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ABSTRACT: This study addresses organic matter decomposition in permeable sediment of a sloping
intertidal sand flat (German Wadden Sea) affected by current-induced pore water exchange and
pore fluid drainage. Seasonal and spatial scales of aerobic and anaerobic mineralization were investigated at 2 sites, one near the water line and one on the upper flat. Hydrodynamic forcing during
inundation caused deeper oxygen penetration through flushing of the uppermost sediment layer.
This flushing resulted in higher areal oxygen consumption rates and lower depth integrated sulfate
reduction rates in the submerged flat compared to the rates measured during exposure. Mineralization rates in the top 15 cm of the sediment were similar between both study sites and ranged from 38
(winter) to 280 mmol C m–2 d–1 (summer), with sulfate reduction contributing 3 to 25% to total mineralization, depending on the season. At the upper flat, these seasonal differences were reflected in the
pore water concentrations of nutrients, dissolved inorganic carbon (DIC) and dissolved organic
carbon (DOC). Near the low water line, however, pore water nutrient and DIC concentrations were
independent of the season and up to 15 times higher compared to the values recorded in the upper
flat. The differences in concentrations of metabolic products between the 2 sites resulted from a low
tide drainage extending deep below the uppermost flushed layer and causing seepage of pore water
near the low water line. Mineralization and nutrient release in these permeable intertidal sediments
is affected by 2 circulation processes that work on distinctly different temporal and spatial scales:
(1) rapid ‘skin circulation’ through the uppermost sediment layer during inundation that is characterized by short flow paths, low pore water residence time and immediate feedback to the ecosystem,
and (2) slow ‘body circulation’ through deeper sediment layers during low tide that is characterized
by long flow paths and pore water residence times, and acts as a buffered nutrient source to the ecosystem.
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Sedimentary mineralization · Pore water transport
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Sandy sediments prevail in the intertidal regions of
the German Wadden Sea (Flemming & Ziegler 1995).
Despite rather small bacterial numbers and low organic
matter content of sandy sediments (Bergamaschi et al.
1997, Llobet-Brossa et al. 1998, Rusch et al. 2003), their
high mineralization capacity has been recognized in

recent studies (Cammen 1991, D’Andrea et al. 2002,
Huettel et al. 2003). The permeability of the sand facilitates advective pore water transport through the upper
sediment layers in contrast to muddy sediments, where
diffusional processes dominate (Huettel & Gust 1992,
Huettel & Webster 2001). The advective pore water
transport can exceed diffusion by orders of magnitude
(Lohse et al. 1996, Boudreau et al. 2001).
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During inundation of intertidal sand flats, the percolation of water through the sediment is driven by pressure gradients generated by the interaction of bottom
currents with the sediment topography (Thibodeaux &
Boyle 1987, Glud et al. 1996) and by waves passing
over the permeable bed (van der Loeff 1981, Precht &
Huettel 2003). This hydrodynamic forcing provides
oxygen to the upper sediment layers and enhances
aerobic mineralization of organic matter during inundation (Forster et al. 1996, Dauwe et al. 2001, Werner
et al. 2006). The high aerobic mineralization in the
upper sediment layers and anaerobic degradation processes deeper in the sediment are fuelled by the filtration of suspended particles and dissolved organic matter from the water column into the permeable bed
(Huettel et al. 1996, Rusch et al. 2001). Furthermore,
bioturbation and bioirrigation by benthic macrofauna
add to the supply of electron acceptors and organic
matter to the sediment (Graf & Rosenberg 1997, Aller
2001). Inorganic nutrients, the products of mineralization, are removed from the sand by advective flushing
(Huettel et al. 1998) thereby supporting primary production in the water column. The depth of the advective flushing is dependent on the permeability of the
sediment and is usually restricted to the top few millimeters to centimeters of the sand bed (Brotas et al.
1990, de Beer et al. 2005). Within this surface layer of
the tidal flat, organic matter can be recycled quickly
and feedback may be provided to the ecosystem by the
removal of the metabolic products from the sediment
in a matter of hours to days.
The lack of advective flushing during low tide exposure of intertidal flats leads to the accumulation of
metabolic products in the sediment (Rocha 1998,
Kuwae et al. 2003). Transport, however, is not restricted to diffusion during exposure. Some benthic bioturbators are still active during exposure (Orvain &
Sauriau 2002). Also, pore water may be drained
through the permeable sand driven by the buildup of a
hydraulic gradient between the seawater level and the
slower dropping pore water level (Nielsen 1990). The
drainage mechanism transports pore water mainly laterally through the sediment towards the low water
line, where pore water discharge can be observed also
at the exposed sloping sediment surface constituting
an important nutrient input to coastal waters (Howes &
Goehringer 1994, Jahnke et al. 2003, Billerbeck et al.
2006). Sediment layers extending deep below the regularly flushed upper layer can be affected by the
drainage over horizontal distances between tens and
hundreds of meters (Whiting & Childers 1989, Jahnke
et al. 2003, Billerbeck et al. 2006). Due to the long residence time and pathways of the pore water within
these deeper layers of the intertidal flat, the feedback
of mineralization products to the ecosystem is delayed.

