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[1] In the majority of large river systems, flow is regulated and/or otherwise affected by
operational and management activities, such as ship locking. The effect of lock operation on
sediment-water oxygen fluxes was studied within a 12.9 km long impoundment at the Saar
River (Germany) using eddy-correlation flux measurements. The continuous observations
cover a time period of nearly 5 days and 39 individual locking events. Ship locking is
associated with the generation of surges propagating back and forth through the
impoundment which causes strong variations of near-bed current velocity and turbulence.
These wave-induced flow variations cause variations in sediment-water oxygen fluxes.
While the mean flux during time periods without lock operation was 0.5 6 0.1 g m�2 d�1,
it increased by about a factor of 2 to 1.0 6 0.5 g m�2 d�1 within time periods with ship
locking. Following the daily schedule of lock operations, fluxes are predominantly
enhanced during daytime and follow a pronounced diurnal rhythm. The driving force for the
increased flux is the enhancement of diffusive transport across the sediment-water interface
by bottom-boundary layer turbulence and perhaps resuspension. Additional means by which
the oxygen budget of the impoundment is affected by lock-induced flow variations are
discussed.
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1. Introduction
[2] About 60% of the world’s large river systems are

dammed or impounded [Nilsson et al., 2005]. Besides
hydropower generation, irrigation, and flood control, dam-
ming of rivers to support cargo ship navigation is among the
major purposes of these constructions. In Germany, for
example, about 4900 river km are maintained as federal
inland waterways, of which 1960 km are free-flowing and
2940 km are impounded (Federal Waterways and Shipping
Administration, www.wsv.de). These waterways include
approximately 250 weirs (unpublished data provided by the
Federal Waterways and Shipping Administration) and an
even higher number of ship locks [Stamm, 2003]. The weirs
are used to maintain a system-specific minimum depth for
cargo ship navigation. The increased water depth and asso-
ciated reduction in flow velocity compared to natural flow
conditions lead to a number of changes in ecosystem
functioning and services including sediment retention,
development of phytoplankton, nutrient cycling, and oxygen

budget [McGinnis et al., 2006; Bosch and Allan, 2008].
Dissolved oxygen (DO) depletion and the occurrence of hy-
poxia are among the major ecological threats in impounded
rivers subject to substantial organic sediment accumulation
[Kittrell et al., 1959; Rosenberg et al., 1995; Friedl and
Wuest, 2002].

[3] The DO balance in impoundments is mainly deter-
mined by oxygen production by net photosynthesis, advec-
tive transport through inflowing water, and atmospheric
reaeration; while oxygen depletion is due to sediment oxy-
gen uptake and biological and chemical oxygen consump-
tion within the water column. The gas-transfer velocity of
oxygen at the atmosphere-water interface, which determines
the areal air-water flux for a given concentration gradient or
deviation from equilibrium concentration (saturation), is
controlled by near-surface turbulence at the water side of
the interface [Lorke and Peeters, 2006]. With decreasing
flow velocities and increasing depths, near-surface turbu-
lence in low-gradient river systems and impoundments is
increasingly controlled by wind speed rather than by mean
flow velocity [Alin et al., 2011].

[4] Analogous to the air-water interface, DO transfer at
the sediment-water interface can be described by the prod-
uct of a transfer velocity and the concentration gradient
across the interface [Grant and Marusic, 2011]. In systems
with high sedimentation rates of organic matter and corre-
sponding high sediment oxygen demand, the transfer veloc-
ity of DO at the sediment-water interface is controlled by
bottom water velocity and benthic boundary layer turbu-
lence, where the DO flux decreases with decreasing flow
velocity [Lorke et al., 2003]. This leads to a decoupling of
the driving forces for air-water and sediment-water fluxes
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with increasing flow depth, resulting in a situation where
faster flow velocity increases the rate of sediment oxygen
uptake, but not necessarily the atmospheric aeration rate.

[5] At the sediment-water interface, the transfer velocity
not only dictates the oxygen flux into the sediment, but also
the flux of reduced substances, e.g., NHþ4 , dissolved CH4,
and dissolved organic carbon, from the sediment side into
the water and therewith affects also chemical and biological
oxygen consumption within the water column [Matzinger
et al., 2010]. The magnitude of these fluxes and their de-
pendence on physical controls are essential for the under-
standing and prediction of the oxygen budget in rivers and
impoundments.

