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Summary
Dissolved organic carbon (DOC) brownification of surface waters in the
northern hemisphere is increasing and poses social, ecological, and health problems.
Processes and drivers leading to the increasing DOC trend are not yet fully revealed
and understood, despite various hypotheses having been put forward. One wonders
what role the lake and reservoir sediments play in DOC exchange, considering that the
sediment water interface is the most dynamic and reactive part of the aquatic system.
This thesis details an investigation of benthic DOC exchange in three drinking
water reservoir pre-dams by focusing on fluxes, processes and drivers. The benthic
systems were intensively studied through a combination of batch sediment core
incubation, microbiological (Biolog EcoPlates) and DOC quality (FTICR-MS)
methods. This was done through quantification of seasonal benthic DOC, nitrogen,
phosphorus, iron, manganese, sulphate, and methane fluxes (incubation and
resuspension), determination of metabolic potentials, and determination of molecular
composition of DOC. The combination of seasonal and multi-solute data enabled
elucidation of major drivers and mechanism regulating DOC flux.
Identification and modification of a suitable method to quantify DOC and other
solutes fluxes was important for this work, hence a batch core sediment incubation
method was developed. The method enables successful solute flux measurements,
within 14 days, under both oxic and anoxic conditions with ability to separate
measurement of fast and slow fluxes. Furthermore analysis of minimal sample volume
(2% of overlying water) is possible thereby countering negative effects of withdrawal
of large sample volumes from the cores. The correlation between ultraviolet absorption
at 254 nm and DOC concentration was very strong in oxic waters; however it was very
weak in anoxic waters. Therefore, UV254

nm

cannot be used as a proxy for DOC

concentration in anoxic waters.
Sediments were a source of DOC under anoxic conditions with fluxes ranging
between 0.5 and 5.3 mmol m-2 d-1. In contrast, sediments were both a sink and source
of DOC under oxic condition with fluxes ranging between -9.3 and 2.4 mmol m-2 d-1.
Redox conditions and temperature were identified as the major drivers of benthic DOC
exchange.
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Sediment resuspension is a relevant process in the pre-dams with a single
resuspension event DOC flux being approximately equal to 9-17 days of the diffusive
flux. Generally sediments were a sink of DOC after a resuspension under oxic
conditions and the opposite being true under anoxic conditions. In addition, nutrient
release under oxic conditions was negligible. Sediment resuspension increased the
utilization of organic substrates, which can be attributed to introduction of
heterotrophic bacteria into the water after resuspension.
There was a strong positive correlation of DOC and Fe fluxes under anoxic
conditions and a strong negative correlation under oxic conditions underlining
immobilization/mobilization of DOC by Fe minerals as an important mechanism.
Interestingly, DOC quality analysis also showed the same results, under anoxic
conditions water quality signature was dominated by oxygen rich organic compounds,
which disappeared when redox conditions were manipulated to oxic. These compounds
are known to be strongly associated with Fe minerals through adsorption under oxic
conditions and are desorbed under anoxic conditions following reductive dissolution of
Fe minerals. I propose a conceptual model with the redox driven adsorption/desorption
of DOC on iron in combination with temperature regulated microbial activities as the
major processes regulating benthic DOC exchange.
The DOC budget calculations demonstrates that benthic DOC exchange in the
reservoirs studied plays a negligible role in immobilizing/mobilizing DOC compared to
DOC input from the catchment. However DOC exchange still remains an important
process for in-lake carbon exchange. The role and interaction of redox conditions and
temperature on benthic DOC release might be enhanced by the envisaged global
warming. This might imply longer and stronger stratification accompanied with anoxia
in the future.
There is very little literature on benthic DOC flux measurements, and most of
the studies did not cover seasonality effects. The in-depth process and drivers study of
benthic DOC and other solutes exchange presented in this thesis is a milestone in
availing benthic DOC flux data.

Zusammenfassung

v

Zusammenfassung
Die zunehmende Konzentration von gelöstem organischem Kohlenstoff (DOC)
in zahlreichen Oberflächengewässern verursacht soziale, ökologische und GesundheitsProbleme. Die für den ansteigenden DOC verantwortlichen Treiber sind nicht
vollständig verstanden – verschiedene Erklärungsansätze werden zur Zeit diskutiert.
Fast nichts ist darüber bekannt welche Rolle die Sedimente in Seen und Talsperren für
den DOC im Wasser spielen, obwohl bekannt ist, dass die Sedimentoberfläche einer
der dynamischsten und reaktivsten Bereiche im Gewässer darstellt.
In dieser Dissertation wird der benthische DOC-Austausch in drei Vorsperren
von Trinkwassertalsperren untersucht. Der Fokus liegt dabei auf der Quantifizierung
von Stoffflüssen und der Identifizierung von den dahinterliegenden Prozessen und
Treibern. Dafür wurde eine Kombination verschiedener Methoden angewandt:
Sedimentkern-Inkubationen zur Quantifizierung der saisonalen benthischen Flüsse von
DOC, Stickstoff, Phosphor, Eisen, Mangan, Sulfat und Methan; mikrobiologische
Assays (Biolog EcoPlates) zur Ermittelung des metabolischen Potenzials im Wasser
sowie hochauflösende Massenspektrometrie zur Untersuchung der DOC-Qualität. Die
Kombination aus saisonalen Daten von DOC und anderen gelösten Stoffen erlaubt die
Analyse der wichtigsten Treiber und regulatorischen Mechanismen.
Die Identifizierung und Anpassung einer geeigneten Methode zur Messung
benthischer Stoffflüsse war eine wichtige Grundlage für die Arbeit. Als Ergebnis wurde
eine Sedimentkern-Inkubationsmethode zur Messung von langsamen und schnellen
Stoffflüssen sowohl unter oxischen als auch anoxischen Bedingungen entwickelt. Die
Analyse des Überstandswassers wurde auf kleine Probenmengen optimiert, so dass
maximal 2% des Wassers ausgetauscht werden mussten und so Probenahmeffekte
minimiert waren. Die Korrelation zwischen der spektralen Absorption bei 254 nm
(SAK) und der DOC Konzentration war nur unter oxischen Bedingungen signifikant,
nicht jedoch unter anoxischen Bedingungen. Deshalb kann der SAK in anoxischem
Wasser nicht als Proxy für DOC verwendet werden.
Unter anoxischen Bedingungen waren die Sedimente eine DOC-Quelle mit
Flüssen zwischen 0.5 und 5.3 nmol m-2 Tag-1. Im Gegensatz dazu waren die Sedimente
unter oxischen Bedingungen sowohl eine Quelle als auch eine Senke für DOC mit
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Flüssen zwischen -9.3 und 2.4 nmol m-2 Tag-1. Redox-Bedingungen und Temperatur
wurden als wichtigste Treiber identifiziert.
Die Resuspension von Sediment bewirkte einen verstärkten Austausch von
DOC zwischen Sediment und Wasser, wobei ein Resuspensionsereignis äquivalent zu
9-17 Tagen diffusiven Stoffaustausches war. Im Allgemeinen war das Sediment eine
DOC Senke bei Resuspension unter oxischen Bedingungen und umgekehrt eine DOC
Quelle unter anoxischen Bedingungen. Resuspension hatte demgegenüber einen
geringen Effekt auf Nährstofffreisetzungen aus dem Sediment. Resuspension trug
heterotrophe Bakterien aus dem Sediment in das überstehende Wasser ein und
verstärkte so den hypolimnischen DOC Abbau.
Der Flux von DOC war eng mit dem Flux von Eisen korreliert, was zeigt, dass
die Mobilisierung/Immobilisierung von DOC eng an Eisenminerale gekoppelt war.
Interessanterweise wird dies durch die Analyse der DOC Qualität unterstützt: Unter
anoxischen Bedingungen war der DOC durch sauerstoffreiche Verbindungen
dominiert, von denen bekannt ist, dass sie unter oxischen Bedingungen bevorzugt an
Fe-Minerale binden bzw. bei der reduktiven Auflösung der Minerale freigesetzt
werden. Aufbauend auf diese Beobachtungen wird ein konzeptionelles Modell zum
benthischen

DOC

Austausch

vorgestellt,

in

dem

redox-getriebene

Adsorption/Desorption von DOC an Eisen in Kombination mit temperaturgesteuerten
mikrobiellen Prozessen die wesentlichen Prozesse darstellen.
Die Berechnung von Stoffbilanzen zeigt, dass der benthische DOC-Austausch
verglichen mit dem Eintrag aus dem Einzugsgebiet vernachlässigbar war. Für den Seeinternen Kohlenstoffkreislauf jedoch ist der Austausch von DOC zwischen Sediment
und Wasser ein wichtiger Prozess. Es ist zu erwarten, dass es im Zuge des
Klimawandels mit höheren Temperaturen und stabilerer Schichtung mit vermehrt
anoxischen Bedingungen zu einer Zunahme von benthischer DOC Freisetzung in Seen
und Talsperren kommen wird.
Es gab vor dieser Arbeit wenige quantitative und saisonale Informationen über
benthische DOC-Flüsse in Seen und Talsperren. Die Aufklärung der beteiligten
Prozesse und Treiber in dieser Dissertation bedeuten einen wichtigen Schritt vorwärts
im Verständnis des gewässerinternen Kohlenstoffkreislaufes.
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Chapter 1: Introduction
1.1 Motivation
Dissolved organic carbon (DOC) increases and expected increase in surface
waters of the northern hemisphere is an emerging issue of concern (Freeman et al.
2001; Evans et al. 2005; Monteith et al. 2007; Couture et al. 2011; Larsen et al. 2011;
Laudon et al. 2011). The concern emanates from ecological, health and aesthetic DOC
implications. Dissolved organic matter despite being an energy source for heterotrophs
is also light absorbing and affects light penetration depth in surface water (Williamson
et al. 1996; Maloney et al. 2005; Staehr et al. 2010). Alteration of light penetration can
affect primary production and may result in aquatic systems which are net
heterotrophic (Del Giorgio et al. 1999; Cole et al. 2000; Hanson et al. 2003; Staehr et
al. 2010; Sadro and Melack 2012). Moreover changes in light regimes can result in a
higher demand for photo harvesting iron (Fe) in some phytoplankton species, as
organisms adjust to low light conditions (Strzepek et al. 2012) leading to preferential
selection of some species. For example cyanobacteria may prevail because of their low
light requirements (Scheffer et al. 1997; Litchman 2003), and ability to scavenge for Fe
from Fe-ligands, which is unavailable to other species (Sorichetti et al. 2016). There are
many other ecological quality implications of DOC: greenhouse gas production (Peura
et al. 2014), metal availability and speciation (Shafer et al. 1997), influencing acid-base
chemistry in aquatic systems (Hruška et al. 2003) and effects on biochemistry of
freshwater organisms (Steinberg et al. 2006).
The brown colour of DOC makes it an undesirable component in drinking
water. The cost of DOC removal from water by coagulants increases with increasing
DOC concentration (Eikebrokk et al. 2004). Furthermore diversity and complexity of
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DOC components entails removal by more than one method, creating problems for
water treatment plants since they have to optimise their facilities in order to deal with
different concentrations and different types of DOC components (Sillanpää 2015).
Dissolved organic carbon also leads to frequent fouling (Zhang et al. 2003; Rahman et
al. 2014) of filters and hence an increase in maintenance cost for water treatment plants.
Furthermore DOC can react with disinfection agents like ozone and chlorine to form
disinfection by-products: trihalomethanes (THMs) and haloacetic acids (HAAs) which
are potentially harmful to health (Escobar et al. 2001; Galapate et al. 2001; Skrasner et
al. 2006; Richardson et al. 2007; Gough et al. 2014). In addition DOC stimulates
growth of microbes in distribution systems (Ramseier et al. 2011; Thayanukul et al.
2013), and therefore more disinfection agents than usual are required. Presence of DOC
can also result in mobilization of arsenic (Bauer and Blodau 2006), which also have
some impacts on human health.
Increasing DOC has been attributed to changes in atmospheric sulphur
deposition (Evans et al. 2006; Vuorenmaa et al. 2006), increased atmospheric carbon
dioxide (Freeman et al. 2004), and increased nitrogen deposition (Findlay 2005).
However the processes and mechanisms behind DOC mobilization within different
catchment compartments are not fully understood. One important compartment of a
catchment is standing water bodies (lakes and reservoirs). The role of lakes cannot be
overemphasized; global lake areas are > 3% of the continents. Tranvik et al. (2009)
summarize the importance of lakes as being: recipients of terrestrial organic carbon;
reactors where primary production, mineralization, greenhouse gases, sedimentation,
and carbon burial occur; and a reservoir of carbon dioxide. Therefore standing water
bodies are a potential hot spot for DOC dynamics. Reservoirs are man-made water
impoundments built for the purposes of drinking water supply, irrigation, hydropower
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generation and flood control. They can also serve as recreational facilities for fishing,
bathing and water sports; however the reservoirs used in this study are strictly used
only for drinking water purposes.
Lakes and reservoirs exhibit a dynamic heterogeneous characteristic which
creates temperature and redox boundaries in the water and sediment. Shifts in redox
conditions and temperature boundary influence biogeochemical processes at the
sediment water interface hence making the sediment water interface a potential hot spot
for mobilization and immobilization of various solutes. This thesis chronicles DOC
exchange at the sediment water interface in standing water bodies by both focusing on
fluxes, and understanding processes and drivers. In order to introduce these aspects, the
following sections of the introduction are divided into the main themes of this thesis
which are: methodological aspects of benthic flux determination, benthic DOC fluxes
(processes and drivers), sediment resuspension effects and DOC quality aspects.
1.2 Methodological aspects of benthic flux determination
Solute fluxes at the sediment water interface can be quantified by various
methods; benthic chambers, porewater concentration diffusion, ex situ sediment
incubations, diffusion gradient in thin films gels (DGT) and changes in hypolimnetic
concentration. Benthic chambers are regarded as most accurate for in situ fluxes
measurements (Viollier et al. 2003); however, their application is laborious and
requires sophisticated lander systems if they are to be used in deep areas. Diffusive
fluxes from porewater gradients using diffusion based models can also be used (Berg et
al. 1998); however, this method does not include advection and bioturbation. Moreover
it requires concentration gradients with a sufficiently high spatial resolution which is
more challenging to measure for DOC. The DGT method is also a promising technique
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(Bondarenko et al. 2011) but it is fairly new and to my knowledge it has not yet been
used for DOC. Changes in hypolimnetic concentration are laborious and require a high
resolution depth concentration monitoring of the reservoir. For this reason they are not
commonly used, although it can circumvent the problem of spatial heterogeneity of the
sediment surface.
Ex situ sediment incubations are considered a more practical solution
(Hammond et al. 2004). They can be run in a flow through mode with an inflow and
outflow however this requires measurable concentration differences in the inflow and
outflow. Very low fluxes can be difficult to measure since concentration differences
might fall below detection limits. Flow-through systems also involve pumping water
which in most cases has to be filtered to prevent clogging of tubes. In addition,
depending on the flow rate biofilms can build up in the tubes and this can influence
concentrations of certain solutes. To circumvent some of these problems closed batch
core incubation can be used.
I wanted to quantify the seasonal progression of fluxes for a full year in three
drinking water reservoirs and to address within reservoir heterogeneity by investigating
riverine and lacustrine zones of the reservoirs. Therefore a method that would be
manageable yet plausible for such an intensive initial investigation was required. I
settled for an ex situ batch core incubation method which was modified to meet
objectives of this study. The method was designed to mimic in situ conditions which
imply that temperature and redox conditions control were critical aspects. In addition
the incubation had to be short enough to circumvent problems associated with long
term incubations. For example an ex situ closed batch core incubation in the long run
cannot account for differences due to sedimentation of fresh particles, which happens in
situ. Groundwater interactions are also excluded; however, they might be irrelevant in
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the reservoirs investigated, considering the bedrock type (Halbedel and Koschorreck
2013). Another aspect relates to the dependency of diffusion process on the
concentration gradient which implies that long term incubation will result in
equilibration of the porewater concentration and overlying water concentration
especially in a set up with lower volume of overlying water. I also focused on initially
measuring fast fluxes like oxygen and then later determination of the slower fluxes.
The method was developed taking into consideration all aspects and issues
raised above. Through this method it was possible to measure the benthic fluxes of
DOC and other solutes, which I introduce in the next section.
1.3 Benthic DOC flux: processes and drivers
In standing water bodies DOC is either imported from the catchment or
produced/mobilized through internal processes. The internal mobilization/production
processes include algal production (Jonsson et al. 2001) , diffusion from sediment
porewater with high solutes concentrations (Burdige et al. 1992; Sachse et al. 2001),
sediment resuspension (Koschinsky et al. 2001), and mineralization of sedimenting
detritus (Wetzel 1995; Wetz et al. 2008). The mechanisms behind the mobilization and
immobilization of DOC are both biotic and abiotic and lead to formation and
degradation

