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Abstract

The benthic O2 uptake and the O2 microdistribution in a coastal sediment of Aarhus Bay, Denmark, were inves-
tigated during a seasonal study. Measurements were performed in situ by a profiling lander and a flux chamber
lander, as well as on recovered sediment cores. The O2 penetration depth, the diffusive O2 uptake, and the volume-
specific O2 consumption rate strongly depended on the seasonal changes in bottom water O2 concentration and the
sedimentation of organic carbon. The in situ O2 penetration depth varied between 0.5 mm in summer and 4.5 mm
in winter. The diffusive O2 uptake varied between 8 and 30 mmol m22 d21, whereas the volume-specific O2 con-
sumption rate varied by a factor of 13. The O2 distribution was very sensitive to environmental controls, and
microprofiles obtained in the laboratory tended to overestimate the in situ O2 penetration depths and underestimate
the in situ diffusive O2 uptake. Three-dimensional O2 flux calculations based on in situ microtopographic mapping
showed that the actual diffusive exchange rate was ;10% higher than the simple one-dimensional, microprofile-
derived diffusive O2 exchange. The total O2 uptake measured in the laboratory showed less distinct seasonal vari-
ation, but on the average, it was ;20% higher than the diffusive O2 uptake. The difference reflected the microto-
pography of the sediment surface and the contribution from benthic macrofauna. In situ total O2 uptake was generally
twice as high as laboratory rates, reflecting a higher fauna-related O2 consumption in the larger enclosures incubated
in situ. Annually, the in situ three-dimensional diffusive O2 consumption was 6.2 mol O2 m22, whereas the additional
benthos-mediated O2 uptake was 3.9 mol O2 m22. Thus, 40% of the total O2 uptake was due to faunal activity and
respiration. The present study demonstrates the importance of realistic faunal representation during sediment incu-
bations in order to obtain correct benthic mineralization rates.

The oxygen uptake rate of the seafloor is the most widely
used measure of benthic mineralization (e.g., Thamdrup and
Canfield 2000). The total O2 uptake (TOU) is usually quan-
tified from the O2 disappearance rate in sediment enclosures,
and the TOU thereby represents an integrated measure of the
diffusive, advective and fauna-mediated O2 consumption.
The enclosure technique, however, does not provide infor-
mation on the O2 penetration depth or the vertical distribu-
tion of O2 consumption rate. The introduction of O2 micro-
electrodes in aquatic biology in the early 1980s allowed the
benthic O2 dynamics to be studied in more detail (Revsbech
et al. 1980).

Early microprofile measurements revealed that the oxic
zone extends only a few millimeters into fine-grained coastal
and shelf sediments (e.g., Revsbech et al. 1980). The oxic
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zone has proved to be very dynamic, with an intense het-
erotrophic and autotrophic O2 consumption. Furthermore,
detailed microsensor studies documented the existence of a
0.1–1.2-mm-thick diffusive boundary layer (DBL)
(Jørgensen and Revsbech 1985; Archer et al. 1989; Gunder-
sen and Jørgensen 1990; Jørgensen and Des Marais 1990).
The main transport mode within the DBL is molecular dif-
fusion, and the zone is characterized by linear O2 concentra-
tion gradients (Jørgensen and Revsbech 1985). The diffusive
solute transport through the DBL can limit biogeochemical
reactions (Boudreau and Guinasso 1982) and benthic O2 con-
sumption of highly active sediments (Gundersen and
Jørgensen 1990; Jørgensen and Des Marais 1990). The DBL
blankets the complex three-dimensional (3D) microtopog-
raphy of the sediment surface, and the DBL thickness is
controlled by the flow velocity of the overlying water and
by the sediment roughness (e.g., Jørgensen and Des Marais
1990).

The ability to resolve linear concentration gradients within
the DBL allows the one-dimensional (1D) diffusive O2 up-
take (DOU) to be calculated (e.g., Jørgensen and Revsbech
1985). Alternatively, the diffusion-mediated O2 consumption
rate within the sediment can be modeled from the curvature
of measured concentration profiles (e.g., Nielsen et al. 1990;
Berg et al. 1998). This, however, requires knowledge on the
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interstitial transport coefficients for O2 (Iversen and
Jørgensen 1993). The two relatively simple approaches as-
sume that the DBL and the sediment–water interface is rep-
resented by infinite flat planes (Gundersen and Jørgensen
1990; Jørgensen and Des Marais 1990). On the scale of the
DBL, however, the benthic interface is a topographically
complex landscape, and consequently, simple 1D diffusion
models might not adequately describe the 3D diffusion flux
(Jørgensen and Des Marias 1990; Røy et al. 2002).

Faunal activity further complicates matters because irri-
gation enhances the ventilation of the sediment and intro-
duces oxygenated water to deeper, otherwise anoxic, sedi-
ment layers (Kristensen 1988; Fenchel 1996; Aller 1998).
Faunal activity can thereby strongly enhance the benthic ex-
change rates. In impermeable sediments without flow-in-
duced advection, the additional fauna-mediated O2 uptake
(FOU) can be calculated as the difference between TOU and
DOU (e.g., Archer and Devol 1992; Glud et al. 1994a). This
parameter includes both the faunal respiration and the O2

uptake in the surrounding sediment related to irrigation and
other faunal activity.