[6] Direct estimates of aquatic sediment oxygen uptake
rates are often restricted to ex situ or invasive measurements
using, e.g., benthic chambers and in situ microprofiles or
measurements performed with sediment cores (incubations
or microprofiling) brought to the surface or into the labora-
tory. Such measurements, however, exclude the significant
effect of in situ flow velocity and bottom-boundary layer
turbulence on sediment-water fluxes [Lorke et al., 2003;
Reidenbach et al., 2010]. Available in situ techniques
include microprofiling at the sediment-water interface
[Archer et al., 1989] and eddy-correlation measurements of
turbulent vertical oxygen fluxes in the benthic boundary
layer directly above the sediment surface [Berg et al.,
2003]. The latter technique is increasingly used for estimat-
ing sediment-water fluxes in aquatic systems [Brand et al.,
2008; McGinnis et al., 2008; Glud et al., 2010] because it
provides areal averages of vertical fluxes [Berg et al., 2007]
with a high temporal resolution from autonomous instru-
ment deployments, includes and resolves the natural hydro-
dynamics, and is applicable to study sites where traditional
methods are less feasible (fluffy or permeable sediments,
etc).

[7] Here we analyze a 4 day long high-resolution eddy-
correlation data set to extract the sediment-water oxygen
flux in the Saar, a heavily impounded river in southwest
Germany. We discuss the temporal variability of the oxygen

uptake rate and reveal that the frequency of ship locking
provides the dominant physical control for the observed
variability.

2. Study Site and Measurements
2.1. Study Site

[8] The Saar River originates in the Vosges Mountains
(France) and flows for 246 km into the Moselle River in
Germany. Its total catchment area is 7431 km2. The lowest
90 km of the river is heavily impounded and was recon-
structed between 1977 and 2000 for shipping purposes and
hydropower generation. There are six weirs with ship locks
with a total storage height of 55 m. The mean water depth
and discharge are 4.2 m and 80 m3 s�1, and flow velocities
are reduced to or below 0.1 m s�1. In the deeper impound-
ments, large water depth and low flow velocities result in di-
urnal thermal stratification and low DO during summer,
when oxygen concentration frequently falls below 4 mg L�1

[Becker et al., 2010].
[9] The data presented here were collected from 8 to 12

September 2010 in the Saar, approximately 19.8 km
upstream of the confluence with the Moselle. A benthic
lander system was deployed 1.3 km upstream of the Serrig
Dam on the inner slope (3.1 m water depth) of a 180� river
bend (Figure 1a). Water temperature during sampling was
17�C (min. 16.5�C; max. 17.5�C). The fine sediments that
accumulated in this lower section of the impoundment have
an organic matter content (loss on ignition) of 10% of the
dry mass (V. Kirchesch, personal communication).

[10] The schedule of lock operation upstream and down-
stream of the sampling site (impoundments Mettlach and
Serrig, respectively) was provided by the Waterways and
Shipping Office Saarbrücken.

