 1) Leakage of oxygen to establish a
protective oxidizing zone around root areas involved in nutrient assimilation, a strategy facilitated
by well developed gas conducting aerenchyma inside the roots (Armstrong 1980), and 2) solute and
gas impermeable barriers to prevent oxygen loss from root areas not directly involved in
assimilation processes (Colmer et al. 1998; Armstrong et al. 2000; Kotula et al. 2009). Molecular
diffusion is generally sufficient to ensure a several mm thick oxic zone around actively assimilating
roots (Christensen et al. 1994), thereby maintaining aerobic processes within the otherwise
anaerobic environment (Sand-Jensen et al. 1982). The oxic zone surrounding the root is controlled
by factors such as oxygen concentration in the overlying water/air, light irradiance (Jensen et al.
2005; Frederiksen and Glud 2006; Colmer and Pedersen 2008) and flooding (Waters et al. 1989;
Colmer and Pedersen 2008; Winkel et al. 2011). The oxygenation can have profound effects on
rhizosphere biogeochemistry, as metal dynamics and especially iron plaque formation (Christensen
et al. 1998; Blute et al. 2004; Jiang et al. 2009; Deng et al. 2010; Seyfferth et al. 2010), phosphorus
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availability (Christensen et al. 1998; Jiang et al. 2009), methane and nitrous oxide emission (Frenzel
et al. 1992; Kludze et al. 1993; Zhang and Ding 2011), sulfide (Armstrong 2005) and pH dynamics
(Begg et al. 1994; Revsbech et al. 1999).
Due to the commercial value and widespread occurrence lowland rice (Oryza sativa L.) is probably
the best studied plant growing in waterlogged soils. Several studies have reported oxygen leakage
and investigated oxygen in rice rhizospheres using microelectrodes (Frenzel et al. 1992; Revsbech
et al. 1999; Colmer and Pedersen 2008). Compared to bulk measurements (Kludze et al. 1993; Kirk
and Du 1997) and cylindrical oxygen cathodes (Armstrong 1994), microelectrodes offer a
significant improvement in spatial and temporal resolution and allow for in situ measurements as
well as microcosm studies at a sub-mm resolution. However, one-dimensional concentration
profiles only provide a limited understanding of the true spatial variability.
The oxygen distribution in the rhizosphere exhibits significant microscale variation, e.g. between
roots of different age and function (Armstrong 1994; Christensen et al. 1998; Revsbech et al. 1999).
In addition, roots display temporal dynamics as function of irradiance, growth status and oxygen
availability to leafs (Christensen et al. 1994; Frederiksen and Glud 2006; Winkel et al. 2011) – a
dynamic that can only be resolved at a very limited number of measuring points using traditional
microsensors. Recently 2-dimensional luminescent imaging (planar optodes) has been applied in
rhizosphere and soil studies for oxygen and pH (Frederiksen and Glud 2006; Blossfeld and Gansert
2007; Elberling et al. 2011). Compared to microelectrodes, planar optodes can offer equivalent
spatial (10 -20 µm) and temporal resolution (1- 30 sec), but covering a large area (> 20 cm2).
Furthermore optodes are non invasive and offer real time imaging of a range of analytes (e.g.
oxygen, pH, carbon dioxide) (Zhu et al. 2006; Fan et al. 2011; Larsen et al. 2011).
In this study, we for the first time, investigate 2-dimensional oxygen distribution in the rhizosphere
of (Oryza sativa L.), grown in water logged soil. We study the radial oxygen loss (ROL) from the
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roots and the spatial and temporal dynamics of oxygen in the rhizosphere, as function of oxygen
concentration experienced by rice plants, irradiance and plant development. The oxygen dynamics
of the rhizosphere are discussed and related to rhizosphere biogeochemistry.

Methodology

Plant, soil and rhizotrons. Perspex rhizotrons (H×W×D: 40×10×1.5 cm) (Fig. 1) were packed with
soil sieved to < 2 mm that had been moistened to ~ 10 % water content. The soil was filled into the
rhizotrons layer wise and was carefully compacted to ensure homogeneous soil structure. The
detachable front plate of the rhizotron (Fig. 1) was opened and the soil surface was covered by a
sheet of Nuclepore membrane (Whatman.com, 0.2 µm pore size, thickness ~ 10 µm). Subsequently
the rhizotrons were gently filled with water and kept anaerobic for 2 weeks prior to transplanting
the rice seedlings. The porosity of the soil was calculated based on the mass of soil filled in the
rhizotrons, the filled rhizotron volume, and soil particle density. Rice seeds (Oryza sativa L., RIL
46) were germinated for 10 days between moist tissue paper before transplanting the seedlings into
the rhizotrons. Seedlings were planted close to the front window of the rhizotron (Fig. 1), and
rhizotrons were kept at an inclination of 30-45° to ensure that roots developed along the front
window of the rhizotron.

Plants were grown at 20±2℃ and an irradiance of ~80-100 µmol photons m-2 s-1 with a 10:14 h
light:dark cycle. The soil was kept in fully submerged conditions with a water height of 8-10 cm
above the soil. During plant growth and the experimental phase, the lower part of the rhizotron was
kept in darkness to avoid exposing the roots and sediment to light which could have affected the
root development and led to the growth of microphytes.
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Preceding planar optode imaging, the front window of the rhizotron was removed and the rhizotron
transferred into the larger water reservoir, with the root and soil surface facing the front of the
reservoir (Fig. 1). The rhizotron was fastened against the wall of the reservoir chamber by a number
of braces. The clear front window of the reservoir chamber had previously been equipped with an
oxygen sensitive planar optode foil (see below). The water level in the reservoir was maintained
below the top of the rhizotron (Fig 1.) The Nuclepore membrane covering the soil (see previously)
ensured that the soil and roots remained undisturbed during removal of the front window. This
membrane is visually transparent when wet and did not have any influence on the planar optode
imaging. To ensure that the soil experienced minimal oxygen exposure, as the front window was
removed, the procedure was carried out in a water basin that had previously been deoxygenated
with nitrogen gas. The water reservoir with rhizotron was then placed in front of the camera and
LED setup (Fig. 1). During oxygen imaging the water reservoir including the rhizotron was kept at
a 45° inclination with the camera positioned perpendicularly to the optode. LEDs were arranged at a
45° angle relative to the optode.

Optode sensor fabrication. The oxygen quenchable luminophore PtTFPP (Platinum(II)5,10,15,20-tetrakis-(2,3,4,5,6-pentafluorphenyl)-porphyrin (frontiersci.com), was chosen as oxygen
indicator (Borisov and Klimant 2008; Fischer and Wenzhofer 2010), due to its excellent
photostability (Amao et al. 2001). PtTFPP and Coumarin C545 (SigmaAldrich.com) were mixed in
a 1/2% (wt/wt) ratio , respectively, and dissolved in 4% (wt/wt) polystyrene to form the sensing
cocktail. Coumarin C545 was added in order to increase the brightness of the indicator (Mayr et al.
2009; Larsen et al. 2011). The sensing cocktail was coated onto a 125 µm thick transparent
polyester foil (goodfellow.com) using a homemade knife-coating device. The final thickness of the
highly transparent oxygen sensing layer was ~10 µm.
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Planar optode imaging. The planar optode system used in this study is identical to what has
previously described system (Holst et al. 1998; Behrens et al. 2007; Volkenborn et al. 2010) and
will only be described briefly. The phosphorescent lifetime of the oxygen quenchable luminophore
was recorded with a fast gatable 12-bit CCD camera (Charged Coupled Device) (pcooptics.com)
through a 590 nm longpass filter (UQG optics, UQGoptics.com). Excitation light was delivered from
four high power LEDs (λ-peak = 445 nm, LXHL-LR3C, Luxeon) equipped with a 470 nm short
pass filter (UQG optics, UQGoptics.com). The camera and LED power supply were synchronized
through a custom made triggerbox controlled from a PC by the software Look@Molli (Holst and
Grunwald 2001). The short-lived phosphorescent lifetime was inferred from two well defined time
frames configured by the Look@Molli software. Recorded images were calibrated using the
phosphorescent lifetime of known oxygen concentrations (saturation in the overlying water and 0%
air saturation in anoxic soil), using a modified Stern-Volmer equation (Eq. 1) (Klimant et al. 1995;
Larsen et al. 2011).

[

(

τ
1
= α + (1 − α )
1 + KSV ⋅ C
τ0

)]

(1)

Where τ0 is the phosphorescent lifetime in the absence of oxygen and τ is the lifetime in the
presences of the oxygen at concentration (C), KSV the bi-molecular quenching constant and α the
non- quenchable fraction of the phosphorescent signal. All images were recorded in darkness to
avoid potential interference from ambient light. The maximum theoretical spatial resolution that
could be achieved with the given optical setup was ~120×120 µm, however, this could potentially
have been compromised by light guidance in sensor foil and acrylic walls leading to slight smearing
of the oxygen images (Fischer and Wenzhofer 2010).
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Experimental procedure. Oxygen distribution in the rhizosphere was investigated as function of
oxygen saturation in the overlying water and air, respectively, for submerged and emerged plants,
and of irradiance levels. Oxygen concentration was regulated by mixing nitrogen and atmospheric
air by means of two mass flow controllers (5850S, Brooks Instruments) controlled by a digital
control/readout unit (0154, Brook instrument). The oxygen concentration in the rhizotron was
monitored in parallel by a micro-optode (Microx TX3, PreSens GmbH). Levels of irradiance were
manipulated by varying the height of the growth lamp (400W HQI) relative to the plant, the
absolute irradiance was measured with a Li-Cor 250 Light meter equipped with a LI-190 Quantum
Sensor (licor.com).