In the present study, we compared three different mea-
suring techniques for quantifying the benthic O2 consump-
tion rate. Measurements were performed in situ and in the
laboratory during a seasonal study of a coastal marine sed-
iment. The FOU was quantified, and its importance for the
total benthic mineralization activity is discussed. Some of
the data have been published previously in a report (Gun-
dersen et al. 1995, in Danish) to the Danish Environmental
Protection Agency.

Materials and methods

Study site—The semienclosed Aarhus Bay is situated in
Kattegat on the Baltic Sea–North Sea transition, Denmark.
The bay covers an area of 320 km2 and has an average water
depth of 15 m. The present study was carried out in the
central part of the bay at Sta. 6 (5689.19N, 10819.29E) with
a water depth of 16 m (Thamdrup et al. 1994). The presented
data were mostly obtained during 1990–1992 as part of an
intense field study focusing on coastal element cycling
(Jørgensen 1996). The water column was stratified by a hal-
ocline during 75% of the study period (Rasmussen and
Jørgensen 1992; Jørgensen 1996). The sediment consists of
20% fine sand, 22% silt, and 55% clay, and the site has a
mean net deposition rate of 2.5 g m22 d21 (Pejrup et al.
1996). The upper 4 mm of the sediment has an average
porosity of 0.87 6 0.05 (v/v, n 5 34) and an organic matter
content of 9.9 6 0.9% dry weight (n 5 34) (Rasmussen and
Jørgensen 1992).

Laboratory measurements—The study site was visited 24
times during 1990–1991 by a small research vessel, Gene-
tica II. On each occasion, a series of sediment cores were
recovered by a Haps corer (Kanneworff and Nicolaisen
1973). Six undisturbed subcores were taken by 25-cm-long
Plexiglas tubes with an inner diameter of 5.4 cm. Water
(;30 liters) was subsequently collected 20 cm above the
seafloor by a pump positioned on a small tripod that was
lowered from the ship. Temperature and O2 concentration

were determined in surface and bottom water on each oc-
casion. Cores and water samples were transported back to
the laboratory in insulated containers within 2 h after recov-
ery. Upon return, six uncapped cores were submerged in an
aquarium containing bottom water from the sampling site
kept at in situ temperature. In order to maintain in situ O2

concentration, the water was continuously flushed with an
air/dinitrogen mixture regulated by a digital gas mixer. The
rotation of Teflon-coated magnets attached to the inner wall
of each core liner ensured a good exchange between the
water phase of the cores and the exterior seawater (Rasmus-
sen and Jørgensen 1992). Sediment cores were preincubated
in darkness over night prior to measurements.

The next day, 2–12 (average of ;7) oxygen microprofiles
were measured using Clark-type microelectrodes with an in-
ternal reference and a guard cathode (Revsbech 1989). The
profiles were measured at a depth resolution of 50 mm and
always in at least two different sediment cores. Profiles were
generally measured in areas unaffected by faunal activity,
and no significant difference was observed between profiles
obtained in different cores on a given date. The microelec-
trodes had tip diameters of 3–20 mm, stirring effects ,2%,
and 90% response time of ,2 s (Revsbech 1989; Glud et
al. 2000). The sensors were positioned by a motorized mi-
cromanipulator, and the sensor current was measured by a
picoamperemeter connected to an analog-to-digital convert-
er, which transferred the signals to a computer (Revsbech
and Jørgensen 1986). The microprofiles had two inherent
calibration points: the reading in the overlying water with a
known O2 concentration and the constant low reading in the
anoxic sediment.

After microprofiling, the sediment cores were capped,
leaving an internal water height of 8–12 cm. A glass tube
with an internal diameter of 5 mm penetrated each lid and
allowed the subsequent insertion of an O2 microelectrode in
the overlying water phase. The glass tube was filled with
paraffin oil to impede diffusive exchange between the en-
closed water volume and the air (Rasmussen and Jørgensen
1992). During incubation, small magnets stirred the overly-
ing water phase in each core. This ensured a DBL thickness
during core incubations and microprofile measurements sim-
ilar to the in situ DBL thickness.

O2 in situ measurements—On each sampling occasion in
1990–1991, O2 microprofiles were measured in situ using a
profiling lander (Gundersen and Jørgensen 1990). The cen-
tral part of the instrument consisted of a movable electronic
cylinder equipped with microsensors. For the present study,
six O2 microelectrodes were used with similar measuring
characteristics as outlined above. The cylinder was mounted
on a tripod that was lowered by wire from the ship. After
the instrument had stabilized on the seafloor for 1 h, the
cylinder was moved downward in increments of 50 mm. At
each depth horizon, data from all sensors were recorded and
transferred via cable to an onboard computer. A video
mounted on the tripod allowed visual inspection of the sed-
iment during deployment.

During 1992, laboratory measurements and in situ micro-
profiles were obtained on a more irregular basis, whereas on
15 occasions, in situ TOU was measured by a benthic cham-
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Fig. 1. Schematic presentation of the in situ instrument used for
3D topographic mapping of the seafloor. (A) The laser diode mod-
ule. (B) The video camera.