of

particulate

organic

matter

(POM).

For

each

of

internal

mobilization/production process there is a counter immobilization/consumption
process.
The major immobilization/consumption processes are: 1) adsorption and
desorption from mineral surfaces (Kaiser et al. 2001; Koelmans and Prevo 2003), 2)
mineralization of POM and consumption of DOC by heterotrophic bacteria (Wetzel
1995; Le Moigne et al. 2013), 3) aggregation/coagulation of DOC and dissolution of
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the DOC colloids (Komada and Reimers 2001; Von Wachenfeldt and Tranvik 2008).
The net concentration of DOC in a standing water body therefore depends on the
difference between magnitude of mobilization and immobilization of DOC. Many
studies have addressed DOC turnover in standing freshwater bodies (Wetzel 1992;
Sondergaard et al. 2000; Bastviken et al. 2004; Guillemette and Del Giorgio 2012)
however to the best of my knowledge little is known about benthic DOC exchange.
Processes leading to benthic DOC exchange are summarized in a conceptual model in
Fig. 1.1.

Fig.1.1.Benthic DOC mobilization (red arrows) and immobilization (black arrows) processes,
and drivers influencing DOC exchange.

Benthic DOC mobilization and immobilization processes are driven by a
number of factors; the main factors have been summarized in Fig.1 1. In the following
section I dwell on how the driving factors (drivers thereafter) can influence the
processes I have already mentioned. The focus will be on individual drivers however
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due to the complexity of the influences they cannot be entirely separated hence
reference to all associated drivers will be made in each particular paragraph.
Redox conditions/potential refers to the tendency of chemical species to acquire
electrons leading to a reduced state. The sequential reduction of oxygen, nitrate,
manganese, iron, sulphate and carbon dioxide occurs in aquatic systems. Depletion of
oxygen results in a state of anoxia. Under anoxic condition solutes exist in their
reduced state but when exposed to oxygen they will be oxidised. This redox shift is
important when considering the adsorption of DOC and phosphorus (P) to oxidised iron
oxyhydroxides (Einsele 1936; Mortimer 1942; Tipping 1981; Davis 1982; Knorr 2013;
Sodano et al. 2016). On reaching the oxic zone iron will be oxidised from Fe(II) to
Fe(III) and then hydrolysed to oxyhydroxides (Stumm and Morgen 1996), which will
adsorb DOC and P. This immobilization process has been demonstrated in many other
studies (Mc Dowell 1985; Guggenberger et al. 1998; Kalbitz et al. 2000; Skoog and
Arias-Esquivel 2009; Chen et al. 2014). It is therefore expected that under oxic
conditions, in the overlying water, the release of DOC from anoxic DOC rich sediments
is impeded by this process. Reducing conditions also preserve organic matter (OM)
because certain enzymes require molecular oxygen (Fenner and Freeman 2013). Redox
conditions also play an important role in mobilization and immobilization of other
solutes e.g. the coupling of the Fe and sulphur cycle. Anoxic conditions leads to
sulphate reduction and formation of hydrogen sulphide, which in turn reacts with
ferrous iron to from iron sulphides (Roden and Edmonds 1997; Blodau and Peiffer
2003; Koschorreck et al. 2007). This immobilization of Fe will lead to mobilization of
DOC and phosphorus.
Temperature influences microbial processes, which are responsible for benthic
DOC turnover. Temperature effects on benthic DOC exchange are both direct and
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indirect. The direct effect pertains to mineralization/degradation of POM, which intern
result in production of DOC. The direct effect of temperature therefore leads to
consumption of oxygen and this can lead to anoxia, depending on the rates of the
mineralization. Anoxia in turn as mentioned earlier on will lead to reductive dissolution
of Fe minerals leading to desorption of DOC from Fe. This elevates porewater DOC
concentration to levels higher than what is in the overlying water (Boto et al. 1989;
Burdige et al. 1992; Alperin et al. 1999; Sachse et al. 2001). The concentration gradient
will favour diffusion of DOC from porewater into the overlying water until equilibrium
is reached. Therefore both direct and indirect temperature effects are expected to
mobilize DOC. However the fate of this DOC depends on redox conditions in the water
column, which is explained in the next paragraph.
Sediments are generally anoxic with only up to a few mm being oxic in some
cases (Rasmussen and Jorgensen 1992). Porewater contains elevated concentration,
which can be due to reduced consumption under anoxic conditions. Mclatchey and
Reddy (1998) found out that organic matter mineralization in soils decreases with
decreasing redox potential and Bastviken et al. (2004) observed a more extensive
organic matter mineralization under oxic and anoxic/oxic conditions than under anoxic
conditions. As the DOC diffuses into the oxic zone of the sediment/overlying water
there are changes with regards to solute redox states and microbial metabolism.
Burdige and Homstead (1994) found out that there is enhanced biological consumption
of DOC in the uppermost sediment. The oxic zone can be deeper than usual due to
bioturbation and this promotes redox oscillations which can lead to rapid mineralization
of benthic organic matter (Aller 1994). Therefore, DOC diffusing out of the porewater
might not reach the overlying water; however, this might depend on the thickness of the
oxygen diffusive boundary layer (DBL). The oxygen DBL is temperature sensitive.
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From the temperature dependency of microbial mineralization/degradation
seasonal differences in porewater DOC production and consumption are expected.
Seasonal differences can also be due to the quantity and quality of the organic matter.
Most of the organic carbon that accumulates in sediment in winter is not fully
mineralized because of lower temperatures (Den Heyer and Kalff 1998; Gudasz et al.
2015). It is therefore expected that as temperature increase in spring/early summer there
is an increased mineralization of organic matter and subsequent increase in DOC
concentration.
The redox dependent relationship between Fe and DOC is important for
mobilization/immobilization of both solutes. Dissolved organic matter and Fe
interaction have been extensively studied in soils unfortunately there is still a dearth of
knowledge about these interaction in freshwater sediments. The interaction of Fe and
DOC can occur through many mechanisms; 1) anion exchange, 2) ligand exchange
surface complexation, 3) hydrophobic interaction, 4) entropic effects, 5) hydrogen
bonding and 6) cation bridging (Baham and Sposito 1994; Kahle et al. 2004). The
ligand exchange is between DOC and Fe hydroxyl groups on mineral surfaces (Shen
1999; Saidy et al. 2013). Mineral surface sorption capacity of DOC in soils has been
found to be related to clay content (Shen 1999; Kaiser and Zech 2000; Saidy et al.
2013), ionic strength and pH (Shen 1999; Chen et al. 2014). Presence of salt enhances
adsorption via electrostatic interactions. The adsorption depends also on DOC quality.
DOC fractions with high molecular weight, higher molar adsorptivity, lower acidity
and lower hydrophilicity are preferentially adsorbed by soil minerals (Maurice et al.
2002; Guo and Chorover 2003). Iron adsorbs also other negatively charged solutes,
hence potential competition for adsorption among solutes. Grafe et al. (2001) found
DOC to be the preferred sorption partner for ferrihydrite and goethite and Zak et al.
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(2004) found out that DOC was preferentially retained ahead of phosphorus. However
Hunt et al. (2007) demonstrated that phosphorus inhibits DOC adsorption to Fe. It is
also important to consider the reversibility of the DOC/Fe mechanism because of the
potential implications on availability of both Fe and DOC. Guo and Chorover (2003)
found out that adsorbed DOC was not completely desorbed when placed in DOC free
water. The Fe and DOC interactions are therefore complex since many factors are at
play.
The adsorption of DOC to Fe minerals depends on the availability of Fe as a
sorption partner. Most freshwater systems are Fe rich in comparison to marine systems,
however, in sulfidic sediments sulphate reduction may result in the immobilization of
Fe through formation of iron sulphides (Roden and Edmonds 1997; Taillefert et al.
2002; Van Der Welle et al. 2006). If that happens then the amount of reduced Fe
reaching the oxic zone of the sediments during the diffusion process will be low. This
implies reduced sorption partners for DOC and P which can lead to accumulation of
DOC and P in the overlying water despite the water being oxic.
Redox conditions and temperature in the aquatic ecosystem are seasonal;
therefore my experiments were designed to follow the seasonal dynamics of the two
drivers. Anoxia occurs in the overlying water of lakes with summer stratification. Two
of the investigated reservoirs are deep and have summer stratification. I was therefore
interested to determine the role of anoxia on benthic solute fluxes. The duration and
extent of anoxia in terms of surface area was also of interest for determining solutes
budgets. For this reason two sampling points were selected in these reservoirs: one
which was shallow and oxic all the time; and another which was deep and with anoxia
from summer until autumn reservoir mixing.
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In the previous paragraphs I elaborated the influence of redox conditions and
temperature on DOC mobilization/immobilization, and the complex potential
interaction of the two drivers. Both processes are affected by carbon quality and also
sediment quality. Sediment quality also includes carbon quality but for purposes of
clarity it is used here to refer to mineralogical properties of sediments. The role of
carbon quality is explained in a separate section below. Different sediment minerals
have different surface areas and this will influence the quantity of bacteria that can be
harboured by the sediment surface. Jiang et al. (2007) found out that adsorption of the
heterotrophic bacteria Pseudomonas putida to mineral surfaces was in the order
goethite > kaolinite > montmorillonite. Grain size distribution of the sediment will also
influence other factors e.g. oxygen penetration depth. Oxygen will penetrate deeper in
coarser sediments compared to finer sediments. The role of sediment mineralogy is
important however I do not go into detail in this thesis. I focus on general sediment
characterization i.e. loss on ignition, water content to explain differences that might be
related to sediment mineralogy. The next section looks at the role of DOC quality as a
driver of benthic DOC mobilization/immobilization.
1.4 DOC quality
In a bid to understand the rising trend of DOC in surface waters, a lot of work
has been done to quantify DOC from different compartments of the ecosystem. This is
a crucial component in the holistic understanding of the DOC problem. We learnt in the
previous section that effects of redox conditions and temperature will also depend on
the DOC quality; hence inclusion of DOC quality further enhances understanding of
benthic DOC mobilization/immobilization. Unfortunately, research on DOC quality has
been lagging behind due to lack of analytical methods, and complexity of DOC
compounds, which require advanced methods to isolate (Woods et al. 2011; Sillanpää
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et al. 2015). Over the years many methods to characterise DOC have been developed:
1) bulk parameters (total organic carbon -TOC, DOC, specific ultraviolet absorption –
SUVA); 2) spectroscopic methods (fluorescence, ultraviolet and visible absorption
spectroscopy - UV-vis, fourier transform infrared spectroscopy - FTIR, nuclear
magnetic resonance - NMR); 3) chromatographic methods (high pressure size
exclusion chromatography - HP-SEC, flow field flow fractionation - FIFFF); and 4)
mass spectrometric methods (liquid chromatography mass spectrometry - LC-MS,
fourier transform ion cyclotron resonance mass spectrometry - FTICR-MS, gas
chromatography mass spectrometry - GC-MS ). All these methods have different pros
and cons, which are summarized well by Matilainen et al. (2011). With the advent of
FTICR-MS method, inroads are being made in unravelling the complex DOC
compounds. However there are still challenges of data interpretation emanating from
complexity of organic carbon compounds (Matilainen et al. 2011).
DOC quality is important because it helps in understanding the extent to which
a compound has been degraded, predict likelihood of further degradation and potential
degradation pathways. All this information helps to understand how DOC compounds
will persist in the environment and the potential pathways of immobilization. For
example DOC is known to be selectively adsorbed to iron minerals depending on its
quality (Maurice et al. 2002; Kothawala et al. 2012a). This information is not only
important for lakes and reservoirs water quality management, but also for drinking
water treatment plants. For drinking water suppliers such information is important in
finding efficient DOC removal methods.
In this work both bulk parameters and FTICR-MS were combined to understand
overlying water and benthic DOC dynamics in drinking water reservoirs pre-dams.
Dissolved organic carbon quality and quantity differences between the surface,
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hypolimnetic and porewater of riverine and lacustrine zones were determined. Riverine
zones are characterised by a high input of allochthonous DOC and are therefore
expected to contain more aromatic lignin derived DOC (Lind 2002). Lacustrine zones
are characterised by more autochthonous less aromatic algae derived DOC (Lind 2002).
Furthermore surface water and bottom water in riverine zones is expected to be of
similar quality and quantity because of the complete mixing. On the other hand a
gradient in both DOC quantity and quality is expected between lacustrine zone surface
and bottom waters, due to their stratified nature between spring and autumn. Lacustrine
surface water is expected to have oxic, higher temperature water while the bottom
water is most likely to be anoxic (or to have lower redox potential) and lower in
temperature. In the next section, which focuses on sediment resuspension, we again see
the potential effects of DOC quality.
1.5 Sediment resuspension
Sediment resuspension is usually seen as a detrimental process in aquatic
systems because it releases nutrients (Reddy et al. 1996; De Vicente et al. 2010),
increases turbidity and reduces light penetration (Scheffer et al. 2003). Most literature
on sediment resuspension has focused on nutrients (nitrogen and phosphorus). Not
much is known about the effects of resuspension on benthic DOC exchange. This study
therefore focused on DOC, nutrients and metals. Sediment resuspension is triggered by
wind (Bloesch 1995; Tammeorg et al. 2013; Liang et al. 2016), and feeding activity of
benthivorous fish (Søndergaard et al. 1990; Zambrano et al. 2001; Persson and
Svensson 2006; Fischer et al. 2013). Resuspension mainly occur in shallow aquatic
systems (Ogilvie and Mitchell 1998; Liang et al. 2016) however resuspension in deep
systems also happens (Bloesch 1995; Tammeorg et al. 2013).
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The concentration of DOC in pore water is usually higher than overlying water.
Therefore, sediment resuspension is expected to increase the overlying water DOC
concentration. The sediment is also a source of heterotrophic bacteria which implies
that resuspension will introduce more bacteria quantity and diversity into the water.
This can increase DOC degradation because: 1) benthic bacteria will be exposed to
overlying water DOC, which might be of a better quality (less recalcitrant and
aromatic) than benthic DOC; 2) particle adsorbed DOC will become available to
overlying water bacteria enabling degradation; and 3) change in redox conditions from
anoxic in the sediment to oxic in the overlying water can lead to better degradation of
DOC. Heterotrophic bacteria utilise DOC as an energy source leading to decrease in
DOC concentration, however this process also depends on the DOC quality.
Microorganisms will utilize the easily degradable substances first. Recalcitrant DOC
might take extremely long to be degraded and will therefore remain in the system for a
long time. The DOC quality will also determine whether it is easily adsorbed to mineral
surfaces and thereby immobilized. Change in redox conditions can also have a negative
short term effect to the activity of bacteria as they have to adjust to the resuspension
disturbance and this can result in decreased degradation potential.
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1.6 Objectives
Earlier sections of the introduction chronicled the DOC problem and the social,
health, and ecological concerns arising therefrom. They also detailed the importance of
lakes and reservoirs as biological reactors in a catchment, and the relevance of the
sediment water interface to quantify solute exchange and for understanding processes. I
gave an overview of the benthic flux methods and why a batch sediment incubation
method was selected, including critical aspects the methods had to address. I also
presented a conceptual model (Fig. 1.1) highlighting sedimentation, resuspension,
diffusion, mineralization, adsorption as the main processes in DOC mobilization/
immobilization; which are driven mainly by redox conditions, temperature,
resuspension, carbon quality, and sediment quality. This thesis primarily focused on
investigating the aforementioned processes and drivers and how they influence benthic
DOC fluxes in three drinking water reservoir pre-dams. This was achieved by using
batch core sediment incubation, microbiological (Biolog EcoPlates) and DOC quality
(FTICR-MS) methods and incorporating a multi-parameter approach. The objectives of
the study were:
i.