This large body of the sand flat, thus, may act as a
source of nutrients that can support primary production in the system during times of low nutrient concentrations in the seawater.
We hypothesize that, in an intertidal sand flat, 2
main pore water circulation patterns operate on distinctly different temporal and spatial scales, with
implications for sedimentary mineralization and recycling of metabolic products: (1) The first pattern is a
rapid ‘skin circulation’ during inundation within the
top sediment layer, characterized by short flow paths
and short residence times of pore water providing
immediate feedback to the system. The advective supply of solutes and particles to the permeable sediment
may enhance mineralization in the sediment surface
layer. (2) The second pattern is a slower ‘body circulation’ during exposure of the tidal flat through the surface and deeper layers of the sediment with long flow
paths and long pore water residence times. Due to the
relatively long time interval between organic matter
input and mineralization product release, this ‘body
circulation’ may act as a buffer system for nutrients. In
order to test these hypotheses, measurements of oxygen consumption and sulfate reduction were conducted on a sloping intertidal sand flat in the German
Wadden Sea and combined with measurements of oxygen penetration depth and pore water concentrations
of metabolic products. In order to assess the temporal
scales of the mineralization processes, one study site
near the low water line and one site at the upper flat
were studied on a tidal and seasonal basis.

MATERIALS AND METHODS
Site description. Sampling and in situ measurements
were carried out at the northeastern margin of the
Janssand tidal flat (53° 44’ 07’’ N, 007° 41’ 57’’ E), an
11 km2 intertidal sand flat located in the backbarrier
area of the island of Spiekeroog, Wadden Sea, Germany (Fig. 1A). The margin zone of this tidal flat is
sloping on average 1.6 cm m–1 towards the low water
line (Fig. 1B). The tidal flat is covered by 1.5 to 2 m of
water during high tide, and during low tide, the sand
flat becomes exposed for approximately 6 to 8 h, depending on tidal range. A ‘lower sand flat’ site close to
the low water line and an ‘upper sand flat’ site approximately 45 m upslope the tidal flat (Fig. 1B) were
chosen as the main study areas and investigated on a
seasonal basis between December 2001 and March
2004 (Table 1). The lower flat site is inundated approximately 3 to 4 h d–1 longer than the upper flat.
Sediment characteristics. Grain size was analyzed
by dry-sieving the top 10 cm of the sediment and classified according to Wentworth (1922). The porosity of
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Fig. 1. (A) Study site near the island of Spiekeroog, Wadden
Sea, Germany. (B) Tidal flat topography as surveyed during
July 2003 relative to mean sea level

the top 15 cm of the sediment was determined in 1 cm
intervals from the weight loss of a known volume of
sediment after drying at 60°C until weight constancy
was achieved. In July 2003, porosity of the top 10 cm of
the sediment was measured every 2 h during exposure
at the upper tidal flat. The permeability of the top
15 cm of the sediment was measured using the constant head method described in Klute & Dirksen
(1986). Sediment samples for total carbon (TC) and
total inorganic carbon (TIC) measurements were sectioned into 0.5 to 1 cm intervals down to 10 cm depth
and stored frozen. Prior to analysis, sediment samples
were freeze-dried, ground and homogenized. Sample
aliquots were then transferred into tin-cups for TC
measurements and analysed with a Heraeus® CHNOrapid elemental analyzer using sulfanilamide as a calibration standard. TIC sample aliquots were measured
by coulometric titration on a UIC® CM5012, and total
organic carbon (TOC) was calculated by subtracting
TIC from TC.
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Pore water solutes. For pore water analysis (nutrients, dissolved inorganic carbon [DIC], dissolved
organic carbon [DOC] and sulfate), 4 to 6 sediment
cores were collected with a 36 mm core liner during
low tide from the upper and lower sand flat sites. Additional sediment cores were collected over a tidal cycle
from the upper sand flat site (20 min after inundation,
high tide peak and low tide) between March and
December 2002. The sediment cores were processed
immediately after collection inside a glove box that
was flushed with inert argon gas. Cores were sectioned to a depth of 10 to 20 cm (1 cm intervals to 10 cm
depth, 2 cm intervals below), and sediment slices of the
same depth were pooled to obtain a sufficient volume
of pore water. The pooled sediment was transferred to
a plastic Buechner funnel with a nylon mesh preventing loss of sediment through the funnel. The funnel
with sediment was inserted into a pressure container
such that the outflow end of the funnel protruded from
lower end of the container. An inlet on the opposite
side of the funnel permitted gas flow into the container.
The pore water then was separated from the sediment
matrix by flushing the pressure container for ca. 20 s
with argon gas. In December 2001, pore water was
sampled down to 15 cm sediment depth in 2.5 cm intervals with a pore water sipper as described in Huettel
(1990). Pore water profiles were replicated 12 times at
the upper flat and 6 times at the lower flat with the sipper. All pore water samples were passed through
0.2 µm nylon syringe filters. Aliquots for DIC analysis
were preserved with 20 µl of a saturated mercury chloride solution in 2 ml Zinnser vials without headspace
and kept refrigerated until further processing. Volumes of 3 to 5 ml of pore water were transferred to precombusted glass vials for DOC analysis or into plastic
vials for nutrient and sulfate measurements and kept
frozen.
Pore water nutrients were measured spectrophotometrically with a Skalar Continuous-Flow-Analyzer
according to Grasshoff et al. (1999). Pore water DIC
was determined by flow injection analysis (Hall & Aller
1992) with freshly prepared NaHCO3 calibration standards. For the analysis of DOC, total dissolved carbon
and DIC were measured by high temperature catalytic
oxidation on a Shimadzu® TOC-5050A analyzer using
bicarbonate and phthalate as calibration standards.
DOC concentration was obtained by subtraction of DIC
from total dissolved carbon. Pore water sulfate concentration was determined with a Dionex® ion chromatograph using IonPac® AS9-HC analytical and IonPac®
AG9-HC guard columns.
In situ sensor measurements. In situ measurements
of oxygen penetration depth were performed by
microsensors mounted on an autonomous profiler as
described in Glud et al. (1999) and Wenzhöfer et al.
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(2000). Oxygen concentration was measured with
Clark type oxygen microelectrodes (Revsbech 1989)
with 300 µm tip diameter, an actual sensing surface of
5 µm and less than 5 s response time (t90). The profiler
was set up during low tide on the sediment with the
microsensors initially positioned 1 to 2 cm above the
sediment surface. Downward oxygen profiles were
measured over at least one tidal cycle to a sediment
depth of 6 cm in 1 mm intervals. Repeated profiles
were measured every 20 to 60 min. The oxygen sensors sometimes produced persistent holes in the sediment during low tide; such profiles were discarded
from the data set.
Measurement of oxygen consumption rates (OCR).
Volumetric OCRs were measured at in situ temperatures on freshly collected sediment cores in the laboratory. The sediment cores were percolated with aerated
ambient seawater until oxygen was present in high
concentrations at the desired measurement depth.
After stopping the percolation, the decrease in oxygen
concentration was monitored either with a Clark type
oxygen microelectrode or a planar optode (de Beer et
al. 2005, Polerecky et al. 2005) (Table 1). Consistency
of both methods was demonstrated by Polerecky et al.
(2005). The initial decrease in oxygen concentration
was considered as the potential volumetric oxygen
consumption rate (pOCR). Assessment of pOCR with
the microsensor was carried out by positioning the sensor in the sediment core at defined depths at 2 to 5 mm
intervals, and repetitively percolating water through
the same core. The planar optode technique permitted
the calculation of respiration rates with a resolution of
≈300 µm over the optode area (ca. 25 × 150 mm;
resulting oxygen image size 80 × 480 pixels). All measurements were performed on 2 replicate cores down
to 8 cm sediment depth and in the dark to prevent
photosynthesis.
Areal oxygen consumption rates (aOCR) were obtained by integrating the measured pOCR over the
oxygen penetration depths measured in situ by the
autonomous profiler and relating the result to surface
area. As pOCR data were only available from June
2002, pOCR determined during December 2002 and
March 2004 were combined with oxygen penetration
depths measured in December 2001 and March 2002,
respectively, to estimate areal OCR for the latter
months. Areal oxygen consumption was estimated to
be equal to total mineralization, assuming that reduced
substances from anaerobic decay (e.g. sulfide from sulfate reduction) contributed to the measured oxygen
consumption rates (Jørgensen 1982).
Potential (pSRR) and maximum/minimum sulfate
reduction rates (SRRmax and SRRmin). Sulfate reduction rates were measured in 2 to 3 replicate sediment
cores with the tracer whole core incubation method