Fig. 2. (A) A typical O2 microprofile measured in situ during
late summer 1990. The solid horizontal line indicates the estimated
position of the sediment surface, and the broken line indicates the
estimated position of the upper DBL boundary. The slope of the
concentration gradient within the DBL is shown. (B) The readings
of an O2 mini electrode during deployment of the benthic chamber
lander in summer 1992. The time axis shows minutes after lander
deployment. The left vertical broken line indicates the time when
the chamber lid was closed, and the right line indicates the time of
chamber recovery.

ber lander (Glud et al. 1995). As the instrument was posi-
tioned on the seafloor, a central chamber of 896 cm2 was
inserted into the sediment. Video recordings demonstrated
that the sediment surface was practically undisturbed during
chamber insertion. After 1 h, the lid was closed, leaving an
internal water height of approximately 10 cm. During in-
cubation, a central impeller mixed the overlying water phase,
and two minielectrodes with similar measuring characteris-
tics as outlined above continuously recorded the O2 concen-
tration of the enclosed water volume. The stirring resulted
in a DBL thickness of ;500 mm, which was similar to the
DBL thickness in laboratory-incubated sediment cores and
close to the average DBL thickness measured in situ (see
below). During incubations, 10 spring-loaded syringes re-
trieved water samples at predefined time intervals for sub-
sequent O2 analysis and sensor calibration, along with an
onboard reading in anoxic sediment. At the end of the in-
cubation, a scoop closed the chamber from below, and after
recovery, the exact water height of the water phase was de-
termined. The enclosed sediment was sieved through a 1-
mm mesh screen to collect the entire macrofaunal commu-
nity. The fauna was identified and the dry weight was
determined after 24 h at 708C, whereas its organic matter
content was determined as loss on ignition after 24 h at
5508C.

Microtopography mapping—The microtopography of the
sediment surface at the study site was determined in Decem-
ber 2001 using an in situ version of the optical instrument
described by Røy et al. (2002). A line-generating laser diode
(Lasiris LAS 670 5 with LAS 20 line) was positioned on a
moving sledge at ;15 cm distance to the seafloor. A digital
video camera (SONY DX-1000 in Amphibico underwater
house) was fixed on the sledge and recorded the movement
of a vertically projected laser line from a 458 angle (Fig. 1).
The position of the moving sledge relative to the stationary
frame was recorded in the upper corner of the view field of
the camera via a position sensor with an optical output. The

instrument was lowered by wire to the seafloor with the vid-
eo camera continuously recording. After 1 min, the transla-
tion mechanism was activated, and the sledge translated a
horizontal distance of 12–15 cm. Recorded images were ex-
tracted for every 0.1 mm of translation based on the state of
the position sensor. Images of the projected line were used
to determine the relative height of the sediment surface. Giv-
en the optical dimensions and the 0.1-mm distance between
images, the microtopography was determined with 0.13- by
0.1-mm horizontal resolution, while vertical resolution was
better than 20 mm (Røy et al. 2002). From 13 independent
scans, 18 topographic maps were extracted, each covering
;40 cm2.

Oxygen microprofile calculations—The upper DBL
boundary of the measured microprofiles was determined as
the intersection between the extrapolated linear O2 gradient
in the DBL and the constant O2 value in the overlying water
(Fig. 2A) (Jørgensen and Revsbech 1985). The thickness of
the DBL was estimated from the intersection point and the
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Fig. 3. (A) Temperature of surface water and bottom water dur-
ing 1990–1991 and of bottom water in 1992. (B) O2 concentration
in the surface water and the bottom water during 1990–1991 and
in the bottom water in 1992.

position of the sediment surface, which typically was iden-
tified from a distinct break in the concentration profile (Fig.
2A).

The DOU of the sediment was calculated from: DOU 5
D0(dC(z)/dz) where D0 is the temperature-corrected molec-
ular diffusion coefficient of O2 and C is the O2 concentration
at a given depth, z, with the DBL (Fig. 2A) (Crank 1983).
The D0 was taken from Broecker and Peng (1974) and was
temperature corrected as described by Li and Gregory
(1974). The average volume-specific O2 consumption rate
was calculated by dividing the DOU by the O2 penetration
depth. For whole-core incubations, the TOU was calculated
from the initial linear O2 decrease in the enclosed water vol-
ume (Fig. 2B).

The volume-specific O2 consumption rates were also
quantified from the O2 microprofiles measured within the
sediment using a simple manual curve-fitting approach and
assuming zero-order kinetics (Nielsen et al. 1990; Rasmus-
sen and Jørgensen 1992). The measured profiles could al-
ways be fitted by one, two, or three two-degree polynomial.
The depth-integrated O2 consumption rate and the O2 ex-
change at the sediment–water interface were subsequently
calculated (Rasmussen and Jørgensen 1992). The DOU was
thereby calculated from each microprofile by two indepen-
dent approaches using either the concentration gradient mea-
sured in the DBL or the O2 distribution measured in the
interstitium. For the calculations based on the interstitial
data, the sediment diffusion coefficient, Ds, of O2 was esti-
mated from the sediment porosity, f, using the relationship
Ds 5 [1 1 3(1 2 f)]21D0 (Iversen and Jørgensen 1993).