Radial oxygen loss (ROL). Root radial oxygen loss (ROL) was calculated using equation (2)
(Fenchel 1996):
𝐽 = 𝜙 × 𝑅𝑆 × 𝐿 × (𝐿/2 × 𝐴 + 1) (2)

where 𝜙 is the soil porosity, Rs the soil volume specific oxygen uptake, L equals the oxygen

penetration depth from the root and A the average root diameter. The parameter L is determined
from extracted concentration profiles from the planar optode images. For all calculations we used a
root diameter of 0.3 mm

Results

Soil and plant oxygen dynamics. The soil in the rhizotron was sandy clay with a porosity of 0.58.
Oxygen penetration depth at the soil water interface (SWI) was estimated to be 2.7 mm (SD±0.2,
n=6) at 100% air sat., as derived from the planar optode images. The diffusive oxygen uptake

8
Chapter 6

(DOU) across the SWI was calculated from extracted vertical oxygen profiles, using Fick’s first law
of diffusion (Jørgensen and Revsbech 1985) and was found to be 17.5 mmol m-2 d-1 (SD±2.9, n=6).
The average volume-specific oxygen consumption, was calculated as DOU/oxygen penetration
depth, was found to be 0.07 nmol cm-3 s-1 (SD±0.015, n=6).
Root architecture and appearance of the oxygenated zone, was imaged for three planted rhizotrons
and were generally similar. A typical example is depicted in Fig. 2. Typically a zone with a high
oxygen concentration was observed at the base of the plant, this zone contained a high density of
small roots. The zone was observed just below the SWI, but the zone was in most cases separated
from the oxygen rich overlying water by a layer of oxygen depleted soil. From the central
oxygenated zone, 4-7 longer roots surrounded by a mm thick oxic zone extending into the otherwise
anoxic soil. The oxic zone surrounding these roots extended along the entire length of the root axis
and occasionally oxygen leakages were observed on fine lateral roots emerging perpendicular to the
root. The deepest roots and associated oxygenated zone was observed 81 mm below the SWI. From
black and white images obtained in parallel to the oxygen images, an average root diameter of 0.3
mm was estimated this value corresponds well with estimates from Revsbech et al. 1999 and Deng
et al. 2010. Oxygen was observed in the rhizosphere of all investigated plants throughout the 3
weeks experimental period. Oxygen leakage was observed from the majority of the roots, however
roots without any apparent oxygen leakage were occasionally observed (5-10% of the observed
roots), but there was no apparent correlation between depth in the soil and the occurrence of root
mediated oxic zone.
In the following sections we use the term “emerged” for plants growing with all leaves exposed to
the air, but with a water height of 8-10 cm inside the rhizotron (Fig. 1). For “submerged” plants all
tissue was covered by water.
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Irradiance induced oxygen dynamics in the rhizosphere. Oxygen was observed to be released
from the roots both, during the light and dark period, for submerged and emerged plants. The
transition from light (100-120 µmol photons m-2 s-1) to dark resulted in a decrease of the average
oxygen concentration in the root zone by ~25% from 13.9 to 10.6 % air sat., for emerged plants
(Fig. 3). After the light was turned off, oxygen was observed to gradually decrease during a 1.5-2 h
period, until a short (~1 h) steady state period was observed (Fig. 3). After the steady state period,
oxygen in the rhizosphere was observed to gradual increase until the light was switched on.
A step-wise increase in irradiance from ~100 to ~300 µmol photons m-2 s-1 caused an increase of
the average oxygen concentration in the root zone by ~23 %, from 14.3 to 17.7 % air sat. for a root
zone area of 1047 mm2 (Fig. 4). During the above experiments the oxygen concentration in the air
above the plant was kept at 100% air sat.

Oxygen induced dynamics in the rhizosphere. The greatest change of the rhizosphere oxygen
level was induced by changing the oxygen level in the air and water above the plant. For an
emerged plant, the average oxygen concentration in the 817 mm2 large root zone (Fig. 5.F)
decreased almost linearly from 18.7 to 2.83% air sat., as the oxygen concentration in the air above
the plant was reduced from 100 to 21% air sat. (Fig 6.A). Correspondingly, did the maximum
oxygen concentration in the soil decrease by 37 % air sat., and the extent of the oxic zone decreased
by 729 mm2, respectively. The maximum oxygen concentration recorded in the root zone was 51%
air sat. The anoxic area only accounted for 9.5% of the total area in the area defined as the root zone
at 100% air sat. At ambient oxygen levels of 21% air sat., the maximum concentration in the root
zone was only 14% air sat and the anoxic area decreased to 58% of the total root zone. Linear
extrapolation of this trend indicates that the rhizosphere would become anoxic at ambient oxygen
concentrations of 9.5 % air sat.
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Horizontally extracted oxygen profiles from a typical root (Fig 7.A), demonstrate that the oxygen

concentration at the root surface decreased from 26 to 5.1 % air sat., when the oxygen in the air was
reduced from 100 to 21 % air sat. Consequently, the oxygen penetration into the soil was observed
to decrease from 1.3 to 0.6 mm. The extent of the oxygenated root zone varied significantly on
individual roots. A transect of oxygen profiles perpendicular to the root is presented in Fig. 7.B. It
can be observed how the oxygen penetration decreases from 1.3 to 0.15 mm
when approaching the root tip. Changing the oxygen level of submerged plants gave very similar
results. We estimate that the root zone becomes completely anoxic when oxygen concentration in
the water was reduced to less than 13 % air sat., comparable to the results for the emerged plant Fig.
6.B. Oxygen leakage from root tips and individual roots was generally observed to cease at 40 % air
sat.

Temporal oxygen dynamics. A temporal development on oxygen release was observed on several
occasions. Fig. 8 demonstrates the rapid change of oxygen release from the main root to lateral root
during a ~4 day period. During this period it was furthermore observed how a new root gradually
appeared, the calculated growth of the specific root was 2.6 mm d-1. Oxygen release from the other
roots observed remained relative unchanged during this period (Fig. 8.C).

Discussion

Radial oxygen loss (ROL). As the planar optode images are performed along a wall, this will have
implications for the measured concentration and distribution (for detailed discussion see Glud
2008). One consequence of roots growing along the wall is the fact that the wall doesn’t consume
oxygen, leading to an overestimation of the oxic zone surrounding the roots, thus, it is likely ROL
based on concentrations profiles extracted from the planar optode images, are overestimated. In our
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opinion, the implications of “working on a wall”, will for most studies not have significant
consequences of the overall conclusions, as long as data are considered within the context of the
limitations. This also holds true for the presented work.

Oxygen dynamics in the rhizosphere. The data presented demonstrated for the first time high
resolution 2-dimensional oxygen dynamics of the rhizosphere of the lowland rice (Oryza sativa L).
Our data demonstrate that oxygen dynamics in the rhizosphere is highly dynamic and affected by
abiotic (light and oxygen concentration experienced by the plant), factors that control both the
spatial and temporal oxygen dynamics. The use of high resolution planar optodes greatly improves
the possibility of understanding these dynamics. Even so, planar optodes, offering the same spatial
and temporal resolution as presented here, have only been published for the marine eelgrass Zostera
marina (Jensen et al. 2005; Frederiksen and Glud 2006).

Rhizosphere oxygen control. Oxygen release from roots did not show large variations (<25%) in
relation to changes in irradiance intensities from 100 to 300 µE m-2 s-1. This is however in good
agreement to what have been found by (Winkel et al. 2011), who found a decrease of 31 to 47% in
the rhizome oxygen concentration of emerged Spartina anglica during light dark shift, and also for
submerged eelgrass Zostera marina (Frederiksen and Glud 2006). Thus it appears the oxygen
produced by photosynthesis is of minor importance for the rhizosphere oxygen dynamics of rice.
The observed gradual increase in oxygen concentration in the root zone during night time (Fig. 3)
suggest that respiration is reduced in darkness, similar to what has been observed by Waters et al.
(1989). This is in line with the general observation of low plant respiration in darkness. The
observed decrease in oxygen concentration during the light period could be related to a reduction of
carbon dioxide concentration in the rhizosphere, followed by a reduction in photosynthesis. It have
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previously been documented that carbon dioxide uptake by root is important factor in plant total
carbon dioxide uptake (Higuchi 1982).
Variation in the oxygen concentration in the air/water exposed to the leaves of the plant generated
the largest oxygen in the rhizosphere, observed as a reduction in the oxic area and average oxygen
concentration in the root zone, similar for submerged and emerged plants. Likewise did ROL
calculated from the profiles shown in Fig. 7.A, decrease from 0.17 to 15 mmol m-2 d-1, for oxygen
concentrations of 100 and 21% air sat., respectively. The strong linear relationship between the
average oxygen concentration in the rhizosphere and oxygen concentration experienced by the
leaves, indicates that oxygen transport to the roots is dominated by passive transport and regulation
by the plant is negligiblye. For both submerged and emerged plants, anoxia in the root zone was
estimated to occur if the shoot experienced 9.5-12 % air sat., at this concentration, root respiration
must have exceed the amount of oxygen that can be supplied from the above-ground biomass.
Assuming equal root respiration for submerged and emerged plants, there is apparently little
difference in the ability to supply oxygen to the roots by submerged and emerged rice shoots.
Likewise, (Holmer et al. 2002) observed no difference in rhizosphere oxygen dynamics of
submerged and emerged Spartina anglica. This is in contrast to the general observation of oxygen
dynamics of submerged plants, generally being limited by oxygen supply from the water (Voesenek
et al. 2006). The apparent discrepancy can however be explained by the relatively young plants
used in this study, with a maximum root penetration into the anoxic soil of no more than 81 mm. At
this length oxygen transport in aerenchyma seems sufficiently fast to supply the deeper roots.
Revsbech et al. (1999), estimated oxygen transport in rice roots to be as fast as diffusion in air,
concluding that aerenchyma tissue in larger parts can be compared to open tube without any
restrictions to gas diffusion. This assumption essentially supports the observation that the oxygen
transport to roots is passive and non-regulated.

