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PREFACE

This work is part of ongoing research on the exchange of matter between marine sediments and
the overlying water. The study, a subproject of the DFG graduate college "Material Flux in
Marine Geosystems" at Bremen University, was conducted at the Max Planck Institute for
Marine Microbiology. My project was initiated by a group of scientists there, who
investigate fluxes across the sediment-water interface and their consequences for sedimentary
biogeochemical processes. Supervised by Prof. Bo B. Jergensen and with Dr. Stefan Forster
and Dr. Markus Hiittel as my mentors, I focused on evidence and features of advective
interfacial transport in an intertidal sandflat.

During field work near Sylt island, even most adverse weather conditions could not deter
Martina Alisch from providing technical assistance. The co-workers of the BAH Wadden Sea
Station in List/Sylt kindly shared their lab space and their knowledge on the study area with
us. I appreciate Markus Hiittel, Stefan Forster and Bo Jergensen for inspiring discussions,
constructive criticism and experienced advice. My room-mate Jakob Zopfi and many other
colleagues created a pleasant atmosphere to work in, and dear friends kept encouraging me.

Finally, my parents are thanked for continuously supporting my pursuit of education.
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1. INTRODUCTION

1.1. Permeable shelf sediments

Shelf seas (water depth < 200 m) cover about 8 % of the oceanic surface area, and these
nutrient-rich nearshore waters contribute 18 - 33 % to the global marine primary production
(Wollast 1991). High productivity in a short distance from the sea floor leads to appreciable
amounts of detritus settling to the sediment. On the shelf, up to 50 % of the organic matter
produced in the water column reaches the bottom (Wollast 1991), providing a high potential of
sedimentary decomposition. Thus, shelf sediments, albeit marginal with respect to surface
area, are considered important sites of organic matter cycling.

Shallow coastal waters are an extremely dynamic environment, where fluid motions associated
with longshore and tidal currents, surface waves and internal waves reach down to the sea
floor and interact with the bottom sediments. In these highly energetic areas, small and light
particles are frequently resuspended, and coarser sand grains remain to form a fairly well
sorted, permeable sediment. Ensuing the peculiar hydrodynamic regime of shallow waters,
permeable sands are the prevalent sediment type on the continental shelves (Emery 1968,
Riedl et al. 1972).

The North Sea, a shelf sea covering approximately 6-10° km?, is hydrologically coupled to the
north-eastern Atlantic. Its intertidal areas, up to 20 km wide and comprising about 4600 km?
(Reise 1985), the so-called "Wadden Sea", experience large variations in waves, currents,
temperature and salinity on the time scales of hours to months (Kristensen et al. 1997). Near
the island of Sylt in the northern part of the Wadden Sea, a shallow bay (Konigshafen)
harbours extensive sandy flats. The present field study was conducted in a Konigshafen
sandflat with small waves and moderate near-bottom currents passing over a rippled
permeable sediment.

Study site in an intertidal sandflat of Konigshafen, near the island of Sylt.



1.2. Advective transport across the water-sediment interface

Transport of solutes and particles across and near the water-sediment interface involves
various processes, such as surface deposition, bedload transport, resuspension, bioirrigation,
bioturbation, percolation, evaporation, and wave- or current-induced advection. Given a
sufficiently permeable sediment, pressure gradients drive advective water flows into and out
of the bed. Heterogeneous pressure fields are generated by the passage of currents or gravity
waves over biogenic or physical bottom roughness. According to Bernoulli's law (1738), total
pressure remains constant along any streamline. Locally decelerated flow, as corresponding to
decreased hydrodynamic pressure, is linked to an increase of hydrostatic pressure, and flow
acceleration brings about a decrease of hydrostatic pressure. Thus, areas of high (static)
pressure develop at the front slope and behind protruding topographic structures, and (static)
pressure is low near the top of the obstacle. Gradients of less than 1 Pa cm™ can cause
significant advective water flows through the upper layers of sandy sediments (Huettel &
Gust 1992a).

This mound was exposed to non-erosive water flow (from left to right) in a
flume experiment (Huettel et al. 1996) to demonstrate advective transport of
water (pink) and small particles (black: lpm, blue: 10pum) through the
interstices of a permeable sandy bed. Photo provided by Markus Hiittel.

Advective interfacial fluid exchange depends on current velocity (Forster et al. 1996), wave
height and wavelength (Shum & Sundby 1996), topography height (Huettel et al. 1996), and
sediment permeability (Darcy 1856). Enhancing solute fluxes between the water column and
the sediment, advection can increase sedimentary oxygen utilisation (Forster et al. 1996,
Reimers et al. 1996) as well as manganese, iron and nutrient dynamics (Huettel et al. 1998).



So far, the dynamics of suspended particles following interfacial and interstitial water flows
have been examined in lab flume experiments using acrylic spheres (Huettel et al. 1996) and
diatom cells (Pilditch et al. 1998). These studies have demonstrated that advectively moved
particles penetrate the deeper into permeable sediments the smaller they are. With small
particles being not only most mobile, but also enriched in fresh organic material (Bordovskiy
1965, Tanoue & Handa 1979, de Flaun & Mayer 1983, Wiesner et al. 1990, Anton et al. 1993,
Mayer 1994, Lohse et al. 1995), their dynamics are of major importance to organic matter
turnover in marine sediments.

1.3. Organic matter in sandy sediments

Sandy marine sediments generally contain relatively small amounts of particulate organic
matter (POM). Their highly permeable upper layers allow for repeated supply and removal of
POM, that is liable to progressive degradation alternately by planktonic and benthic
organisms.

Sedimentary decomposition of organic material increases, when advective interfacial flows
carry dissolved oxidants into the bottom and remove inhibitory metabolites. Recent
investigations have shown that advective solute exchange can enhance early diagenetic
processes in organic-poor sands (Reimers et al. 1996, Jahnke et al. 1996). Low organic carbon
and nutrient concentrations in non-accumulating coastal sands, therefore, may rather reflect
high turnover rates than constrain activity (Huettel et al. 1998).

1.4. Objectives of the study

Current-induced solute fluxes into and out of permeable sediments have been investigated
using stirred chambers (Huettel & Gust 1992a, 1992b; Glud et al. 1996, Khalili et al. 1999),
laboratory flumes (Forster et al. 1996, Ziebis et al. 1996b, Huettel et al. 1998), and numerical
models (Khalili et al. 1997, Basu & Khalili 1999). Further flume experiments (Huettel et al.
1996, Pilditch et al. 1998) have focused on advective transport of particles into sandy
bottoms. All results, however, lacked confirmation in natural settings, which became a major
goal of my field study. This task was tackled by in situ experiments conducted in March
1998, using artificial sand cores exposed to the environmental conditions of a sandy tidal flat
in the Wadden Sea.

In the same sandflat, the natural sediment and the overlying water were sampled periodically
from July 1997 to July 1998. The resulting data set, complemented by the findings from the
semi-natural setting of the in situ experiments, was intended to assess the relative importance
of advective interfacial and interstitial flows in a natural marine environment. Moreover, this
one-year field study aimed to elucidate the temporal and spatial dynamics of POM transport
and early diagenesis in permeable shallow water sediments. My research addressed the effects
of advective interfacial exchange on microbial and geochemical processes in the upper layers of
a sandy shelf sediment, contributing to a better understanding of their role in marine organic
matter cycling.



1.5. Outline of the publications

My investigations entailed four articles submitted for publication in international scientific
journals. Two of them present the results of the in situ experiments (chapters 2.1. and 2.2.),
and the other two present the results of the one-year field study on natural sandflat sediment
(chapters 2.3. and 2.4.).

(1) Rusch, A. & Huettel, M.:
Advective particle transport into permeable sediments - evidence
from experiments in an intertidal sandflat

Markus Hiittel initiated the experiments, and I carried them out, evaluated the data and wrote
the manuscript. This article is accepted for publication in "Limnology and Oceanography".

(2) Huettel, M. & Rusch, A.:

Transport and degradation of phytoplankton in permeable
sediment

This paper comprises chamber, flume and field experiments performed by Markus Hiittel. He
wrote the manuscript and included some results from my in situ experiments. The article is
accepted for publication in "Limnology and Oceanography".

(3) Rusch, A., Huettel, M. & Forster, S.:

Spatial and temporal gynamics of particulate organic matter in
permeable marine sands

The study was initiated by Stefan Forster and Markus Hiittel. Realisation and evaluation were

up to me, who also wrote the manuscript. It has been submitted to "Estuarine, Coastal and
Shelf Science"

(4) Rusch, A., Forster, S. & Huettel, M.:
Bacteria, diatoms and detritus in an intertidal sandflat subject
to advective transport across the water-sediment interface

The contributions of the authors are the same as in the previous article. The manuscript has
been submitted to "Biogeochemistry".



2. SUBMITTED MANUSCRIPTS

Ripples at the study site, with occasionally observed
biodeposits of Arenicola marina.

,’ " E]
e
AP S
ik '/';‘?/. 7
"'[_\,'/ ,{'/"I"f; "‘/4 ’ 'J_
24 54 :<,/ /',"‘ 410,
o 4 '{ o [/"‘ i {
, » ‘4‘ R i 5
é v ,“/,‘ LA
,-/" B f ioid ‘\’
‘ /,’ T80 el ¥ |
. /L
Sediment core taken e A AT A
in September 1997. 10 pm A28

Brockmanniella brockmannii, a bloom-forming diatom

in Konigshafen. Slide by Friedrich Hustedt, custody of
AWI Bremerhaven.