Results

The temperature of the bottom water varied throughout
the year between 14.08C in September and 1.58C in Febru-
ary, whereas the temperature range of the surface water was
from 16.28C to 1.58C. During autumn and winter, there was
no temperature difference between surface and bottom water.
In spring and early summer, the halocline was stabilized by
a temperature difference between the two water masses (Fig.
3A). The pycnocline was mostly situated between 8 and 12
m water depth but varied considerably as a result of wind-
induced seiching (Jørgensen 1996). The O2 concentration in
the surface water varied between 234 and 381 mmol L21 but
was always close to air saturation (90–110%). Light pene-
tration was limited by the relatively high phytoplankton bio-
mass, and we never observed net O2 production at the sea-
floor. Consequently, periods with stratification resulted in O2

depletion of the bottom water. Minimum O2 concentration
of 55–70 mmol L21 (18–25% air saturation) were reached
during summer and early autumn (Fig. 3B). Generally, the
pattern in bottom water temperatures and O2 concentrations
from 1990 to 1991 were reproduced in 1992 (Fig. 3).

The laboratory and the in situ–determined O2 penetration
depths varied on a seasonal basis (Fig. 4). Both data sets
revealed maximum penetration depths of ;4.5 mm during
winter, whereas minimum values of ;0.8 mm were obtained
in early autumn (Fig. 4). The approximate sixfold variation
in O2 penetration depth correlated well with the O2 concen-

tration of the bottom water (Figs. 3, 4). Oxygen depletion in
the bottom water immediately resulted in a narrowing of the
oxic zone. Thus, a decrease in O2 bottom water concentration
from 260 to 75 mmol L21 in August 1990 was followed by
a decrease in O2 penetration from 2.2 to 0.8 mm (Figs. 3,
4). The few measurements of O2 penetration performed in
1992 reproduced the data of 1990 with a single exception
that coincided with a distinct depletion in bottom water O2

concentration in the beginning of June 1992 (Figs. 3, 4).
Along with the bottom water O2, the input of organic car-

bon clearly affected the interfacial O2 dynamics. In early
September, the O2 concentration of the bottom water was 53
mmol L21 and the O2 penetration depth was only 0.78 6
0.04 mm. The major part of the volume-specific O2 con-
sumption as modeled from the curvature of the O2 concen-
tration profiles was associated with the oxic–anoxic inter-
face, presumably because of intensified oxidation of reduced
solutes diffusing up from the anaerobic degradation below
(Fig. 5A). By mid-September, a bloom of dinoflagellates
(Ceratium spp.) was deposited on the sediment surface, and
shortly afterwards, wind-induced seiching resulted in ele-
vated O2 concentration in the bottom water. The two events
led to an intensified O2 consumption at the sediment–water
interface, which was suddenly enriched with labile organic
material and resulted in an increased O2 penetration depth
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Fig. 4. (A) Oxygen penetration depths measured in the labora-
tory during 1990–1991 and 1992. (B) Oxygen penetration depth
measurements in situ during 1990–1991 and 1992.

Fig. 5. Typical O2 microprofiles measured in situ on four dif-
ferent occasions during 1990. The horizontal line indicates the es-
timated position of the sediment surface. Gray boxes represent the
volume-specific O2 consumption rates modeled from the curvature
of the O2 profiles.

(Fig. 5B). Subsequently, the ongoing mineralization resulted
in declining O2 concentration of the bottom water and a de-
crease in the O2 penetration depth (Fig. 5C). The volume-
specific O2 consumption calculated from profiles measured
on 17 October reflected intensified activity at the sediment
surface and at the oxic–anoxic interface below. During win-
ter, low sedimentation rates and high bottom water O2 con-
centration resulted in a deep oxic zone with a low, depth-
independent volume-specific O2 consumption rate (Fig. 5D).

The diffusive O2 uptake calculated from the in situ DBL
profiles showed two seasonal maxima (Fig. 6A) coinciding
with distinct sedimentation events in April and October 1990
(Valeur et al. 1995; Pejrup et al. 1996). The following spring
bloom in April 1991 was less distinct but also caused an
elevated DOU (Fig. 6A). The summer and winter were char-
acterized by relatively low O2 consumption rates, presum-
ably because of limiting O2 concentrations in summer and
low organic sedimentation rates in winter. The seasonal pat-
tern was recognized also in the DOU determined in recov-
ered sediment cores, yet the temporal dynamics were less
distinct (Fig. 6B). The O2 consumption modeled from inter-
stitial in situ O2 microprofiles revealed a similar seasonal
pattern as the in situ DBL measurements (Fig. 6C). On a

yearly basis (from May 1990 to May 1991), the in situ DOU
was 5.5 mol m22 yr21, whereas the laboratory-determined
DOU was 5.1 mol m22. The depth-integrated volume-spe-
cific O2 consumption of the in situ microprofiles revealed a
yearly O2 consumption rate of only 4.2 mol m22 yr21. Gen-
erally, data from 1992 followed the pattern of 1990 (Fig. 6).