In situ measurements and rates
Oxygen
Oxygen
Sulfate
penetration
consumption
reduction
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Table 1. Number and type of measurements made during the field surveys conducted between December 2001 and March 2004 and measured temperature (T ) range.
Numbers in brackets denote replicate measurements. TOC: total organic carbon; DIC: dissolved inorganic carbon; DOC: dissolved organic carbon; U: upper sand flat;
L: lower sand flat

64

65

Billerbeck et al.: Tidal flat pore water circulation

(Jørgensen 1978) modified for permeable sediments
(de Beer et al. 2005) (Table 1). Radiolabeled 35SO42 –
(Amersham™) was added to 70 ml of ambient seawater in the laboratory to obtain a specific activity of
340 MBq mol–1 SO42 –. The seawater-tracer solution
was allowed to percolate into the sediment from the
top of the core leading to a homogenous distribution
of tracer within the permeable sand. After incubating
the sediment at average in situ temperatures for 4 to
6 h, the core was sliced into 1 cm sections and the
incubation stopped by placing the slices into 20%
ZnAc. The samples were processed with the cold
chromium distillation procedure (Kallmeyer et al.
2004) that is based on the single step chromium
reduction method (Fossing & Jørgensen 1989).
Radioactivity of 35SO42 – and Total Reduced Inorganic
Sulfure (TRIS) was measured with a liquid scintillation counter (Packard™ 2500 TR) using the Lumasafe
Plus® scintillation cocktail. The calculation of sulfate
reduction rates accounted for the measured porosities
and pore water sulfate concentrations. Sediment horizons that are regularly supplied with oxygen by in
situ advective transport can become anoxic during the
stagnant incubation conditions and the measured sulfate reduction rates may, therefore, represent an overestimation of actual in situ rates. On the other hand,
pore water flow conditions cannot be applied during
the incubation due to the resulting relocation of the
radiolabeled sulfides from their place of production.
Hence, in situ sulfate reduction rates were estimated
in a maximum/minimum scenario, with the maximum
(SRRmax) estimated by integrating pSRR over the
entire measurement depth. The minimum (SRRmin)
was obtained by integrating pSRR only over the varying anoxic sediment depths down to 15 cm, as inferred from the in situ oxygen penetration depths.
Measurement of near bottom flow velocities. Near
bottom water flow was measured using a Nortek™
Acoustic Doppler Velocimeter (ADV) combined with
the in situ determination of oxygen penetration depths
in December 2001. The ADV measured 3 component
flow velocities (x, y, z) at a sampling frequency of
25 Hz within a cylindrical sampling volume (ca. 6 mm
Ø × 6 mm) located 100 mm below the probe. The ADV
was mounted on a tripod with a profiling unit and flow
velocities were measured stepwise for 30 s at 1 cm
intervals from 1 to 25 cm above the sea floor over the
inundation period. The average water current velocities were calculated for each height as the scalar of the
3 velocity vectors averaged over the 30 s measurement
intervals.
Data analysis. Statistical analysis of differences
between sampling sites and seasons were performed
at a 95% confidence level (p < 0.05). Pore water data as
well as rates of oxygen consumption and sulfate reduc-