2.2. Measurements and Analyses

2.2.1. Instrumentation
[11] The deployed benthic eddy correlation lander con-

sists of an acoustic Doppler velocimeter (ADV, Nortek

Figure 1. Left panel : Location of the sampling site (N 49� 34.0970, E 6� 36.5790 ; indicated by white
arrow (image courtesy of GoogleMaps). River flow direction is toward the west. The construction near
the western edge of the map is the dam with two ship locks and the hydropower plant Serrig, located
approximately 1.3 km downstream of the sampling site. Right panel : Compass plot of the average veloc-
ities in earth coordinates (right panel). Direction is measured in degrees relative to the east direction and
the length of the velocity vectors is indicated in m s�1.
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Vector), measuring the three-dimensional current velocity
within a cylindrical sampling volume 0.15 m distant from
the transducer (positioned 0.32 m above the sediment sur-
face), and a Clark-type oxygen microelectrode (approxi-
mately 10 mm tip diameter and �0.2 s response time)
positioned in close vicinity of the ADV sampling volume
(see McGinnis et al. [2011] for photo (their Figure 4B) and
description). The sensor signal was converted to voltage
using a picoamplifier connected to the analog input channel
of the ADV. Data were recorded at 32 Hz, but averaged to
8 Hz for all subsequent analyses. As demonstrated by A.
Lorke, D. F. McGinnis, and A. Maeck (Eddy-correlation
measurements of benthic fluxes under complex flow condi-
tions in non-flat environments: Effects of coordinate trans-
formations and averaging time scales, submitted to
Limnology and Oceanography: Methods, 2012; henceforth
Lorke et al., submitted), this downsampling did not result
in any significant loss in the calculated flux. In addition to
the eddy-correlation system, the lander was equipped with
an optode (D-Opto, Envco) measuring oxygen concentra-
tion at a sampling interval of 60 s, and a temperature and
depth logger (TDR-1060, RBR) sampling every 10 s. The
optode oxygen data are used to convert the microelectrode
readings from voltage (counts) to oxygen concentration by
performing a linear regression on both data sets over the
entire measurement period.

[12] The ADV also recorded the echo intensity of the
transmitted ultrasonic ping caused by backscattering within
the sampling volume. The intensity is provided in digital
counts, which are converted to acoustic backscatter in dB by
multiplying by a factor of 0.45 (Technical Notes No. 3, Nor-
tek AS, www.nortek-as.com/lib/technical-notes/seditments).
2.2.2. Eddy-Correlation Oxygen Fluxes

[13] By neglecting horizontal flux divergence and stor-
age terms and by assuming a homogeneous sink of oxygen
which is restricted to the sediment surface, the vertical
component of the turbulent flux of dissolved oxygen can be
considered as a measure of the sediment oxygen uptake
rate [Berg et al., 2003]. The turbulent vertical flux of oxy-
gen above the sediment FO2 can be estimated from cross
correlation of velocity and oxygen concentration fluctua-
tions w0 and C0, respectively:

FO2 ¼ w0C0 ; (1)

where the overbar denotes temporal averaging. The fluctu-
ating components w0 and C0 are obtained by subtracting a
temporal mean value from the measured vertical velocities
w(t) and oxygen concentrations C(t), respectively [wðtÞ ¼
wþ w0ðtÞ; CðtÞ ¼ C þ C0ðtÞ]. Besides technical issues,
e.g., response time corrections for the oxygen concentration
measurements [McGinnis et al., 2008; Lorrai et al., 2010],
application of the eddy-flux concept to single-point meas-
urements requires careful consideration of the coordinate
system (i.e., the direction of the flux), as well as the choice
of time scales for separating mean and fluctuating concen-
tration and velocity components and for averaging their
cross correlation [McGinnis et al., 2008]. Based on the
long-term data set obtained at the Saar, these methodologi-
cal issues are discussed in a companion paper (Lorke et al.,
submitted) in greater detail. The most robust flux estimates
were obtained by rotating the measured three-dimensional

velocity vectors using the planar fit method [Wilczak et al.,
2001] in order to obtain a vertical velocity component
which is normal to the local stream line. Vertical oxygen
fluxes were estimated from cross correlation of vertical
velocity and oxygen concentration fluctuations for time
intervals of 512 s (�8.5 min), respectively. Oxygen concen-
tration fluctuations C0 were obtained by subtracting a 512 s
running average from the measured concentration time
series.
2.2.3. Turbulence

[14] Dissipation rates of turbulent kinetic energy were
estimated using the inertial dissipation technique [Lorke
and Wüest, 2005; Bluteau et al., 2011]. Wave number spec-
tra of vertical velocity fluctuations, obtained using Taylor’s
frozen turbulence hypothesis for each 512 s long data seg-
ment, were fitted to the corresponding inertial subrange of
the universal Kolmogorov turbulence spectrum. The selec-
tion of wave number range for spectral fitting and validation
of obtained dissipation rates are based on the recommenda-
tions provided by Bluteau et al. [2011]. The vertical veloc-
ity component showed lower noise levels than the
horizontal components and the corresponding spectra
allowed for valid dissipation rate estimates also during low
flow conditions (1–2 cm s�1).