The moderate seasonality in DOU actually covers much
more intense dynamics in the aerobic benthic activity. The
average volume-specific activity, as calculated from the ratio
between the in situ DOU and O2 penetration depth, varied
by a factor of ;13 (Fig. 7). The previously resolved activity
peaks become more distinct and reflect the availability of
electron donors in the oxic zone, either as organic carbon or
inorganic products of the anaerobic degradation.

By far, most microprofiles reflected a smoothly declining
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Fig. 6. (A) In situ DOU calculated from O2 gradients measured
within the DBL during 1990–1992. (B) Laboratory DOU calculated
from O2 gradients measured within the DBL during 1990–1992. (C)
Area O2 consumption rates modeled from the curvature of the av-
erage interstitial O2 microprofiles measured in situ during 1990–
1992. Circles of each panel represent measurements performed dur-
ing 1992. The shaded areas represent periods of intensified
sedimentation as deduced from Valeur et al. (1995).

Fig. 7. Average volume-specific O2 consumption rates within
the oxic sediment calculated from the DOU and the O2 penetration
depth of in situ profiles during 1990–1991 (squares) and in 1992
(circles). The shaded areas represent periods of intensified sedimen-
tation as deduced from Valeur et al. (1995).

Fig. 8. An in situ O2 microprofile measured in the vicinity of
an actively ventilated polychaete burrow. The horizontal line indi-
cates the estimated position of the sediment surface.

O2 concentration within the sediment (Fig. 5). However, on
a few occasions measurements directly indicated that faunal
activity was of importance for the benthic O2 exchange. The
in situ microprofile of Fig. 8 clearly reflects a rhythmic ir-
rigation of a burrowed polychaete affecting the O2 distribu-
tion at the sediment–water interface. Apparently, the micro-
electrode passed along the vertically oriented burrow in
which the polychaete pumped O2 down to otherwise anoxic
sediment (Fig. 8).

The total O2 uptake measured in recovered sediment cores
was in general higher than the microelectrode-derived O2

uptake rates (Fig. 9A). There was no distinct seasonal pattern
in the laboratory-determined TOU, although the values tend-
ed to reach a minimum during winter (Fig. 9A). The average
TOU for 1990–1991 was 18.7 mmol m22 d21, and the inte-
grated yearly TOU was 6.5 mol m22 yr21. The corresponding
values obtained the following year were 14.8 mmol m22 d21

and 5.1 mol m22 yr21, respectively. The somewhat lower
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Fig. 9. (A) TOU measured in the laboratory in recovered sed-
iment cores during 1990–1991 and 1992. (B) In situ TOU measured
during 1992.

Table 1. Annual benthic oxygen uptake rates in Aarhus Bay,
Denmark.

Measurement technique

O2 uptake (mol m22 yr21)

May 90–May 91 Jan–Jun 92

DOU measured in the lab
TOU measured in the lab
DOU measured in situ
O2 consumption modeled in situ
TOU measured in situ

5.1(5.7)
6.5

5.5(6.2)
4.2
—

—
5.1
—
—

10.1

Numbers in parentheses represent values accounting for a 3D diffusive in-
terface (see text).

rates during 1992 were mainly caused by the O2 depletion
event in the beginning of June that presumably repressed the
TOU (Fig. 9A). The in situ–determined TOU during 1992
also showed minimal values during winter (Fig. 9B), but the
absolute rates were significantly higher than in laboratory
incubations. On nine events, the TOU was measured simul-
taneously in situ and in the laboratory, and on average, the
in situ rates were higher by a factor of 2.0. There was, how-
ever, no clear relationship between the recovered macrofau-
nal biomass and the in situ TOU (see Web Appendix 1,
http://www.aslo.org/lo/pdf/volp48/issuep3/1265al.pdf). The
annual TOU as measured in situ was 10.1 mol m22 yr21. The
yearly benthic O2 uptake determined by different techniques
thereby varied between 4.2 and 10.1 mol m22 yr21 for the
period of 1990–1992 (Table 1).

Two characteristic examples of the benthic microtopog-
raphy at the investigated site are presented as shaded reliefs
in Fig. 10. Most structures can be recognized as biogenic
structures, such as fecal mounds and gastropod tracks (Fig.
10A,B). The typical vertical distance between maximal and
minimal altitude in the scans was ;5 mm. The 3D sedi-
ment–water interface area, as estimated by matrix smoothing
of the original scans (Røy et al. 2002), was on average 106
6 1% of the horizontal plane area. Apart from the fact that
the area across which diffusion takes place is larger than the
plane horizontal area, the 3D topographic structure of the
interface also means that a vertically aligned microelectrode

will approach the sediment surface at an angle (Jørgensen
and Des Marais 1990). The average angle between the hor-
izontal plane and the sediment surface was calculated by
simple trigonometry to be 19.378 (cf. Jørgensen and Des
Marais 1990). Because of the 3D structure of the sediment–
water interface, the DOU calculated from the vertically ob-
tained microprofiles will underestimate the actual diffusive
O2 uptake rate. The ratio between the 3D and the 1D dif-
fusive O2 uptake equals (A9/A)(d9/d), where A9/A represents
the ratio between the area of the slanted sediment surface
and the area of the horizontal plane and (d9/d) is the ratio
between the actual DBL thickness perpendicular to the slant-
ed sediment surface and the measured DBL thickness (for
details see Jørgensen and Des Marais 1990; Røy et al. 2002).
Accounting for the average DBL thickness measured in situ
(451 mm), the ratio between the 3D and 1D diffusive O2

uptake varied between 1.0 and 1.9 for the two selected hor-
izontal transects (Fig. 10E,F). The average difference be-
tween 3D and 1D DOU based on all the performed scans
was a factor of 1.12 6 0.01.