tion were analyzed with the nonparametric MannWhitney U -Test for pairwise comparisons and the
Kruskal-Wallis H -Test for between-group analysis.
After detection of significance in the group analysis,
the χ2 approach was used as a post hoc test to identify
the significance between the populations. Linear
regression analysis was performed at a 95% confidence level for daily aOCR, SRRmin and SRRmax (dependent variables) against mean seasonal temperature
(independent variable) as well as for oxygen penetration depth (dependent variable) against bottom flow
velocity (independent variable).

RESULTS
Sediment characteristics
The Janssand tidal flat is characterized by well
sorted (σ < 0.38 phi) fine quartz sands with a mean
grain size of 176 µm (2.5 phi). With permeabilities
ranging between 7.2 and 9.5 × 10–12 m2 at the upper flat
and between 0.5 and 3.1 × 10–12 m2 at the lower flat; the
sediment at both study sites permits advective pore
water flows. The porosity of the top 15 cm of the sediment was 34.7 and 39.5% at the upper and lower flat
sites, respectively. The porosity measurements taken
at 2 h intervals in July 2003 showed that the porosity
of the top 10 cm of the sediment remained almost
constant during the entire exposure period (range
between 36.4 and 38.6%). A glassy sediment surface
and visual observation of water runoff at the lower flat
site during exposure indicated a discharge of draining
pore water. This was not observed at the upper sand
flat site, where the sediment surface had a ‘dry’
appearance during low tide. The sediment was organic
poor during all seasons with mean TOC contents ranging between 0.04 and 0.11% at the upper flat and 0.06
and 0.13% at the lower flat. The sedimentary TOC
content showed no seasonal trend at either study site.

pOCR and pSRR
The pOCR at the lower sand flat was similar to that
measured at the upper flat during June and September
2002 (Fig. 2), except in a zone of higher pOCR activity
that was detected between 0.8 and 1.6 cm sediment
depth in June 2002 (p < 0.001). During September
2002, mean pOCR were slightly lower at the lower
sand flat site (p < 0.01) but very variable between cores
in the top cm of sediment (Fig. 2). After a repeated
flushing of the sediment core from the lower flat that
exhibited highest pOCR, the rates decreased considerably, suggesting that oxidation of reduced solutes or

66

Mar Ecol Prog Ser 326: 61–76, 2006

0.0

0.0
June 2002

0.5

Sediment depth (cm)

0.5

1.0

1.5

Sediment depth (cm)

2.0

1.0
1.5
2.0
2.5
3.0
June 2002
September 2002
December 2002
July 2003
March 2004

3.5

2.5

4.0

upper sand flat
lower sand flat

4.5

3.0
0.0

0

5

10

15

20

pOCR (µmol cm–3 d–1)
0.5

Fig. 3. Potential volumetric oxygen consumption rates (pOCR)
at the upper sand flat between June 2002 and March 2004. All
rates are plotted as the mean of 2 cores (3 cores in July 2003)
with the range as error bars down to the maximum oxygen
penetration depth for the respective months. For clarity, only
every third datapoint (every 1 mm) is shown from the planar
optode measurements in September, December and July
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Fig. 2. Potential volumetric oxygen consumption rates (pOCR)
at the upper and lower sand flats during June and September
2002. Rates are plotted as the mean of 2 cores with the range
as error bars down to the maximum penetration depth of oxygen for the respective months. For clarity, only every third
datapoint (every 1 mm) is shown from the planar optode measurements in September

particle bound material largely contributed to the
higher rates during the first measurement in September 2002. No reduction in pOCR in the regularly oxygenated sediment layer was observed during repeated
measurements of sediment cores from the upper sand
flat (Polerecky et al. 2005).
In the regularly oxygenated sediment layer down to
the maximum oxygen penetration depth, the pOCR
showed a clear seasonal trend at the upper sand flat
(Fig. 3) with lower rates during the winter months
(December, March) than during summer (June, September, July) (p < 0.001). While pOCR did not differ
between June and September 2002, highest pOCR
were measured during the extraordinarily warm July

in 2003. Below the maximum oxygen penetration
depth, pOCR increased at both study sites during most
months, but remained constant or decreased during
September 2002 at the upper and lower flat sites,
respectively (data not shown).
Similar to the pOCR measurements, site differences
in pSRR were small between the upper and lower flat
(Fig. 4). The pSRR rates were only marginally higher at
the lower sand flat site (p < 0.05) during December
2001 and June 2002 and did not differ between the
upper and lower flats during September 2002.
As compared to pOCR, the seasonal trend was less
pronounced for pSRR (Fig. 4). Highest SRR were measured in September 2002 in 2 to 3 cm sediment depth at
both study sites. Except for this zone of higher activity, no
difference in pSRR was detected between September
2002, June 2002, and December 2001 for the upper and
lower sand flat sites. Significantly lower potential of sulfate reduction was, however, measured at the upper
sand flat during March 2002 (p < 0.001). The highest potential of sulfate reduction was usually measured in sediment layers located near the maximum depth of oxygen
penetration (Fig. 4). Below this zone of higher activity,
pSRR decreased with sediment depth in most profiles.