3. Results
3.1. Flow Dynamics

[15] Discharge during the measurements ranged between
37 and 68 m3 s�1 with a mean of 51 m3 s�1 (data source:
German Federal Waterways and Shipping Administration).
The dynamics of current velocity, water level, and DO con-
centration are depicted in Figure 2. Mean current magni-
tude and standard deviation was 3.7 6 2.5 cm s�1 with the
mean velocity mostly aligned in the longitudinal direction
(Figure 1b). Short-term (<1 h) velocity fluctuations, how-
ever, can exceed magnitudes of 15 cm s�1 in both the
downstream and upstream directions. These velocity fluctu-
ations are associated with fluctuations in water level of up
to 20 cm and predominantly occur during daytime when
the ship locks were operated (Figure 2a). These fluctuations
are caused by surges, generated by the intake or discharge
of the ship locks, traveling back and forth through the
impoundment and being reflected at both ends. Figure 2b
exemplifies two of these waves observed in the morning of
10 September. The first one is a negative surge (hour
10:40), generated by filling the lock at Serrig, located 1.3
km downstream of the sampling site. The second wave
(hour 11:30) is a positive surge, generated by the discharge
at the lock in Mettlach 11.6 km upstream. On average, 18
lock operations were performed per day and each locking
event is associated with the generation of such a wave,
which superimpose while traveling with an approximate
phase speed of 6.6 m s�1 back and forth through the
impoundment (A. Maeck and A. Lorke, Ship-lock induced
waves in an impounded river and their impact on sub-daily
velocity fluctuations, submitted to River Research and Appli-
cations, 2012; henceforth Maeck and Lorke, submitted).
Mean current speed during time periods of lock operation
(see section 3.2) was 4.0 cm s�1, during time periods without
lock operation it was reduced to 2.8 cm s�1.
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[16] Besides the daily pattern of wave-induced fluctua-
tions, low-frequency changes of water level are associated
with discharge variations due to hydropower generation
and cumulative lock discharge. DO concentrations of dis-
solved oxygen decreased slowly from �7 to �6 mg L�1,
corresponding to �60% saturation (Figure 2). Wave-
induced variations of oxygen concentration are predomi-
nantly small, indicating horizontal homogeneity.

[17] The intensity of bottom-boundary layer turbulence,
expressed as dissipation rates of turbulent kinetic energy
(Figure 3), varies between 10�10 and 10�6 W kg�1 and are
related to mean flow velocity and locking activity.

3.2. Oxygen Flux

[18] Vertical oxygen fluxes, estimated for time series
segments of 512 s, show strong fluctuations between �1 �
10�4 and 2 � 10�5 g m�2 s�1 (Figure 3), where negative
fluxes are downward, i.e., into the sediment, and positive
fluxes are directed upward. The mean oxygen flux, if aver-
aged over the entire period of observation, is (�1 6 1.6) �
10�5 g m�2 s�1 (mean 6 std), corresponding to �0.9 g
m�2 d�1 or �28 mmol m�2 d�1.

[19] Visual inspection of the high-resolution oxygen
fluxes in Figure 3 suggests that the oxygen fluxes are also
strongly affected by ship locking. To analyze the relation-
ship between lock operation and oxygen flux, the complete
time series of measured fluxes were divided into segments
with and without locking (Figure 3). Segments with locking
are initiated by one lock operation (usually the first locking
event in the morning), and extended until 2 h after the last

Figure 3. Time series of dissipation rates of turbulent ki-
netic energy (upper panel), sediment-water oxygen fluxes
(middle panel, 512 s estimates), and mean sediment oxygen
flux (lower panel), averaged over periods of locking activity
(dashed bars, width of bars corresponds to averaging interval,
error bars show standard deviation) and inactivity (no pat-
tern), respectively. Note that the error bars are symmetrical
around the mean value, but only negative fluxes are shown.
Gray vertical lines denote times of upstream or downstream
lock operation. The bottom axis shows date in 2010, time of
day is provided by the upper axis. Labeled data point in the
lower panel (9, 10, 11) are discussed in the text.