Discussion

In situ versus laboratory-determined O2 uptake—Micro-
profile measurements performed at water depths .1,000 m
have demonstrated that core recovery affects the interstitial
O2 distribution (Glud et al. 1994a, 1999; Sauter et al. 2001).
Temperature- and pressure-induced artifacts lead to elevated
DOU and underestimated O2 penetration depths. For coastal
environments with low O2 penetration depth, transient tem-
perature-induced disturbances are quickly reequilibrated
when in situ conditions are reestablished in the laboratory,
and in situ– and laboratory-obtained microprofiles generally
show good agreement (Glud et al. 1998, 1999). There are,
however, few comparative studies of in situ–determined mi-
croprofiles from coastal environments. In the present study,
laboratory-determined DOU underestimated the in situ rates,
whereas the O2 penetration depth was generally overesti-
mated (Fig. 11). The effect was most pronounced in highly
active sediment with shallow O2 penetration depths, where
the interfacial O2 dynamics were most sensitive to changes
in the environmental controls (Fig. 11). Even though cores
were taken to reestablish in situ conditions, in the laboratory,
small differences in temperature or O2 concentration cannot
be excluded, and irreversible disturbances during core re-
covery could have affected the laboratory measurements.
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Fig. 10. (A, B) Examples of 30-cm2 sediment topography presented as shaded reliefs. (C, D) Extracted topographic profiles. The lines
in panels A and B represent the positions of the extracted profiles presented in panels C and D. (E, F) The relationship between the diffusive
flux along the vertical axis as measured with microelectrodes and the true 3D diffusive flux, taking into account all spatial dimensions. The
ratio has been calculated along the transects shown in panels A and C and in panels B and D.

Differences in DBL thickness can probably be neglected (see
below). We have no general explanation for the observed
difference. However, our data underline the importance of
performing benthic exchange measurements under in situ
conditions or, preferentially, in situ.

In situ and laboratory TOU measured in parallel clearly
differed. On average, in situ rates were 2.0 6 0.6 (n 5 9)
times higher than laboratory-determined rates. The discrep-
ancy was due to an exclusion of larger faunal specimens in
the relatively small sediment cores used for the laboratory
incubations. By selecting undisturbed sediment cores, larger
infauna tends to be excluded because animals and their bur-

rows have been disturbed, destroyed, or blocked during core
insertion. Furthermore, successfully recovered specimens
might be inhibited in their pumping and respiration activity
as a result of the mechanical disturbance associated with
core recovery. In general, large sediment enclosures are to
be preferred in order to obtain reliable total benthic exchange
rates. The in situ–determined TOU represents only single
deployments, and the statistical liability of the measurements
cannot be directly assessed. However, in situ incubations
performed on subsequent days resulted in similar TOU (and
FOU) values (Fig. 9B), indicating that single deployments
represent the fauna-related O2 uptake well. A recent com-
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Fig. 11. (A) O2 penetration depths measured in the laboratory
compared to the corresponding values measured in situ. (B) DOU
measured in the laboratory compared to the corresponding values
measured in situ. The line x 5 y is included in both panels.

puter study simulating multiple chamber insertions on a vir-
tual seafloor inhabited by user-defined macrofaunal com-
munities concluded that single deployments with the applied
chamber would quantify the actual TOU of the macrofauna-
inhabited sediment in Aarhus Bay during summer with a

relative error of 9% (Glud and Blackburn 2002). This pre-
cision is in the same range as the standard deviations of our
DOU measurements (Fig. 6). We therefore argue that the in
situ TOU is the most correct measure of the actual benthic
O2 consumption rate in the present study.

Importance of the DBL for the DOU—The DBL thickness
determined on the basis of in situ microprofiles varied be-
tween 299 and 706 mm, with an average value of 451 mm
(n 5 98). The corresponding range for the laboratory mea-
surements was 313–590 mm, and the average was 457 mm
(n 5 138). The in situ DBL conditions were, thus, closely
reproduced by the laboratory setup. The available data on in
situ–determined DBL thicknesses are limited, but the present
values are in the lower range of previously presented values
derived from in situ microprofiles (Archer et al. 1989; Glud
et al. 1994a, 1998; Jørgensen 2001; Wenzhöfer et al. 2001).
Most of these values are, however, obtained at significantly
deeper water depths, where a lower mean flow velocity can
be expected. A microsensor-derived DBL thickness gener-
ally underestimated the actual DBL thickness, as microelec-
trodes have been shown to perturb the DBL, resulting in a
25–45% compression of the DBL thickness right below the
sensor tip (Glud et al. 1994b). Therefore, the microprofile-
derived DBL thickness should be regarded as a minimum
value.