2.1. Advective particle transport into permeable sediments

- evidence from experiments in an intertidal sandflat

Antje Rusch & Markus Huettel

Advective transport of artificial and natural particles into permeable sediments
was demonstrated in situ by field experiments in an intertidal Wadden Sea
sandflat. Using dyed sediment, advective interfacial solute exchange was shown to
reach down at least 1.5 cm below surface. Particle depth distributions depended on
sediment permeability and particle size. Sandy sediments were found to efficiently
trap particulate material. At the beginning of the local phytoplankton spring
bloom, an average m® of coarse-grained sediment received 850 mg organic carbon
per day by filtration of 14 L of overlying water per hour. We discuss the relative
importance of different transport mechanisms, and data from parallel studies on
natural sediments at the same site are interpreted in close correlation to the results
of the in situ experiment.



Introduction

Deposition and resuspension are considered a major link between water column and the
sediment (van Raaphorst et al. 1998), and on the inner shelf (water depth < 100 m) suspended
matter concentrations in the order of 0.1-1 g L' can occur (Eisma 1993). Here large amounts
of inorganic and organic particulate matter are constantly involved in deposition/resuspension
cycles, that move them into and out of the uppermost sediment layers. Friction velocities that
are insufficient to cause resuspension may move particles in rolling or saltatory bedload
transport (Dyer 1986). In rippled beds, material deposited on the surface is moved in the
troughs towards the lee side of the ripples, where it tends to be buried by sand grains
avalanching from the crest (Jenness and Duineveld 1985). Given this particular situation, the
mixed depth of the sediment does not exceed the amplitude of the migrating ripples.

Apart from these purely hydrodynamic processes, also biological activity contributes to
interfacial and subsurface transport. On a world-wide scale, biogeneous mixing, mainly due to
deposit feeding (Wheatcroft et al. 1990), reaches down to a mean depth of 9.8 cm + 4.5 cm
(Boudreau 1998), with near-surface horizontal mixing rates by far exceeding vertical ones
(Wheatcroft et al. 1990). Macrofaunal sediment reworking is generally considered the
prevalent biogeneous mixing process, but in organically enriched muddy sediments, also the
meiobenthos can be important for the rapid and shallow initial burial of sedimented
phytoplankton (Webb and Montagna 1993). Periodical irrigation of macrobenthos tubes and
burrows enhances interfacial solute exchange (Forster and Graf 1995; Marinelli and Boudreau
1996; Ziebis et al. 1996a), and suspended particles are cotransported with the irrigation
current.

Molecular diffusion generally dominates solute transport at the sediment surface (Glud et al.
1996), in cohesive sediments (Jargensen 1996) and at burrow walls (Forster et al. 1996; Ziebis
et al. 1996b). Over larger distances, however, convective water flows transport solutes and
suspended particulate matter more efficiently. Percolation of sea water by tidal filling and
draining of the porous sediment is important in the intertidal and a narrow subtidal zone
(Riedl et al. 1972). In coastal wetlands, evaporation and infiltration fluxes are segregated by
pore size (Harvey and Nuttle 1995). Convective flow after flooding is supported by water
loss and warming during exposure and by a high permeability of the sediment (Rocha 1998).
The influence of surface waves is especially pronounced in shallow water areas (Eisma 1993).
Internal waves, formed by various interactions of currents, bottom topography, surface waves
and tidal oscillations, can be much higher than surface waves (Kennish 1994) and may have
comparable impact on the bottom of deeper waters on the outer shelf and shelf slope. Flow
separations and persistent vortices, the dominant features in wave-induced oscillatory flows
over sand ripples, provide an efficient mixing mechanism immediately above the sediment and
enhance the vertical exchange of solutes between bottom and interstitial water (Shum 1995).
Pressure variations along a rough permeable bottom, generated by the passage of currents or
gravity waves, cause pore water circulation and increase solute fluxes across the sediment-
water interface to an extent that depends on sediment permeability, ripple slope, wave height,
and wavelength (Riedl et al. 1972; Shum and Sundby 1996).

Pressure-driven advective pore water flow into and out of permeable sediments is caused by
the interaction of near-bottom currents and biogenic or physical sediment roughness (Huettel
and Gust 1992a; Forster et al. 1996; Ziebis et al. 1996b). Interfacial fluid exchange depends on
the permeability of the sediment (Huettel and Gust 1992a), flow velocity (Forster et al. 1996)
and topography height (Huettel et al. 1996). In flume experiments, advective flow has been



shown to increase oxygen penetration (Ziebis et al. 1996b) and utilisation (Forster et al. 1996)
as well as manganese, iron and nutrient dynamics (Huettel et al. 1998). Advective cotransport
of fluid and suspended particles across the water-sediment interface has been demonstrated in
flume studies using 1 pm and 10 pm acrylic spheres (Huettel et al. 1996), 8 pum Dunaliella
cells (Huettel and Rusch 2000, in press) and Thalassiosira weissflogii, a diatom of 12 pm
equivalent diameter (Pilditch et al. 1998). Moreover, field experiments have been conducted on
phytopigment flux into coarse and fine sand (Pilditch et al. 1998), but results lacked depth
resolution and were probably influenced by effects occurring near edges. Another approach to
study advective interfacial particle transport in situ (Huettel and Rusch 2000, in press) has
proved flux and penetration depth of algae to depend on sediment permeability, but failed to
consider particle sizes. Nor were corresponding data of natural sediment from the same site
available.

Advective transport of solutes and fine particles across the water-sediment interface, albeit
well-studied in the laboratory and probably important for early diagenesis in shallow water
environments, has not received much attention in field studies yet. Our in situ experiments in
an intertidal sandflat consider the validity of results from flume studies, mainly addressing the
influence of sediment permeability and particle size on advective interfacial transport of
(organic) particles. The understanding and interpretation of data on particulate organic matter
(POM) dynamics at the same site (Rusch et al. 2000, in prep.) is improved by close
correlation to the in situ experiment presented here. It contributes to the discussion on the
ecological role of permeable shallow water sediments.

Methods

Study site

The field study was carried out in Konigshafen (55 °02' N, 008°26' E), an intertidal bay of
Sylt island (North Sea) with a mean tidal range of 1.7 m in its southern part (Austen 1997).
Water temperatures range between -2 °C and 23 °C (Reise 1985), salinities from 23 %o In
winter to 33 %o in summer (Kristensen et al. 1997). Near-bottom residual currents above the
sandy tidal flats are weakly flood-dominated (Austen 1994). For further details on
Konigshafen see Reise (1985).

Experiments were conducted 250 m offshore on a tidal flat in southern Konigshafen, where
bottom topography consisted mainly of 1 - 3 cm high ripples and the predominant direction
of tidal currents was SE/NW. Benthic macrofauna was comparable to that of sandflats with
short exposure time, which were thoroughly studied by Reise et al. (1994). During the
experiments in March 1998, current velocities at 2 cm above the bottom did not exceed 0.10 m
s”', waves were smaller than 0.2 m, and a phytoplankton bloom dominated by Brockmanniella
brockmannii and Skeletonema costatum had recently started. Sediment permeabilities,
measured in cores of 60 mm i.d. using the constant head method (Klute & Dirksen 1986),
ranged between 18 and 94-10"'? m? in the uppermost 4 cm and between 18 and 52:10"'% m?* in
4-8 cm depth. Median grain sizes in these depth intervals were 460 - 500 pm and 390 - 460
um, respectively.



Dye experiment to assess the depth of advective solute exchange

Three sediment cores (36 mm diameter, 10 cm long) were taken from the study site. After
staining the pore water with rhodamine, we re-inserted the cores into wells, that had been cut
into the sediment using equally sized tubes, and removed the coreliners. During the procedure,
no visible loss of the strongly dyed pore water occurred. Two days (i.e. 4 tidal cycles) later
the cores were retrieved, and the depth of dye removal was assessed visually.

Microbead experiment to investigate interfacial particle transport

Two hours before low tide, 3 artificial sand cores (28 cm diameter, 20 cm depth) were
carefully inserted into the natural sediment as shown in Figure 1, according to the following
procedure: The PVC coreliners, on the bottom side tightly covered by PE sheets, were
embedded in narrow wells and fixed by carefully consolidating the surrounding sand. Then
they were filled half with particle-free local sea water, before adding cleaned marine sand until
the saturated cores were level with the surrounding sediment. To ensure equal environmental
conditions, we aligned the cores within 2 m, with the line perpendicular to the main current
direction to avoid particle cross-contamination. We used cleaned marine coarse sand (grain size
500-1000 pm), fine sand (grain size 125-250 um) and "Sylt sand" (grain size median: 655 pm),
1.e. sediment from a sandy site nearby, that had been collected in September 1997, washed and
oven-dried.

fine sand
(k=18.3 x 1072 m%)

"Sylt sand"
(k=19.4x10"? m?

current

coarse sand
(k=126 x 10"* m?

50 cm

Figure 1: Experimental setup of the microbead experiment. Arrow indicates the prevailing
current direction in the study area.



Fluorescent microbeads (1 pm, 3 pm and 30 pm diameter; Duke Scientific Corp.) were
suspended in particle-free local sea water and poured around the edges of the cores in a ring of
2.5 cm width using a template. Particle densities were (2.60 + 0.98)-10" m?, (1.34 =
0.34)-10" m™ and (2.56 + 0.70)-10® m™ for the blue (1 pm), red (3 pm) and green (30 pm)
beads, respectively. Finally we carefully removed templates and coreliners.

After 13 hours (1.5 h before the next low tide), 5 cores (60 mm diameter) were taken from
each artificial core using Plexiglas® tubes; central ones were named A/B/C, marginal ones D/E.
At the same time, the water column was sampled nearby using PE-bottles, providing 6
parallels of 250 mL each. These samples were preserved by addition of glutaraldehyde (2 %
fina! concentration) and stored at 4 °C.

Pretest to estimate sampling bias

7 dm’ of each sand type described above were saturated with particle-free sea water in a
bucket. Aliquots of the microbead suspension used in the main experiment were spread over
the artificial sediment surfaces (particle density: '/,oo compared to the field study) and allowed
to settle for 10 minutes. Then we took 3 cores (60 mm diameter) from each bucket to quantify
any particle movement not induced by natural currents.