Development of a method to measure DOC flux between the sediment and
water.

ii.

Quantification of magnitude and direction, and identification of the major
drivers regulating benthic DOC flux.

iii.

Determination of how resuspension events affect direction and magnitude of
DOC flux and other solutes at the sediment water interface.

iv.

Identification of potential mechanism(s) behind benthic DOC flux regulation.

v.

Analysis of DOC molecular composition in water and porewater, and in
sediment incubation overlying water exposed to different redox conditions.
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1.7 Thesis structure
The following sections of the thesis are arranged as follows. Chapter 2 gives an
overview of the study sites and methods employed in the study. Chapter 3 details the
sediment incubation method, which is the main method used in this thesis. Chapter 4a
looks at benthic DOC fluxes in the Hassel pre-dam. Chapter 4b looks at the benthic
DOC fluxes in all the pre-dams studied and draws comparison and differences between
the systems. Chapter 5 explores the role of sediment resuspension on DOC fluxes.
Chapter 6 focus on DOC quality. Chapter 7 is a summary of the major results and
discussion thereof and also highlights implications on lakes and reservoir management.
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Photos: Hassel (top), Rappbode (middle), and Rote Mulde (bottom) pre-dams (left panel) and the corresponding sediments (left
panel). Pre-dam photos by A. Künzelmann, Helmholtz Centre for Environmental Research – UFZ; sediment photos by Tallent Dadi

2.1 Overview
In this chapter I summarize characteristics of the 3 pre-dams (Hassel,
Rappbode, and Rote Mulde). I also give an overview of the methods used, calculations
made, and statistical analysis employed. For more detailed information please refer to
the publications and manuscript in the following chapters.
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2.2 Study sites
This work was carried out in the Rappbode and Muldenberg reservoirs systems,
in particular, in the Hassel and Rappbode pre-dam (Rappbode reservoir system) and
Rote Mulde (Muldenberg reservoir system), all located in Germany (Fig. 2.1). In
Germany, many drinking water reservoirs have a smaller reservoir upstream for each
river channel feeding into the main reservoir. The smaller reservoirs herein referred to
as pre-dams serve as sedimentation basins to reduce loads of suspended particles and
dissolved nutrients, especially phosphorus, into the main reservoirs (Pütz and Benndorf
1998; Paul 2003). The principle behind nutrient load reduction is that high nutrients
concentration water is retained in the pre-dams for some days which allow growth of
phytoplankton hence utilisation of nutrients (Benndorf and Pütz 1987a; Benndorf and
Pütz 1987b). The detritus will then sediment into the sediment of the pre-dam. Through
this biological mechanism water flowing out of the pre-dam has a comparatively lower
nutrient concentration than water flowing into the pre-dam from the catchment. Predams functions as biological reactors and are a hot spot for various biogeochemical
processes hence they are more interesting for catchment reservoir interaction studies.
Hassel, Rappbode and Rote Mulde pre-dams were also selected because: 1) they
are drinking water reservoir pre-dams, and 2) they have exhibited the trend of
increasing DOC concentration (Tittel et al. 2013) over the last years with the Rote
Mulde falling in the region with a significant increase in DOC concentration (Sucker et
al. 2011). Hassel and Rappbode have very similar morphometry, hydrological and
water quality properties however Hassel is eutrophic and Rappbode is mesotrophic.
Rote Mulde is relatively smaller than the other two, has a higher DOC concentration
and a lower pH (Table 2.1). The pre-dams have also been described in previous studies
(Rinke et al. 2013; Friese et al. 2014; Wendt-Potthoff et al. 2014).
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Table 2.1: Pre-dam morphometry, hydrological and water quality properties and sampling
periods. Data collated from various sources: Rinke et al. (2013), Tittel et al. (2013), Friese et al.
(2014), and Wendt-Potthoff et al. (2014)

Pre-dam

Hassel

Rappbode

Rote Mulde

1448

1146

62

0.288

0.218

0.098

Max. depth [m]

14

17

3.5

Mean depth [m]

5.0

5.7

0.6

Residence time [d]

65

52

6

0.65

0.73

0.12

44.6

47.6

5.4

Forest

37%

72%

98%

Grasslands

33%

22%

1%

Agriculture

25%

2%

0%

Other

5%

3%

1%

6.5 - 9.6

6.5 - 8.4

5.0 - 6.9

0.26

0.19

0.08

Shallow (3.5 m),

Shallow (4 m),

Shallow (3.5 m)

Deep (13 m)

Deep (16 m)

Volume [1000 m3]
2

Surface area [km ]

Discharge [m3 s-1]
2

Catchment area [km ]
Catchment land use;

pH
Conductivity [mS cm-1]
Sampling sites

Hassel and Rappbode stratify in summer due to their morphometry, while Rote
Mulde is completely mixed. The summer stratification in Hassel and Rappbode resulted
in selection of two sampling points in these locations; a shallow point without
stratification and a deep point with stratification. Rote Mulde pre-dam had been drained
a few years prior to sampling to enable some construction work on the pre-dam. As a
result vegetation started to grow on the exposed sediments. At the time of sampling the
effects of the construction work were still apparent: real sediment layer was very thin
(< 2 cm), and dead vegetation was still visible. The lower part of the sediment was
from the period prior to construction and had been aggregated due to growth of
vegetation. This made the sediment sampling challenging.
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The geology and soil in the Hassel and Rappbode catchments consists of a
siliceous parent material that is covered by nutrient poor cambisols and stagnic
gleysols, with the gleysoils predominantly occurring in the valley bottoms, close to the
riverbeds (Friese et al. 2014). Groundwater influenced gleysoils area is approximately
twice in Hassel (about 10 km2) than in the Rappbode catchment (Friese et al. 2014).
The geology and soil in Rote Mulde consists of quartz-porphyry bedrock that is
predominantly covered by peaty topsoil (Tittel et al. 2013). There is groundwater
influence in the catchment streams, resulting in mobilization of DOC from groundwater
(Tittel et al. 2013; Musolff et al. 2015). However groundwater influence might not be
relevant to the pre-dams considering the bedrock type (Halbedel and Koschorreck
2013).
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Fig. 2.1. Location of Rappbode (top right) and Muldenberg (bottom left) reservoir systems in Germany (top left), imagery maps of the systems showing the
study sites: Hassel, Rappbode, and Rote Mulde pre-dams (red circles), and bathymetry maps of Hassel and Rappbode pre-dams.
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2.3 Sediment sampling and incubation
Hassel and Rappbode were sampled 6 times a year to capture the main relevant
times from snowmelt to just before autumn mixing. Rote Mulde was sampled 3 times a
year: snow melt, summer, and autumn, for 2 consecutive years. For each sampling 4
replicate undisturbed sediment cores were collected in 60 cm long and 9 cm diameter
core tubes. The cores were closed with special covers with stirring device to mix the
overlying water (see Chapter 3). Sediment cores were transported back to the
laboratory in insulated boxes. The hypolimnion water from each point was collected.
This water was used for refilling the cores after sampling, and also for preparation of
controls for the experiment. The controls were prepared by incubating the hypolimnetic
water in glass bottles. This was done to distinguish sediments effects from changes
occurring in the water. The sediment and control bottles were incubated in temperature
controlled climate rooms at in situ conditions; (temperature and redox conditions).
Incubations were carried out for 14 days and sampling of the overlying water and
control was done once every 3 days.
Initially the oxygen consumption of all cores was measured with optical oxygen
sensors (Pyro Science, Germany). A 30 ml water samples was sampled from each core
and control bottles. The sampled volume was replaced with hypolimnion water at in
situ oxygen and temperature conditions. Samples were analysed for DOC, UV254