aOCR and depth-integrated SRRmax and SRRmin
In situ aOCR and SRRmin were calculated from the
measured potential rates (pOCR, pSRR) and in situ
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oxygen penetration depths, since oxygen can inhibit
the activity of sulfate reducers (Marschall et al. 1993).
The maximum value for depth-integrated SRRmax is not
corrected for oxygen penetration depth, as sulfate
reduction activity has also been measured within the
regularly oxygenated sediment layer (Jørgensen 1977,
Jørgensen & Bak 1991).
Oxygen generally penetrated deeper into the sediment during inundation than during exposure of the
tidal flat (Fig. 5). At the upper sand flat, the maximum
penetration depth of oxygen into the sediment was
4.2 cm in December and varied between 2.4 and 2.8 cm
for all other investigated months. Due to the deeper
oxygen penetration, aOCR (Figs. 5 & 6A) was significantly higher during inundation compared to exposure (at least p < 0.05). Areal OCR followed a seasonal
trend at the upper flat with lowest rates during December 2001, intermediate during March, June, September 2002 and March 2004 and highest rates during
the very warm July 2003 (Fig. 6). The maximum oxygen penetration depth was also 2.4 to 2.8 cm at the
lower sand flat. The aOCR at the lower flat was higher

during June 2002 and similar to the upper flat during
September 2002 (Fig. 6B).
The conservative minimum value for depthintegrated SRRmin was obtained by integrating pSRR
over the anoxic sediment depth down to 15 cm. Thus,
SRRmin rates were inversely related to OCR with slightly
lower rates during inundation than during exposure
(Fig. 7). SRRmin were low during March 2002 and rather
constant during all other months. The depth-integrated
SRR at the upper and lower flats were similar.
Daily rates of areal oxygen consumption and depthintegrated sulfate reduction for all investigated months
are presented for a full day and for exposure and inundation periods in Table 2. A significant linear relationship was found between mean temperature and daily
aOCR at the upper sand flat (p < 0.05, r2 = 0.68). The relationship between mean temperature and daily
SRRmin/SRRmax, however, was not significant, due to the
relatively high sulfate reduction during December.
Daily oxygen consumption rates at the lower sand flat
were 2.8 times higher during June 2002 as compared to
the upper flat as a result of the higher volumetric OCR
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2003). December rates were calculated from oxygen penetration measured in December 2001 and potential OCR (pOCR)
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rates, but did not differ between the 2 sites during September 2002 (Table 2, Fig. 2). During average tidal cycles with about 14 h of exposure per day, daily OCR
were approximately the same during exposure and inundation (Table 2), but this ratio shifted corresponding
to longer inundation (September 2002) or exposure periods (March 2004). Daily SRR were only slightly higher
at the lower sand flat site. Assuming that sulfate reduction was the dominant anaerobic mineralization process, sulfate reduction contributed between 3 and 25%
to total mineralization (aOCR), depending on the season (Table 2).

Pore water solute concentrations
The pore water nutrient and DIC concentrations
were one order of magnitude higher at the lower sand
flat than at the upper flat during most months (Fig. 8).

0

Dec 01 Mar 02 Jun 02 Sep 02 Jul 03 Mar 04

Month
Fig. 6. Areal oxygen consumption rates (aOCR) during exposure (white boxes) and inundation (grey boxes) at the (A)
upper and (B) lower sand flats between December 2001 and
March 2004. Boxes comprise the 25th and 75th percentiles
and the line within the boxes represents the median. The 10th
and 90th percentiles are represented by whiskers and outliers
by filled circles

This difference was most distinct during December
2001 and from December 2002 until March 2004 (p <
0.001) but less pronounced during June and September 2002 (p < 0.001, p < 0.01 for silicate). Pore water
DOC concentrations, on the other hand, never were
different between both study sites.
At the upper sand flat, the solute concentrations
(nutrients, DIC, DOC) showed a seasonal trend with
higher concentrations during the warmer months
(June, July, September) and lower concentrations during the colder months (March, December) (p < 0.001).
Surprisingly, no seasonality was apparent for the lower
sand flat, as nutrient and DIC concentrations were
lower in summer 2002 than in winter 2002 and a further increase in concentrations was observed in summer 2003 and spring 2004.
The pore water solute concentrations varied only
slightly between the tidal cycle samplings at the upper
sand flat and no particular pattern could be observed.
All upper sand flat profiles were regarded as replicates, as they did not differ significantly (p > 0.05).
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Fig. 7. Sulfate reduction rates integrated over the anoxic sediment down to 15 cm depth (SRRmin) during exposure (white
boxes) and inundation (grey boxes) at the (A) upper and (B)
lower sand flat. Boxes comprise the 25th and 75th percentiles
and the line within the boxes represents the median. The 10th
and 90th percentiles are represented by whiskers and outliers
by filled circles