Sample treatment

After 8h storage at 4°C, the cores were sliced into 1 cm sections down to 20 cm (pretest
cores: 7 cm) depth. Each slice was carefully suspended in NaCl solution (32%o) and allowed to
settle for 20 s to separate fine particles (<70 pm). The resulting suspensions (ca. 40 mL) were
decanted into screw-cap or snap-lock glasses, the remaining sediment was once more retreated
alike. After addition of glutaraldehyde (2 % final concentration) the suspensions were stored
at4 °C.

Analyses

Two aliquots (equivalent to '/so - '/5) of each sample, including the water samples, were
filtered on polycarbonate filters (0.8 um pore size; Millipore ATTP) applying gentle vacuum.
The filters were examined by epifluorescence microscopy (Zeiss Axioskop), using a
magnification of 100x for counting the green beads and 400x or 1300x for counting the red and
blue ones. On each filter, each bead type was scored in 5 counting grids; in case of very few
green beads, the complete filter was scanned.

Two more aliquots of 50 - 200 pL of sample were stained with DAPI and filtered on
polycarbonate filters (0.2 um pore size, Millipore GTBP) applying gentle vacuum. On each
filter, epifluorescent bacteria were scored in 5 counting grids using a magnification of 1300x.
Diatom numbers and lengths > 10 um were obtained using a Fuchs/Rosenthal chamber and a
magnification of 400x. We scored benthic and planktonic forms (Pankow 1990), each sorted
into 5 length classes (10 - 15 pum, 15 - 20 pm, 20 - 25 pm, 25 - 30 pm, > 30 um).

Statistics

All statistics were performed according to Sachs (1997). We applied the Kruskal/Wallis test,
the Lord test, the estimation of standard deviations from the range of values and the (small)
number of parallels, and the Wilcoxon matched pairs signed rank test.

The Kruskal/Wallis test is performed as a rank test to find out, if a group of random samples
belong to a common total set. We had three random samples (sand types) of 5 observations
(subcores) each. Possible differences between the sand types with respect to the depth
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distribution and penetration depth of certain particles were examined for significance using the
Kruskal/Wallis test. It was applied to microbeads in the pretest and to microbeads and
diatoms in the main experiment.

After detecting a significant difference by Kruskal/Wallis, we compared the sand types by
pairs using the Lord test. This test is analogous to the Student-t test and compares the mean
values of two small (n = 20) random samples, using ranges instead of standard deviations as a
measure of variation. We applied the Lord test to the depth distribution and penetration depth
of microbeads of each bead size. Moreover, this test was used for each sand type to compare
planktonic and benthic diatoms of different size classes with respect to their depth
distribution and penetration depth.

For small numbers of parallels (usually n < 15), standard deviations must be estimated from
the range of values using a factor tabulated in literature. We applied this procedure to the
particle penetration depths given in Table 3. The Wilcoxon matched pairs signed rank test is
used to find out, whether the differences within the pairs are distributed symmetrically around
a median of zero. For a given pair of particle sizes, each of our 15 cores provided a pair of
observations, formed by the two corresponding depth distributions or penetration depths.
Applying this rank test, we set up an order of particle types with respect to particle shares
below 1 cm depth and to penetration depths.

In a strict sense, the subcore parallels are not statistically independent and the tests described
above therefore not applicable to our data set. The experiment would have to be conducted at
least in duplicate or triplicate to gain a suitable data set allowing for statistically proven
results. Hence, the outcomes of our statistical analyses should be regarded as probable trends,
keeping in mind that their significance indispensably requires the subcores to be independent
parallels.

Results

Dye experiment

No rhodamine was visible in the uppermost 1.0 - 1.5 cm of the cores that had been exposed to
calm conditions for 2 days. The boundary towards the strongly dyed sediment below was
slightly blurred (Figure 2).

Pretest

Significant differences in particle depth distribution between the different sediment types
could not be detected for any bead size (Kruskal/Wallis test). Thus, depth distributions in the
main experiment were directly comparable to each other.

Microbead experiment

After their exposure to tidal inundation, the surfaces of the artificial cores were still distinct
from the adjacent sediment and unaffected by visible particle deposition and lateral sediment
movement. Neither the artificial cores nor the surrounding natural sediment had a rippled
surface. Transient formation of small ripples during high tide, however, was likely in spite of
the calm weather. No macrofauna was found in the sliced cores.

Retrieval of microbeads, averaged over the sizes, was 9.3 % of the deployed tracer particles in
the coarse sand, 0.6 % in the fine sand, and 1.0 % in the Sylt sand. Depth-integrated numbers
of microbeads in all parallel cores of the different sediment types are given in Table 1. The
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beads were not evenly distributed over the areas of the artificial cores. For each sand type, we
considered the 3 subcores that received most tracer particles, and neither of these sets
contained all central cores (A, B, C) or all marginal ones (D, E), but two central and one
marginal core each.

sand type beads
coarse (500-1000 pm) A B C D E

30 um (green) | 24.0 [ 037 | 952 | 0.16 | 6.61

3 pm (red) 249 | 393 | 442 | 0.21 12.4

1 pm (blue) 293 | 1.84 | 47.5 | 0.28 | 12.9
fine (125-250 pm) A B C D E

30 um (green) | 0.42 | 1.03 | 0.99 | 0.11 1.37

3 pm (red) 034 | 0.50 | 0.58 | 0.22 | 0.32

1 um (blue) 0.42 | 0.83 1.16 | 0.38 | 0.63
Sylt (median: 655 pm) A B i D E

30 um (green) | 036 | 0.11 | 0.06 | 0.03 | 22.1

3 pm (red) 037 | 0.18 | 0.25 | 0.13 | 6.00

1 um (blue) 026 | 023 | 026 | 0.13 | 4.93

Table 1: Depth-integrated numbers of microbeads retrieved in coarse, fine and Sylt sand.
Green beads: -10°, red beads: -10%, blue beads: -10”. A - E: parallel cores.
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@
S
&
&

Figure 2: Retrieved cores of the dye experiment.
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In the following, particle depth distributions are treated in terms of "relative particle
numbers", 1.e. numbers within a depth interval divided by the depth-integrated total of the
respective profile. Figure 3 shows depth distributions of different artificial and natural
particles found in the coarse, fine and Sylt sand cores. Differences between these sand types
with respect to relative particle numbers were detected (Kruskal/Wallis test) for the green (o
=5.1%), red (o = 0.9 %) and blue microbeads (o = 4.9 %) as well as for 10-15 pm benthic
diatoms (a = 6.7 %) and for 15-20 um benthic (a0 = 4.8 %) and planktonic diatoms (o = 10.5
%). The latter consisted mainly of the bloom-forming Brockmanniella brockmannii.
Moreover, microbeads depth distributions were compared by pairs (Lord test); the results are
compiled in Table 2. Bacteria appeared to penetrate deeper into coarse than into fine sand
(Figure 3), statistical confirmation lacked parallel counts, though.

30 um (green) | 3 um (red) | 1 pm (blue)
coarse vs. fine 5% 1 % 5%
coarse vs. Sylt n. s. 1 % 1%
fine vs. Sylt n. s. n. s. n. s.

Table 2: Levels of significance (Lord test) of differences between particle depth
distributions. n. s.: not significant (a > 5 %)

Figure 3 (next page):

Depth distributions of microbeads (30 um: stippled, 3 pum: white, 1 pm: black), planktonic
diatoms (15-20 um: hatched) and bacteria (striped) in terms of relative particle numbers in
coarse, fine and Sylt sand cores. Within a row, the panels are arranged with respect to the total
number of beads found in the corresponding parallel cores (cf. Table 1). Profiles from particle-
rich and particle-poor cores are shown at the left and at the right, respectively.
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No significant difference in the depth distributions of diatoms could be detected (Lord test),
neither between planktonic and benthic algae of the same size nor between different size
classes of planktonic diatoms. For the following tests we averaged planktonic diatom numbers
over all size classes and compared them to the corresponding relative particle numbers of the
microbeads. The share of particles penetrating deeper than 1 cm was in the order (o = 5 %,
Wilcoxon matched pairs signed rank test): blue beads (1 um) > red beads (3 pm) > green beads
(30 pm) = diatoms (> 10 um). Relative numbers of bacteria (0.5 - 1 um) appeared similar to
that of the blue beads, though without statistical confirmation.

In nearly all profiles (exception: 30 um beads in coarse sand E), relative particle numbers
decreased exponentially with depth. The mean correlation coefficients were r* (beads) = 0.848
and r* (diatoms) = 0.668. The penetration depth was defined as corresponding to a decrease of
relative particle numbers by a factor e, i.e. 5.0% of the surface value. The penetration depths
of microbeads, diatoms and bacteria in each sand type are summarized in Table 3. Red (3 pum)
and blue microbeads (1 pm) penetrated significantly deeper into coarse sand than into fine and
Sylt sand (a0 = 1%, Lord test). Green microbeads (30 pm) penetrated deeper into coarse sand
than into fine sand (o = 1%, Lord test), but no significant differences to the Sylt sand were

detected (a0 = 5%, Lord test).

coarse sand fine sand Sylt sand
(500-1000 pm) | (125-250 um) | (median: 655 pm)
30 um beads 2.83+£0.54 1.33+£0.22 2354138
diatoms (>10 um) 3.04+0.19 2.11 £0.29 2.19+0.29
3 um beads 5.27 +0.68 2.53+£0.19 26241.03
1 um beads 5.32+0.77 2.59+0.46 3.10+£1.44
bacteria 2.51 (1 core) 3.66 (1 core) n. d.

Table 3: Penetration depths (in cm, mean of parallel cores) of differently sized
particles in coarse, fine and Sylt sand. As penetration depths of diatoms
did not significantly differ between the size classes, they were averaged.
Standard deviations were estimated according to Sachs (1997) from the
range of values and the number of parallels.