13
Chapter 6

From our observations the majority of roots were found to leak oxygen, however occasionally we
did observe roots that did not leak oxygen (5-10%), which is in agreement with findings from other
studies (Armstrong 1994; Revsbech et al. 1999). Revsbech et al. (1999) noted that flowering plants
did not transport oxygen to the soil from the majority of the roots, suggesting that root oxygen
leakage should be considered in context of plant growth stage, this is also in agreement with our
findings of more mature root systems (data not shown).
Root ROL was demonstrated to have a high spatial variability based along single root axes, thus,
extracting single oxygen profiles gives a poor representative of the entire root ROL. However based
on the spatial information that can be achieved from the 2-dimensional planar optodes images, it is
possibly to estimate a realistic root average oxygen release. The ROL, as calculated from the profile
transect presented in Fig. 7.B, ranged from 19 to 0.70 mmol m-2 d-1, with a mean of 9.1 mmol m-2 d1

for the 5 profiles. Extracting a single profiles across the root, representing the average of all

profiles from a 14 mm section of the root (n=70, assuming a uniform root diameter), resulted in a
ROL of 16 mmol m-2 day-1. The average ROL from the 4 single roots was calculated to be 13 mmol
m-2 d-1 (n=259). Applying the average ROL derived from 4 single roots visible in Fig. 3.F, for an
emerged plant with a estimated a root surface area of 3.5×10-2 m-2 plant-1 (Miyamoto et al. 2001)
the plant specific ROL accounts for 0.395 mmol d-1. These findings are in good agreement with
ROL calculated from an oxygen microelectrodes study by Revsbech et al. (1999) with plants grown
in reduced anoxic soil, giving similar results of 0.24 mmol d-1 for 3 weeks old plants. These rates
are, however, significant higher than the ROL derived from stagnant hydroponics studies by Deng
et al. (2010) and Wu et al. (2012) who found rates of 0.013 and 0.023 mmol d-1, respectively.
However, compared to hydroponic studies the setup in the current study represents a more natural
system and gives, in our opinion, a more realistic estimate of in situ conditions. It should be noted
that in the above calculations we assume that all roots in a root system have a comparable ROL, and
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that oxic zones of individual roots do not merge. As can be observed on Fig. 4 and 5, the oxic zones
of individual roots do merge at base of the plant. This would probably lead to an overestimation of
ROL for the individual plants, thus we regard your calculated ROL as the upper limit for natural
paddy fields.
Assuming densities of 40 to 100 plants m-2 as found in paddy rice fields (Xu et al. 2006) root
induced oxygen leakage accounts for 19.0 to 47.7 mmol m-2 d-1, respectively, assuming 100% air
saturation in the air/water above the plan. These rates are in good agreement with earlier reports
(Revsbech et al. 1999), who found rates of 30 mmol m-2 day-1, but high compared to model based
estimates of 1.73 mmol m-2 d-1 (Kirk et al. 1994). Suggesting that model based approached
underestimate oxygen leakage, however given the complexity of the oxygen dynamics, this is not
surprising. The diffusive oxygen uptake (DOU) across the soil-water interface calculated from
extracted oxygen profiles showed rates of 17.5 mmol m-2 day-1 (SD±2.9, n=6), demonstrating that
ROL can be up to 274% higher that the DOU. In comparison, (Frederiksen and Glud 2006),
estimated ROL for the marine eelgrass Zostera marina to only account for 12% of the DOU at
natural plant densities. In contrast to the rice plants investigated in this study, Frederiksen and Glud
(2006) only observed oxygen leakage at the root tips and an overall smaller oxic zone, which
resulted in the lower ROL values compared to DOU.
Oxygen loss from the sea grass Cymodocea rotundata (Pedersen et al. 1998) was found to account
for only 1 % of the calculated DOU. Thus, it appears that compared to previously investigated
rooted aquatic macrophytes, young lowland rice have a significant higher impact on oxygen
dynamics of the rhizosphere and hence are an important factor for rhizosphere biogeochemistry.
The observed high ROL is likely attributed to the well developed aerenchyma found in rice plants
(Waters et al. 1989; Jung et al. 2008), ensuring high oxygen supply to roots. Using the presented
oxygen images, it is possibly to estimate the plant specific oxic volume. Assuming a simplified root
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structure where the basal oxygenated part of the rhizosphere can be described as a sphere with a
radius of 16 mm, from where 12 roots emerge (50% of the number of roots observed on Fig. 5.),
having an average length of 24.5 mm and oxic zone with a radius of 1.2 mm, the total oxic soil
volume amounts to 18.5 cm3 plant-1.
Oxygen variations in rice paddy fields can show large diurnal oscillations in the water, due to
primary production from rice plants, cyanobacteria and algae and respirations. Diurnal variations
between ~21 and ~163% air sat., have been reported by Usui and Kasubuchi (2011) for natural
paddy rice fields. Even though the main part of the rice is normally exposed to the air above the
paddy water, we still expect the above ground oxygen dynamics to be reflection in the rhizosphere
oxygen dynamic, even for submerged plants. Such diurnal variations have previously been
observed for emerged rice plants (Waters et al. 1989), however they were mainly attributed to
changes in the photosynthetical oxygen production.
A high oxygen dynamic rhizosphere can be expected to have pronounced effects on the
biogeochemistry of paddy fields, e.g. on nitrification-denitrification, sulfate reduction and
methanogenesis. Nitrogen cycling in the rhizosphere has previously been studied in eelgrass beds of
Zoestra marina by Risgaard-Petersen et al. (1998) who did not find a significant effect of
rhizosphere dynamics on coupled denitrification. Given the small size and the short-lived nature of
oxic zones around Zoestra marina root tips slow-growing nitrifying bacteria might be prevented
from reaching quantitatively important population densities (Frederiksen and Glud 2006). As the
observed ROL for rice is found to be relative spatially and temporal stable, it could be expected that
the conditions are favorable for nitrifying bacteria, and hence a stimulation of coupling nitrification
–denitrification.
Interestingly, the data presented do not suggest any significant barrier to ROL on the majority of the
roots observed, in contrast to what have has found for rice and other wetland plants (Armstrong et

16
Chapter 6

al. 2000; McDonald et al. 2001; Colmer 2003). However it can be augmented that ROL barrier is
not required if roots are relatively short and transport of oxygen is sufficient fast to fulfill
respiration demands even as oxygen is lost as ROL. Furthermore it could be speculated that younger
roots are more sensitive to reduced chemical species, a high ROL would prevent these species
reaching the root itself. Also, it could be speculated that physical barriers to ROL could function as
barrier for nutrient uptake

2-dimensional imaging in rhizospheres. Our work illustrates the capabilities of high resolution
real time oxygen imaging using planar optodes of rhizospheres. So far planar optodes have only
have been fully utilized in a few studies (Jensen et al. 2005; Frederiksen and Glud 2006). The
relative limited use of is generally attributed to relative complex imaging systems. However,
recently several alternative to the relative complex luminescent lifetime based systems have been
presented (Zhu et al. 2006; Larsen et al. 2011; Staal et al. 2011) that enables 2-dimensional imaging
of oxygen, pH and carbon dioxide, all utilizing commercial availably digital color cameras,
achieving similar data quality as in this study.
As noted trace metal dynamics in the rhizosphere is highly affected by redox changes induced by
root oxygen leakage. Trace metal heterogeneity can be quantified using 2-dimensional diffusive
gradients in thin films (DGT) approaches, which can also be combined with planar optode imaging,
referred to as sandwich sensors (Stahl et al. 2012). Preliminary studies with sandwich sensors in the
rice rhizosphere have been performed and demonstrate localized mobilization and immobilization
of trace metals (Williams et al. in prep.). DGT might also offer a unique possibility to study trace
metal mobilization from to iron plaque on roots.
Root plaque has received much attention in rice rhizosphere studies due its role in Fe and trace
metal cycling e.g. (Deng et al. 2010; Seyfferth et al. 2010; Wu et al. 2012), as barrier against arsenic
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species and phosphorous uptake (Christensen et al. 1998; Jiang et al. 2009), however to our
knowledge, all studies of plaque dynamics have been performed on roots removed from the plant
and not under in situ conditions or flowing temporal dynamics.
The observed spatial and temporal oxygen dynamics in the rhizosphere are likely play a key role in
root plaque formation and function. We have performed successful preliminary test for a semiquantification real time imaging approach for iron plaque on rice roots grown in rhizotrons. Figure
9 demonstrates a graphic representation of plaque formation on a well developed rice root system.
The spatial dynamics of the observed plaque with a high degree of root dependent variation is likely
caused by spatial and temporal oxygen dynamics, as it observed in the present study. The high
plaque formation in the basal part of the root system is concurrent with the observed high oxygen
concentrations. We speculate that the basal part of the root system functions as a protective
“nursery” for young root – this is supported by the observation of high number of small roots
observed in that zone. The spatial variation in plaque formation could also be related to differences
in root function, e.g. localized phosphorous uptake that is tightly linked with plaque due to the
strong binding of phosphorous to plaque. We currently plan to combine plaque imaging with high
resolution measurements of phosphorous using DGT (Santner et al. 2010; Santner et al. 2012) to
study phosphorous uptake in relation to plaque formation.
The data presented here demonstrates for the first time 2-dimensional real-time oxygen dynamics in
the rhizosphere of lowland rice and demonstrate the strong advantages of applying planar optodes in
rhizosphere studies. The results show that compared to other macrophytes, young lowland rice
plants release more oxygen into their rhizosphere and consequently have a larger effect on
rhizosphere biogeochemistry. As oxygen in the rhizosphere is observed to be both spatial and
temporal dynamic, the application of 2-dimensional measurements is a central tool for studying
these changes, and will thus help improving our understanding of rhizosphere redox chemistry.
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Fig. 1. Side view of experimental arrangement. Cam; PCO Sensicam camera equipped with longpass
emission filter (590 nm), with output to PC, LED; Excitation unit with high power LED and excitation filter,
RH; Rhizotron box with plant and soil, WR; water reservoir, PO; Oxygen sensitive planar optode foil, RP;
rice plant, Tri; trigger/timing unit with trigger input from PC, WL; water level, FiB; Fibox for oxygen
measurements in air/water above the plant. The filter membrane is not show on the schematic (see text).
During optode imaging the experimental arrangement was rearrange so that the Water reservoir and
Rhizotron was tilted at an angle of 45°. The water level in the rhizotron shown is for an emerged plant.
Schematic not to scale.
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Fig. 2. Typical planar optode oxygen images of the rhizosphere of rice (Oryza sativa L.). It can be observed
how the oxygenated zone induced by the root oxygen leakage, is separated from the oxygenated surface soil,
by a layer of anoxic soil. Only at the stem of the plant do the 2 oxic zones merge. Images are scaled only to
show oxygen concentrations from 0 to 70% air sat., for better visualization of rhizosphere oxygen dynamics.
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Fig. 3. Temporal development of the oxygen concentration in the rice rhizosphere during a light/dark
transition. Light grey color represent the dark period. The oxygen concentration represents the average
concentration in the root zone with an area of 772 mm2.
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Fig. 4. Planar optode oxygen images of the rhizosphere of rice (Oryza sativa L.). Images are recorded at
irradiance of (A) 100 and (B) 300 µmol photons m-2 s-1, respectively. Images are scaled only to show
oxygen concentrations from 0 to 70% air sat., for better visualization of rhizosphere oxygen dynamics.