nm,

TIC, CH4, NH4+, NO3-, soluble reactive phosphorus (SRP), SO42-, Fe, and Mn.
Dissolved organic carbon samples (12 ml) were analysed using a total organic carbon
analyser (DIMATOC 2000; Dimatec Analysentechnik GmbH, Germany) after GFF
filtration (DIN_EN_1484:1997-08 1997; Herzsprung et al. 1998). Ultraviolet
absorbance at 254 nm samples (1 ml) were filtered using a GFF filter and analysed
photometrically (DIN_38404-3:2005-07 2005) in a quartz cuvette (Hach Lange DR
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500; Hach Lange, Germany). Total inorganic carbon and CH4 samples (1 ml) were
analysed using a gas chromatograph (SRI, USA). Ammonium was analysed using an
ammonium ion-selective electrode with a separate lithium acetate reference electrode
(ELIT 8051 and ELIT 003n; Nico2000 Ltd., UK). Nitrate and SO42− (1.5 ml) were
analysed by ion chromatography (DIONEX ICS-3000;DIONEX, Germany), based on
the standard method (DIN_EN_ISO_10304-1 2009). Iron and manganese (1.5 ml) were
analysed using an inductively coupled plasma mass spectrometer (Agilent 7500c ICPMS; Agilent, Germany), based on the standard method (DIN_EN_ISO_11885:2009-09
2009; Baborowski et al. 2012). Soluble reactive phosphorus (SRP) samples (1 ml) were
analysed photometrically (Cary 60 UV/Vis spectrophotometer; Agilent, Malaysia)
based on the method of (Laskov et al. 2007).
A sample of 30 ml is relatively small for the parameters measured so all
methods were adapted to a smaller sample volume. This was done to keep the sample
volume replacement as low as possible compared to the overlying water volume in the
cores, which was on average 1.4 litres. Therefore the sampled water volume was 2% of
the overlying water volume. In addition pH, temperature and oxygen concentration
were monitored during the incubation. Both air and water temperature was monitored
in the climate room. For detailed explanation on sample preparation for each method
please refer to Chapter 4a.
2.4 Sediment resuspension and sectioning
At the end of the incubation approximately 1 cm upper sediment layer in each
core was manually resuspended using a glass rod. The cores were allowed to stand for
24 hours before the overlying water was sampled and analysed as above. The sediments
were then sectioned into 0-1, 1-3, 3-5 cm layers. Part of the sediment was used for dry
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weight, water content and loss on ignition analysis. The other part was used for pore
water extraction, which was done by centrifugation and analysed as above with the
exception of NH4+ which could not be analysed because of inadequate sample volume.
The minimum required volume for NH4+ was 5 ml.
2.5 Benthic microbial metabolic potential
The experiments were carried out to determine if there were differences in
organic substrate utilisation before and after resuspension. This was done by using
Biolog EcoPlates™ (Biolog, Inc., Hayward, California), which contain 31 common
organic substrates and Azo dye, which is released upon utilisation of the substrate.
When the plates are inoculated with a water sample the utilisation of the substrates can
be monitored by measuring the absorbance (colour intensity) of each well over time.
The before resuspension experiments water samples were taken from the pre-dams, at
each site, just above the sediments. The after resuspension experiments water samples
were taken from all the four resuspended cores and combined into one sample. Biolog
EcoPlates were incubated at in situ temperature conditions and redox conditions. The
plates were measured over time until the change in absorbance values became constant.
Please refer to Chapter 5 method section for the detailed procedure.
2.6 Carbon budgets and burial rates
Carbon budgets were computed by quantifying the sediment area of the pre-dam
overlain by anoxic and oxic water. This was done using biweekly measured pre-dam
temperature and oxygen profiles (field data) and bathymetric data (echo sounding
method). The thermoclines and oxyclines were determined from temperature and
oxygen profiles data using the Lake Analyzer Version 3.3 software (Read et al. 2011).
To determine the oxic DOC release, the DOC temperature dependency equation
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(derived from the sediment incubations) was applied to pre-dam biweekly temperature
profiles, to get the DOC flux. The DOC flux was then multiplied by biweekly pre-dam
oxic area. The anoxic DOC release was calculated by computing the product of the
mean DOC flux for the anoxic period (obtained from the sediment incubations) and the
biweekly pre-dam anoxic area from the oxygen profile data. The biweekly oxic and
anoxic carbon release/ uptake for the entire year were summed to give the annual
sediment carbon budget. Similarly, total release of CH4 and TIC was calculated. The
sum of DOC, TIC, and CH4 release is the total out flux of carbon at the sediment water
interface.
To determine carbon sedimentation, sediment traps were deployed at 2 m in all
shallow sites (Hassel, Rappbode, and Rote Mulde), at 6 m in all deep sites (Hassel and
Rappbode), and at 12 m (Hassel deep site) and 14 m (Rappbode deep site). Sediment
traps were deployed for periods ranging between 1 and 2 months, due to the low
sedimentation rates in the pre-dams. Refer to Chapter 4a for detailed processing and
analysis of material the from sediment traps. Carbon sedimentation was calculated by
summing the product of the sedimentation rate at the shallow and deep sites, and the
total shallow and deep surface areas. Carbon burial rates were computed as the
difference between the carbon sedimentation and the total carbon out flux (sum of
DOC, TIC, and CH4), divided by the carbon sedimentation, and expressed as a
percentage.
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2.7 Hypolimnetic inventory
Hypolimnetic inventory is a benthic flux determination method that can be used
in stratified lakes and reservoirs to determine the change in hypolimnetic
concentrations of solutes during the stratified period. This was done by collecting biweekly data from the deep points of the Hassel and Rappbode for a full year, and at the
shallow sites including Rote Mulde, only on the dates of sediment sampling campaigns.
The data at deep sites was collected for determining in situ conditions for sediment
incubation experiments, hypolimnetic inventories (only deep site), and as supporting
water chemistry data. The data includes oxygen, temperature profiles, which were
measured by multi-parameter probes (Idronaut, Italy; Sea & Sun Technologies,
Germany), and a collection of water samples at depth: 0, 2, 5, 8, 10, 12 and 13/16 m
(Hassel/Rappbode) at the deep site; and surface (0 m) and bottom (Hassel-3.5m,
Rappbode-3.8 m, and Rote Mulde-3.5 m) water samples at the shallow sites. The
samples were analysed for DOC and other parameters mentioned above in section 2.3.
This data was used to calculate the hypolimnetic inventories based on the method of
Wendt-Potthoff et al. (2014), highlighted in the equation below. The method was also
used to calculate specific turnover rates for given periods coinciding with the dates of
sediment incubation campaigns.
𝑇𝑢𝑟𝑛𝑜𝑣𝑒𝑟 𝑟𝑎𝑡𝑒 [𝑚𝑚𝑜𝑙 𝑚−2 𝑑−1 ]
𝑒𝑛𝑑 ℎ𝑦𝑝𝑜𝑙𝑖𝑚𝑛𝑖𝑜𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 [𝑚𝑚𝑜𝑙]
𝑠𝑡𝑎𝑟𝑡 ℎ𝑦𝑝𝑜𝑙𝑖𝑚𝑛𝑖𝑜𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 [𝑚𝑚𝑜𝑙]
(
)−(
))
𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 [𝑚2 ]
𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 [𝑚2 ]
={
}
𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛 [𝑑]
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2.8 DOC quality determination
2.8.1 Solid phase extraction (SPE)
Glass fibre filter filtered water samples (50 ml) were acidified with hydrochloric
acid to pH 2.0, and processed through Agilent PPL solid-phase cartridges to desalt the
extract for subsequent electrospray ionization. A SmartPrep automatic cartridge
extractor (Horizon / USA) was used for processing SPE. The methanolic extracts were
diluted to 5 ml and the extracts were frozen before further analysis.
2.8.2 FTICR mass spectra determination and evaluation
The FTICR mass spectra determination was carried out by the Analytical
Biogeochemistry Research Unit at the Helmholtz Centre Munich, German Research
Centre for Environmental Health. High resolution FTICR mass spectra were acquired
after electrospray ionisation (ESI) in the negative ion mode with an APEX Qe FTICRMS (Bruker, Bremen, Germany) equipped with a 12 Tesla superconducting magnet and
an Apollo II micro electrospray source. The finally generated elemental formulas were
validated by setting sensible chemical constraints (element counts: carbon (C) ≤ 100,
oxygen (O) ≤ 80, nitrogen (N) ≤ 6, and sulphur (S) ≤ 3). Further details are described in
Herzsprung et al. (2010).
2.8.3 Data analysis
Formula assignment was executed as described in Herzsprung et al. (2014). The
reliable carbon, hydrogen, and oxygen (CHO) formulas (CHON, CHOS and CHONS
were not reconsidered) were exported to a spread sheet. Altogether, 13 samples were
evaluated for calculation of inter sample rankings as described in Herzsprung et al.
(2012b) by searching for components of the total common presence data pool. The inter
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sample ranks were calculated for 13 samples, and for visualization in van Krevelen
diagrams ranks were used.
2.8.4 Cluster analysis / FTICR-MS elemental formula data
Cluster analysis was performed with the software STATISTICA 12 from
Statsoft based on the rank intensities of the FTICR-MS peaks from the investigated 13
samples. The ranks of the intensities were calculated for each sample as described in
Herzsprung et al. (2012b). The Ward method with squared Euclidian distance was used
because it is based on a classical sum-of-squares criterion, yielding groups that
minimize within-group dispersion at each binary fusion (Murtagh and Legendre
2014).With a z-score scaling as data pre-treatment the expected value (average) of each
series became 0 and the standard deviation 1.
2.9 Calculations and statistics
Solute fluxes were calculated from the changes in concentration over the incubation
period divided by core surface area. Resuspension fluxes were calculated as the
difference between concentrations prior and after resuspension divided by core surface
area and the fluxes were expressed per event basis. All statistics were calculated using
SPSS version 22 and are specified in the corresponding chapters.
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Chapter 3: A sediment core incubation method to measure the flux of
dissolved organic carbon between sediment and water
Tallent Dadi, Corinna Völkner, Matthias Koschorreck

Status: Published
Journal: Journal of Soils and Sediments
Impact factor: 2.139
Year of publication: 2015
Photo: Sediment core incubation set up (controls are the
bottles with red caps). Photo by Tallent Dadi

Overview
The publication describes methodological aspects of ex situ batch core sediment
incubation method under controlled in situ conditions, for measurement of DOC and
other solutes fluxes. It provides a detailed description of the sediment core cover
design, which was the most critical part of the method. The method distinguishes fast
fluxes e.g. oxygen and slow fluxes e.g. DOC. The former are initially measured within
24 hours followed by the measurement of the later within a 14 day incubation period.
During the 14 day period slow fluxes are determined through repeated sampling and
analysis. In addition to the successful determination of DOC through the method, the
publication also reveals the unsuitability of using ultraviolet absorption at 254 nm
(UV254 nm) as a DOC concentration proxy under anoxic conditions.
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Chapter 4a: Benthic dissolved organic carbon fluxes in a drinking
water reservoir
Tallent Dadi, Kurt Friese, Katrin Wendt-Potthoff, Matthias Koschorreck
Status: Published
Journal: Limnology and Oceanography
Impact factor: 3.794.
Year of publication: 2016

Image: Hassel shallow site sediment cores at the
end of incubation, showing a chironomid burrow
(left core). Image by Tallent Dadi

Overview
Increasing DOC in surface waters in the northern hemisphere has led to intensified
research on DOC. The research aims to gain better understanding of the causes and
processes involved, in order to find solutions to the social, health and ecological
impacts arising therefrom. This publication makes a contribution to the research on
DOC and focus on benthic exchange and relevant processes in a drinking water
reservoir. Batch core sediment incubation was used to get plausible benthic DOC
fluxes. The publication also highlights the importance of redox conditions and
temperature as the main drivers in benthic DOC exchange. Furthermore it identifies
mobilization and immobilization of DOC from/by Fe minerals as an important
mechanism regulating benthic DOC exchange. The findings are interesting, in light of
envisaged global warming, which will trigger anoxia, through both stronger
stratification
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Photo: A stream with heavily coloured brown water after a rain event. Muldenberg, September 2014. Photo by Tallent Dadi

4.1 Overview
Chapter 4a presented the organic carbon fluxes in Hassel pre-dam and this work
is published in Dadi et al. (2016). Similar work was carried out in Rappbode and Rote
Mulde however this work is not yet published. In this chapter I present results of all 3
pre-dams, focusing on comparisons. This was done to check whether the results
obtained from Hassel pre-dam can be generalized. Hassel and Rappbode pre-dams have
similar DOC mobilization/immobilization trend under both oxic and anoxic conditions.
Rote Mulde has a similar DOC mobilization/immobilization trend to that of the shallow
sites in Hassel and Rappbode; however the flux magnitude was distinctly higher. The
fluxes of other solutes were generally higher in Hassel than Rappbode with the
exception of TIC, while Rote Mulde they were relatively lower than those of Hassel
and Rappbode.
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4.2 Abstract
Benthic DOC exchange in the three pre-dams was compared to determine
similarities and differences. In all pre-dams, generally DOC was immobilized under
oxic conditions and mobilized under anoxic conditions. However there were
differences in magnitude, with Rote Mulde having a higher immobilization effect
compared to Hassel and Rappbode. Immobilization of DOC in Rappbode under anoxic
conditions was higher than in Hassel. The benthic DOC flux in Hassel and Rappbode is
temperature dependent at the shallow sites; however in Rote Mulde this trend was very
weak. Pooled data from all pre-dams showed a positive correlation between DOC and
Fe under anoxic conditions at the deep sites, and a negative correlation under oxic
conditions at the shallow sites. Carbon burial rates in Hassel are higher compared to
those of Rappbode and Rote Mulde, which are similar. This could be due to the
eutrophic state of Hassel. Pre-dam differences in catchment land use, trophic state,
DOC concentration seem not to influence DOC mobilization/immobilization trends but
rather the magnitude.
4.3 Introduction
The three pre-dams investigated share similarities and also have striking
differences. Rote Mulde is much more different from the Hassel and Rappbode by
being: smaller, having higher DOC concentration, lower pH and having a
predominantly forested catchment. Hassel and Rappbode are very similar in terms of
size, morphometry, and pH, however Hassel is eutrophic and Rappbode is oligotrophic
just like Rote Mulde. Friese et al. (2014) found the concentration of major ions to be
higher in Hassel than Rappbode as a result of the agricultural activities in the catchment
of the former. The effect of benthic processes on the pre-dam system depends on
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surface area depth ratio. Benthic processes of systems with a lower surface area depth
ratio (in this case Rote Mulde) have more effect than systems with a higher surface area
depth ratio (in this case Hassel and Rappbode).
Water residence time also is also a crucial aspect; apparently Rote Mulde has
shorter water residence time compared to Hassel and Rappbode (Chapter 2, Table 2.1).
Lakes with a high water residence time have higher nutrient retention (Kõiv et al.
2011), higher sedimentation, and are more influenced by internal bacteria (Lindstrom et
al. 2005), in comparison to lakes with short water residence time .Water pH plays a role
in mobilization/immobilization of DOC since it has an effect on surface charge and
ionic strength, hence pH can alter adsorption properties of DOC (Tipping 1981; Gu et
al. 1994). Leaching of DOC has been observed in other studies (Andersson et al. 1994;
Evans et al. 2012). Therefore Rote Mulde can be expected to have a higher DOC
immobilization potential. The objective of this chapter is to compare DOC benthic flux
from the 3 pre-dams taking into account similarities and differences in characteristics
of the pre-dams.
4.4 Methods
This section only provides an overview of the sampling campaigns and
parameters analysed for each pre-dam. The procedures have already been described in
Chapter 4a. Hassel was sampled in April, June, July, September, October, and
November 2013. Rappbode was sampled in March, April, June, July, September, and
October 2014. Rote Mulde was sampled in April, June and September in both 2013 and
2014. For Hassel all the parameters (DOC, UV254 nm TIC, CH4, NH4+, NO3- , SRP, SO42, Fe, and Mn) were measured for all campaigns in cores, controls, and porewater, with
the exception of NH4+ only in porewater. For Rappbode all the parameters were only
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analysed in March, June, and September; in April, July, and October, only DOC, UV254
nm