No significant difference could be detected (Lord test) between the penetration depths of
diatoms of different size classes. So the penetration depths of planktonic diatoms were
averaged over all size classes and compared to the corresponding ones of the microbeads. The
penetration depths were in the order (a0 = 5 %, Wilcoxon matched pairs signed rank test): blue
beads (1 pm) > red beads (3 pm) > green beads (30 um) = diatoms (> 10 pum). Bacteria (0.5 - 1
um) appeared to penetrate approximately as deep as the blue and red beads, though without
statistical confirmation.

The biovolume of planktonic diatoms, i.e. their abundance in a certain size class multiplied by
the corresponding average cell volume, summed over all size classes, was determined. In the
coarse sand (cores A, B, C) down to 5 cm depth it amounted to 4.97 cm® (m? sediment)™.
Provided that the cells had a density of 1.1 g cm™, a water content of 0.8 (w/w) and got into

15



the sediment within 13 h, the POM transport rate was 2.02 g (dwt.) m? d'. With
POC = 0.42 - POM (Rice et al., 1986), this corresponds to a net POC input rate of
850 mg Cory m? d.

The number of planktonic diatoms in the coarse sand (cores A, B, C) down to 5 cm depth that
were filtered from the water by 1 m” of sediment during the experiment equalled the number in
(178 = 74) L of bottom water. These calculations depend on the diatom size class with net
filtration rates increasing with the size of diatoms. Assuming that this water volume had been
passed through the sediment within the 13 h of the experiment and furthermore assuming
steady state, we obtained net areal filtration rates of (13.7 + 5.7) L m™? h™". These estimates
are net rates, as interfacial water flows carry particles not only into, but also out of the
sediment.

Discussion

Interfacial POM transport is an important link between the biogeochemical cycles of the
water column and the sediment. Our in situ experiments were designed to assess magnitude
and depth penetration of advective interfacial particle transport. We first discuss several
generally important transport mechanisms with respect to their possible impact on our
experimental results, followed by detailed considerations on the observed features of advective
transport: horizontal heterogeneity, influence of sediment permeability, and influence of
particle size. Our experimental data are compared to the results of earlier laboratory studies
and measurements in natural sandy sediments. Finally we discuss the implications of
advective interfacial transport on the cycling of organic matter in marine ecosystems.

Contribution of non-advective particle transport

We showed particle transport into sandy sediments within one tide, which generally could
have been facilitated by various processes. Biogeneous transport was hardly contributing, as
no macrofauna was found in the cores. Particles deposited on the sediment surface were not
buried deeply by migrating sand ripples either, as only small ripples could form due to the
quite calm current regime during the experiment. Nor could tidal percolation trap the
microbeads, because ebb tide began 8 h after start of the experiment, i.e. more than 5 h after
inundation of the study site, and during that time suspended beads would have been swept far
away. Particles already trapped in the sediment at the onset of ebb tide, though, could have
received some additional drag downwards by falling water levels. Convective flow caused by
evaporation and warming during exposure did not apply for this experiment, because the site
was exposed for less than 3 h and the sediment surface temperature was 6 °C, differing from
that of air, water and deeper sediment layers by less than 1 °C. During exposure the wind
speed was 3.4 - 4.3 ms™', corresponding to a wind force of 2 - 3 Bft. (Deutscher Wetterdienst,
unpubl. data), so evapotranspiration was negligible, too.

Dye experiments show advective solute exchange

The result of our dye experiment was the combined effect of bedload transport,
resuspension/redeposition and advection. Under the calm hydrodynamic conditions, however,
lateral transport and resuspension of the relatively coarse grains were negligible. The sediment,
comparable to the Sylt sand used in the microbead experiment, was sufficiently permeable for
advective pore water flow (see below), and dye removal reaching 1.5 cm down into the
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sediment thus can be attributed to advective interfacial water exchange. Mixing in the
interstices may have added to the dye removal by causing a dilution of the stained pore water.
However, the strong colour of rhodamine is visually well perceptible even when diluted by a
factor of 200 compared to our staining solution. Flushing the sediment with a water volume
exceeding 200 times its pore volume within only two days was hardly probable. Diffusion and
interstitial mixing could be responsible for the blurred boundary between stained and clean
sediment, but fail to explain the whole observation. As the main process we rather consider
advective flow pushing the stained water out of the cores without needing large water
volumes. The deformation of dyed vertical pore water stripes in an even finer-grained sandy
sediment (220 um) exposed for merely 3 h to flume water currents slower than 0.1 m s’
(Huettel and Gust 1992a) showed that rhodamine dye is pushed along the pathway of
advective pore water flow by the intruding and advancing front of bottom water. In finer-
grained sediments, like the artificial fine sand we used, advective flushing is relatively slow due
to lower permeabilities, and resuspension gains importance, as smaller grains are more easily
suspended. By contrast, in coarser-grained sediments, like our artificial coarse sand, the
relatively high permeabilities are expected to facilitate extensive advective flows, whereas
resuspension becomes less influential.

We conclude that the Konigshafen sediments permitted advective flushing and that the main
particle transport process in the microbead experiment was most likely advection, too,
although the two experiments were not conducted on the same day.

Horizontal heterogeneity in the microbead experiment

Each of the 3 artificial cores exhibited horizontal heterogeneity, that was consistent between
all bead sizes and not related to the distance from the core edge (Table 1). This uneven
distribution could be due to areas of high and low pressure created by the interaction of
currents with bottom roughness. Such pressure fields have been shown in laboratory flumes
for topography heights of 5-28 mm (Huettel and Gust 1992a ; Forster et al. 1996; Huettel et
al. 1996; Ziebis et al. 1996b) and 70 mm (Pilditch et al. 1998). As the principle also applies to
smaller topographic structures, bottom roughness and temporary ripples during our field
experiment were apparently sufficient to cause pressure heterogeneities as the driving force
for water and particle flows. Profiles from the coarse sand cores that trapped many particles
(Table 1) showed subsurface maxima, e.g. microbeads of all sizes in core E, 1 pm microbeads
and bacteria in core A and 15 - 20 um planktonic diatoms in core C (Figure 3), as well as 10 -
15 um planktonic diatoms in core C (Huettel and Rusch 2000, in press). These profiles reflect
the history of the cores with respect to pressure fields moving over them. When exposed to
locally high pressure, the sand was advectively supplied with particles, whereas subsequent
exposure to low pressure caused an upwelling of pore water. Apparently only close to the
surface, its velocity was sufficient to overcome friction, suspend and move particles (Huettel
et al. 1996). Another phase of high pressure may enter particles in the top layers again. In
core E, the second deposition may have started late during the experiment, when ebb current
velocities had already decreased below the threshold for remobilization of 30 um beads from
the surrounding sediment. In core A, only small particles were affected, indicating that this
area experienced weaker pressure changes, insufficient to move larger particles upwards. In
core C, only diatoms were slightly more abundant in 3 - 4 cm depth than in 1 - 3 cm depth. If
this subsurface maximum is significant at all, it might be caused by active rather than passive
movements of the algae. Profiles from coarse sand cores that trapped less particles (Table 1)
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were at first located in low pressure areas and later on received particles once, their relative
numbers thus decreasing exponentially with depth (Figure 3).

Besides pressure changes, also concentration changes or a patchy distribution of particles in
the bottom water are equally reasonable explanations for the observed profiles. Temporal and
spatial variations of suspended particle concentrations can be caused by changes in tidal
current velocity or by heterogeneous pressure fields.

Fine and Sylt sand cores probably were also exposed to migrating pressure/concentration
fields (or pressure/concentration changes at a given location). Due to their lower permeability,
however, advective transport was too slow to cause measurable changes in the particle
profiles within 10 h of inundation. Natural sandy sediments are constantly subject to changing
flow and pressure fields, and given enough time, advectively accumulate fine-grained material
in subsurface layers, even if they are less permeable than our artificial coarse sand. Natural
cores taken from the same study site between July 1997 and July 1998 contained maximum
concentrations of particles < 70 pm in 4 - 8 cm depth (Rusch et al. 2000, in prep.).

Sediment permeability as a key factor in advective transport

Our in situ experiment showed how particle transport into and in the sediment depends on the
permeability of the sediment. In the coarse sand, we retrieved one order of magnitude more
microbeads than in the fine and Sylt sands, and artificial as well as natural particles penetrated
deeper into the coarse than into the less permeable sands (Figure 3). Laboratory studies in
flumes and stirred chambers have shown that highly permeable sediments compared to less
permeable ones exhibit stronger and deeper-reaching influx (Forster et al. 1996) and efflux of
dyed water (Huettel and Gust 1992a, 1992b), deeper penetration of oxygen (Ziebis et al.
1996b), more intense oxygen utilisation (Forster et al. 1996) and larger deposition of diatoms
to the bed (Pilditch et al. 1998). Our in situ experiment demonstrated that interfacial fluxes
and particle penetration depths are also increased by high permeabilities, when the sediment is
exposed to a natural environment. Experiments in stirred chambers have shown that interfacial
particle fluxes, penetration depths and sedimentary degradation of the trapped algal cells
depended on the logarithm of sediment permeability (Huettel and Rusch 2000, in press). This
key factor of advective transport is influenced not only by the grain size of the sediment, but
also by its sorting and state of consolidation, animal burrows, benthic diatom mats, or
bacterial mats in the so-called versicoloured sandy tidal flats (Krumbein et al. 1994).
Moreover, the advectively caused subsurface accumulation of fine-grained material reduces the
permeability of the affected sediment layer, hence decelerating the pore water flow and
enhancing further deposition of the particles it carries. The degradation of organic fines, in
permeable sediments enhanced by advective oxidant supply, restores and maintains the long-
term non-accumulating feature and high permeability of sandy sediments. Enhanced organic
matter turnover may give rise to the formation of subsurface microbial biofilms, which in turn
decrease sediment permeability. Occasional erosion during stormy weather limits the
persistence of such biofilms and therefore may be an important process in keeping the
uppermost centimeters highly permeable. Contrasting our artificial sands, permeability in
natural sediments is horizontally and vertically heterogeneous, resulting in internal interfaces
that modify the flow and pressure field. Besides, natural sands are less well-sorted, ensuing a
different spectrum of pore sizes. Therefore our Sylt sand was only as permeable as our fine
sand in spite of its much higher median grain size.