The mean diffusion time, tDBL, for O2 molecules to cross
the DBL can be estimated as tDBL 5 p((dDBL)2/4D0), where
dDBL is the DBL thickness and D0 is the temperature-cor-
rected molecular diffusion coefficient of O2 (Sten-Knudsen
2002). Whether the transport time through the DBL limits
the benthic O2 consumption rate depends on the mean life-
time of an O2 molecule within the sediment. During winter,
the O2 availability was high, the activity was low and, con-
sequently, the oxic zone was relatively deep, as shown in
Fig. 5D. The volume-specific O2 consumption rate was depth
independent, and only 16% of the decrease in benthic O2

concentration occurred within the DBL. The amount of O2

dissolved in the pore water could sustain the benthic O2 con-
sumption for 41 min, whereas the average transport time for
an O2 molecule across the 656-mm-thick DBL was 4.7 min.
The O2 flux was therefore mainly regulated by the con-
sumption within the sediment, and changes in the DBL
thickness would only affect the DOU marginally.

During early October, 45% of the O2 decline occurred in
the DBL (Fig. 5B); the entire interstitial O2 pool would only
sustain the O2 consumption for 1.6 min; and the DBL pas-
sage for an O2 molecule took, on average, 2.1 min. A re-
duction in the DBL thickness could therefore potentially
have stimulated the O2 uptake during this period. However,
the volume-specific O2 consumption was not depth indepen-
dent (Fig. 5B), and a significant fraction of the O2 con-
sumption was probably related to the oxidation of solutes
from anaerobic degradation (e.g., NH , Fe21 ), as indicated1

4

by the high activity at the oxic–anoxic interface. In this case,
a more detailed modeling of the mobility of reduced con-
stituents is required to quantitatively evaluate the importance
of DBL impedance for DOU or for the O2 penetration depth
(Jørgensen and Boudreau 2001).
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Fig. 12. The various components of the TOU measured in the
laboratory and in situ. The broken line divides the in situ FOU into
(a) the enhanced benthic O2 consumption caused by animal activity
(e.g., irrigation) and (b) the calculated maximum macrofaunal res-
piration.

Microtopography and diffusive flux—Based on the micro-
topographic mapping, the difference between a 3D and a 1D
DOU calculation was a factor of 1.12 6 0.01. In other
words, 10.7 6 1.0% of the total diffusive flux was not ac-
counted for by the simple 1D microprofile approach. The
annual TOU measured in the laboratory was 22% higher
than the corresponding DOU (Table 1). About half of this
difference can now be ascribed to the simplified approach
of performing a 1D calculation on a truly 3D interface.

A topographically structured oxic zone blankets the an-
oxic sediment, and vertical oxygen profiles penetrate this
oxic skin at an angle and thereby overestimate the O2 pen-
etration depth. The average factor by which the actual O2

penetration depth is overestimated by a vertical measurement
can be calculated by simple trigonometry to be 1/cos(19.37)
or 1.06 (Jørgensen and Des Marais 1992; Røy et al. 2002).
The 6% overestimation by the vertical approach cannot fully
explain the observed difference between the DOU and the
depth-integrated O2 consumption as derived from the inter-
stitial microprofiles (Table 1). We used the average porosity
of the upper 4 mm to access the tortuosity-corrected diffu-
sive coefficient of interstitium (see Materials and methods).
In reality, the porosity can be expected to decrease with sed-
iment depth, and our simplification could have biased the
calculated depth distribution of the volume-specific O2 con-
sumption rates. However, again, this cannot explain the ob-
served discrepancy between the two independent measures
of the diffusive mediated O2 uptake. A number of studies
have documented that interstitial meiofaunal activity can
lead to enhanced dispersal and solute transport (Aller and
Aller 1992; Glud and Fenchel 1999; Rysgaard et al. 2000).
Such activity can increase the solute transport coefficients
within the sediment, and for the given study, a 30% higher
effective diffusion coefficient of the interstitium would lead
to identical DOU and modeled depth-integrated O2 con-
sumption rates. We propose that this is the main cause for
the observed difference between the two microprofile-based
approaches for determination of the O2 uptake.

Importance for fauna of the benthic O2 uptake—The dif-
ference between TOU and DOU quantified in sediment cores
during the present study ranged between 0.8 and 8.7 mmol
m22 d21, with an average value of 4.0 6 3.1 mmol m22 d21.
Accounting for the topographic effect on the DOU, this only
leaves an annual FOU of 0.79 mol m22 yr21 in the recovered
sediment cores. The corresponding in situ value for FOU
was, however, five times higher at 3.94 mol m22 yr21, or
;40% of the measured TOU (Fig. 12). Recovered undis-
turbed sediment cores selected for laboratory incubation
clearly undersampled the in situ density of macrofauna, es-
pecially for the larger specimens. The few cores that con-
tained an active macrofauna specimen on a given day indeed
revealed an elevated TOU. However, on a seasonal scale,
there was no clear relationship between the biomass of the
enclosed fauna during a given incubation and the measured
TOU or calculated FOU (see Web Appendix 1, http://www.
aslo.org/lo/pdf/volp48/issuep3/1265al.pdf). The reason is pre-
sumably that faunal biomass poorly reflects the fauna-me-
diated O2 uptake of a diverse benthic community undergoing
seasonal changes in temperature and bottom water O2 con-

centration. To what extent a given biomass stimulates the
benthic O2 consumption rate naturally depends on functional
characteristics of the fauna (deposit feeding, filter feeding,
irrigation patterns, etc.), but to what extent a given activity
affects the benthic O2 uptake also depends on the redox state
of the sediment, the O2 penetration depth, the O2 concentra-
tion of the bottom water, and the temperature. The in situ
TOU (or the FOU) quantified during a seasonal study does
therefore not necessarily correlate well to enclosed biomass.