TIC, and CH4 were analysed. In Rote Mulde all parameters were analysed for all

campaigns in 2013, while in 2014 only DOC, UV254nm TIC and CH4 were analysed. The
sediment core sampling, laboratory sampling and analysis procedure in Rappbode and
Rote Mulde is the same as the one used in Hassel (Chapter 4a.).
4.5 Results
4.5.1 Background properties
Benthic carbon dynamics are influenced by sedimentation and sediment quality,
an overview of which is presented in Table 4.1. The deep site in Hassel and Rappbode
had a higher water content compared to the shallow sites. Rote Mulde water content
was similar to the shallow site however it was relatively higher. Loss on ignition which
is a proxy for organic matter content showed that Rote Mulde had the highest organic
matter content with the shallow sites having the least organic matter content. Mean
annual sedimentation was highest at the shallow sites of Hassel and Rappbode and least
in Rote Mulde. Carbon sedimentation also followed a similar trend like sedimentation
however it was similar for deep sites and Rote Mulde.
Bottom water solutes concentrations at the time of sampling (Table 4.1) showed
similarities between shallow sites in Hassel and Rappbode, with the exception of
nitrate, which was relatively higher in Hassel than in Rappbode. Likewise the Hassel
and Rappbode deep site also had similar solutes concentrations, with the exception of
ammonium, which was relatively higher in Hassel than in Rappbode. There was a
remarkable solute concentration difference between the shallow and deeps sites in
Hassel and Rappbode. Rote Mulde solute concentrations are comparable to the shallow
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sites of Hassel and Rappbode; however it had a higher DOC concentration than at the
Hassel and Rappbode, and a relatively higher iron concentration as well.
4.5.2 Benthic DOC and other solutes fluxes
Hassel and Rappbode pre-dams had very similar DOC flux trends (Fig. 4.1.).
Anoxia resulted in release of DOC in both pre-dams. Interestingly, a similar trend was
observed when Rappbode shallow site was anoxic in July. Oxic conditions resulted in
both immobilization and mobilization of DOC, a trend which seem to have been
influenced by temperature which in this study is related to the season. Rote Mulde
exhibited a stronger immobilization of DOC compared to the shallow sites of Hassel
and Rappbode. However there was an exceptionally high mobilization of DOC in Rote
Mulde in July 2013 albeit under oxic conditions. Rote Mulde also did not show a strong
temperature dependency of the DOC flux.
Other solutes were analysed to elucidate the major drivers and mechanisms
regulating DOC flux in the pre-dams. Rote Mulde had lower fluxes for other solutes
compared to Hassel and Rappbode (Fig. 4.2). Nitrate consumption occurred in all predams regardless of the redox conditions, however from July to November the deep sites
had no nitrate at the time of sampling. Release of Fe and Mn occurred under anoxic
conditions in Hassel and Rappbode, with the fluxes being higher in Hassel. The Fe, Mn
and SRP fluxes showed a similar flux direction to that of DOC (Fig. 4.1 and 4.2).
Sulphate was mainly consumed by the sediment, however sulphate production was also
observed. Methane was only produced under anoxic conditions, while TIC was
produced under both anoxic and oxic conditions, with TIC consumption only observed
on one occasion in Hassel and Rote Mulde. Generally the fluxes of all the other solutes
were of a higher magnitude in Hassel, than Rappbode, with the exception of TIC.
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Table 4.1: Sediment characteristics, sedimentation rates, and bottom water chemical quality at the time of sampling, of the three pre-dams. a n = 4, b n = 5, c n
= 7, d n = 6. Water content and loss on ignition show annual mean and standard deviation n = 24 for all pre-dams

Hassel

Rappbode

Rote Mulde

shallow

deep

shallow

deep

2013 & 2014

84 ± 2

95 ± 1

63 ± 9

91 ± 2

84.5 ± 9.7

Loss on ignition [% dw]

14.8 ± 0.3

25 ± 0.3

9.4 ± 1.7

19.2 ± 0.6

29.5 ± 8.2

Sedimentation [g m-2 y-1]

3143 ± 1101a

627 ± 203b

1825 ± 1211b

537 ± 244c

356 ± 131d

295 ± 132

83 ± 19

263 ± 126

88 ± 35

80 ± 28

0.4 - 0.6

0.3 - 0.6

0.2 - 0.5

0.2 - 0.5

0.4 - 1.9

TIC [mmol l ]

0.4 - 1.0

0.8 - 2.3

0.6 - 1.2

0.5 - 1.6

0.1 - 0.6

NO3- [µmol l-1]

50 - 300

3 - 160

16 - 61

3 - 60

6 - 50

NH4+ [µmol l-1]

2-8

50 - 220

2-8

2 - 110

1-4

SO42- [mmol l-1]

0.2 - 0.3

0.1 - 0.2

0.2 - 0.3

0.1 - 0.2

0.1-0.2

SRP [µmol l-1]

0 - 0.1

0-4

0-0.1

0 - 0.1

0 - 0.03

Mn [µmol l-1]

0-1

8 - 126

2 - 14

2 - 100

5 - 11

1 - 12

1 - 130

3-9

1 - 150

6 - 16

Water content [% ww]

C sedimentation [g m-2 y-1]
DOC [mmol l-1]
-1

-1

Fe [µmol l ]
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Fig. 4.1. Seasonal DOC flux and temperature for the 3 pre-dams. Error bars represent standard deviation of four replicates cores. Please note the Rote Mulde
has a different DOC scale.
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Fig. 4.2: Benthic fluxes of other solutes; (a) NO3- (b), Mn, (c) Fe, (d) SO42- , (e) NH4+, (f) SRP,
(g) TIC, and (h) CH4, for the three pre-dams. Error bars represent standard deviation of 4
replicate cores. Please note the Hassel and Rappbode have one scale and Rote Mulde has a
different scale, there was no CH4 in the shallow sites including Rote Mulde, and for Rote
Mulde the data shown is from 2013.

Chapter 4b: Benthic dissolved organic carbon fluxes in three drinking
water reservoirs

63

In Fig. 4.1 there was an indication that DOC fluxes were temperature
dependent. All oxic DOC fluxes for shallow sites in Hassel and Rappbode, and all the
fluxes from Rote Mulde were plotted. Fig. 4.3a shows this DOC flux/temperature plot
for all the 3 pre-dams and it shows a weak positive correlation. As highlighted before,
Rote Mulde seems to have a weaker DOC flux temperature dependency, so the data
was removed from the plots. The resulting Fig. 4.3b shows a strong positive correlation
of DOC flux and temperature. Removal of the data from Rappbode (as shown in Dadi
et al. (2016), Chapter 4a, Fig. 2b) shows that the DOC flux temperature dependency
was strongest in the Hassel pre-dam.

Fig. 4.3. DOC flux and temperature relationship at the shallow sites under oxic conditions; a)
all 3 pre-dams, and b) only Hassel and Rappbode data. Error bars represent standard deviation
of four replicates cores. Please note (b) has a different scale.

Oxygen consumption also correlated with positively with temperature and DOC
flux (Fig. 4.4). In Hassel there was a strong positive correlation between DOC and Fe
fluxes (Chapter 4a). Thus, it was checked whether the same holds true also for the other
pre-dams. Figure 4.4a shows a strong positive correlation of DOC and Fe fluxes under
anoxic conditions. In contrast under oxic conditions there was a strong negative
correlation between DOC and Fe fluxes (Fig. 4.5b, c).
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Fig. 4.4. Oxygen consumption vs temperature (a) and (b), and DOC flux (c) plots at the shallow sites under oxic conditions. Chart (a) shows data for all 3 predams, and (b) and (c) only Hassel and Rappbode data. Error bars represent standard deviation of four replicates cores.
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Fig. 4.5. DOC and Fe relationship; (a) deep sites (black circle point is an outlier), (b) shallow sites with outlier (green circle), c) chart (b) without the outlier.
Error bars represent standard deviation of four replicates cores. Please note the different scales.
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The concentration gradient between overlying water and porewater determines the direction
of diffusion of solutes. There was always a higher concentration of DOC in porewater than in
the overlying water for all pre-dams (Fig. 4.6). Rappbode deep site had the steepest gradient
while Rote Mulde had a gradual gradient. The DOC concentration was temperature
dependent in the shallow sites.

Fig. 4.6. DOC concentration in overlying water and porewater. Error bars represent standard deviation
of four replicates cores.

4.5.3 DOC budgets
The DOC budgets for the pre-dams were calculated to have an overview of the annual
benthic carbon exchange. Upscaling of the DOC fluxes shows that both Hassel and Rote
Mulde sediments were a DOC sink while Rappbode sediment was a source (Table 4.2).
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Table 4.2: Annual benthic carbon mobilization and immobilization in the pre-dams. Carbon burial is
the difference between mobilized and immobilized carbon divided by the mobilized carbon.

Hassel

Rappbode

Rote Mulde

38.76

25.58

7.81

DOC [tonnes yr-1]

-0.18

0.23

-1.48

TIC [tonnes yr-1]

8.21

9.71

1.71

CH4 [tonnes yr-1]

0.15

0.13

0

79

61

97

Mobilized carbon:
POC [tonnes yr-1]
Immobilized carbon:

C burial [%]

Carbon burial was very high in the pre-dams with Rote Mulde having the highest
carbon burial. The difference in oxic and anoxic DOC fluxes between Hassel and Rappbode
is shown in Fig. 4.7. The seasonal fluctuations were pronounced in Hassel, which was mainly
caused by seasonality of the oxic sediments.

Fig. 4.7. Total benthic DOC release from sediment surface areas overlain by oxic and anoxic waters;
a) Hassel, b) Rappbode.
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4.6 Discussion
The general DOC flux trends under oxic and anoxic conditions were similar for all the
three pre-dams. Therefore the discussion on DOC flux magnitude, drivers and mechanism
raised in Chapter 4a for Hassel pre-dam is valid for the other pre-dams as well. This
discussion will focus more on differences observed between the three pre-dams, and DOC
quality.
4.6.1 Benthic DOC and other fluxes
Temperature dependency of DOC mobilization was observed across the pre-dams.
However there was a weak DOC flux temperature dependency in Rote Mulde. This could be
an indication that organic matter mineralization in Rote Mulde is controlled by other factors
for example DOC quality and adsorption to mineral surfaces. Rote Mulde has higher
SUVA254 values, which indicates presence of more aromatic DOC. Sobek et al. (2005) found
out that temperature dependency of carbon mineralization/carbon dioxide is more local than
global. They argue that interactions of temperature and substrate as regulators can lead to a
better understanding of this phenomenon. Furthermore DOC in Rote Mulde might not be
bioavailable because of adsorption to mineral surfaces or particulate organic matter.
The concentration gradient between the porewater and overlying water has an
influence on the DOC flux. Rappbode deep point had a steeper concentration gradient than
Hassel deep site and a higher DOC flux was observed in Rappbode under anoxic conditions.
The concentration gradients between porewater and overlying water in Rote Mulde do not
agree to the observed high negative DOC fluxes. This could be an indication that the
observed trend is controlled more by another mechanism, in this case adsorption of DOC to
Fe minerals in the water column. The concentration gradient between the porewater and
overlying water seemed to predict flux direction very well under anoxic conditions.
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Contrastingly under oxic conditions flux direction is not entirely dependent on the
concentration gradient between the porewater and overlying water, as seen through negative
and positive DOC flux despite the concentration gradient favouring a positive flux. This
contradiction is a result of the heterogeneity in redox conditions occurring under oxic
conditions i.e. the overlying water and top sediment layer is oxic while the lower sediment is
anoxic. Therefore flux direction is more influenced by thickness of the oxic sediment layer.
In the oxic sediment layers diffusing ferrous Fe is oxidised to ferric Fe, which is hydrolysed
to form iron hydroxides, which in turn adsorb DOC (Guggenberger et al. 1998; Skoog and
Arias-Esquivel 2009) resulting in no net flux into the water. This is likely to create a
relatively lower DOC concentration in this oxic layer than what is in the overlying water
hence the observed negative flux. The porewater DOC concentration gradients show that
seasonal patterns are governed by redox conditions but absolute fluxes depend on DOC
production in the sediment.
Strong positive DOC and Fe flux correlation under anoxic conditions and strong
negative correlation under oxic conditions underscores the prominence of the mechanism of
desorption/adsorption of DOC from/to Fe. Furthermore the different DOC flux directions for
sediments incubated at different redox conditions and change in direction of DOC flux when
the redox conditions are switched (Chapter 6) indicates that the reversibility of the adsorption
and desorption of DOC from Fe minerals depends on the redox conditions.
Sulphate reduction occurred in all pre-dams under both oxic and anoxic conditions.
The rates of sulphate reduction in the pre-dams are on the lower end compared to rates of up
to 15 mmol m-2 d-1 reported in literature (Holmer and Storkholm 2001). Sulphate production
was also observed under oxic conditions and only at temperatures below 10oC. Interestingly,
all cases of sulphate production coincided with a negative fluxes of DOC, which might be an
indication that oxidation of sulphides contribute to the observed DOC fluxes.
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4.6.2 Carbon budgets
Carbon burial was generally high in all pre-dams with Rote Mulde having the highest

carbon burial. The higher carbon burial in Rote Mulde agrees with DOC quality
investigations, which indicates that DOC in Rote Mulde DOC is more aromatic compared to
that of the Hassel and Rappbode (Chapter 6). Hassel had a higher carbon burial than
Rappbode, this could be due to the higher sedimentation (Table 4.1) observed and the higher
microbial biomass of Hassel (Wendt-Potthoff et al. 2014). The higher sedimentation is
probably a result of preferential utilisation of the more labile autochthonous carbon sources
(Friese et al. 2014) over the more recalcitrant allochthonous carbon sources, since Hassel is
eutrophic. Eutrophic water bodies have a higher carbon burial rate (Mulholland and Elwood
1982; Heathcote and Downing 2012; Anderson et al. 2014). Furthermore agriculture
activities are higher in the Hassel catchment, which agrees well with the findings of Clow et
al. (2015) who reported sediment carbon content ranging between 0-40% in American water
bodies and linked the highest carbon burial to agricultural activities in the catchment. In
another study carbon burial was found to be high in systems receiving high inputs of
allochthonous carbon and also higher in sediment with low oxygen exposure time (Sobek et
al. 2009). Mean sedimentation rate was higher in Hassel shallow sites, which could be an
indication of a higher allochthonous carbon input. However oxygen exposure time might not
be a contributing factor since Rappbode had a higher surface area under anoxia (lower
oxygen exposure time) compared to Hassel yet annual CO2 and CH4 production was similar.
Hassel and Rappbode had similar DOC flux trends however the former is a DOC sink
while the latter is a DOC source (Fig. 4.7). This striking difference was mainly because
Hassel had a longer winter period and the sediments in Hassel immobilize more DOC under
oxic conditions at low temperatures compared to Rappbode. The higher immobilization of
DOC in Hassel seems to be more related to the sediment properties. The higher temperature
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dependency of DOC fluxes in Hassel implies a stronger DOC release at higher temperatures.
Therefore Hassel has more potential of a higher DOC production in the event of short winters
and higher temperatures. The benthic carbon emission from this study, 28.5 and 44.5 g C m-2
year-1 for Hassel and Rappbode respectively, is lower than 74.9 and 87.6 g C m-2 year-1 for
Hassel and Rappbode respectively that has been measured in the water column (Halbedel and
Koschorreck 2013). It therefore seems as if the eutrophic status of Hassel has a more impact
on benthic carbon emission than in the water column.
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Photos: Resuspended and undisturbed sediment cores
immediately after resuspension (top left) and after 24 hours (top
right), and a Biolog EcoPlate™ (bottom). Photos by Tallent Dadi