The minimum permeability needed for advective interfacial fluxes of water and microalgae was
1 - 10" m* (Huettel and Gust 1992a) and 1.5 - 10"'* m? (Huettel and Rusch 2000, in press),
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respectively. This threshold corresponds to a relatively well-sorted fine sand (Huettel and
Gust 1992b). As a consequence of the shallow water hydrodynamic regime, permeable sands
are the prevailing sediment type on the continental shelves (Emery 1968; Riedl et al. 1972).
These areas are consequently important stages for advective interfacial transport to act on.

The role of particle size

Particles penetrated the deeper the smaller they were. Within the diatoms, depth distributions
did not significantly depend on particle size, because depth resolution was insufficient to
reveal differences between particles that hardly penetrated into the second slice of the cores.
On average, though, their depth distribution agreed well with that of the similarly big green
beads and therefore supported the finding of size-related particle penetration. Flume studies
have shown the following order of penetration depths in permeable sediments: fluid > 1 um
particles > 10 um particles (Huettel et al. 1996). Our in situ experiment demonstrated that the
penetration depth of advectively moved particles also depends on their size, when the
sediment is exposed to a natural environment. It further showed that naturally occurring
particles like diatoms and bacteria fit well into the results derived from artificial particles. The
calculation of penetration depths from the exponential decrease of relative particle numbers is
an attempt to put into numbers the qualitative statements derived from the significantly
different particle depth distributions and additional visual evaluation of the profiles. However,
it may be an oversimplification and prone to errors, but careful consideration of both
approaches probably yields reliable statements. From intuition and flume study results
(Huettel et al. 1996) fluids are expected to penetrate deeper than particles. So water
penetration down to 1.5 cm in the dye experiment (Figure 2) seems to be at odds with particle
penetration 2-3 cm down into the Sylt sand (Table 3). The two experiments, however, are not
directly comparable to each other, as they were conducted on different days. Besides, the
stained sand had not received the same pretreatment as the Sylt sand, resulting in slightly
different permeabilities. Furthermore, detection methods were different. With three quarters of
even the smallest tracer particles being trapped within the first centimeter of their way
downwards (Figure 3), interstitial flow velocities in the Sylt sand apparently decreased
drastically in the uppermost layers. Decelerated advective flows deeper down could move
small water volumes, sufficient to be traced by the particles they carried, but insufficient to
push away major volumes of dyed pore water. Additionally, at the boundary between the
stained and the advectively destained layers, a steep concentration gradient arose, and
rhodamine could diffuse upwards, thus decreasing the apparent fluid penetration depth in the
dye experiment.

Rates and velocities of interfacial particle transport

The mean net rate of bottom water filtration by the sediment calculated from our diatom data
was (13.7+ 5.7) Lm? h™' and, thus, slightly exceeded areal filtration rates of 0.5 - 6.8 L m™ h°
' derived from laboratory experiments with smooth sediments exposed to water flows in
flumes (Huettel and Gust 1992a, 1992b; Huettel et al. 1996; Pilditch et al. 1998). These
reported data points, however, were scattered over a broad range of grain sizes (170 - 1200
um), flow velocities (1- 10 cms™') and run times (5h - 7d), covering all but matching none of
our experimental conditions. Thus, dealing with 3 degrees of freedom, more precise
comparisons seem idle. Filtration rates calculated from planktonic diatom numbers tended to
increase with cell size. Big diatoms may settle faster onto the sediment surface and be less
easily resuspended than smaller ones. This difference in surficial net deposition rates could
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influence the relative distribution of cells in the water column and the sediment that our
calculations were based on.

Within 13h, particles penetrated at least 5 cm into our sediment cores, corresponding to a
mean transport velocity of 3.8 mm h™'. Vertical tracer velocities in the order of mm h™' were
also found in flume studies on smooth sediments under similar conditions (Huettel and Gust
1992a; Huettel et al. 1996). Not only topography and sediment permeability strongly
influence the vertical progress of fluid and particles, but also the position in the pressure field
(Huettel et al. 1996). In the field, the bottom currents change throughout the tidal cycle, thus
adding further variability to the advective interfacial and subsurface flow velocities. Moreover,
stronger bottom currents can cause the formation and migration of sand ripples. The resulting
horizontal movement of the non-stationary flow field triggers additional temporal variability
at a given spot.

Conclusions

We have shown in an intertidal sandflat that advective interfacial flows carry suspended
planktonic and benthic diatoms as well as bacteria and artificial tracer particles into permeable
sediments. We found horizontal heterogeneity and an impact of sediment permeability and
particle size. Several profiles showed clear signs of alternating exposure to high and low
pressure and resembled fine particle profiles from natural sediments of the same study site.
Our in situ experiment gives clear evidence that advective particle transport is involved in the
biogeochemical budgets of sandy shelf sediments. The extent of this advective influence
relative to other transport processes depends on the ecosystem under consideration. In
densely populated intertidal or subtidal areas, bioturbation and bioirrigation may dominantly
contribute to interfacial particle and solute fluxes. However, macrofauna also can enhance
advective exchange by increasing the permeability, the water-sediment interface area and
surface topography (Forster and Graf 1995; Marinelli and Boudreau 1996; Ziebis et al.
1996a). Shallow water sediments are strongly influenced by gravity waves and bottom
currents and well-supplied with particulate organic matter from the euphotic zone. Therefore
they are important sites of benthic mineralization to an extent that would not be possible
without advective transport across and below the water-sediment interface. Recurrent
resuspension and redeposition of the uppermost sediment layers gain the more importance the
finer the sand. Advective flows become slower and thus less effective, and the sediment gets
more selective with respect to particle size and shape. Nevertheless, dissolved oxidants,
bacteria and very fine-grained or dissolved organic matter may penetrate sufficiently deep into
fine sands to ensue an advectively caused increase of the sedimentary mineralization capacity.
From the diatom transport into the coarse-grained artificial core we roughly estimated an
advective POC input rate of 850 mg C,, m? d"'. Mineralization rates of sandy North Sea
sediments range between 10 and 555 mg C m? d' (Canfield et al. 1993; Upton et al. 1993;
Kristensen and Hansen 1995; Osinga et al. 1996; Boon and Duineveld 1998); in natural sands
from our Konigshafen study site we measured seasonally varying rates between 20 and 580
mg C m™? d”' (unpubl. data). Thus, mineralization and advective input of organic carbon were
in the same order of magnitude, emphasizing the important role of advective interfacial
transport for the carbon turnover in sandy shelf sediments. Considering that not only carbon,
but all kinds of solutes and fine-grained particulate materials are to some extent advectively
exchanged between the water column and the sediment, hydrodynamic processes may co-
determine the benthic ecology of the uppermost ca. 5 cm of sandy shallow water sediments.
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2.2. Transport and degradation of phytoplankton in

22

permeable sediment

Markus Huettel & Antje Rusch

In flume and field experiments we demonstrate that interfacial water flows,
generated when bottom currents interact with sea bed topography, provide a fast
and efficient pathway for the transport of suspended phytoplankton into
subsurface layers of permeable sandy sediments. The advective transport,
associated with small mounds and ripples as commonly found on shelf sediments,
increased penetration depth of unicellular algae (Dunaliella spec.) into sandy
sediment (permeability k = 4 x 10" m?) up to a factor of 7 and flux up to a factor
of 9 relative to a smooth control sediment. The pore water flow field produced a
distinct distribution pattern of particulate organic matter in the sediment with
subsurface concentration maxima and zones depleted of algae. Flux chamber
simulations of advective transport of algae into sands of different grain sizes
revealed increasing fluxes, algal penetration depths and degradation rates with
increasing permeability of the sediment. Two experiments conducted in intertidal
sand flats confirmed the importance of the advective interfacial transport of
phytoplankton for natural settings, showing permeability-dependent penetration
of planktonic algae into embedded sand cores of different grain sizes. The
significance of our results is discussed with respect to particulate organic matter
flux and mineralization in shelf sands, and we suggest the concept of a
decomposition layer.



Introduction

In contrast to muddy sea beds with low permeabilities, where transport of solutes is mainly
driven by diffusion, water can flow through marine sands, providing a fast carrier for the
exchange of substances between the water column and the upper sediment layers. Surface
gravity waves cause pressure oscillations that increase fluid exchange at the sediment-water
interface and dispersion of solutes within the bed (Harrison et al. 1983; Riedl et al. 1972;
Webb and Theodor 1968). Bottom currents deflected by sediment topography create small
horizontal pressure gradients that force water into the bed up- and downstream of protruding
surface structures and draw pore water to the sediment surface where the pressure is lowest
(Fig. 1) (Savant et al. 1987; Thibodeaux and Boyle 1987; Huettel and Gust 1992a). Huettel et
al. (1996) showed that the interfacial water flows can carry particulate tracers several
centimeters into sands. Shells of sea scallops on sandy sediment increase the deposition of
diatoms (Pilditch et al. 1998).

Permeable sands are most common in coastal environments (Riggs et al. 1996), and relict sands
cover approximately 70% of the continental shelves (Emery 1968). In these nearshore waters,
high nutrient concentrations boost phytoplankton growth to generate about 30% of the total
oceanic primary production in a zone covering less than 10% of the worlds ocean area (Walsh
1988; Wollast 1991).