29
Chapter 6

Fig. 5. Planar optode oxygen images of the rhizosphere of emerged rice (Oryza sativa L.) as function of
oxygen concentration in the air above the plant. Oxygen concentration in the air is 21,40,61,84 and 100 % air
sat., for A,B,C,D and E, respectively. Image F represent a visual image of the root zone, the dotted area,
represent the root zone of 817 mm2. The dotted line on E, represents the position of the extracted profiles
shown on Fig. 7.A. Images are scaled only to show oxygen concentrations from 0 to 70% air sat., for better
visualization of rhizosphere oxygen dynamics.
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Fig. 6. (A) Average oxygen concentration in root zone of the rice rhizosphere, extracted from the images in
Fig. 5 (A,B,C,D and E). The area of the root zone is indicated on Fig. 5.F. (B) Average oxygen concentration
in root zone of the rice rhizosphere of a submerged plant, as function of oxygen concentration in the water
above the plant. The zone corresponds to an area of 725 mm2.
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Fig. 7. Extracted oxygen profiles from the images presented in Fig. 5. (A) Oxygen concentration profile
extracted from images A,B,C,D and E in Fig.5, demonstrating the reduction in ROL as the oxygen in the
overlying air is reduced. The position of the profile shown on Fig. 3E. (B) Spatial variability in ROL from an
individual root as function of distance extracted from Fig 3F. The profile “0 mm” is equivalent to profile
“100% air sat.” from Fig. 7.A. The distances in the legend represent distance from the “0 mm” profile,
moving towards the root tip.

32
Chapter 6

Fig. 8. Temporal development of oxygen dynamic in the rice rhizosphere. (A, B) Oxygen images recorded
with 92 h interval. It can be observed that as one root experience a significant reduction in ROL during the
92 h, a new oxic zone develops around a fast growing root (2.6 mm d-1). The oxic zone on the root to the left
remain unchanged. Extracted oxygen profiles from image A and B, are show on image C, the position of the
profile is indicate on the images as a dotted line.
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Fig. 9. High resolution 2-dimensional visualization of plaque formation on the root of rice growing in
submerged soil. A high spatial variability can be observed, which is possible caused by the dynamic oxygen
concentrations observed in the rhizosphere. High plaque formation at the base of the root are speculated to
represent a protective “nursery” for young roots, where oxygen concentration is high. Imaging can be
performed continuously in real time and allows for studies of spatial and temporal developments of plaque.
Areas with high densities of plaque are shown with bright colors.
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Abstract
We measured denitrification in permeable sediments in a sealed flume tank with environmentally
representative fluid flow and solute transport behavior using novel measurements. Numerical
flow and reactive transport models representing the flume experiments were implemented to
provide mechanistic insight into the coupled hydrodynamic and biogeochemical processes. There
was broad agreement between the model results and experimental data. The model showed that
the coupling between nitrification and denitrification was relatively weak in comparison to
cohesive sediments. This was due to the direct advective transport between anoxic pore water
and the overlying water column, and little interaction between the mostly oxic advective region
and the underlying anoxic region. Denitrification was therefore mainly fueled by nitrate supplied
from the water column. This suggests that the capacity of permeable sediments with non
migratory ripples to remove bioavailable nitrogen from coastal ecosystems is lower than that of
cohesive sediments. We conclude that while experimental measurements provide a good starting
point for constraining key parameters, reactive transport models with realistic kinetic and
transport parameters provide critical insight into biogeochemical processes in permeable
sediment that are difficult to experimentally evaluate.
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Introduction

One major effect that human activity has had on the global nitrogen cycle is to drastically
increase the amount of bioavailable nitrogen in lakes, streams and oceans. Today anthropogenic
N2 fixation (conversion of nitrogen gas to ammonium) via the Haber-Bosch process is
approximately equal to natural rates (Gruber and Galloway 2008) and this has important
implications for the N cycle. The primary sink for bioavailable nitrogen is denitrification, the
biologically mediated, stepwise reduction of nitrate to N2 gas (Rivett et al. 2008). This process
therefore has great significance in limiting phytoplankton growth, and yet may be the least well
constrained process in the nitrogen cycle (Codispoti 2007). Further, insight on benthic
denitrification has been mostly limited to cohesive sediments, where solute transport and
exchange are dominated by diffusion (Burdige 2006). However, cohesive sediments are not the
most wide spread substratum in coastal settings. Loosely packed, sandy sediments account for
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about 70% of continental shelves and beaches, and represent a different biogeochemical
environment to that in conventional diagenetic (sediment-water interaction) studies (Boudreau et
al. 2001). Only during the past two decades have researchers began to realize that permeable
sediments are important in our understanding of broad-scale element cycling like that of nitrogen
(Boudreau et al. 2001).
Recent research into permeable sediment biogeochemistry, especially flume studies, has
deepened our insight into solute transport and processes in permeable sand. Early work showed
that advective pore water flow had strong influence over the distribution of nutrients and redox
sensitive elements (Huettel et al. 1998). Subsequent work elegantly showed the dynamic nature
of O2 around ripples using planar optodes (Precht et al. 2004), and the same authors speculated
that the spatial and temporal alternation between oxic and anoxic zones could stimulate
nitrification and denitrification. Since these seminal observations of relevance to the nitrogen
cycle, only a handful of studies have investigated denitrification rates in these sediments
considering advective behavior (Cook et al. 2006; Cardenas et al. 2008; Gihring et al. 2010).
Denitrification rates in sands have been measured in packed flow-through reactors, where water
is simply forced to flow through a volume of sediment (Rao et al. 2007). This provides a good
method for constraining the kinetic properties of permeable sediments, but does not realistically
reflect conditions in natural environments. Larger sediment cores with stirred overlying water
have been used to develop advective flow, with denitrification measurements in the water
providing an average flux, but this too is conducted under a non-realistic, idealized flow regime
(Cook et al. 2006; Gihring et al. 2010). Comparison of stirred cores (where the circulation of
overlying water causes sub-sediment advection) and unstirred cores (in which transport is
diffusive), has found that denitrification rates were increased 10-fold in the stirred system. It is
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highly likely that using both sealed (Ziebis et al. 1996; Cook et al. 2006) and flow-through (Rao
et al. 2007) cores to measure denitrification in permeable sands produces misleading results due
to unrealistic flow fields. Surprisingly, there have been no attempts to measure denitrification in
flume experiments, which are best suited to replicating realistic pore water flow fields.
In recent years, there have been several efforts to describe pore water flow fields and associated
biogeochemical processes using theoretical computations based on simple parameters, such as
flow rate, pressure and permeability (Meysman et al. 2006; Meysman et al. 2007). The approach
generally consists of first calculating the sub-surface flow field; and then overlaying a reactive
transport model, based on measured and/or estimated chemical kinetic rates (Cook et al. 2006;
Cardenas et al. 2008). For example, O2 dynamics in permeable sands are described primarily by
transport, governed by the flow field given in Darcy’s Law, and appropriate reaction kinetics
(Meysman et al. 2003). Only one study has used such a model to predict denitrification rates in
permeable sediments with a realistic flow field (a rippled surface), concluding that denitrification
is inefficient in these systems (Cardenas et al. 2008), and that rates may differ greatly from
predictions of diffusive models. Modeling studies have found that if sufficient parameters are
measured, a simple and informative model can significantly strengthen our conceptual
understanding of denitrification (Forster et al. 2003). This is particularly pertinent in permeable
sediments where experiments with realistic pore water flow regimes are time consuming and
difficult to replicate.
This study aimed to quantify the distribution and rates of O2 consumption and denitrification
within the sediment after the addition of 15NO3- tracer to a permeable sediment in a recirculating
flume tank with realistic sediment topography, and to use a computational approach to model
the physical and chemical processes that influence denitrification in permeable sediments, in
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order to provide additional insight into experimental findings and to make predictions about
denitrification in permeable sediments.

Methods

Collection of sediment and seawater. All samples were collected from a beach in Brighton,
Victoria, Australia (37.8912S, 144.9852E) Surface (~ 5 cm) and deeper sediment were collected
separately on 12 May 2011 and stored in open containers in the laboratory. As such, any in situ
differences in these strata (such as solute concentrations) could be reproduced in the flume.
Surface sediment was constantly aerated with a fish tank aerator and stirred approximately 3
times weekly. Deeper sediment was not aerated, but stirred similarly. Water samples were
collected on 12 May 2011 (expts 1 and 2) and 20 July 2011 (expt 3) and stored in prewashed
plastic containers in the lab. Flume experiments were performed within several weeks of sample
collection, as shown in Table 1.

Experimental design. All experiments were performed in a custom built flume tank (Fig. 1).
Tank walls were constructed from 1 cm thick acrylic. One side of the tank had a 9 × 9 array of
ports drilled into the acrylic at 3 cm spacing and filled with silicone sealant, which allow
sampling of the water column and sediment with a long hypodermic needle. Gas diffusion across
these ports was negligible. The reverse side had a 2-dimensional fluorescent O2 sensor (planar
optode) fixed with generic plastic tape to the inside of the tank (Larsen et al. 2011). Water flow
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was controlled using an electric boat propeller (Minn Kota), driven by a purpose-built variable
direct current (DC) power supply. The motor was connected to the tank from below with
approximately 2 m of a combination of polyvinyl chloride (PVC) plumbing pipe and flexible
PVC pipe (10 cm inner diameter (i.d.)). The overall volume of the sediment was ~ 14 L and the
overlying water was ~ 66 L. The gas leak rate was measured by filling the tank with water
purged to 20% air-saturation and measuring the increase in oxygen concentration over several
days. Planar O2 images recorded during complete anoxia documented that optical smearing and
wavelength dependent scattering by sediment grains had a negligible effect on the O2 images
(Larsen et al. 2011).
One-dimensional flow profiles in the water column were measured using an Acoustic Doppler
Vector (ADV, Sontek® MicroADV®) at approximately 1 cm depth intervals. Velocity taken at
~ 6 cm above the sediment-water interface (SWI) was used as a standard to compare
experimental conditions.
The initial SWI relief including ripples of geometries published in the literature (Cook et al.
2007) were sculpted in the central part of the flume using a plastic ruler. The ‘deep’ collected
sediment was used to fill the deep part of the flume sediment area, and the shallow collected
sediment was used for the surface ~5 cm. Under flow conditions, the initial relief changed
slightly, forming ripples with a wavelength of 10 cm and height of 1 cm – slightly steeper on the
downstream side, but roughly symmetrical. This ripple geometry was replicated for all
experiments.
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Flume experiments. Three flume experiments were performed, each under different conditions.
Expts 1 and 2 were performed with sand of similar O2 consumption kinetics exposed to different
overlying flow rates (and hence different advective flow patterns in the sediment) as outlined in
Table 1. During these two flume experiments the O2 saturation in the overlying water remained
above 60%. Expt 3 was performed with sediment having an elevated respiration rate, as
compared to expts 1 and 2. Due to the higher respiration rate, the O2 saturation in these
experiments was depleted to ~ 30% its initial value. A summary of experimental parameters is
provided in Table 1.
Before flume experiments, the water in the flume tank was aerated and circulated for 5 days to
reach a quasi steady-state condition, as confirmed by simultaneous O2 imaging. Two or three
days before flume experiments, the flow was stopped for a period of ~ 4 hours to monitor the O2
decline in the sediment under non-advective conditions using the planar optode system. The O2
consumption rate in different pixels was calculated from images recorded every five minutes
(see also Precht and Huettel 2004; Polerecky et al. 2005). For expt 3, the O2 consumption rate
was measured by injecting oxic water near to the optode and recording images every 3 minutes
for half an hour.
Flume experiments were initiated by sealing the flume and removing trapped bubbles with
syringes. A slot in the flume lid allowed simultaneous ADV measurements and the surface of
this slot was sealed with castor oil to prevent gas exchange with the atmosphere. Initial samples
were collected for analysis of nitrate and ammonium (combined sample, ~ 10 mL filtered
through a 0.45 μm filter (MicroAnalytix 30PS045AN) and frozen) and N2 (preserved with