DISCUSSION
Variability of aOCR and depth-integrated SRR over
the tidal cycle
Oxygen generally penetrated deeper into the sediment during inundation of the Janssand tidal flat. The
deeper oxygen penetration resulted in higher aOCR
and lower SRR (minimum assessment) during submergence.
In laboratory measurements, Brotas et al. (1990)
attributed a deeper oxygen penetration into exposed
sandy sediment to intrusion of air, which was also postulated by Usui et al. (1998), based on the observation
that the upper layer of an intertidal flat became undersaturated with water during exposure. Porosity measurements during July 2003 at the Janssand tidal flat,
however, did not reveal a significant decrease in water
content during low tide and the sediment remained
fully saturated. In fine sands such as the Janssand tidal
flat, capillary forces keep the sediment pores waterfilled (Drabsch et al. 1999, Atherton et al. 2001) pre-
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venting intrusion of air. Nevertheless, in situ oxygen
penetration was much deeper (down to 15 mm in July
2003 and March 2004) than in retrieved laboratory
cores (2 to 3.5 mm for July and March, respectively)
kept in an aerated water bath at in situ temperature.
Although benthic photosynthesis can generate high
oxygen concentrations in the surface layer of the sediment (Revsbech et al. 1980, Berninger & Huettel 1997),
at no time did we observe consistently deeper oxygen
penetration and, hence, higher OCR during daylight
exposure than during nighttime exposure (Fig. 5).
Macrofauna can strongly enhance interfacial exchange processes (Rhoads 1974, Huettel 1990, Graf &
Rosenberg 1997), but faunal activity is heterogeneous
and unlikely to cease completely during the laboratory
measurements. Thus, other mechanisms were responsible for the deeper in situ penetration of oxygen during low tide than in the laboratory. We observed that
during exposure the Janssand sand flat continuously
drains pore water that flows through the sediment
towards the low water line. This drainage permits
intrusion of the oxygen-rich water that remained as
puddles on the sediment surface into the sand and also
penetration of oxygen contained in surface layer pore
water deeper into the bed. Dispersion of the pore water
flow within the porous sediment matrix may further
enhance oxygen penetration depth. These mechanisms are not active in the retrieved cores, explaining
the lesser oxygen penetration in the laboratory.
During inundation of the tidal flat, the interaction of
unidirectional or oscillating water currents with sediment topography induces advective flow of pore water
through the permeable bed (Webb & Theodor 1968,
Thibodeaux & Boyle 1987, Huettel & Gust 1992). Pressure oscillations caused by waves passing over the permeable sediment also contribute to the pore water flow
(Riedl et al. 1972, van der Loeff 1981). Bottom currents
and waves lead to a continuous change of sediment
topography, e.g. by ripple migration. Oscillating flow
interacting with sediment ripples generates an intrusion of oxygenated water into the ripple faces and outflow of anoxic pore water near the ripple crests (Precht
& Huettel 2003). This leads to varying oxygen penetration depths at small spatial scales corresponding to the
ripple length. Along with ripple migration during inundation, as observed in several oxygen profiles from the
study site, the intrusion/outflow-zones move along the
sediment surface (Precht et al. 2004, Franke et al.
2006). Additionally, the bioirrigation activity of benthic
macrofauna during submergence can lead to a deeper
transport of oxygen into the sediment (Aller 2001,
Wenzhöfer & Glud 2004). Benthic photosynthesis, on
the other hand, may decrease with increasing water
depth due to diminishing light penetration in the turbid Wadden Seawaters (Colijn & Cadee 2003).
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a

aOCR (total mineral.) daily
aOCR (total mineral.) exposure
aOCR (total mineral.) inundation
SRRmax daily
SRRmax exposure
SRRmax inundation
SRRmin daily
SRRmin exposure
SRRmin inundation
% SRRmin; max of aOCR daily
% SRRmin; max of aOCR exposure
% SRRmin; max of aOCR inundation

(b) Lower sand flat
Expos./inund. (h:min)
Expos./inund. ratio

aOCR (total mineral.) daily
aOCR (total mineral.) exposure
aOCR (total mineral.) inundation
SRRmax daily
SRRmax exposure
SRRmax inundation
SRRmin daily
SRRmin exposure
SRRmin inundation
% SRRmin; max of aOCR daily
% SRRmin; max of aOCR exposure
% SRRmin; max of aOCR inundation

(a) Upper sand flat
Expos./inund. (h:min)
Expos./inund. ratio

December 01/02

Table 2. Daily rates of areal oxygen consumption (aOCR) and sulfate reduction rate (SSR) between December 2001 and March 2004 at the (a) upper and (b) lower sand flat
sites with respective inundation (inund.) and exposure (expos.) times. All rates represent mineralization (mineral.) in mmol C m–2 d–1 with the range in parentheses
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Fig. 8. Pore water nutrient, DIC and DOC concentrations at the upper and lower sand flat sites. No data are available for DIC
(December 2001) and DOC (December 2002)
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Combined measurements of near bottom water flow
and oxygen profiles at the Janssand tidal flat revealed
a deeper oxygen penetration with increasing average
flow velocities (Fig. 9) and the correlation between
oxygen penetration depth (OPD) and flow velocity was
significant (p < 0.005, r2 = 0.68). Bottom current
induced flushing of oxygenated water through the
upper sediment layers, and thus, is responsible for the
variability in OPD, the higher aOCR and lower depthintegrated SRR during inundation of the Janssand tidal
flat. Observations of co-variance of bottom flow and
oxygen penetration in a recent study of another intertidal sand flat (Werner et al. 2006) supports this conclusion.
The importance of advective pore water exchange
and resulting oxygen supply to the sediment for the
mineralization of organic matter is reflected by the
pOCR that were at least one order of magnitude higher
than the pSRR (compare Figs. 2 & 4). Consequently,
the share of depth-integrated sulfate reduction to total
mineralization was relatively low in the investigated
top 15 cm of the Janssand sediment (3 to 10% during
most months). The microbial community can access the
high-energy yield of aerobic mineralization as soon as
oxygen is supplied to the respective sediment layers.
Despite the enhancement of potential mineralization
rates by the advective oxygen supply during submergence and the lower potential rates during exposure,
total mineralization during low tide can be as high as
during submergence due to the relatively long exposure of the Janssand during an average tidal cycle.
This may also partially explain why no tidal differences in pore water nutrient and DIC concentrations
were measured. Tidal differences in pore water nutrients and DIC were not evident even during extraordinarily long (September 2002) and short (March 2004)
inundation periods. Possible pore water concentration