Up to 50% of the organic matter produced in the water column on the shelf is decomposed at
the seafloor (Bacon et al. 1994; Rowe et al. 1988; Wollast 1991). Wind, waves and tidal
currents cause deep mixing of the water column, carrying phytoplankton cells to the bottom
(Jones et al. 1998). Velocity and turbulence of bottom currents in the shallow water, however,
exceed the settling velocity of the organic material by far counteracting deposition (Jago and
Jones 1998). Relatively high shear forces in the turbulent boundary layer break down
aggregates of organic matter, decreasing their size and sinking rate (Eisma and Kalf 1987;
Milligan and Hill 1998). Nonetheless, tight coupling of water column and sedimentary
chlorophyll indicate a rapid transfer mechanism for the incorporation of these particles into
the shelf bed (Burford et al. 1994; Buscail et al. 1995; Hansen and Blackburn 1992).

Filter feeding and bioturbation of benthic invertebrates enhance benthic-pelagic coupling (Aller
1978; Graf 1992; Rhoads 1973), but abundances of bottom dwellers decrease in frequently
resuspended sandy shelf beds (Emerson 1990; Ong and Krishnan 1995; McLachlan 1996).
Jenness and Duineveld (1985) suggest that in such environments, moving ripples enhance
burial of material, however, this process requires that organic material could settle on the
sediment surface during phases of reduced bottom currents.

The purpose of this study was to assess whether interfacial water flows, caused by boundary
flow-topography interaction, increase transport and degradation of suspended phytoplankton
in sands with permeabilties similar to those found in shallow shelf sediments. We conducted
flume experiments to investigate the process of the interfacial algal cell transport and two in-
situ experiments to demonstrate the effects of this process in the natural environment. A novel
chamber technique was used to investigate flux and degradation of Dunaliella cells in
sediments of different permeabilities. Based on our findings and data from the literature, we
suggest a concept of organic matter degradation for sediments of different water depths.
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Figure 1: Schematic of the advective pore water flow field under sediment topography exposed to
unidirectional flow in a straight open channel, and in sediment exposed to a rotating
water column in a stirred chamber. The solid curved line depicts the pressure distribu-
tion at the sediment water interface. Shaded areas mark the intrusion zones of water,
and the arrows in the sediments show direction and magnitude of the advective pore
water flows.
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Methods

Four flume experiments were designed to assess a) the intrusion of algal cells into a smooth
permeable sediment core (FLU-S), b) the impact of small mounds on the flux of algae from the
boundary layer into the sediment (FLU-M1, FLU-M2), ¢) the effect of a sediment ripple on
intrusion and distribution of algae cells within the sediment (FLU-R).

The recirculating flume had an open channel section of 200 cm length, 35 cm width and 12 cm
height. The sediment core was placed in a drop box (60 cm long, 35 ¢cm wide, 20 cm deep)
located 90 cm downstream from the channel entrance. The sediment consisted of medium
marine quartz sand (Table 1), depleted of any macrofauna and algae. Prior to the experiments,
the sediment was compacted by applying low frequency vibrations, and the surface was
carefully smoothed. Except for the control experiment (FLU-S), topography then was built on
the surface using the same sand. In FLU-M1 and FLU-M2, 10 small mounds (60 mm base
diam., 20 mm height) were built on the sediment surface, arranged to maximize the distance
between the mounds and to minimize flow obstruction for each other (Fig. 2). In FLU-R the
topography consisted of a sediment ripple (110 mm width, 30 mm height) built perpendicular
to the flow across the center of the sediment core.

The flume was filled with 160 L of filtered artificial sea water (salinity 35), to a water depth of
10 cm. A large propeller (17 cm diam.) located in the return circuit of the flume generated flow
without damaging suspended algae. The flow velocity in the open channel was adjusted to 10
cm s using a Mini Water™ flow sensor mounted 8 cm above the sediment surface at the
downstream end of the core (shear velocity: 0.33 cm s™', shear stress: 0.11 g cm™ s™). The
turbulent boundary layer (boundary layer Reynolds number Re, = 3400) above the smooth
control core had a thickness, z,, of = 3.8 cm. A thin opaque PVC sheet that covered the flume
prevented algal growth and evaporation, and a cooling unit kept the water temperature at 20
°C = 0.1 °C. Oxygen concentration in the flume remained > 95 % air saturation at all times.
Before addition of algae in FLU-S and FLU-M2, we measured oxygen concentration profiles in
the sediment with Clark-type microelectrodes as described by Revsbech (1989).

Suspensions of the planktonic unicellular algae Dunaliella spec. (8 = 6 pm diameter,
Chlorophyceae) were added to the flume at the beginning of each experiment to produce initial
chlorophyll a (Chl. a) concentrations in the recirculating water of 68, 103, 161 and 74 pg L™
for FLU-S, FLU-M1, FLU-M2 and FLU-R, respectively. After 3 (FLU-S, FLU-R, FLU-
M2), and 5 (FLU-M1) days, the flume water was drained and sediment subcores (26 mm
diam., 180 mm length) were taken at the locations depicted in Fig. 2; in the smooth control
core (FLU-S), 12 subcores were sampled from random locations. The subcores were sliced in 5
mm (FLU-S), or 10 mm (FLU-M1, FLU-M2) intervals down to 60 mm depth; in FLU-R, the
subcores were analyzed down to 70 mm depth (5 mm and 10 mm intervals). Algal cells and
sand grains were separated by resuspending the individual sediment slices four times in 50 ml
of filtered seawater and filtering the supernatant after 20 s deposition time. In the ripple
experiment (FLU-R), the supernatant was drawn on black polycarbonate membranes
(Nuclepore, 0.2 um pores) and Dunaliella cells were counted under a Zeiss Axiophot
epifluorescence microscope (excitation wave length 450-490 nm, magnification of 160x). In all
other flume experiments, Chl. a concentrations were used to quantify the concentration of
algae. Here, the supernatant was filtered through GF-F filters (Whatman, 2.2 um), and
subsequent rinsing with filtered sea water assured that only Chl. a contained in algal cells was
measured. The Chl. a content of the filters was analyzed spectrophotometrically according to
Rowan (1989).
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median sorting permeability [ porosity
(um) P75/P25 | (x 102 m?) | (% ofvol)

flume experiments
FLU-S, FLU-R, FLU-M1, FLU-M2
all cores 350 1.5 40.5 32
chamber experiments
CHA-1
core 1 187 1.4 7.1 20.8
core 2 187 1.4 7.0 21.0
core 3 B 1.4 28.5 20.2
core 4 379 1.4 30.5 20.0
core 5 750 1.4 113.9 20.1
core 6 1500 1.4 455.4 20.4
CHA-2
core 1 105 2.4 0.2 47.2
core 2 150 1.9 4.6 35.6
core 3 600 2.3 72.3 32.1
core 4 1050 3.2 2231 32.2
field experiments
FLD-1
core | 200 1.6 11 20.8
core 2 500 1.7 67 20.5
core 3 1150 1.9 346 20.0
core 4 2000 1.7 1027 20.4
core 5 200 1.6 1l 20.5
core 6 500 | ) 70 21.5
core 7 1150 1.9 350 20.5
core 8 2000 | 1015 20.0
FLD-2
core 1 187 1.4 18 20.8
core 2 750 1.4 126 204

Table 1: The characteristics of the sands used for the flume and field experiments.
Permeabilities were measured with a standard constant head permeameter.
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Figure 2: Top view of the sediment cores in the flume experiments. The upper panel shows
the positions of the mounds (large shaded circles) and the locations of the sediment
subcores taken after the experiments (small open circles). The lower panel depicts
the positions of the ripple and the sediment subcores taken after the experiment.

27



In two chamber experiments we investigated a) the penetration of algal cells into sieved sands
of selected grain sizes (CHA-1), b) the penetration of algae into natural sediments of different
permeabilities (CHA-2), ¢) the degradation of algal cells in the sieved and natural sediments
(CHA-1, CHA-2).

In a centrally stirred chamber, a pore water flow field can be generated in the incubated
sediment core that is similar to that produced by bottom currents interacting with sediment
topography (Fig. 1). The rotating water column over the smooth sediment core creates a radial
pressure field with lowest pressure at the center of the sediment surface and highest pressure
at the outer rim (Huettel and Gust 1992b). The pressure distribution along the diameter of the
incubated sediment compares to that along the cross-section of a sediment ripple
(perpendicular to crest) exposed to two-dimensional flow (Huettel and Gust 1992a). By
selecting the appropriate diameter and stirring speed, the chamber, thus, can be used to mimic
the pressure gradients at a ripple of common size. In permeable sands, the radial pressure
gradient in the chamber forces water into the sediment at the outer rim of the incubated core.
The water flows on a curved path through the sediment towards the center of the sediment
surface, where the pore water emerges (Huettel and Gust 1992b). Tracer experiments and
calculation of the vorticity vectors show that the rotational movement of the water column is
not transferred to the pore water (Khalili et al. 1997). For further details of flow and pressure
fields in cylindrical chambers we refer to Basu and Khalili (1999); Glud et al. (1996); Glud et
al. (1995).

We combined six (CHA-1) and four (CHA-2) cylindrical chambers (19 cm 1. diam., 28 cm 1.
height, 8 L volume) for sediment incubations (Table 1). One additional chamber was divided
horizontally by a false bottom with two pressure ports (one in the center, one 8.5 cm away
from the center) into an upper compartment containing the water and a lower compartment
housing a differential pressure gauge (Effa GA 63) connected via stiff tubing to the ports. The
water in all chambers (2.5 L each) was stirred by flat disks (17 cm diameter) rotating 7 cm
above the sediment cores (5 dm’ each). All axes of the stirring disks were connected via
toothed belts to a DC servo-motor and rotated at exactly the same constant angular velocity.
The motor was controlled by a computer that used the signal of the pressure gauge to adjust
the rotation of the stirring disks to the selected pressure differential (0.1 Pa cm™) that equaled
the differential previously measured at a ripple exposed to two-dimensional flow (Huettel et
al. 1996). All chambers were kept in a temperature bath (20°C) and covered by an opaque
sheet excluding all light.