Overview
Sediments in standing water bodies gradually develop, burying DOC, nutrients, metals and
other solutes. The sediments are constantly disturbed mainly by wind and benthivorous fish,
leading to sediment resuspension. The effects thereof in standing water bodies on benthic
fluxes of DOC, metals (Fe, Mn), nutrients (N, P) and other solutes was investigated. This was
achieved by manual resuspension of the upper 1 cm sediment layer in cores from three predams. Also investigated was the role of heterotrophic microorganisms, which are likely
introduced into water after resuspension. Mobilization and immobilization of DOC by
resuspension was observed, with DOC resuspension fluxes approximately equal to 9-17 days
of diffusive flux. Nutrient mobilization from the sediment after resuspension was minimal
with the exception of ammonium. Resuspension increased the microbial potential to utilize
organic substrates. The findings emphasize the importance of resuspension process.
Resuspension also promote burial of DOC in low nutrient, Fe rich aquatic systems.
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Photo: Rappbode pre-dam wall showing deep sampling point (group of buoys on the left). Photo by Tallent Dadi

6.1 Overview
In this chapter I present DOC quality analysis. General DOC quality analysis for all
pre-dams was done using SUVA254 nm to determine aromaticity and hydrophobicity. To
answer the question on whether benthic processes affect the DOC quality in the
overlying water molecular DOC signatures were analysed for the Rappbode pre-dam
using the FTICR-MS method (Chapter 2). This experiment was unique because in
addition to the normal in situ conditions incubation it had a second incubation step
under manipulated redox conditions. The DOC quality samples were taken to
determine if DOC quality changed during the incubation and when redox conditions
were manipulated. In situ vertical depth samples (including porewater) at the shallow
and deep site were also taken and analysed for DOC quality using the FTICR-MS
method.
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6.2 Abstract
The general DOC quality in all pre-dams was analysed by SUVA

254 nm

during

the sediment incubations. The effects of benthic processes on DOC quality in the
overlying water were checked only in Rappbode pre-dam, through analysis of in situ
vertical water and porewater samples, and samples derived from sediment incubation
under different redox conditions, and redox conditions manipulation, by using the
FTICR-MS method. Rote Mulde was found to have the highest SUVA

254 nm

values,

while Hassel and Rappbode had lower SUVA 254 nm values to those of Rote Mulde. This
indicates that Rote Mulde is more aromatic and hence has a higher disinfection by
product formation potential compared to the other pre-dams. Benthic processes were
shown to affect the DOC quality in the overlying water, with the hypolimnion at the
stratified deep site showing a different DOC signature to that of the epilimnion. Redox
conditions were found to have an effect on DOC quality, with release of oxygen rich
compounds (which have a tendency to adsorb to Fe minerals) under anoxia but not
under oxic conditions. This emphasise the preferential adsorption of certain DOC
components to Fe minerals and the persistence of DOC compounds that cannot be
adsorbed. The non-adsorbed compounds will therefore reach the water treatment plants
and cannot be removed by coagulation methods prompting a further step to remove
these compounds. The findings also indicate the potential preservation and burial of the
oxygen rich compounds in the reservoirs.
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6.3 Introduction
The DOC in a lake system is composed of both allochthonous and
autochthonous DOC. Autochthonous DOC consists of protein, low-molecular-weight
molecules from algae, aquatic macrophytes, and bacteria (Bertilsson and Jones Jr 2003)
Allochthonous DOC includes aromatic, humic-like molecules from decomposition, and
leaching terrestrial plant and soil derived organic matter (Mcknight et al. 2003). The
ratio of these two depends on the amount of DOC imported from the catchment and
also the productivity of a lake. In general allochthonous DOC is bound to dominate
mainly because of huge amounts imported from the catchment and also because it’s
more recalcitrant compared to the autochthonous (Lind 2002). Lake DOC signatures
are expected to be changing from time to time because of the different processes e.g.
DOC consumption and production.
These changes are due to the loss of DOM functional groups. Kothawala et al.
(2012a) found that carboxyl groups are lost first, followed by aromatic groups and then
other functional groups and they also found a shift from higher to lower molecular
weight DOC. There is heterogeneity in occurrence and magnitude of these processes
within lake systems. Therefore inflow points in lakes with a longer retention times are
expected to have different DOC signatures compared to the outflow points. Drivers like
redox conditions and temperature also influence the DOC production and consumption
processes. In their study, Riedel et al. (2013) found that Fe traps DOC at redox
interfaces, a mechanism which can change the DOC signatures. The sediment water
interface is a redox conditions interface hence it was interesting to find out if there were
changes in DOC quality during the incubation and also to determine if redox condition
manipulations had influence in DOC quality.

Chapter 6: Dissolved organic carbon quality in drinking water
reservoirs

95

The research questions were, does: 1) SUVA254 nm differ among the pre-dams,
2) the DOC coming out of the sediment have a different quality from that in the
overlying water, and if this result in vertical gradient of DOC quality in the water
column, and 3) redox conditions manipulations result in change in DOC quality. The
objectives to answer these questions were to:
i.

Determine the SUVA254 nm in all pre-dams

ii.

Determine depth profile DOC quality in riverine and profundal zones of a predam.

iii.

Determine effects of sediment incubation and redox conditions manipulation on
DOC quality.

6.4 Methods
6.4.1 Specific ultraviolet absorption (SUVA254 nm)
Ultraviolet absorbance at 254 nm was analysed for all the sediment core
incubations samples from the three pre-dams. Details about when the sediment
incubation were done in each pre-dam have been described in Chapter 4b. The samples
(1 ml) were filtered using a GFF filter and analysed photometrically (DIN_384043:2005-07 2005) in a quartz cuvette (Hach Lange DR 500; Hach Lange, Germany). The
SUVA254

nm

was calculated by dividing ultraviolet absorbance at 254 nm by the

respective DOC concentration for each sample. Methods for the DOC concentration
determination are described in Chapter 2, 3 and 4a.
6.4.2 Analysis of DOC quality
Analysis of DOC quality experiment was only carried out for Rappbode in
September 2014 and was coupled to the Rappbode September 2014 sediment core
incubation. This incubation included a second incubation step after the normal in situ
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incubation. The second incubation step was done after manipulation of the redox
conditions in the sediment cores i.e. from oxic to anoxic for the shallow site, and from
anoxic to oxic for the deep site.
The aim of this experiment was to investigate whether there are: 1) spatial
(vertical and horizontal) DOC quality gradients within a drinking water reservoir predam, and 2) DOC quality changes during incubation period and after manipulation of
redox conditions. This was achieved by taking vertical (including porewater) samples
in the Rappbode pre-dams and samples at different times of the sediment incubation
period.
Surface and bottom water samples were taken from both shallow and deep sites
using a standard 2-l water sampler (Hydrobios, Kiel, Germany). An additional sample
was taken for the deep site at 3.5 m, which was the depth of the oxycline. Six sediment
cores (9 cm in diameter) were sampled from each site using a gravity corer (UWITEC,
Mondsee, Austria); two sediment cores for sediment porewater extraction and four
cores for sediment incubation. The upper 3 cm sediment layer of the two sediment
porewater cores were sectioned on site and combined into one sample. Part of the
mixed sample was used for porewater extraction and the other part was used for
sediment quality analysis i.e. water content and loss on ignition. Porewater was
extracted by centrifugation at 3750 rpm for 15 minutes at the incubation temperature.
Four sediment cores were incubated at in situ conditions for 12 days after which
redox conditions were manipulated/switched and the sediment cores were incubated
again for another 15 days. The sediment incubation procedure is described in detail in
Chapter 4a. The cores were initially incubated at in situ redox conditions and
temperature (oxic, 14oC for shallow and anoxic 6oC, for deep) for 13 days. The cores
were then incubated at manipulated redox conditions and in situ temperature (anoxic,
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14oC for shallow and oxic, 6oC for deep) for 14 days. During the sediment incubation
30 ml water samples were taken every 3 days and analysed for DOC, UV254 nm, TIC,
CH4, NH4+ , NO3- , SRP, SO42- , Fe, and Mn using methods described in Chapter 2.
Samples volume was replaced with bottom water samples. Controls were prepared by
incubating bottom water samples at in situ temperature and redox conditions. Three
DOC quality samples (combined from the four cores) were taken from each site; 1) at
the start of the in situ redox condition incubation, 2) before redox manipulation, and 3)
at the end of the manipulated redox condition incubation. Altogether there were 13
samples analysed for DOC quality (7 depth samples and 6 incubation samples). All
DOC quality samples were analysed by FTICR-MS method described in chapter 2.
6.5 Results
6.5.1 Specific ultraviolet absorption (SUVA254 nm)
The lowest SUVA254 nm values were observed in Hassel shallow sites with Rote
Mulde having the highest among the shallow sites (Table 6.1). Hassel and Rappbode
deep sites SUVA is comparable under anoxic conditions, while the Rappbode deep site
SUVA under oxic conditions is comparable to that of Rappbode shallow site. From the
results of DOC and Fe concentrations in the overlying water during sediment
incubation (Chapter 4b), I calculated the DOC:Fe molar ratios. The DOC:Fe molar
ratios were higher in the Hassel and Rappbode shallow sites and lower in the Rote
Mulde, which is also a shallow site (Table 6.1). The deep site DOC:Fe ratio for Hassel
and Rappbode is very similar and was lower than that of the shallow sites both under
oxic and anoxic conditions. However the oxic deep sites ratio was higher compared to
the anoxic ratio.
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Table 6.1: Mean molar DOC:Fe concentration ratio and SUVA254 nm in overlying water during
sediment incubation. Values in brackets are under anoxic conditions. Note, a n = 5, b n = 4, and
c

n = 3.

Hassel

DOC:Fe

Rote Mulde

shallow

deep

shallow

deep

222 ± 69a

14

97 ± 118c

14

(2 ± 1)b

molar ratio
SUVA254nm

Rappbode

3.3 ± 0.3a

(14.1 ± 1.3)a

[L mg-1 C m-1]

35 ± 25c

(4)
4.1 ± 0.7a

5 ± 1c

5.4 ± 0.3a

(10 ± 5)c

6.5.2 Redox conditions manipulation
During the initial incubation step, cores incubated under oxic conditions
(shallow site) immobilized DOC and those incubated under anoxia (deep site) released
DOC (Fig. 6.1). Similarly, when redox conditions were manipulated, DOC flux
direction also changed. The influence of redox conditions is also seen in other solutes
as well (Fig. 6.1).

Fig. 6.1. Solute fluxes for Rappbode shallow and deep site sediments incubated first at in situ
redox conditions followed by a redox conditions manipulation. The shallow and deep sediments
were oxic and anoxic respectively at in situ conditions. Error bars represent standard deviation
of four replicates cores.
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6.5.3 Cluster analysis of DOC quality samples
The DOC quality at different water layers, and redox conditions in Rappbode
pre-dam was compared by a cluster analysis. Intensity ranking pattern of carbon,
hydrogen, and oxygen (CHO) components which were present in all 13 water samples
analysed (Fig 6.2). Quality of DOC was quite similar in all samples from the
epilimnion (shallow 0m, 3.8 m, deep 0 m, and 3.5 m). The deep 15 m (hypolimnion)
sample was somewhat different from the epilimnion samples. Porewater samples from
both shallow and deep sites were quite different from all other pelagial samples and
also quite different from each other. The deep anoxic incubation start sample was
similar to the deep 15 m as expected. This water was used for incubation of the
sediment. Analogous to that, the shallow oxic incubation start sample was similar to the
shallow 3.8 m samples and all other epilimnion samples. The deep anoxic incubation
end sample was similar to the deep porewater sample, but quite different from all other
samples. Shallow oxic incubation end sample was similar to the shallow pore water
sample and different from all the other samples. The redox conditions manipulation
from oxic to anoxic at the deep site resulted in similarity to that at the anoxic
incubation start and the hypolimnion water (15 m). At the shallow site, the redox
conditions manipulations from oxic to anoxic resulted in a similarity to the oxic
incubation start sample. However the oxic incubation start sample was quite different
from the oxic incubation end sample. The differences in samples for both shallow and
deep site, when comparing the start of incubation and the samples after redox condition
manipulations were more pronounced at the shallow site.
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Fig. 6.2. Cluster analysis of CHO components of vertical depth samples and sediment
incubation samples from Rappbode shallow and deep sites.