The sediment recovered from the 15 in situ incubations
with the chamber lander contained ;25 species of macro-
fauna, with an average density of 2,800 6 700 m22 and a
dry weight of 89.5 6 30.0 g m22 (including shell weight).
Both in abundance and biomass, small specimens of bivalves
(Abra alba, Mysella bidendata, Corbula gibba, and Macoma
calcarea) were dominant, while polychaetes (e.g., Terrebel-
ides stroemi, Nephtys sp., and Pectinaria sp.) and echino-
derms (e.g., Ophiura albida and Echinocardium cordatum)
were encountered less frequently. These observations were
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supported by survey data obtained by the local county that
quantifies the abundance and biomass of each taxonomic
group at the investigated site on a monthly basis (Technical
Report 1998, County of Aarhus, www.aaa.dk). Using their
values for the nine dominant species (accounting for ;80%
of the total abundance) at the investigated site during 1996
and the empirical relationship between biomass and meta-
bolic rate for marine invertebrates as established by Gerlach
et al. (1985), the annual O2 consumption of the benthic fauna
was calculated to be ;1.64 mol m22. This estimate must be
taken as a maximum since the applied relationship is based
on a temperature of 208C. There is no simple way to recal-
culate to the correct in situ temperature (Banse 1982; Ger-
lach et al. 1985). The calculated faunal respiration thus ac-
counts for a maximum of ;40% of the annual FOU. The
remainder is ascribed to stimulated microbial activity, es-
pecially along burrows and funnels of irrigating specimens.
These calculations document that the fauna is indeed im-
portant for the benthic O2 uptake in the studied sediment,
but that the faunal respiration itself is the minor part of the
total fauna-related O2 consumption (Fig. 12). In environ-
ments rich in benthic fauna, in situ incubations by relatively
large chambers are thus required in order to obtain realistic
estimates of the benthic O2 consumption rate.

Importance of benthic aerobic mineralization in Aarhus
Bay—The annual net photosynthesis during 1991 in Aarhus
Bay amounted to 21.8 mol C m22 yr21, while the measured
planktonic respiration was 14.8 mol C m22 yr21 (Jørgensen
1996). This leaves 7.0 mol C m22 yr21 for the entire benthic
community, not accounting for lateral import or export. Sed-
iment trap measurements performed during the same period
concluded that the annual net deposition at the seafloor was
somewhat higher, 9.9 mol C m22 yr21 (Valeur et al. 1995),
whereas determination of the sediment accumulation rate
showed that 2.1 mol C m22 yr21 was buried below the bio-
turbated horizon (Jørgensen 1996). The difference, 7.8 mol
C m22 yr21, should thus be available for the benthic com-
munity.

As argued above, the in situ TOU represents our best es-
timate of the integrated benthic activity, and by assuming a
respiratory quotient (RQ) of 1.00, the annual benthic min-
eralization rate during 1992 was 10.1 mol C m22 yr21. This
is close to the net deposition rate and corresponds to ;46%
of the net primary production in the area. Taken together
with the distinct temporal pattern in sedimentation and DOU,
this strongly indicates a tight pelagic–benthic coupling at the
investigated site.

The anaerobic degradation in the sediment of Aarhus Bay
is dominated by sulfate reduction. Accounting for the upper
16 cm of the sediment, the sulfate reduction during 1990–
1991 was responsible for a carbon mineralization of 4.5 mol
C yr21, whereas iron reduction accounted for 1.3 mol C yr21

(Thamdrup et al. 1994). Manganese reduction was without
quantitative importance (Thamdrup 2000), and denitrifica-
tion amounted to 0.15 mol C yr21 (Jørgensen 1996). Assum-
ing a complete aerobic oxidation of the reduced sulfur and
iron on an annual scale, the O2 consumption required for
H2S and Fe(II) oxidation was equivalent to 5.8 mol yr21, or
57% of the total O2 uptake. The aerobic degradation of or-

ganic carbon accounted for 4.2 mol C m22 yr21 (10.1 2 [4.5
1 1.3 1 0.15]), or 42% of the total benthic mineralization.
This is relatively high compared to previously presented
studies on shelf and costal sediments, where the aerobic min-
eralization generally is estimated to be in the range of 5–
25% of the total benthic mineralization (Thamdrup 2000).
However, as shown in the present study, the FOU can be
significant, and in many instances it might be poorly repre-
sented by traditional incubation techniques. Consequently,
the relative contribution of the aerobic mineralization could
be correspondingly underestimated.
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