In CHA-1, we incubated 4 different sieved sands of selected grain sizes, with grain size
medians ranging from 187 um to 1500 (Table 1), and the control chamber with false bottom
simulated an impermeable sediment core. After insertion of the water-saturated sand cores,
filtered seawater (S = 35) with Dunaliella was carefully added to each chamber producing an
initial Chl. a concentration of 100 pg L™'. A plastic sheet covering the sediment prevented
mixing of algal cells into the sands during the filling procedure. After 72 hours, the overlying
water in each chamber was drained and analyzed for Chl. a content. In addition, 7 sediment
subcores (20 mm diam., 100 mm length) were taken across each chamber. These cores were
sliced (5 and 10 mm intervals), and sediment slices of the same depth layer were pooled to
average Chl. a concentrations over the core diameter. Dunaliella cells were extracted from each
depth layer as described for FLU-S. Extraction efficiencies were assessed by adding Dunaliella
suspension of known concentration to 250 ml bottles containing the different sands and
subsequent extraction, yielding 80 + 6% for 175 pm sand, 83 + 5% for 375 um sand, 86 = 6%
for 750 um sand and 86 + 6% for the 1500 um sand.
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In CHA-2, 4 natural sand cores with different grain sizes (Table 1) were placed in the
chambers. These cores that originated from the German Bight (North Sea, 54° 8' N; 7° 32' E)
were mixed and kept in a dark cold room for 7 months prior to the experiment to allow
decomposition of algal material and chlorophyll. The initial Chl. a concentration in the
chamber water after addition of Dunaliella was 540 pg L. After 144 h, the entire sediment
cores were sliced (1, 2, 5 and 10 mm intervals), and the algal cells were extracted from each
slice and analyzed for Chl. a as described for FLU-S.

Two field experiments were conducted to investigate algal transport into sediment under field
conditions. The experiments were performed in intertidal sand flats at the German North Sea
coast that combined accessibility and natural current and wave conditions. The first field
experiment (FLD-1) was carried out in a sand flat close to Sahlenburg (53° 9' N; 8° 6' E), mean
tidal range in this area is 1.2 m. Two sets of 4 different sand cores (280 mm diameter, 300 mm
height, grain sizes: Table 1) that were saturated with filtered sea water were inserted into the
sediment approximately 100 m seaward from the mean high tide line. During the following
high tide, 3 x 500 ml water samples were collected and preserved (2% glutaraldehyde) for
POC analyses. After 12 h, including one inundation period of 10 h, one (seaward set) and two
(landward set) sediment subcores (36 mm diameter, 200 mm length) were taken from the
center of each imbedded sand core. These subcores were sliced immediately into 10 mm (one
set) and 5 mm (two sets) intervals, down to 100 mm depth. The subcore segments were
brought to the laboratory in a cooler, and algal cells were extracted within 2 h after retrieval
following the same procedure as described for FLU-R. All intact fluorescent algal cells were
counted.

The second field experiment (FLD-2) was carried out in Konigshafen (55°02'N, 8°26'E), an
intertidal bay of Sylt island with a mean tidal range of 1.7 m (Reise 1985). Two artificial sand
cores (grain sizes: Table 1) were inserted at low tide into the exposed sand flat sediment
approximately 250 m offshore. In order to trace penetration of particulate matter into the
experimental cores, fluorescent microbeads (3 pm diameter, density 1.05 g cm™; Duke
Scientific Corp.) suspended in particle-free North Sea water were poured on the sediment
surface around the cores in a ring of approximately 25 mm width and leaving 20 mm distance
from the outer edge of the core using a template. Tracer particle abundance in the rings was
(1.34 £ 0.34) x 10"" m™. After one tidal inundation of 10 h, 2 subcores (60 mm diam., 200 mm
length) were taken from each artificial core and sliced into 10 mm sections down to 200 mm
depth. Algae and beads were extracted from the segments and counted as described for FLU-R.
Benthic and pelagic algae were counted separately, and here we report the results for the
planktonic diatoms in the size range of 10 to 15 pm, which was the size range closest to that
of Dunaliella. In field and chamber experiments, the maximum penetration depths of algae was
defined as the depths where the exponential functions fitted to the Chl. a depth distributions
reached 0.01 pug cm™.
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Results

Reference flume experiment (FLU-S).

Advective pore water transport in the smooth sediment core was relatively small. Oxygen
penetration into the core did not exceed 7 mm depth (Fig. 3), while diffusive oxygen
penetration under stagnant water conditions reached to 3-5 mm. However, the sediment
subcores taken at the end of the experiment revealed that algal cells had penetrated into the
sand. 72% of these cells were trapped in the upper 5 mm, the rest were found between 5 and
10 mm depth (Fig. 4). Integrated over the whole depth of the subcores, we recorded 11.1 + 3.7
mg Chl. am?, which corresponds to a flux of 3.7 + 1.2 mgC m™ d”' (Table 2).

Flume sediment cores with mounds (FLU-M1, FLU-M2). Oxygen penetrated 25 mm deep at
the upstream edge of the mounds (FLU-M2, Fig. 3) revealing intrusion of oxygen-saturated
flume water into the sediment core. With these interfacial flows, suspended algae were carried
into subsurface sediment layers (Fig. 4). Consistent with the oxygen distribution, maximum
penetration depths of Dunaliella were recorded at the upstream edge of the mounds, however,
algae penetrated deeper than oxygen and cells were found down to 40 (FLU-M1) and 50 mm
(FLU-M2). Due to the interfacial transport, topography increased the trapping efficiency of
the sediment. Advective infiltration of algae produced carbon fluxes exceeding that of the
smooth reference FLU-S by factors of 2.1 (FLU-M1) and 1.7 (FLU-M2, Table 2).

average in average in [ normalization | normalized flux | increase [tracer derived normalized flux|
water sediment core tactor by factor | flushing rate| calculated

column using flushing
rate

mgCL' | mgCm? mg Cm™d’ Lm?d' [mgCm?d’
FLU-S |[08=+0.7| 11.1 +£3.7 1.5 3.7+1.2 1.0 ¥i 5.6
FLU-M1({05+03 [ 13.2+7.6 Lt 7.6 +44 2:] 28 23.8
FLU-M2(|24+1.153.7+33.2 0.4 §.34£39 byl 28 26.9
FLU-R [1.0+£0.8 [113.8 +88.8 0.9 335+ 262 9.1 60 54.0

Table 2: Organic carbon imported into the sediment calculated using the chlorophyll data
recorded in the sediment cores and a chlorophyll to carbon ratio of 1:20 (Sims 1993;
Verity et al. 1993). The normalized flux column lists the fluxes calculated assuming
same average flume water carbon concentration in all experiments. For this
normalization we divided the average water carbon content measured in FLU-S by the
average water carbon content of the respective experiment. For flux calculations in
FLU-M1, which ran longer than the other flume experiments, we took the average
water carbon content measured in the last 3 days of the experiment. The average
carbon content in the sediment was calculated by integrating the carbon content of all
subcores, and in the ripple experiment by integrating the areas of equal concentration
(Fig. 5) and subsequent summation. The tracer-derived flushing rates were calculated

from dye tracer experiments performed in similar sediment with similar topography
(Huettel and Gust, 1992, Huettel et al. 1996).
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Figure3: Oxygen penetration depths measured with microelectrodes in the second mound
experiment (FLU-M2) and the in the smooth surface experiment (FLU-S).
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Figure 4: Chlorophyll g concentrations in the sediment cores with smooth surface and surface
with mounds. Dark-gray bars represent Chl. a in sediment subcores taken in the
center of the intrusion areas, upstream of the mounds, light-gray bars Chl. g in sedi-
ment subcores taken perpendicular to the mounds (compare Fig. 2).
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Flume sediment core with ripple (FLU-R).

Upstream of the ripple, where water intrusion was strongest, algal cells were transported
down to at least 70 mm depth (Fig. 5, the lower boundary of algal distribution was not reached
by the subcores). The downstream penetration was less pronounced and restricted to the
upper 50 mm of the core. In the center transect, maximum cell concentrations were recorded at
10 mm depth, below the upstream slope of the ripple (299 = 43 x 10° cells cm™). Low

numbers (< 6 x 10° cells cm™) were counted where pore water from deeper sediment layers
was drawn to the surface. The side transect showed a similar distribution of algae, but due to
the side wall effect in the flume (reduced flow speeds and pressure gradients), the advective
transport of Dunaliella into the sediment was not as strong (maximum 219 £ 25 x 10° cells
cm™ at 5 mm depth) and reached less deep (Fig. 5). Integration of the cell numbers found in
the center and side transect resulted in a flux of 33.5 + 26.2 mg C m™ d”', the 9.1- fold of that
recorded in the smooth control core.

Chamber experiments (CHA-1 and CHA-2).

Algal penetration depth increased with grain size (Fig. 6) and sediment permeability (Fig. 7).
In CHA-1, algae reached 18, 26, 42 and 56 mm depth in the 187, 375,750 and 1500 pm sands,
respectively. Because the natural sediments were less well sorted (Table 1), penetration
depths in CHA-2 were lower (5, 12, 18, 26 mm for 105, 150, 600 and 1050 pm sands). The
coarser the sands, the more algae were transported into the sediment cores. The different
filtration rates could be observed visually during the experiments (Fig. 8). At the end of CHA-
1, the algal concentration in the water overlying the coarse sand had dropped to 4 % of the
initial concentration, while in the very fine sand the concentration had decreased to only 31%
(Fig. 9, Table 3). The amount of Chl. a trapped by the sediment surface layer (upper 5 mm)
dropped with increasing grain size and accounted for 9% to 6% of the Chl. a decrease in the
chamber water. Some sedimented algae accumulated in the “calm zone” in the center of the
surface of the 187 um and 375 pm sands (these algae were included in the final water column
Chl. a content), no such accumulations formed on the 750 um and 1500 pm sands. The total
volume of Chl. a found below 5 mm sediment depth increased with permeability, and
accounted for 8% (187 pm sand) to 13% (1500 pm sand) of the Chl. a decrease in the chamber
water. The coarsest sand contained twice as many cells as the finest sand. CHA-2, with the
natural sediments from the North Sea, confirmed the results of CHA-1 (Fig. 9, Table 3). Final
concentrations of algae in the water overlying the coarse sand had decreased to 6% and in the
muddy silt to 33% of the initial concentration. Sedimentary Chl. a reached maximum values in
the coarsest sand. In contrast to CHA-1, the relative number of algae trapped by the surface
proper increased with grain size.