6.5.4 Inter sample ranking analysis of DOC quality samples
The DOC quality of samples was also distinguished by inter sample ranking
analysis (Herzsprung et al. 2012a). As seen from cluster analysis the deep epilimnion
samples (0 m and 3.5 m were quite similar to each other (Fig. 6.3). The deep
hypolimnion sample (15 m) showed relative high intensities (first ranks) in the region 1
< hydrogen/carbon ratio (H/C) < 1.5 and oxygen/carbon ratio (O/C) < 0.6. Relative low
intensities (last/fourth ranks) could be observed for H/C < 1 and O/C > 0.6. The deep
pore water sample showed opposite (to deep 15 m) ranking of intensities. First ranks
were found for oxygen rich and relatively unsaturated (tannin-like) components with
H/C < 1 and O/C > 0.6 and in addition for many components with H/C < 1 and 0.4 <
O/C < 0.6. Many components with O/C > 0.5 and 1 < H/C < 1.3 showed first and
second ranks in the pore water sample. Components with 1 < H/C < 1.5 and O/C < 0.5
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mainly showed last ranks (fourth ranks). Some higher saturated components with H/C >
1.5 showed first ranks in the pore water sample. In summary the pore water was
dominated by oxygen rich and relative unsaturated tannin-like components and some
more aliphatic (lipid-like) components. The deep hypolimnion water (15 m) was
dominated by less oxygen rich lignin like components. The deep epilimnion water
showed intermediate DOC quality compared to the pore water and the deep
hypolimnion water.
Comparing the three samples from shallow site, the pore water as the most
different showed first ranks for components with O/C > 0.5 and 1 < H/C < 1.5, for
components with O/C < 0.6 and 0.5 < H/C < 1.0 and some lipid like components with
H/C > 1.4. Both many (but not all of them) lignin-like components with 1 < H/C < 1.5
and O/C < 0.5 and tannin-like components with H/C < 1 and O/C > 0.6 showed relative
low intensities (last / third) ranks in the shallow pore water sample compared to the
corresponding shallow epilimnion water samples (Fig 6.3).
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Fig. 6.3. Van Krevelen’s diagrams showing inter samples ranking analysis of DOC quality of
the vertical depth samples (epilimnion, hypolimnion and porewater) and sediment incubation
samples from Rappbode shallow (left) and deep (right) sites.

The incubation experiments showed DOC quality change. At the deep site,
anoxic incubation of sediment cores changed the intensity ranking dramatically as
shown by the anoxic start and end of the incubation. (Fig. 6.4). Oxygen rich
components now showed first ranks and oxygen poor components third (last) ranks.
After the redox conditions manipulation from anoxic to oxic the DOC quality changed
nearly to the initial status at the start of the anoxic incubation, a result similar to that
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shown by the cluster analysis. At the shallow site the sediment cores were initially
incubated under oxic conditions. The oxygen rich components showed last ranks
whereas oxygen poor components showed first ranks (Fig 6.4). The redox conditions
manipulation from oxic to anoxic again changed DOC quality at the shallow site. At the
end of the oxic incubation, at the shallow site, the sample showed now first ranks for
oxygen rich components and third ranks for oxygen poor components.

Fig. 6.4. Van Krevelen’s diagrams showing the inter samples ranking analysis of DOC quality
of in situ redox (upper 2 charts) and manipulated redox conditions (bottom chart) sediment
incubation samples from Rappbode shallow (left) and deep (right) sites.
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To better compare the shallow and deep site sediment incubations a new inter

sample rankings analysis (Fig 6.5) was performed considering only the before redox
manipulation (shallow oxic incubation end, deep anoxic incubation end) and the after
redox conditions manipulation (shallow anoxic incubation end, deep oxic incubation
end). Anoxic incubation led to relative higher intensities for the highest oxygenated
components with O/C > 0.8 at the shallow site. At the deep site anoxic incubation
showed finally the highest intensities for components with 0.5 < O/C < 0.8. Oxic
incubation showed lower relative intensities of oxygen rich components in shallow site
compared to deep site.

Fig. 6.5. Van Krevelen’s diagrams showing the inter samples ranking analysis of DOC quality
at the end of in situ redox (upper) and end of manipulated redox conditions (bottom) sediment
incubation samples from Rappbode shallow (left) and deep (right) sites.

Chapter 6: Dissolved organic carbon quality in drinking water
reservoirs

105

6.6 Discussion
The DOC quality experiments were carried out for two purposes. The first was
to determine if DOC quality varied with vertical depth profiles (from overlying water to
porewater) of the shallow and deep site, and if there were DOM quality differences in
the epilimnion of the shallow and deep site. The second was to determine if DOC
quality changed during sediment incubation and when redox conditions were
manipulated.
6.6.1 Aromaticity of DOC in the pre-dams
Aromaticity of DOC is important because it affects DOC reactivity, more
aromatic DOC is less biodegradable (Kalbitz et al. 2003; Saadi et al. 2006).
Aromaticity of DOC is positively correlated with SUVA254 nm and hydrophobicity (Chin
et al. 1994; Weishaar et al. 2003), and can be used to determine DOC quantity and
quality (Carter et al. 2012). Hassel had the least aromatic DOC while Rote Mulde has
the most aromatic DOM. The lower aromaticity of DOC in Hassel than Rappbode
agrees with the finding of Tittel et al. (2015), which shows (based carbon isotope
composition) that DOC in the Hassel catchment is younger than that from the
Rappbode catchment. The SUVA254

nm

values for the deep sites were very high,

indicating Fe interference (Weishaar et al. 2003; Fellman et al. 2010; Sleighter et al.
2015). Rote Mulde had the lowest DOC:Fe ratio among the shallow sites, which is in
agreement with the higher immobilization of DOC in Rote Mulde (Chapter 4b). Lower
DOC:Fe ratio indicates availability of sorption sites while higher DOC:Fe ratio
indicates limitation of sorption sites for DOC. The deep sites even had a lower DOC:Fe
ratio, which indicates that they have a greater potential to immobilize DOC when they
are exposed to oxic conditions. From the SUVA254nm and DOC:Fe ratios it can be
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clearly seen that Rote Mulde is different compared to Hassel and Rappbode, in terms of
DOC quality, and potential for DOC adsorption to Fe minerals. Disinfection byproducts (DBP) formation potential during water treatment is known to be positively
correlated to SUVA254 nm, however other DBP do not absorb at 254 nm (Weishaar et al.
2003). Therefore the SUVA254 nm results could imply a higher DBP formation potential
in Rote Mulde compared to the other pre-dams. However, DBP formation potential is
also triggered by algae, therefore eutrophic reservoirs with lower SUVA 254 nm values
may also have a high DBP formation potential.
6.6.2 Vertical and horizontal DOC quality gradients
This section answers the question whether benthic processes affect vertical and
horizontal DOC quality gradients. At the shallow site there was no vertical DOC
quality gradient in the overlying water (0 m, and 3.5 m), which indicates the dilution
effects on the DOC mobilized from the porewater. Vertical DOC quality gradients were
observed at the deep site, where the epilimnion DOC quality was totally different from
that in the hypolimnion. This indicates the accumulation of DOC mobilized from the
porewater and also the difference in the redox condition between the epilimnion and
hypolimnion.
The differences in DOC quality in the shallow and deep site epilimnion
(horizontal gradient) was negligible indicating that there is relatively small change in
DOC quality as water moves from the inflow (shallow site) to the outflow (deep site).
The Rappbode pre-dam, which was sampled for the DOC quality analysis, has a mean
water residence time of 52 days (Friese et al. 2014). Morling et al. (2016) measured
DOC degradation in Rappbode epilimnetic water and found a degradation of 13-20%
over a period of 91-131 days, which indicates that DOC reaching the outflow in the
reservoir is still dominated by allochthonous DOC from the catchment. In their study
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Friese et al. (2014) found out that the water in Rappbode was more aromatic compared
to Hassel, therefore this water is dominated by allochthonous DOC. The results of this
study are in agreement with the observed long-time required to transform DOC
(Middelburg 1989; Catalan et al. 2016).
6.6.3 Redox conditions affects DOC
The DOC quality analysis was also done to find out if the DOC mobilized from
the sediment has a different signature to that in the overlying water, and to determine
the effects of redox conditions on DOC quality. Redox conditions influenced DOC
quality. The results demonstrate that anoxic conditions promote a release of oxygen
rich DOC components. These components are rich in carboxyl groups and therefore are
adsorbed to ferric iron minerals (Gu et al. 1994). If ferric iron is reduced to ferrous iron,
such DOC components are no longer adsorbed. Oxic conditions promote iron
precipitation. Oxygen rich organic components are then co-precipitated with iron
minerals. This result concurs with the concurrent release of DOC and Fe under anoxic
conditions and concurrent immobilization under oxic conditions (Fig. 6.1). In another
study in Rote Mulde River, which is the feeding stream to Rote Mulde pre-dam,
Herzsprung et al. (2012a) found out that oxygen rich compounds were present in July
but not in March. They attributed this to potential leaching of oxygen rich compounds
from the catchment. It therefore indicates anoxia in catchment soils probably due to
increased temperatures in summer and subsequent leaching of these compounds into
the streams.
Interestingly the porewater DOC quality of both deep and shallow site was
different to that at the start of incubation but very similar to DOC quality at the end of
in situ incubation. This strongly depicts the DOC fluxes, which were observed during
this period. The deep site was anoxic; however the deep site pore water contained
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relatively higher amounts of oxygen rich organic components than the hypolimnion
water (15 m). This probably indicates the stripping of oxygen rich DOC components by
ferric iron prior to anoxia. This leads to the observed elevated oxygen rich DOC
components in anoxic porewater after the reduction of ferric iron. In contrast to the
deep site, the shallow pore water (upper 1 cm) was oxic. Therefore the oxygen rich
components are adsorbed to iron minerals hence a lower signal of these compounds.
Anoxic sediments are a temporary source for ferrous iron and oxygen rich
components, both which can be precipitated at the oxic/anoxic boundary. This is a
relevant process during the autumn lake overturn when the anoxic hypolimnetic water
mixes with the oxic epilimnetic water. If the sediment is oxic, it is a temporary sink of
iron and oxygen rich components. The DOC quality results strongly show that DOC
quality change due to microbial degradation is minimal however redox conditions have
a strong impact on DOC quality. This is interesting especially at redox condition
boundaries where microbial decomposition of DOC might be constrained because of
immobilization of oxygen rich DOC components by Fe minerals. The findings on
oxygen rich compounds further emphasize the preferential adsorption on oxygen rich
compounds. This promotes burial and preservation of carbon (Lalonde et al. 2012) and
persistence of aliphatic compounds (Kellerman et al. 2015). For drinking water
treatment this implies that coagulation alone is not enough to remove the DOM since
the aliphatic compounds cannot be removed by this method (Cortés-Francisco et al.
2014).
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Chapter 7: Overall discussion
7.1 Overview
This chapter brings together the major findings of this thesis, which have been
discussed in the preceding chapters (3 to 6). The main results of this thesis are
highlighted in italics. I also look at implications of the findings and highlight research
gaps emanating from the findings.
7.2 Sediment incubation method:
A method to measure DOC fluxes at the sediment water interface under both
oxic and anoxic conditions was developed. Most important was that the method
addressed the most crucial aspects of mimicking in situ conditions: stirring of overlying
water immediately after sampling, transportation of sediment cores in insulated boxes,
sediment incubation at in situ temperatures and redox conditions. Sediment incubation
has been done in many ways before. The method incorporated all crucial aspects of
sediment core incubations and I am confident that it could be a strong initiative in
contributing to a standardized sediment incubation method in the future.
It is important that care is taken to separate fast fluxes from slow fluxes. For
example solutes like oxygen have a high flux and should be determined right at the start
of the experiment i.e. up to 1 day, while solutes with slow fluxes like DOC should be
measured over a longer period i.e. up to 14 days. The duration of incubation depends
on the flux magnitude, and analytical limits. The duration of incubation should be kept
minimal to minimise the influence of in situ condition that normally would change in
the long term but cannot be mimicked in the set up e.g. sedimentation of fresh particles.
Another reason is to prevent depletion of nitrate, which can occur in long time
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incubations. It is therefore anticipated that in highly eutrophic systems incubation
could be shorter than 14 days because fluxes are expected to be high in these systems.
It has become evident that presence of bubbles in sediment incubation core
interferes with oxygen measurements in oxic cores. Bubbles can carry high amount of
oxygen which when it dissolve in water increases oxygen concentration leading to
errors in determination of oxygen consumption rates. It is therefore imperative that all
bubbles are removed prior to start of oxygen flux measurements. To make this task
much more efficient it is recommended, to modify the sediment stirrers design by
incorporating a sloping inside surface such that the 20 mm diameter opening (refer to
Chapter 3, Fig. 1) in the setup is sitting on the upper end of this slope. This would allow
all bubbles to slide to the opening leaving no bubble trapped inside the core.
It has been found out that DOC:UV254

nm

correlation is site specific. The

correlations were strong and significant under oxic conditions and weak under anoxic
conditions, therefore UV254

nm

is not a good proxy of DOC under anoxic conditions.