8
Chapter 7

250 μL 50% ZnCl2 in a 12.5 mL gastight vial with no headspace) concentrations in the water
column.
As a tracer for denitrification activity, 20 mL of 0.2 mol L-1 Na15NO3- (>98% isotopic purity,
Cambridge Isotope Laboratories) was injected into the overlying water of the flume tank, and
after ~10 min a second sample was collected for nitrate analysis to determine the amount of
15

NO3- added. Samples were collected for analysis of dissolved N2 in the overlying water every

hour by withdrawing water with a hypodermic needle through one of the ports in the side of the
tank. Planar optode images were collected throughout the experiment at 30 minute intervals to
monitor changes in O2 concentration both in the sediment and overlying water.
At the completion of experiments (6-12 h, see Table 1), the water column was once again
sampled and pore water samples were collected from transects 3 cm and 6 cm below the ripple
peaks, and in vertical profiles (3, 6, 9, 12, and 15 cm) at one ripple peak and one ripple trough,
again using the sample ports. A 3 cm long hypodermic needle was used to draw ~ 10 mL of pore
water, giving a sampling sphere of ~ 1.5 cm. For all three experiments N2 (3 mL), nitrate and
ammonium (~4 mL), and dissolved inorganic carbon (DIC, 3 mL preserved with HgCl2 in
gastight vials) samples were collected from this 10 mL pore water sample.
For expts 2 and 3, the surface 4 to 5 cm of sand was resuspended (slurried) at the completion of
all pore water sampling by mixing vigorously with a plastic ruler. The flume was mixed for ten
minutes and a further N2 was sample was collected to estimate the bulk denitrification rate in the
sediment (Nielsen 1992). Anammox was ignored as a potential mechanism for nitrate reduction
based on previous direct measurements which showed the process to be negligible in sandy
sediments (F. Wenzhöfer unpubl.).
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Measurement of denitrification potential. The denitrification potential of the sediment – the
maximum rate of denitrification in the absence of O2 – was measured using a flow-through
reactor similar to that described by Rao (2007). Two cores (i.d. = 4.6 cm, length = 2.5 cm) were
taken from the flume tank at the completion of expt 3. The cores were connected to a reservoir
via a peristaltic pump, and completely flushed with O2-depleted seawater spiked with 5 µmol L-1
15

NO3- to ensure removal of any residual nitrate from the flume experiment. The flow velocity

during this experiment was ~ 0.3 mm min-1, well bracketed by the modeled pore water velocities
of 0 – 1.8 mm min-1. After ~ 1 hour of flushing, 12.5 mL of effluent was collected from each
core for N2 as described above. The experiment was repeated at various concentrations of NO3(20 µmol L-1, 40 µmol L-1, 100 µmol L-1) in order to quantify the denitrification kinetics for
input in the model.

Sample analysis. Permeability was measured using a permeameter as described by Reynolds
(2008). Porosity was measured as described by Dalsgaard et al. (2000). N2 in the pore water was
analyzed after equilibration into a 4 mL He headspace using a coupled gas chromatograph-mass
spectrometer (Shimazu GCMS-QP5050) or a Sercon 20-22 isotope ratio mass spectrometer
coupled to a gas chromatograph for water column samples. Excess 29N2 and 30N2 produced by
denitrification of 14NO3- and 15NO3- were calculated using the Isotope Pairing method (Nielsen
1992). Combined nitrate and nitrite (NOx) and ammonium (NH4+) were analyzed
spectrophotemetrically using a Lachat QuikChem 8000 Flow Injection Analyzer (FIA). DIC was
analyzed in triplicate by FIA using a gas diffusion method (Oshima et al. 2001).
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Computational modeling. The pressure at the SWI was calculated following Cardenas and
Wilson (2007) by first modeling the turbulent flow in the open channel of the flume by solving
the Reynolds-averaged Navier-Stokes (RANS) with the k-ω closure scheme; the simulated
turbulent flow field and pressure field also gives the pressure along the SWI. The computational
fluid dynamics model was implemented in FLUENT (version 12.0.16). A two-dimensional
domain was used, based on the water column and SWI geometry in section 2 of the flume tank
(Fig. 1). Flow above the SWI was fitted to profiles measured with the ADV, and assumed to be
constant above the measuring height of 6 cm. The measured profile was used as inlet boundary
conditions. The downstream end of the flume was considered as an outlet, and the SWI was
considered as a wall boundary. Two flow conditions were solved, shown in Fig. 2, simulating the
measured flow in expts 1 and 3; and that measured in expt 2. Using the experimental boundary
conditions in this way ensured that wall effects on the flow field – especially at the inlet and
outlet boundaries – were considered by the model. In Fig. 2, the minima in pressure are
consistently ~ 2mm downstream of the ripple crests. This is expected for systems with moderate
Reynolds Numbers (Re = 3000 for our system) as discussed in Cardenas and Wilson (2007). In
low Reynolds Number flows (i.e. slower or oscillating flow), the location of the flow detachment
(which coincides with the pressure minima) migrates upstream gradually until at high Reynolds
Numbers when it stays at the crest.
Pore water flow through the sediment is described by the continuity equation and Darcy’s Law:
∇∙𝑞 =0

(1)

In the above equation, q is the Darcy flux, given by
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𝑞=−

𝑘𝑝
∇𝑃
𝜇

(2)

where kp is the saturated sediment permeability (see Table 2), μ is the fluid viscosity (we
assumed 0.001 Pa s) and P is the pressure calculated from the RANS k-ω model (Cardenas and
Wilson 2007; Cardenas et al. 2008) and shown in Fig. 2. Under uniform temperature, salinity,
porosity and permeability, Eq. 1 simplifies to the classical Laplace equation (Meysman et al.
2005):
∇2 𝑃 = 0

(3)

The flow field in the sediment domain of the flume tank, based on the geometry measured in the
flume, was calculated using COMSOL Multiphysics (version 3.5a), a graphics-based finiteelement calculation software. The extremely fine mesh used > 100,000 triangular elements, with
most clustered around the SWI, where concentration and pressure gradients are highest. The
boundary condition at the SWI was the Navier-Stokes pressure P, and a no-flux condition was
applied to all other boundaries to replicate the acrylic walls of the flume tank.
Reactive transport model. The reactive transport model explicitly models four coupled
chemical reactions that govern nitrogen biogeochemistry: Ammonification (AM), Nitrification
(NI), Denitrification (DN), and Aerobic respiration of organic matter (AR).
AM: ‘NH3’ + H+  NH4+
NI: NH4+ + 2 O2  NO3- + H2O + 2 H+
DN: ‘CH2O’ + 0.8 NO3- + 0.8 H+  CO2 + 0.4 N2 + 1.4 H2O
AR: ‘CH2O’ + O2  CO2 + H2O
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All other processes, such as assimilation, anammox and other biogeochemical reactions such as
sulphate reduction, were not a part of this study and were neglected by this model, consistent
with previous computational methods (Cook et al. 2006; Cardenas et al. 2008). Aerobic
respiration was fitted with a continuous piecewise linear regression (forced through the origin –
this is required for the model), and denitrification was assumed to occur at 0.05 times this rate
once O2 was consumed, consistent with experimental results. Ammonification occurs at a
fraction of aerobic respiration rates, depending on the nitrogen composition (C:N ratio) of the
organic matter present. Nitrification was modeled by a conventional second-order reaction. The
equations for these rates are shown below:
𝐾 [O ] + 𝐾2
𝑅AR = � 1 2
𝐾3 [O2 ]

𝑅DN = �

[O2 ] ≥ 𝑐𝑐𝑟𝑖𝑡
�
[O2 ] < 𝑐𝑐𝑟𝑖𝑡

−
𝜃 𝑖𝑛ℎ × 0.05 × (𝐾1 [NO−
3 ] + 𝐾2 ) [NO3 ] ≥ 𝑐𝑐𝑟𝑖𝑡
�
[NO−
𝜃 𝑖𝑛ℎ × 0.05 × 𝐾3 [NO−
3]
3 ] < 𝑐𝑐𝑟𝑖𝑡

𝑅AM =

1
𝑅
𝛾𝐶𝑁 AR

𝜃 𝑖𝑛ℎ = �
�1 −

2 × 𝐾𝑂𝑖𝑛ℎ
2

(7)

[O2 ] ≥ 2 × 𝐾O𝑖𝑛ℎ
2

� [O2 ] < 2 ×

(5)

(6)

𝑅NI = 𝑘NI [O2 ][NH4+ ]
1
[O2 ]

(4)

(8)

𝐾O𝑖𝑛ℎ
2

An explanation of the parameters in these equations is given in Table 2. K1, K2, K3, and ccrit are
fitted parameters based on measured data, and are listed for each relevant experiment in Table 3.
In all simulations, the rate of organic matter respiration is assumed to be constant and equal to
the maximum rate of O2 consumption. The reactive transport equation is then given by

13
Chapter 7

𝜕𝐶𝑖
+ ∇ ∙ (−𝐷𝑖 ∙ ∇𝐶𝑖 + 𝒗𝐶𝑖 ) = 𝑅𝑖
𝜕𝑡

(9)

Where v is the pore water velocity calculated by Eq. 3, Ci is concentration, Di is the effective
diffusion coefficient and Ri is the rate of production due to the reactions shown above. Effective
diffusion coefficients, corrected for porosity and tortuosity were calculated based on those of
Boudreau (1997).
The reactive transport model was applied to the already calculated flow field in COMSOL
Multiphysics. The species O2, NH4+, 14NO3-, 15NO3-, 28N2, 29N2, and 30N2 were all explicitly
modeled with the domain and mesh described for the solution to Darcy’s Law. For each
simulation, the reactive transport simulation was first solved to steady state based on the
parameters in Table 2. The boundary condition of 15NO3- was then changed to reflect the addition
of tracer and a transient reactive transport simulation was run over the same time period as the
respective experimental flume experiments (see Table 1). To account for the high spatial
variation in N2 concentration and the low resolution of the sampling method, N2 concentrations
were extracted from the model assuming perfect spheres of volume 10 mL around each sampling
point.
Computational simulations performed. Three simulations were performed, reflecting
simulations of expts 1, 2, and 3 as described in Table 1. Values of O2 boundary conditions
replicated the consumption of O2 in the water column to 60% of its initial saturation value for
expts 1 and 2, and to 30% of its initial value for expt 3, as observed in the experiments.
Boundary concentrations of 14NO3- and 15NO3- were based on FIA measurements for samples
taken immediately before and after tracer addition in the appropriate simulation. A further
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simulation was performed of expt 1 at slow denitrification kinetics with 𝐾O𝑖𝑛2ℎ = 0.002 mmol L-1

to investigate the effect of this parameter.