Figure 2. (a) Time series of current velocity [upper panel, longitudinal (u), transversal (v), and vertical
(w) components], water level (middle panel, depth at the benthic lander site), and dissolved oxygen con-
centrations measured by the optode and the microelectrode (lower panel). Gray vertical lines denote
times of upstream or downstream lock operation. (b) Same as (a) but zooming on the first two locking
events on 10 September [scaling of ordinates is identical to (a), the black brackets at the top and bottom
axes in (a) encompass the time period shown in (b)]. The first locking event (u) refers to an upstream
locking at the lock Serrig (1.3 km down from the sampling site), the second event (d) was an downstream
locking event at Mettlach (11.6 km upstream of the sampling site).
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lock operation to ensure that they include the damping pe-
riod of the lock-induced waves. While the mean flux during
time periods with lock operation was �1.0 6 0.5 g m�2 d�1,
it was significantly reduced by about a factor of 2 to �0.5 6
0.1 g m�2 d�1, within data segments with no ship locking.
Statistical significance was tested using the Wilcoxon rank
sum test (p < 0.001, n ¼ 316/343).

3.3. Turbulence-Driven Sediment Oxygen Uptake

[20] The segment mean values obtained for contiguous
time periods with and without lock operation (Figure 3) are
used to analyze the interrelation between the observed
hydrodynamics and oxygen fluxes. The observed current
speed is correlated with dissipation rates of turbulent
kinetic energy (Figure 4a). For current speeds exceeding
�3 cm s�1, dissipation rates " scale with the one-third
power of current speed (�"1/3), indicating validity of the
law of the wall [Wüest and Lorke, 2003].

[21] Lorke and Peeters [2006] showed that the transfer
velocity of solute exchange across the sediment-water
interface is related to the dissipation rate of turbulent ki-
netic energy and that under law of the wall conditions (log-
arithmic velocity profile), the flux F for a given
concentration gradient scales with �"1/3. This implies that
the sediment-water oxygen flux in aquatic systems with
high sediment oxygen demand, e.g., in eutrophic systems,
is controlled by the thickness of the diffusive sublayer
overlaying the sediment surface, which in turn is a function
of the intensity of boundary layer turbulence. The flux F
across the diffusive boundary layer can be expressed as the
product of a transfer velocity k (k ¼ D/�, D is the molecular
diffusion coefficient of DO and � is the thickness of the dif-
fusive sublayer) and the concentration gradient �C (F ¼
k � �C). Although the concentration gradient at the sedi-
ment-water interface was not measured in our observations
and is likely to vary over time, observed mean fluxes fol-
low this scaling relation, at least as an order of magnitude
estimate (Figure 4b).

[22] Besides turbulence, DO fluxes may also be affected
by sediment resuspension. Acoustic backscatter measured

by the ADV was higher during time periods of lock opera-
tions (Figure 4c), and if averaged over contiguous time
periods of lock operation, eddy-correlation oxygen fluxes
also increase with increasing acoustic backscatter strength.
The correlation between acoustic backscatter strength and
oxygen flux is particularly strong with few exceptions for
short contiguous averaging intervals [e.g., flux estimates la-
beled (9) and (11) in Figure 3].

4. Discussion
[23] We have analyzed a 4 day long continuous record of

sediment-water fluxes and boundary layer turbulence in an
impounded river with a major focus on the temporal varia-
tions of sediment oxygen uptake. Average fluxes as well as
flux variability show a pronounced diurnal pattern. Mainly
during daytime, amplitudes of flux variations can exceed the
mean flux by a factor of 10. These strong variations are asso-
ciated with the operation of the ship locks located upstream
and downstream of the sampling site. Filling and discharge of
the locks release 36,000 and 27,000 m3 of water, respectively,
and generate surges, which propagate along the impoundment
and are reflected at both dams (Maeck and Lorke, submitted).
Each passage of these waves at the sampling site is associated
with elevated near-bed current velocities and rates of turbu-
lent kinetic energy dissipation. The daily schedule of lock
operations results in a doubling of mean sediment uptake
rates of dissolved oxygen during daytime. Mean oxygen
fluxes toward the sediment F increase with turbulent kinetic
energy dissipation " (F � "1/3), as is predicted by the scaling
of interfacial fluxes across a diffusive boundary layer whose
thickness is controlled by the intensity of turbulence in the
overlying water [Lorke and Peeters, 2006].