This could have been due to interference of Fe (Weishaar et al. 2003; Poulin et al.
2014), since Fe exists in the dissolved ferrous state under anoxic conditions. Nitrate
also interferes with UV254 nm (Weishaar et al. 2003), however under anoxic conditions
there was not nitrate in the samples. Davis et al. (2001) found a close positive
correlation between Fe and UV254nm and they attributed it to silica mobilization of Fe
colloids. This proxy is widely used to determine DOC concentrations and therefore it’s
important to know the redox conditions in the water at the time of measurements to
ensure that the proxy is used only under oxic conditions.
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7.3 Direction and magnitude of the DOC flux
Mean sediment incubation oxic DOC fluxes for Hassel, Rappbode and Rote
Mulde pre-dams were -0.01, -0.75, and -3.65 mmol m-2 d-1 respectively, while the
anoxic DOC fluxes for Hassel and Rappbode were 1.56 and 3.56 mmol m -2 d-1
respectively. In comparison the estimated DOC fluxes (turnover rates) from
hypolimnion inventories for Hassel and Rappbode were 0.5 and 1.6 mmol m-2 d-1
respectively (Chapter 2). The anoxic sediment incubation and hypolimnion turnover
rates are within the same order of magnitude, which indicates plausibility of the
sediment incubation method developed and used in this thesis. The differences in the
sediment incubation and hypolimnion inventories DOC fluxes could be an indication of
DOC consumption in the hypolimnion; hence the lower hypolimnion inventories DOC
fluxes. Oxic DOC fluxes are within the same order of magnitude to what has been
reported in the literature (Burdige and Homstead 1994; Gale and Reddy 1994; Demarty
and Prairie 2009; Skoog and Arias-Esquivel 2009; Zheng et al. 2011; Yang et al. 2014).
The DOC flux data clearly indicate that sediments are an overall sink of DOC
under oxic condition and a source of DOC under anoxic conditions. Oxic sediments are
also a source of DOC at certain times of the year despite being a net sink of DOC when
looking at the annual trends. This seasonality in oxic DOC fluxes was found to be
related to temperature and will be discussed in detail in the following sections.
As control to the sediment incubation experiments hypolimnion water in bottles
was incubated and treated in the same way as sediment cores so as to determine if
changes in concentration were due only to the sediments or could also happen in water.
The changes in the controls were below detection limit indicating that changes in
solutes concentration in water are very slow therefore controls might not be relevant
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for short term incubations. The low DOC degradation is both due to the short
incubation duration and also the low biodegradability of the DOC. In other studies
DOC degradation was observed in long time incubations; 40% after 3.5 years
(Kothawala et al. 2012b), 13-20% after 91–131 days (Morling et al. 2016), and 5-24%
after 426 days (Bastviken et al. 2003). If controls are to be included in short term
incubation then this can be done with less effort.
7.4 Drivers regulating benthic DOC flux
7.4.1 Redox
Exposure of sediment to anoxic overlying water resulted in release of DOC
from the sediment into the water. The trend was observed in both Hassel and Rappbode
pre-dams at deep sites, which have anoxic hypolimnion following summer
stratification. Shallow sites were chosen to be sites that are oxic throughout the year
however in Rappbode in July the shallow site became anoxic and incubation resulted in
a similar DOC release trend like the deep site. Besides following seasonal redox
changes additional redox experiments were also carried out. In Rappbode a parallel
experiment was done, in which deep site sediments were incubated under different
redox conditions and the result showed that anoxic sediments (in situ conditions)
released DOC while the oxic sediment (manipulated redox conditions) actually
consumed DOC. In Rappbode a redox condition manipulation experiment was carried
out (Chapter 6). The sediments for both sites were a sink of DOC under oxic conditions
and a source of DOC under anoxic conditions. DOC release under anoxic condition has
been shown in other studies (Skoog and Arias-Esquivel 2009; Yang et al. 2014). There
are not so many studies that have quantified DOC fluxes under natural anoxia in
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freshwater lakes, which makes this result an important contribution to data on anoxic
DOC fluxes.
Presence of NO3- in early summer slowed the release of DOC even though the
sediments were anoxic (Chapter 3). Nitrate probably reduced the extent of iron
reduction (Andersen 1982; Achtnich et al. 1995; Wauer et al. 2005; Matocha and
Coyne 2007) but was a less potent as an oxidant compared to oxygen (Kleeberg and
Dudel 1997; Grüneberg et al. 2014). In aquatic systems with higher nitrate levels the
nitrate could sustain the redox potential long after oxygen has been depleted thereby
delaying release of Fe partners (DOC and phosphorus). This is a research gap that
needs to be addressed in future studies.
7.4.2 Temperature
Temperature effects on benthic DOC fluxes can be subdivided into direct
temperature effects, and indirect temperature effects. Direct temperature effects occur
when DOC is produced as a by-product of mineralization of particulate organic carbon.
The results show a strong temperature dependency of DOC fluxes under oxic
conditions. This was also shown by the increasing porewater concentrations with
increasing temperatures. Gudasz et al. (2015) found a strong positive correlation (r2 =
0.61) between organic carbon (OC) mineralization and temperature in boreal lake
sediments. DOC was released in summer under oxic at temperatures above 12oC which
should be due to temperature dependent increase in DOC production. Alperin et al.
(1994) observed a similar seasonal variation in DOC fluxes, which they attributed to
temperature dependant particulate organic matter hydrolysis between spring and
autumn. It is unfortunate that in the study areas temperature under anoxic conditions
varied only by ±1oC during the year hence it was not possible to investigate
temperature effects under in situ anoxic conditions. I however speculate that at higher
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temperature higher DOC fluxes will be observed mainly due to the increasing fraction
of DOC from anoxic mineralization. Similar studies in anoxic warmer lakes would
close this research gap.
Indirect temperature effects relate to temperature dependency of SO42- reduction
and Fe reduction. Increasing temperature also increased oxygen consumption.
Increased oxygen consumption is known to reduce the oxic sediment layer. This in turn
triggers Fe reduction and sulphate reduction. Iron minerals adsorb DOC therefore
reduction of Fe will release DOC, which can lead to increased DOC concentration in
the water. Furthermore SO42- reduction will lead to formation of hydrogen sulphide
which can influence DOC by inhibiting bacteria (Canfield 1994) and by immobilization
of Fe through formation of iron sulphide (Roden and Edmonds 1997). A strong
negative relationship between temperature and SO42 flux was observed, indicating the
temperature dependency of SO42 reduction. Furthermore the temperature coefficient
(Q10) values of DOC, Fe and SO42-fluxes were identical which could be an indication
of the strong coupling of DOC release to Fe reduction and SO42- reduction.
The study also demonstrates that temperature dependency of DOC flux is a
localised effect which might not be observed in other systems. This was shown by the
weak temperature effects in Rote Mulde. This trend could be a result of the complex
temperature and organic substrate interactions which has been suggested in other
studies (Sobek et al. 2005)
7.5 Sediment resuspension effect on DOC fluxes
The effect of sediment resuspension on DOC and other solute fluxes in drinking
water reservoirs was investigated and it was found out that DOC fluxes following a
resuspension event are equivalent to 9-17 days of a diffusive flux under undisturbed
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sediment conditions. This trend has been observed for other solutes (Søndergaard et al.
1992; Reddy et al. 1996). To the best of my knowledge this study is the first to focus on
sediment resuspension effect on DOC and it confirms that resuspension is influencing
DOC cycling at the sediment water interface. The sediment was a source of DOC when
resuspension was done under anoxic conditions, a trend which is similar to the
observed diffusive flux under anoxia. Interestingly, resuspension under oxic conditions
yielded different results for Hassel and Rappbode pre-dams; Hassel was a sink of DOC
while Rappbode was a source. The difference in Hassel and Rappbode under oxic
condition might be related to the sediment characteristics. Rappbode has coarser
sediment particles and a lower organic carbon than Hassel. Rote Mulde was also a sink
of DOC like Hassel and the DOC immobilization magnitude was higher than that of
Hassel.
Resuspension is regarded as a detrimental process mainly because of
mobilization of nutrients into the water column which can cause eutrophication. This is
because most of the work on resuspension has been carried in high nutrient systems.
Phosphorus mobilization under oxic conditions was below detection limit in the
experiments even in Hassel pre-dam which is eutrophic.
Resuspension effects on DOC fluxes were mixed with both mobilization and
immobilization occurring. Sediment porewater has a higher DOC concentration than
overlying water therefore resuspension is expected to increase the concentration of
DOC in the water column. It is known that Fe minerals can adsorb DOC thereby
immobilizing it. The sediment is also abundant with heterotrophic bacteria which can
mineralize DOC. Microbial potential to utilise different substrate groups was
investigated and it was found that the potential was higher after resuspension. The
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results however indicate that adsorption of DOC to Fe minerals could be the major
mechanism regulating DOC fluxes.
7.6 DOC quality
Characterization of DOC components is important both for water treatment
applications and for understanding carbon cycling processes in the water bodies.
Characterization of DOC using the FTICR-MS was employed to gain and insight into
DOC quality in drinking water reservoirs in particular the effect of redox conditions on
the quality of DOC. This study, to the best of my knowledge, is among the first to
investigate effects of benthic processes on overlying water DOC quality using sediment
incubations and FTICR-MS methods. The results show that change in redox conditions
affect DOC quality faster than change in DOC degradation. It further underscores the
importance of the role of DOC interactions with Fe minerals, which was shown by the
concurrent release of DOC and Fe under anoxic conditions mentioned earlier on. This
also further supports the observation that Fe rich sediments immobilize DOC from the
overlying water after sediment resuspension.
7.7 Regulatory mechanism of benthic DOC flux
The net DOC flux at the sediment water interface is a sum of the mobilization
(production) and immobilization (consumption) processes. Concurrent mobilization of
Fe and DOC under anoxic conditions and their immobilization under oxic conditions
indicates that the major mechanism regulating benthic DOC flux is adsorption and
desorption to mineral surfaces. Chin et al. (1998) observed a strong correlation between
Fe and natural organic matter an indication of co-accumulation of Fe and DOC in pore
water. This was further demonstrated in the resuspension experiments when DOC was
always immobilized under anoxic conditions (Chapter 5). Adsorption and desorption to
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Fe minerals has been reported in many other studies (Jonsson 1997; Kaiser and
Guggenberger 2000; Kahle et al. 2004; Wagai and Mayer 2007; Lalonde et al. 2012;
Chen et al. 2014). Based on this mechanism I give an overview in Fig. 7.1 of how this
mechanism works: 1) under different redox conditions, and 2) how temperature can
influence these mechanisms. The mechanism shows the interplay between microbial
activities and adsorption of DOC to Fe minerals.

Fig. 7.1. Mechanism regulating benthic DOC fluxes different drivers: (a) under different redox
conditions, and (b) under different temperatures

Rote Mulde showed a higher degree of DOC immobilization than the other predams both during incubation and after resuspension. This could be due to the higher
concentration of iron in Rote Mulde water compared to the other pre-dams. This is also
supported by the lower DOC:Fe molar ratio in Rote Mulde. The higher DOC
immobilization in Rote Mulde could also be due to the quality of DOC. Rote Mulde
had a weak DOC flux and temperature correlation, which might indicate that larger
portion of DOC is allochthonous rather than autochthonous. Allochthonous DOC is
characterized by high molecular weight, aromatic moieties and carboxyl groups which
favour its preferential adsorption to Fe minerals (Kaiser et al. 1997; Maurice et al.
2002; Guo and Chorover 2003). The more allochthonous nature of Rote Mulde DOC
was also indicated by a higher SUVA254nm (5 L mg-1 C m-1). The SUVA254nm values
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above > 4 L mg-1 C m-1 have been shown to indicate removal of >50% of DOC by
coagulation in water treatment processes (Edzwald and Tobiason 1999).
7.8 Future research
In this section I focus on research gaps identified from the findings. This work
was carried out in reservoirs with an anoxic hypolimnion and temperatures ranging
between 4-6oC. Therefore temperature effects under anoxic conditions at in situ
temperatures could not be investigated. Similar investigations in warmer reservoirs
with an anoxic hypolimnion would close this research gap. Another aspect in relation to
anoxia is the role of nitrate in keeping the sediment redox potential high after oxygen
depletion. Release of DOC under anoxia and presence of nitrate was lower than release
under anoxia and no nitrate conditions. Anoxia and presence of nitrate only occurred
once hence it would be interesting to investigate this effect under in situ conditions or
through nitrate manipulation in laboratory experiments.
Sediment resuspension effects varied in the three investigated pre-dams, with
high DOC immobilization in the oligotrophic Rote Mulde, low DOC immobilization in
the eutrophic Hassel, and the DOC mobilization in the Rappbode sediment. The
findings identify adsorption to Fe as the main regulating mechanism. To elucidate
further on this mechanism a closer look using sediment mineralogy methods would be
helpful to gain insight into; speciation of Fe minerals, their sorption capacities, and
potential interactions with clay minerals and how they affect sorption.
The results of this study are based on manual sediment resuspension in the cores
and offer an insight more into the effects of resuspension. It does not quantify the
actual resuspension in the pre-dams. Therefore it is important that future studies could
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make use of in situ sediment traps placed near the sediment surface to quantify in situ
sediment resuspension.
Microbial potential to degrade organic substrates increased after sediment
resuspension and this is attributed to potential introduction of benthic heterotrophic
microorganisms into the overlying water after resuspension. More in depth
microbiology studies can be employed to isolate the species of heterotrophic bacteria
involved, quantify extracellular enzymes already in the sediment that are introduced
into the overlying water during resuspension. Also interesting would be to quantify
potential bacteria stripping from the water that can occur when the bacteria attaches to
particles and eventually get deposited in the sediment.
7.9 Implications and outlook
In this section I look at the processes investigated in this study in the light of the
benthic carbon cycling processes. I also focus on the role of this study in the context of
global water issues both current and envisaged.
The study was undertaken to gain a better understanding of the benthic carbon
cycling and I investigated the major processes and drivers involved in benthic carbon
cycling. It is clear from the results that benthic mobilization/immobilization is a
negligible process compared to DOC imports from the catchment. The reservoirs also
have low fluxes of benthic nitrogen and phosphorus. Therefore interventions in the
reservoirs are not necessary at the moment. However if DOC concentrations reach
levels that threaten aquatic ecosystem a possible intervention would be application of
metal coagulants to immobilize DOC from the water into the sediment.
Climate change will result in warmer temperatures. This will trigger
stronger/longer summer stratification, and an increase in productivity of water bodies,
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both which leads to anoxia. As a result an increase in benthic DOC release is expected.
Warmer temperatures will consequently lead to water level fluctuations. Water level
drawdown will diminish area of anoxic sediments and probably counteract DOC
increase. However, effects of water level fluctuations are complicated since lower
water levels might increase the annual sediment resuspension as more and more
sediment become exposed to wind induced resuspension. This will lead to potential
DOC immobilization/mobilization depending on the reservoir system. It is clear that
there are a lot of uncertainties to climate change effects. The results of this study will
be helpful to those who want to simulate future scenarios of climate change effects on
the lake biogeochemical cycles, and also provide a basis for further research.
Erosion and siltation of lakes and reservoirs occurs in most parts of the world,
with mean annual capacity loss rates of up to 2% (Wisser et al. 2013). However, the
majority of reservoirs do not have pre-dams. There is likelihood that more pre-dams
will be constructed to avert the negative impacts of siltation and eutrophication. The
finding of this thesis on mobilisation of DOC and other solutes under anoxia will be
useful in shaping construction designs that prevent anoxia in line with measures to
reduce internal P loading.
Increasing energy demand and water shortages in some parts of the world will
likely lead to construction of more dams and reservoirs. At least 3700 major dams
(capacity >1MW) are under construction or planned in emerging economies (Zarfl et al.
2015). Most areas with an expected increase in dams are not among those experiencing
increasing DOC concentration. However the findings on the role of redox and
temperature

still

remain

important

overall

when

considering

mobilization/

immobilization of nutrients and toxic metals, and potential emission of greenhouse
gases.
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