Results

Experimental results. The permeability of the sand was found to be 3.4 ± 0.1 × 10-11 m2,
porosity φ = 0.36 and the carbon respiration-ammonification ratio 𝛾𝐶𝑁 = 14 ± 6. Images from the

planar optode reflect advection of oxic water into the sediment upstream of ripples alternating
with upwelling of anoxic water in the central and downstream section of the ripples (Fig. 3).
O2 kinetics measured with the planar optode did not show classical zero-order kinetics,
presumably due to gradual oxidation of iron sulfides within the sediment (see below), and so

were fitted with piecewise linear regressions. Fig. 4 shows an example of this behavior from expt
1, with a plot of the O2 concentration vs. time using the fitted rate expression. The values of K1,
K2, K3, and ccrit fitted to data from expts 1, 2, and 3 are included in Table 3. Similar expts,
performed in cores using sand from expt 3, showed that the dependence of denitrification rates
on nitrate concentrations in completely anoxic conditions are also piecewise linear. The
denitrification potential, however, was measured to be 32.8 μmol-N m-3 s-1 (see Fig. 5),
approximately 20 times lower than the maximum rate of O2 consumption after stoichiometric
correction, which has also been observed in permeable sediments from a range of locations (V.
Evrard unpubl.). No denitrification was detected from samples of the water column during flume
experiments, despite the gas leak rate for O2 being < 1 μmol L-1 h-1 at a concentration gradient of
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~ 0.2 mmol L-1 cm-1 through the flume walls. Furthermore, the total pore water 15N-N2 pool
based on the slurries was ~ 40% of that modeled for expt 2 and ~ 15% for expt 3, reflecting that
the majority of the labeled N2 occurred in sediment strata deeper than anticipated.
Samples from the pore water showed relatively high concentrations of isotopically labeled N2,
which are related to O2 penetration in the sediment (Fig. 6). In the high flow, low respiration case
(expt 1, Fig. 6a), the pattern in isotopically labeled N2 concentrations differ significantly at the
two different sampling depths. At a depth of 3 cm below the ripple peaks, the peak in
denitrification is consistently slightly upstream of the oxic zone at that depth. At 6 cm depth,
there is no O2, and large amounts of denitrification are apparent, peaking consistently to the
downstream side of the 3 cm oxic zones with the lowest concentrations below the O2
concentration minima.
In the lower flow scenario (Fig. 6b), O2 did not penetrate to 3 cm. 15N-N2 is several times lower
than for the high flow case and does not appear to have any correlation with flow (as indicated
by the O2 transect at 1 cm, where it was able to penetrate). The high respiration sediment (Fig.
6c) showed similar nitrogen concentrations to expt 1 at 3 cm, but little or no labeled N2 at 6 cm.
Analysis of nitrate, ammonium and DIC showed that nitrate concentration is, as expected,
correlated strongly with the flushed region of the sediment. Ammonium and DIC, conversely,
had higher concentrations in the unflushed, anoxic zones (Fig. 7).

Computational results. The model results produced complex two dimensional patterns of O2
distribution that showed down welling of O2 into the ripple troughs and upwelling of anoxic
water at the ripple crest (Fig. 8a) in qualitative agreement with previous model, field and flume
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studies (Precht et al. 2004; Cook et al. 2007; Cardenas et al. 2008). The zone of denitrification
was clearly related to the O2 distribution within the sediment, with the highest rates of
denitrification occurring below the oxic zone under ripple troughs where nitrate is rapidly
advected into the anoxic zone of the sediment at depths of up to 8 cm (Fig. 8b).
Fig. 8 shows the steady-state distribution of O2 computed by the model for expt 1. Good
qualitative agreement was found between the modeled data and measured distribution of O2 in
the sediment (Fig. 3). The O2 concentrations at the indicated transect is shown in Fig. 9 both at
the start and finish of the flume experiments. In general, broad agreement is seen, although the
modeled results of expt 2 overestimates O2 by a factor of 2 at the start, and predicts a ~ 50%
decrease in concentration where a 100% decrease is observed. The experimental transects for
expt 3 are translated by ~ 2 cm, but otherwise agree.
Transects of 15N-N2 (Fig. 10) again generally show good agreement in behavior between the
computations and the measured results, however the model again overestimates in expt 2,
predicting ~50% higher 30N2 concentrations than were observed. Discrepancies at x = 20 cm in
expt 2 and at x = 20 cm and 23 cm in expt 3 coincide with the poor agreement for O2 at these
points.
Modeled denitrification rates were similar (~70 µmol m-2 h-1) for both the high and low flow
experiments at low sediment respiration rates, despite the absence of 14NO3- in expt 2 (Table 3).
Increased sediment respiration rate greatly increased the denitrification rate to 280 µmol m-2 h-1
(Table 4). Calculations performed on the model outputs using the isotope pairing method
(Nielsen 1992) indicate that the majority (≥ 90%) of denitrification is of nitrate from the water
column, and not coupled nitrification-denitrification, as shown in Table 4.
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Discussion

Agreement of model with experimental results.The present work highlights the practical
difficulties inherent in quantifying denitrification in permeable sediments. Firstly, due to the low
interaction between the advective and diffusive regions, there is a substantial time lag for the
added 15NO3- tracer to be transported into the anoxic zone of the sediment and denitrified. The
present model runs suggest this timescale is on the order of ~3 h for all experiments (data not
shown), which also indicates that this is roughly an average pore water residence time. The
enrichment that we would expect from 15N-N2 release at the rates reported in Table 4 through the
volume of overlying water in the flume (66 L) is less than the detection limit of our instrument,
which explains why we did not detect any isotopically labeled N2 in the water column. Extending
the length of the flume experiments to increase the amount of isotope produced was not possible
because the flume became hypoxic for flume experiment times >12 h. As a consequence, the
direct measurement of denitrification rates within the present experimental set up was not
possible in the same way that rates can be in cohesive sediments, where the timescale for the
added tracer to reach steady state within the sediment is on the order of minutes (Nielsen 1992).
The distribution of 15N-N2 predicted by the model (Fig. 8) suggests that most of the N2 is situated
at depths of more than 5 cm in the sediment. While we originally believed that resuspending the
top 5 cm would be sufficient, we underestimated the depth of N2 storage. This explains why our
measured 15N-N2 pools were so much lower than those modeled. We were, however, able to
measure the concentrations of 29N2 and 30N2 within the sediment to compare with those expected
from the model at the completion of the flume experiment. This comparison was complicated by
the fact that the denitrification zone within the sediment was highly heterogeneous (Fig. 8b), and
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that in order to draw out pore water samples, we sampled a sphere with a diameter of ~ 1.5 cm.
The data extracted for comparison, were similarly extracted from a sphere of the same
dimension, however the draw zone is unlikely to be exactly the same, and slight offsets could
have a significant effect on the concentration given the heterogeneity of the denitrification zone.
While the match of the model data could be ‘improved’ by individually varying each sample area
to find a better fit, we believe this to be a biased approach, and present the model data without
adjustment.
The largest discrepancy between the modeled and measured results was the NH4+ concentrations,
which were a factor of 10 higher in the model. The primary reason for this was that the model
was run to steady state before the time dependent analysis after NO3- addition. An over
estimation of mineralization from RAR, which can be partially attributable to reduced species
oxidation (see later discussion), would also have contributed to overestimating NH4+
concentrations. A sensitivity analysis undertaken by re-running the model with a C:N of 140 and
1400 to reduce the NH4+ production rate for expt 1, showed that this made virtually no difference
to the denitrification rate and the proportion of coupled and uncoupled denitrification (Table 5).
Despite the abovementioned shortcomings of comparing the modeled and measured distribution
of isotopically labeled N2 within the sediment, there was good agreement between the modeled
and measured data (Fig. 10). The largest discrepancy between the modeled and measured values
occurred in the far left ports in expts 2 and 3 and the 6 cm ports in expt 3. We have no clear
explanation for this, but we do note that the modeled concentrations of O2 were a factor of ~ 2
higher than the measured concentrations in the far left ripple in expts 2 and 3, suggesting a lower
localized rate of pore water flow at this point that was not modeled. This may be a consequence
of slight variation in the geometry of the actual and modeled ripples and or a slight variation in
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permeability. The much lower concentration of 29N2 and 30N2, observed in 6 cm transect may
have resulted from an inhibition of denitrification by free sulfide production (Senga et al. 2006)
which was observed within the deeper sediment layers at the conclusion of this experiment (our
kinetic experiments were performed in the surface ~3cm of sediment in this experiment). Except
for these outliers, the relatively good agreement in concentrations gives us confidence in using
the model to quantify process parameters, such as denitrification rates, which are extremely
difficult to measure under realistic pore water flow regimes. Of particular significance here, the
close match of magnitudes and relative amounts of 29N2 and 30N2 indicates agreement between
the experimental and computational results in the relative contributions of nitrate derived from
the water column and that produced within the sediment via nitrification to denitrification.
Unfortunately, the experimental results are insufficient for a quantitative comparison of rates
with the model. Because of the large experimental volume and dilution factor, we were unable to
quantify the bulk flux from the sediment or measure the N2 in the sediment by slurrying. This
would have provided an extra piece of support in addition to the semi-quantitative comparisons
shown in Fig. 9 and Fig. 10. However, even in the absence of this additional support, we believe
that the results show that permeable sediment denitrification behavior can be described
reasonably well computationally. Furthermore, we are conscious that this is the first attempt to
measure denitrification with realistic flow in this manner, and that it provides the first
experimental evidence to support the model of Cardenas et al. (2008), to date the only model to
describe denitrification in two dimensions in a permeable sediment.
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O2 dynamics. To our knowledge, this is only the second example of planar optodes being used to
measure O2 kinetics in permeable sediments under realistic flow conditions. Polerecky et al.
(2005) have shown that time-resolved images from planar optodes can be used to calculate
consumption rates in a unidirectional, laminar flow environment, and this work extends that of
Precht et al. (2004), showing that the methods can be used in environmentally representative
conditions.
Model simulations showed that the rate of diffusion of O2 away from areas of high concentration
in the sediment was insignificant compared to the sediment consumption rate and diffusive
transport was therefore ignored during these assessments. This is consistent with Precht et al.
(2004) who applied a similar set-up for evaluating the O2 consumption rates in North Sea
sediments and found that diffusion could be ignored in the advection-dominated regions of the
sediment.
The sediment oxygen consumption rates were highly concentration dependent, exhibiting quasi
first order kinetics. Oxygen consumption by respiring bacteria is typically zero order, owing to
the extremely low half saturation constants for oxic respiration being in the low nano molar
range (Hao et al. 1983; Stolper et al. 2010). The non-conformity of the oxygen consumption
kinetics to those expected for oxic microbial respiration is most likely a result of oxidation of
sulphur and iron species, such as pyrite, which display first order or quasi first order kinetics
(Williamson and Rimstidt 1994). Our model of O2 kinetics (Eq. 4) avoids treating each species
involved in this process separately, but still adequately describes the oxygen dynamics (see Fig.
4a). Ideally oxygen consumption in the model should by partitioned into oxic respiration and
reduced solute oxidation as is standard practice in one-dimensional sediment biogeochemical
models. For two dimensional models, this approach is not practical owing to computational and
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numerical issues when iron and sulfur oxidation and reduction kinetics are explicitly
implemented.
Classical models assume that when O2 is exhausted, denitrification should take over from
respiration with no change in carbon mineralization rate (Boudreau 1997). In this work, we have
found that denitrification consistently occurs at ~ 0.05 times this rate. This is supported by
several column experiments on different sediments and at different carbon mineralization rates
(V. Evrard unpubl.). In addition, if the model is run with the conventional model, N2 data as
presented in Fig. 10 are consistently overestimated by a factor of ~ 3-4. We believe this deviation
from the theoretical ratio occurred for two reasons, which are discussed below.
It is generally accepted that labile organic matter mineralization proceeds at a constant rate for
all electron acceptors (Canfield et al. 2005) however this assumes that the microbial community
have had sufficient time to adapt to the available electron acceptor(s). The present study
measured the instantaneous kinetics of nitrate consumption after introducing nitrate to a
denitrifying environment, and we believe this scenario to be more broadly representative of
permeable sediments, which are highly dynamic and will switch rapidly between oxic and anoxic
conditions. As a consequence, microbial communities will not necessarily have time to respond
instantaneously to changes in electron acceptor availability and therefore exhibit suboptimal
kinetic response.
A large fraction of the O2 consumption was attributable to oxidation of reduced solutes (see
previous discussion) and while denitrification can proceed using reduced sulfur as an electron
donor, there may not be sufficient time in these experiments for the microbial community to
adapt and carry out sulfur driven denitrification.
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If we convert the RAR rates measured here into carbon equivalents assuming a ratio of 1:1, and
integrate over the 17 cm sediment depth in the flume, we come up with rates of ~20 to 168 mmol
m-2 h-1, which are ~10 to 20 times higher than areal carbon mineralization rates typically
observed in cohesive sediments (Middelburg et al. 2005). Other measurements of O2 uptake in
permeable sediments have often yielded similarly high areal rates (Polerecky et al. 2005; Cook et
al. 2007). Part of this O2 consumption may be attributed to the re-oxidation of reduced species
(Cook et al. 2007) especially in very dynamic in situ systems. This is especially the case in expt
3, where the sediment respiration rate had increased, and the sand had turned sulfidic as
indicated by a dark coloration and odor. In this experiment, we had to inject oxic water into the
sand in order to obtain O2 consumption rate measurements, and as such, we expect that a large
fraction of the O2 consumption was through sulfide and iron oxidation.