Time (h)
Fig. 9. Relationship between the average water flow velocity
5 cm above the sea floor and oxygen penetration depth (OPD)
during December 2001. Solid line denotes the change of the
seawater level relative to mean sea level. White areas: periods
of exposure; grey areas: periods of inundation

differences were probably too small within this short
timeframe and may have been masked by spatial
heterogeneity or by adsorption/desorption reactions
within the sediment (Mackin & Aller 1984, van
Raaphorst & Kloosterhuis 1994).

Seasonal variability of OCR and SRR
The OCR were consistent with the temperature dependence of aerobic mineralization (Thamdrup et al.
1998), and a higher availability and degradability of
organic matter during the summer months may have
contributed to the observed seasonality of oxygen consumption. For sulfate reduction, seasonality was only
partially evident with the low March values, but
December rates were close to the summer values. This
is surprising, as the temperature dependence for sulfate reduction is even stronger than that of aerobic
mineralization (Thamdrup et al. 1998). In September
2002, high rates of sulfate reduction in the uppermost
sediment layers of both study sites suggest a recent
input of fresh organic matter, possibly by an autumn
algal bloom. In December 2001, the sulfate reducers
possibly profited from the mineralization of such an
algal bloom as reflected in only slightly lower pore
water DOC concentrations in winter as compared to
June and September 2002 (see Fig. 8).

Differences between the upper and
lower sand flat sites
Higher mineralization rates should lead to increased
concentrations of degradation products such as DIC
and nutrients. Indeed, the seasonal trend of oxygen
consumption rates was reflected in the solute concentrations at the upper sand flat site. Interestingly, this
was not the case for the lower sand flat, where nutrient
and DIC concentrations were not linked to season.
Depth-integrated sulfate reduction and aOCR were
comparable between both study sites and thus cannot
explain the observed 5 to 15 times higher concentrations of degradation products at the lower flat. Benthic
chamber incubations confirmed the similar oxygen
consumption rates for both study sites (Billerbeck et al.
2006) and comparable sulfate reduction rates between
both sites were also measured in another study at this
tidal flat (K. Bosselmann, Forschungs- und Technologiezentrum Westküste, Büsum pers. comm.). The
higher oxygen consumption at the lower flat in June
2002 was restricted to a 1 cm thick sediment layer (see
Fig. 2), suggesting the presence of buried organic
material such as macroalgae and may reflect spatial
variability. Nevertheless, the relatively low TOC con-
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tent of the sediment at both study sites during all seasons cannot explain the observed difference in pore
water metabolic products. In order to produce the
large difference in solute concentrations between the 2
sites observed in July 2003 and March 2004, mineralization rates (as estimated from aOCR) would need to
be about 10 times higher at the lower flat. As this was
clearly not the case, the high concentration of metabolic products and seasonal independence of these
concentrations at the lower sand flat points to a nonlocal source for the nutrients and DIC at this site.
As the Janssand sediment has a permeability permitting pore water flow, the exposure of the tidal flat during low tide and ensuing hydraulic gradient between
the pore water table and seawater level lead to
drainage transport of pore water through the sediment
from the upper flat directed towards the low water line
(Nielsen 1990). Tracer injections revealed that this
drainage affects at least the sediment layers down to
50 cm depth, with drainage transport velocities of 0.07
to 0.12 m d–1 (Billerbeck et al. 2006). Sedimentary
decomposition processes and drainage transport result
in a concentration increase of metabolic products towards the low water line. With the rather slow drainage
transport, about 1 to 2 yr are needed for the pore water
to travel the distance of 50 m from the upper flat to the
lower flat. Due to mixing and dispersion within the
sediment during this passage, seasonal fluctuations in
concentrations of metabolic products are evened out
and, thus, are absent at the point of emergence. Slow
pore water flows likely exist also below 50 cm sediment
depth with degradation products originating from the
large inner zone of the tidal flat. Such deep flows may
additionally contribute to the high pore water solute
concentrations at the lower flat sampling site.
In contrast to nutrients and DIC, DOC concentrations
followed a seasonal trend at the lower flat, similar to
the situation at the upper flat. We explain this observation with the different transport characteristics of dissolved and particulate material in the sand (Huettel et
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al. 1996) and the close link between particulate and
dissolved organic matter concentrations observed in
marine sediments (Ehrenhauss et al. 2004). Degradable organic particles, e.g. phytoplankton cells, are
retained in the uppermost sediment layer in permeable
sediment when water is filtered through the bed due to
drainage or bottom current driven sediment percolation (Pilditch et al. 1997, Huettel & Rusch 2000). The
degradation of this material may only cause a nonsignificant change in the nutrient concentration at the
lower flat site due to the relatively high background
concentrations; however, it may have caused the
noticeable seasonal changes in the DOC concentration
at that site and also at the upper flat site.
At the lower sand flat, drained pore water is discharged via the sediment surface from a seepage face
that extends from the low water line about 30 m upslope the tidal flat. As a consequence of this discharge,
reduced substances are highly concentrated also in the
upper sediment layer of the seepage face that is regularly flushed with seawater during inundation. The
contribution of chemical oxidation to measurements of
total oxygen consumption in the regularly oxygenated
sediment layer of the lower flat needs to carefully be
accounted for, especially during periods with high concentration of reduced substances at this site. This was
evident in the September 2002 measurement of pOCR
at the lower flat, where the repeated flushing of the
sediment resulted in a distinct decrease in oxygen consumption. Probably, the rates measured after flushing
the large pool of reduced substances out of the sediment may best represent the actual aerobic mineralization. At the upper sand flat, the contribution of
chemical oxidation to total oxygen consumption is
likely small in the regularly oxygenated sediment layer
(Polerecky et al. 2005).
Our results demonstrate that the nutrient recycling
by the filtration system sand flat works on 2 distinctly
different temporal and spatial scales depending on
tidal phase (Fig. 10):