[24] The overall mean flux of dissolved oxygen into
the sediment is ��1 g m�2 d�1, which is within the range
of fluxes measured in the past at the same site using
chamber (�0.6 to �4.9 g m�2 d�1) and microprofiling
(�2.1 g m�2 d�1) techniques (V. Kirchesch, unpublished
data). The observed mean flux agrees also very well with
the sediment oxygen consumption rate of �0.9 g m�2 d�1

Figure 4. Relationships between segment mean values of (a) current speed and dissipation rates of tur-
bulent kinetic energy (TKE), (b) TKE dissipation rate and eddy-correlation oxygen flux, and (c) acoustic
backscatter strength (relative units) measured by the ADV and oxygen flux. Open symbols (*) are mean
values averaged over time periods without lock operation; filled symbols (n) correspond to periods with
lock operation (cf. Figure 3). Error bars show standard deviations within each segment. The dashed line
in (b) shows the theoretical relationship derived for fluxes across a diffusive sublayer, which thickness is
controlled by boundary layer turbulence.
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estimated for the impoundment Serrig by Becker et al.
[2010] using the water quality model QSim. These numeri-
cal simulations further revealed that the majority of oxygen
consumption in the impoundment is occurring in the water
column and is associated with nitrification (59% of total
oxygen consumption) and degradation of organic carbon
(19%). Because the sediment is a major source for ammo-
nium as well as labile or dissolved organic carbon in the
water column, rates of oxygen consumption within the
water column can be assumed to be affected by the transfer
velocity at the sediment-water interface. The impact of tem-
poral variations of the transfer velocity caused by ship lock-
ing on the water column oxygen balance in the impoundment
may hence be much stronger than observed with the sedi-
ment-water oxygen fluxes. Also not included in our flux
measurements is the local effect of passing ship traffic. Each
pair of upstream and downstream lock operation is associated
with the passage of at least one ship at the sampling site and
the short-term occurrence of ship-induced surface waves.
Due to their high frequency [Hofmann et al., 2008], these
waves could not be resolved by the dissipation and eddy-
correlation flux measurements, but potentially constitute an
additional enhancement of sediment-water exchange rates.

[25] The observed increase of acoustic backscatter
strength with increasing current speed in our measurements
indicates sediment resuspension [Hofmann et al., 2011],
with these high current speeds mainly associated with the
passage of lock-induced waves. As demonstrated in a
recent study by Waterman et al. [2011], suspended sedi-
ment can contribute substantially to oxygen consumption
within the water column and thus provide an additional
means by which exchange processes at the sediment-water
interface affect water column DO budgets, which is not
resolved in direct flux measurements. In addition, dissolved
methane, which is produced by anaerobic microbial degra-
dation of organic carbon within the sediment, was demon-
strated to be the second most important reduced substance
in terms of water column oxygen consumption in eutrophic
lakes [Matzinger et al., 2010]. Furthermore, extensive
methane accumulation within the sediment can lead to eb-
ullition [Boudreau et al., 2005]. Visual observations at the
sampling site revealed the regular occurrence of massive
bubble outbursts, potentially triggered by variations of
pressure and bottom shear associated with the passage of
lock-induced waves and large cargo ships. Bubble rise
within the sediments is associated with enhanced pore
water mixing [Haeckel et al., 2007] and ebullition can be
expected to cause resuspension of surface sediments and
enhancement of solute exchange across the sediment-water
interface.

5. Conclusions
[26] High-resolution measurements of sediment-water

oxygen flux in an impounded river revealed the pronounced
modulation by ship locking. The observations indicate that
in impounded rivers the magnitude and temporal variability
of oxygen uptake, including the flux of oxygen into the
sediment, the flux of reduced substances from the sediment
to the water column, as well as particle or bubble-mediated
transport, are, to some extent, influenced by operational
and management activities. Taking into account that many

rivers are engineered for shipping purposes, it can be
expected that metabolism and oxic conditions in these riv-
ers are potentially affected not only by the morphological
changes made, but also by the operation of ships and water-
way navigation structures. Detailed understanding of the
underlying flux paths and their dependence on hydrody-
namic driving forces, provide the opportunity to extrapolate
our observations using coupled hydrodynamic and water
quality models. In the future, such models can be used to
simulate operation of navigation infrastructure for optimum
water-quality management in river systems.
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