Implication of simulated flume experiments. The proportion of nitrogen that leaves the
sediment as N2 relative to nitrate and ammonium is of great interest as it gives an indication of
the predominance of removal vs. recycling processes. For expt 1, which had flow and respiration
rates similar to those measured in the literature, 0.4% of the ammonium mineralized in the
sediment was ultimately denitrified. This value is even lower as the extent of O2 penetration in
the sediment is reduced either by reducing flow (expt 2) or increasing respiration rates (expt 3).
This is in stark contrast to values of 78-100% measured in a permeable sediment by Rao et al.
(2007) in flow-through reactors, but agrees well with Cardenas et al. (2008), who found that a
maximum of 15% of mineralized ammonium was later denitrified in their computational model
of permeable sediment ripples. This finding is qualitatively in agreement with past computations
performed for a stirred core, suggesting that a sediment flushing rate of ~ 15 L m-2 d-1 (calculated
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by the model for expt 1) would result in less denitrification than higher or lower flushing rates
(Cook et al. 2006). The small fraction of ammonium produced that was nitrified (< 3%) was
rapidly denitrified, indicating that nitrification is the limiting step.
It is well known that the proportion of ammonium produced within cohesive sediments varies as
a function of mineralization rate with the proportion of nitrogen denitrified dropping as sediment
mineralization rates increase (Eyre and Ferguson 2009). As previously discussed, the integrated
mineralization rates over the 17 cm depth of the sediment here, are extremely high compared
with integrated rates typically observed in cohesive sediments. A sensitivity analysis revealed
that decreasing the sediment oxygen consumption rate, RAR, by a factor of 10 (resulting in an
integrated mineralization rate of ~2000 µmol C m-2 h-1, in line with typical shallow cohesive
systems) greatly increased the proportion of NH4+ produced that was denitrified to 26%, but this
is still a relatively small proportion compared to ~60% at a carbon mineralization rate of ~2000

µmol C m-2 h-1 in a typical cohesive system (Eyre and Ferguson 2009)
This discrepancy can be explained in terms of the advective transport of solutes through the
sediment. Where transport is predominantly diffusive, ammonium produced in the anoxic zone
must diffuse upwards along the concentration gradient into the oxic zone. As diffusion is slow,
the residence time in this zone ensures that close to 100% of NH4+ is nitrified. Nitrate will then
accumulate in the oxic zone, and diffuse both up into the water column and down into the
sediment, but at a minimum of 50% will diffusive down wards into the anoxic zone. The radial
geometry of infauna burrow systems my even further enhance the relative importance coupled
denitrification in otherwise cohesive sediments (Pelegri et al. 1994). In permeable sediments,
there is a spatially alternating pattern of down welling oxic water at ripple troughs, and
upwelling anoxic deep pore water at ripple peaks (see Fig. 3). As the interaction between these
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two zones is minimal (Precht et al. 2004), ammonium produced in deep pore water is
predominantly transported directly to the surface, and not through an oxic zone to be nitrified.
This difference is illustrated in the schematic diagrams in Fig. 11. Obviously, this release of
solutes to the overlying water may ultimately result in benthic denitrification either based on
nitrate being flushed back through the sediment or through water-column nitrification and/or
denitrification; however this is by no means certain. We believe that the more likely fate of
released solutes will be dilution or removal by the large volume of overlying water, or
assimilation by phytoplankton (both benthic and pelagic). Assimilation of NH4+ and NO3- by
microphytopbenthos (MPB) and the process of dissimilatory nitrate reduction to ammonium
(DNRA) were ignored in the model. Assimilation of nitrogen by MPB is likely to be important in
situ, however, in our experimental approach, the sediments were pre-incubated in the flume in
darkness or occasionally under very low light levels (< 20 µmol photons m-2 s-1), for at least a
week prior to experiments and so we trust there would be very little MPB nitrogen assimilation
at the time of the tracer addition. It is likely that a build-up of MPB would also result in some
disruption of the flow field at the SWI, and as such affect denitrification and other processes,
however we have no means of estimating this effect for this study. DNRA remains unstudied in
permeable sediments, and quantifying this process was beyond the scope of this study. Further
computational modeling that takes these factors into account would form part of a broad-scale
study of permeable sediment nitrogen cycling.
Denitrification of nitrate advected from the water column (Table 4) was within the high end of
denitrification rates observed in permeable sands (Table 6). The previous theoretical work of
Cardenas et al. (2008) predicted denitrification rates of < 35 μmol N m-2 h-1 for similar sediments
to the present study, to date the only study of denitrification in permeable sands with realistic
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flow. With the aid of experimental measurements, we were able to create a more refined and
tuned model, which predicts rates approximately twice this value for comparable simulations.
The main factor discerning the two models is the much higher carbon respiration rates in our
current model and the flow field geometry, which probably account for most of the difference. It
is important to recognize, however, that the flow fields in our experiment and model were
constrained by the flume walls. This resulted in pressure anomalies at the walls (see Fig. 2).
While this may affect the interpretation of the model for prediction of denitrification in a natural
environment, it was imperative to this study that the domain matched the experimental
conditions. In any case, it is not uncommon for both flume (Precht et al. 2004) and model
(Meysman et al. 2007) experiments in permeable sand to have such a boundary condition. A full
study considering a range of different sediment types would set up a more realistic, continuous
boundary, although it is not clear how much of an effect this would have on denitrification rates.
The rate of water column driven denitrification is determined by the extent to which the
advective zone in the sediment is anoxic. If, due to low flow or high respiration rates, O2 is
consumed completely before flushing through the advective zone, there is potential for high rates
of water column driven denitrification, such as found for expt 3. In the case of having high flow
and low respiration rates, water column driven denitrification can be lower than expected for
cohesive sediment, as there is insufficient flow of water column sourced nitrate through anoxic
sediment. A similar effect on denitrification has previously been shown in flume experiments on
biofilms, where it was observed that denitrification dropped off at high flow rates due to
increased oxygen penetration into the sediment (Arnon et al. 2007; O’Connor and Hondzo 2007).
A sensitivity analysis performed by running expt 1 at sediment oxygen consumption rates (RAR)
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10 times lower shows water-column driven denitrification rates decreased by a factor of ~3.5 to
comprise only 36% of total denitrification (Table 5).
The implication of this, therefore, is that the denitrification rate in permeable sediments with the
present flow field geometry is remarkably constant at ~60-70 µmol m-2 h-1. At the high oxygen
consumption rates measured here, water-column driven denitrification is dominant. At lower
sediment oxygen consumption rates, water column driven denitrification will decrease, but
coupled denitrification will increase resulting in little change in the overall denitrification rate.
Only at extremely high potential sediment oxygen consumption rates is denitrification likely to
increase markedly through water column driven denitrification such as shown in expt 3. This
finding highlights the importance of obtaining more temporal and spatial data on both the
potential oxygen consumption rates, nitrification and denitrification kinetics for permeable
sediments (for example using flow-through reactors) and actual sediment oxygen and nitrate
exchange rates using the eddy correlation technique (Berg et al. 2003; Johnson et al. 2011) to
further constrain estimates of denitrification in permeable sediments with static sediment relief.
While both computational models and laboratory experiments have been performed previously,
we demonstrate the advantage of a coupled modeling-experimental approach to studying
permeable sediment nitrogen cycling. The experimental measurements provide a realistic
estimate of key parameters, absent in previous models. The unconventional low denitrification
rates (w.r.t. aerobic respiration) observed in this study is an example that has not been considered
in past simulations. Relatively straightforward measurements, such as the O2 and N2 transects
reported above, allow validation of the calculated distributions, also impossible in a standalone
model.
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Experiments using flumes are time consuming and expensive, however, undertaking
denitrification measurements under a range of altered variables such as sediment topography,
currents, organic matter loading rates and nitrate concentrations is not plausible. We have shown
here that well parameterized models offer an alternative means of probing the factors controlling
denitrification (and other kinetically well-characterized biogeochemical process) in permeable
sediments. Models such as the one presented here can therefore be used to undertake sensitivity
analyses guiding field and flume experiments towards variables of key importance
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Table 1: Overview of the flume experiments performed. Each experiment is described as ‘high’ or
‘low’ in terms of flow rate in the overlying water and the relative respiration rate in the sediment.
Period between collection of planar optode images during flume experiments and the pore water
sampling regime at completion are shown. ‘slurry’ indicates whether or not a resuspension was
performed for that sediment.