Fig. 10. ‘Skin’ and ‘body’ circulation in an intertidal sand flat. During inundation, boundary flow-topography interaction causes
flushing of the surface sediment layer. Organic particles are filtered from the water, degraded and nutrients are returned
promptly. During exposure, drainage removes nutrient-rich pore water from the entire sand flat, providing a season-independent
nutrient source which acts as a buffer
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(1) ‘Skin circulation’, the filtration of water through
the surface layer of the sediment caused by bottom
flow-topography interaction during the inundation
period. This process flushes the upper few centimeters
of the sand bed, resulting in retention of degradable
organic particles in the surface layer and flushing of
metabolic products (inorganic nutrients, DIC) from this
layer. The spatial scale of these ‘skin circulation cells’
is in the order of centimeters and the time scale is in
the order of minutes to hours. Based on the measured
OPD and pore water solute profiles, an approximately
5 cm thick layer at the sediment surface is affected by
the skin circulation during periods of average currents
and waves (10 to 50 cm s–1 flow velocities at 10 cm
above the bed). For such settings and sediments with
similar permeabilities, laboratory measurements suggest filtration rates of 50 to 100 l m–2 d–1 (Huettel &
Gust 1992, Precht & Huettel 2003). This would result in
a filtration of 4 600 000 to 9 200 000 l d–1 during 9 h
average daily inundation when extrapolated to
245 000 m2 of the Janssand margin that is influenced
by infiltration and discharge. Solute concentrations in
these small and rapid circulation cells reflect tidal,
daily and seasonal patterns. The recycling of nutrients
of the small cells, thus, provides immediate feedback
to the ecosystem during inundation.
(2) ‘Body circulation’, the filtration of water through
the sand flat due to drainage of a thick sediment layer
(> 50 cm) during exposure. This ‘body circulation cell’
filters a large water volume (total discharge from the
Janssand margin about 170 000 to 300 000 l d–1, Billerbeck et al. 2006) through the body of the sand flat at a
relatively small pore flow velocity. Since the spatial
scales of this large flow cell are in the order of tens to
hundreds of meters, the residence time is rather long
with time scales in the order of years to tens of years.
This recycling, thus, is independent of seasonal oscillations and can act as a nutrient reservoir and nutrient
source during times of low nutrient concentrations in
the water column.
With the combination of a fast and a slow nutrient recycling system, the tidal sand filter rapidly responds to
organic matter input by instantaneous nutrient regeneration and release, while at the same time the sand flat
acts as a buffer for nutrients that is independent of
short-term and seasonal fluctuations. The rapid ‘skin
circulation’ feeds back nutrients only during inundation
and thus supports benthic and pelagic primary production within the intertidal area. ‘Skin circulation’ potentially filters about 15 to 50 times more water through the
Janssand sediments as the ‘body circulation’; thus, it
may be more significant for sedimentary metabolism,
the cycling of matter and nutrient remobilization in the
intertidal sands. However, the ‘body circulation’ carries
electron acceptors and dissolved organic matter into

and through the deeper sediment layers and thus,
tightly couples the decomposition processes in the
deeper sediments to the production processes at the
surface. The ‘body circulation’ returns nutrients only
during exposure of the tidal flat and contributes to the
increase in nutrient concentration of the Wadden Seawater during low tide (Niesel & Günther 1999). The
export of this nutrient rich water by tidal currents and a
decreased turbidity in the open North Sea can lead to
high primary production in a belt of coastal waters seaward of the barrier islands (Colijn et al. 1987, Colijn &
Cadee 2003). The ecological consequence of such a
recycling system operating on 2 different alternating
time scales is a dampening of short-term and seasonal
fluctuations in primary productivity through immediate
feed back as well as continuous nutrient return to the
system. Because the slow ‘body circulation’ releases
pore water only during low tide, this process may act
also as an efficient pump that removes metabolic products from the intertidal zone to the North Sea with the
tidal currents. This removal may be essential for maintaining the function of the intertidal sands as sites of
efficient organic matter turnover.
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