Experiment
Parameter

1

2

3

16 Jun 2011

11 Jul 2011

04 Aug 2011

high flow

low flow

high flow

low respiration

low respiration

high respiration

Duration (h)

12

10

8

Flow rate at 6 cm (cm s-1)

16

9

16

Planar optode (min)

30

30

5

3 cm below peaks

N2, DIC, NO3-, and NH4+

N2, NO3-, and NH4+

N2, NO3-, and NH4+

6 cm below peaks

N2, NO3-, and NH4+

N2, NO3-, and NH4+

N2, NO3-, and NH4+

N2, DIC, NO3-, and NH4+

N2, DIC, NO3-, and NH4+

N2, DIC, NO3-, and NH4+

no

yes

yes

Date
Description

Pore water sampling

vertical profiles
slurry
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Table 2: Summary of parameters used to simulate denitrification. Values are either obtained from
previous studies or measured experimentally. Gas concentrations in the overlying water are assumed to
be in equilibrium with air. OW denotes concentrations in the overlying water.

Name

[O2 ]𝑂𝑊

[N2 ]𝑂𝑊

Unit

Value
0.22

O2 concentration in overlying water

equilibrium

mmol L-1

0.4

Nitrogen gas concentration in overlying water

equilibrium

2.3

DIC concentration in overlying water

experimental

-1
+
�NH4 �𝑂𝑊 mmol L

𝐾𝑖𝑛ℎ
O2
𝛾𝐶𝑁
𝑘NI
kp
φ

Source

mmol L-1

[HCO3− ]𝑂𝑊 mmol L-1

𝜃𝑖𝑛ℎ

Description

0.0

mmol L-1

0.005
14

L μmol-1 yr
m2

-1

12.5
3.4 × 10-11
0.35

Ammonium concentration in overlying water

experimental

Inhibition term of O2 on denitrification

Eq. 8

Half saturation constant for O2 inhibition of
denitrification

Cook et al. 2006

Ratio of DIC to NH4+ production

experimental

Nitrification rate constant

Cardenas et al. 2008

Saturated sediment permeability

experimental

Sediment porosity (volume H2O per total
volume)

experimental
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Table 3: Selected chemical kinetic data calculated from flume experiments. Area specific nitrogen
processing rates are shown as μmol-N m-2 h-1. Volumetric O2 consumption rate in μmol O2 L-1 h-1.
Water column (WC) concentrations in μmol L-1. Units for RAR parameters shown in the table.
Explanation of measurements is in text.

Experiment
Parameter

1

2

3

116

187

994

[14NO3-] in WC

17

<0.01

<0.01

[15NO3-] in WC

43

43

57

0.392

0.443

2.88

K2 [μmol L-1 h-1]

29.8

90.0

360

K3 [h-1]

1.88

4.93

8.39

20

20

70

Maximum volumetric RAR

RAR parameters
K1 [h-1]

ccrit [μmol L-1]
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Table 4: Predicted instantaneous denitrification rates in the sediment at the end of the simulation and
estimated experimental results. Rates given as μmol m-2 h-1. The percentage of mineralized ammonium
that denitrified is also shown. % denitrification coupled to nitrification (coupled denitrification) and %
denitrification driven by nitrate from the water column (water column denitrification) represents the
percentage of denitrification driven by nitrification and by water column nitrate, respectively.

Simulation

RDN
modeled

Sediment O2
consumption

%
Mineralized
N
Denitrified

% Coupled
denitrification

% Water
column
denitrification

expt 1

74

1040

1.78

7%

93%

expt 2

69

472

0.05%

2%

98%

expt 3

280

869

0.01%

0.1%

99.9%
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Table 5: Sensitivity analysis of ammonium production rate on the rate of denitrification and the
proportion of mineralized nitrogen that is nitrified and denitrified in the expt 1 scenario.

Simulation

RDN
modeled

Sediment O2
consumption

%
Mineralized
N Denitrified

% Coupled
denitrification

% Water
column
denitrification

expt 1

74

1040

1.8%

7%

93%

N:C × 0.1

72

1030

2.0%

4%

96%

RAR × 0.1

58

494

26%

64%

36%
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Table 6: Comparison of the predicted water-column denitrification rate for expt 1 in this study and
approximate rates from various other studies. Values shown are μmol m-2 h-1. Where possible, the rate
chosen from the paper is that which most closely resembles the experimental conditions (amount of
tracer, permeability, flushing rate) used in this experiment. Values from other work may be read from
tables and/or converted from other units and are approximations only.
Study

Description

Water column
driven
denitrification rate

Present study

expt 1, slow respiration rate

68

Cook et al. 2006

stirred sediment cores with

20

simulations
Cardenas et al. 2008

computational simulation of

35

ripples
Gihring et al. 2010

perfused cores

36

Rao et al. 2007

flow-through cores

10 to 60

Laursen and

chamber over sand

70

Seitzinger 2002
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600 mm
130 mm

600 mm

600 mm

imaging

region
170 mm

pump

Fig.1. Schematic of the custom built flume tank. Grey and white areas represent sections filled with
sand and water, respectively. Baffles are indicated by the series of horizontal lines at the left
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P [Pa]
P [Pa]

7
6
5
4
3
2
1
0
1.5

a

b

1.0

sediment
height (cm)

0.5
0.0
18

c

17
16
15
14
0

10

20

30

40

50

60

distance normal to ripple fronts (cm)

Fig. 2.Pressure boundary conditions for Darcy flow model. (a, b) depict the high and low flow
conditions, respectively. (c) shows the SWI. Note that the minima in the profiles in (a, b) are
consistently ~2 mm downstream of the ripple peaks due to the unidirectional flow.
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0% O 2 saturation

100% O 2 saturation

Fig. 3. Image from planar optode showing washout zones in the sand. Colors indicate various
concentrations of O2 advected from the overlying water; black indicates low or zero O2. Scale bar
indicates centimeters. Image taken from expt 1.
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Fig. 4. O2 kinetics in the flushed zone of a ripple over a period of 4 hours after flow was stopped (expt
1). (a) Dissolved O2 concentrations over time as measured in one minute intervals from the planar
optode (solid line) and calculated data (dashed line) using a piecewise linear regression of O2
consumption rate. Each point is averaged over 768 pixels (approximately 200 mm2). (b) O2
consumption rate vs. concentration (‘Monod’ plot) for the same experiment, showing the piecewise
linear fit chosen (solid line). Each point is an average rate over 18 minutes. Vertical error bars
representing the standard error of each regression are too small to plot. For technical reasons in the
computational model, the regression is forced through the origin. The best-fit Monod is also shown
(dashed line).
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Fig. 5. Dependence of denitrification on NO3- concentration from two separate subsamples of sediment
after expt 3.
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Fig. 6. Transects of 15N-N2 at 3 cm (closed circles) and 6 cm (open circles) below ripple peaks at end
of expts 1-3. The advective regions are indicated by O2 transects at 3 cm or 1 cm below ripple peaks
(solid curves). Error bars not shown as points are single measurements. (a), (b) and (c) represent expts
1, 2, and 3 respectively. (d) shows the SWI relief.
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10
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Fig. 7.Vertical profiles of DIC, NO3-, and NH4+ near to a ripple trough (a) and peak (b). Data shown is
for expt 1.
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0.0

0.0

O2 (µmol L-1)

15N-N

2 (µmol

L-1)

136.0

25.0

Fig. 8. Modeled 2-dimensional distributions from expt 1 of (a) O2 (for which an optode image is
presented in Fig. 3; red line indicates 3 cm below ripple peaks); and (b) 15N as N2 (pink line indicates
0.01 mmol L-3 O2, below which denitrification occurs).
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Fig. 9. Comparison of modeled and experimental O2 concentrations in the sediment. Transects of O2
calculated by the model at the start and end of flume experiments shown by thick and thin red lines,
respectively. Corresponding black lines are transects as measured with the planar optode during flume
experiments. (a-c) represent expts 1, 2, and 3, respectively. (d) shows the SWI.
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40

45

distance normal to ripple fronts (cm)

Fig. 10. Comparison of experimental and modeled 15N- N2 concentrations (in μmol L-1) in the
sediment. (a, b) depict transects from expt 1 at 3 cm and 6 cm depth, respectively; (c, d) depict the
same data from expt 2; and (e, f) expt 3. (g) depicts the SWI.
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anoxic
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water
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NO3-
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diffusion

NH4+

advection

77

Fig. 11. A schematic comparing the transport of nitrogen species in cohesive and permeable sediments.
In the cohesive sediment, all mineralized ammonium must travel through the oxic layer as it diffuses
out of the sediment. Nitrate in the water-column needs to diffuse deep into the sediment before being
denitrified (dotted line). In the advective sediment, mineralized ammonium is transported directly to
the water column as a bioavailable nitrogen source. Nitrate from the water column may flow through
an anoxic zone and be denitrified, depending on the O2 consumption rate and the flow rate through the
sediment.
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