The total number of phytoplankton cells that could be recovered from the chambers decreased
with increasing permeability of the sediments (Fig. 9, Table 4). While 61% and 34% of the
initially added cells could be regained from the chambers with “impermeable” bottom (CHA-1:
chamber with false bottom, CHA-2: chamber with 105 pum sand), only 24% (CHA-1) and
17% (CHA-2) were found in the chambers with coarsest sands. Due to the longer duration, the

total number of cells recovered from the chambers in CHA-2 was relatively lower than in
CHA-1.
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Figure 5: Isoline diagrams generated from algal cell counts in subcores retrieved along
center and side transect upon termination of the ripple experiment (FLU-R).



Sediment final C content difference to flux into found in [POC degradation
permeability|of water and surfacel "impermeable"| sediment | sediment in sediment
m’ ng C ng C mgCm?>d'| pgC mg Cm?*d’
CHA-1
4.6x 10710 551 2515 30 669 22
1.1x 1071 1053 2013 24 648 16
2.8x 10710 1838 1227 14 470
7.1 x 10" 1981 1084 13 407
0 3066 0 0 0
CHA-2
22% 107 2613 6244 37 1916 25
73 x 1071 3991 4867 29 750 24
4.6x 10" 5809 3049 18 654
23x 10" 8858 0 0 0

Table 3: Carbon fluxes and sedimentary POC degradation rates (degradation = cell loss)
calculated for the chamber experiments and assuming 30 pg C per Dunaliella cell
(Sims 1993; Verity et al. 1993). Initial POC input in each chamber was 5 mg in CHA-
1 and 27 mg in CHA-2. For CHA-1 sediments with same permeabilies the average
values are listed. -

CHA-1
impermeable | fine sand | medium coarse very
bottom sand sand coarse
sand
permeability| m? 0 7.1E-12 | 2.95E-11 | 1.1E-10 | 4.6E-10
not degraded % 61 48 46 34 24
max. degraded % 39
in water
min. degraded % 0 13 15 27 37
in sediment
CHA-2
cohesive fine sand | medium coarse
mud sand sand
permeability | m? 2.2E-13 4.6E-12 7.2E-11 | 2.2E-10
not degraded % 34 25 18 17
max. degraded % 66
in water
min. degraded % 0 9 16 17
in sediment

Table 4: Degradation (= cell loss) of algae in the different chambers. Calculations are based on
the numbers of intact Dunaliella cells found in the chambers. The number of cells that
was degraded in the chambers with "impermeable” bottom/sediment provided the
maximum number of cells that were degraded in the water columns and surface. For
CHA-1 sediments with same permeabilies the average values are listed.
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Figure 8:

36

The upper picture shows the chambers with 1000-2000 um (left), 125-250 um
(middle) and 250-500 um (right) sands on the last day of CHA-1. In the chamber
with the coarsest sand, the Dunaliella cells had almost disappeared from the
water column, while in the fine sand (middle chamber) most cells were still in
the water and alive. The lower graph depicts Dunaliella cells in the interstices of
125-250 pm sand demonstrating the space available for the algal transport with
pore water flows.
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Field experiments (FLD-1, FLD-2).

At the time of experiment FLD-1, wave amplitudes were less than 20 cm and tidal currents at
the study site reached maximum velocities of 18 cm s™ at 10 cm above the sediment surface.
Water samples taken at 5 cm above bottom had a particulate organic carbon (POC) content of
177 + 19 mg C dm™. Lateral sediment movement was negligible; at the end of the experiment,
the surfaces of the embedded cores were not covered by surrounding sediment, however, small
wave ripples had formed on the sands (amplitude < 15 mm). During submergence, benthic and
planktonic algal cells were transported into the embedded sand cores (Fig. 10). As found in the
laboratory chamber experiments, penetration depth of algae grew linearly with the logarithm of
sediment permeability (Fig. 7) and reached 12 + 10 mm (200 pm sand), 22 = 7 mm (500 pm),
29+ 3 mm (1150 pm ), and 38 + 10 mm (2000 um). The total number of algae cells found in
the sediments increased from (20 + 15)x 10° cells cm? in the 200 um sand to (496 =
637) x 10° cells cm™ in the 2000 um sand (Table 5).

Weather and current conditions during FLD-2 were very similar to those in FLD-1; wave
height was less than 20 cm, bottom currents did not exceed 15 cm s and sediment erosion
was minimal. A water sample taken shortly after inundation contained 238 x 10°
phytoplankton cells per liter. Penetration depths of phytoplankton cells of the 10 to 15 um
size class increased from 20 £ 1 mm in the 187 pum sand to 35 = 2 mm in the 750 pm sand.
The fluorescent tracer beads (3 pm) were transported deeper, reaching 27 £ 3 mm and 65 + 7
mm sediment depth in the 187 pm and 750 pum sands, respectively. The 750 um sand
contained 1.8 times as many algal cells as the 187 pm sand (Table 5).

permeability algae per area flux factor
(m?) (x10° cells cm™) (mgCm™>d")
FLD-1
1.0E-09 496 + 637 297 + 382 24.7
3.5E-10 58 + 68 35 +41 2.9
6.7E-11 21+£24 13+ 14 1.0
1.1E-11 20+ 15 12+9 1.0
FLD-2
1.3E-10 159 + 86 95 + 52 1.8
1.8E-11 89+ 6 54 +4 1.0

Table 5. The number of algal cells found in the sediment cores embedded in the intertidal sand
flats. In FLD-1 all algal cells were counted. The counts listed for FLD-2 include only
the planktonic diatoms in the size class 10-15 um. Carbon fluxes were calculated
assuming an average C content of 30 pg per cell.
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Discussion

Due to their specific weight close to that of sea water, sedimented planktonic algae are
resuspended by even the slightest boundary flow. In the shallow shelf, waves and strong
bottom currents, thus, hinder the deposition of sinking phytoplankton. Frequent resuspension
of the upper sediment layers periodically removes fine particles (Churchill et al. 1994; Grant
et al. 1997) and exopolymeric substances from the sandy sea bed and impedes settling of
benthic organisms, thereby maintaining high permeability and “clean” appearance of the sands.
Our experiments demonstrate that in such an environment advective interfacial water flows
provide a rapid and direct pathway for suspended phytoplankton cells into permeable
sediment. With a particle Reynolds number of approximately 6 x 10, path and velocity of the
algal cells in our flume water were mainly controlled by the turbulent flow. The latter kept the
algae in suspension, and visible accumulation of algal cells on the sediment surface did not
occur. Contrasting this visual appearance of a “non-accumulating”, “clean” sand bed, the
analyses of the sediment revealed infiltration and deep penetration of algae into the sand when
topography was present. The sand acted as efficient POM trap.

Interfacial transport.

Two mechanisms were responsible for the transfer of algal cells into the sediment: Interfacial
water exchange caused by shear and water exchange driven by topography-related pressure
gradients. The relatively high permeability of the sediment permitted extension of the
boundary layer velocity profile into the sand, with shear generating pore water flows in the
upper 2 to 3 millimeters of the sand (Beavers and Joseph 1967; Brinkman 1947). Ensuing
dispersion in this porous layer enhanced fluid exchange with the overlying water (Webster and
Taylor 1992). The oxygen profiles measured in the smooth flume core (Fig. 3) were shaped by
this exchange process; concentrations in the upper 2 millimeters of the sand did not decrease
but below that flushing depth they dropped sharply. This shear-driven interfacial water
exchange was responsible for the penetration of algae into the upper 5 mm of the sediment we
found in the smooth control core (FLU-S, Fig. 4). Penetration of some algal cells below 5 mm
in this core is attributed to surface heterogeneities. Huettel and Gust (1992a) showed that even
surface roughness in the millimeter-scale can enhance interfacial transport in permeable sands
exposed to flow. Algae penetrated more than 70 mm into flume sediment with topography. In
contrast to the shear-induced exchange that is dominated by surface-parallel pore water flows,
the topography-related pressure areas force water at steep angles into the sand up- and
downstream of protruding surface structures (Fig. 1). The ensuing pore water flow field causes
a distinct distribution of POM in the sediment with concentration maxima and minima (Fig. 5).

Limiting factors.

Transport of suspended algae into and within the sediment is limited by the size of open
pores in the sand and the characteristics of the cells. Extrapolation of the recorded penetration
depths sets the limit of advective algal transport to sand with a permeability of 1.4 x 102 m?
and approximately 100 pm grain size (Fig. 7). An increase of interfacial solute fluxes due to
advective pore water flows can be measured when sediment permeabilities exceed 1 x 10™'? m?
(Huettel and Gust 1992a; Huettel et al. 1998). Transport of algal cells into the sediment, thus,
was found for almost the same permeabilities that facilitate detectable advective pore water
flows, emphasizing the role of tight coupling between cell and water movement. In a well-
sorted sediment with relatively spherical sand grains of 350 pm diameter, like the one we used

40



in the flume experiments, the pores have a diameter of about 30-50 pm. With an average
diameter of 8 = 6 um, the Dunaliella cells could easily be transported through these pores
(compare relation to pore space in 125-250 um sands, Fig. 8). Penetration depth was
determined by size, shape, density, and surface characteristics of the algae, and in case of
living cells, also their own movement. The spherical shape of Dunaliella, its elasticity and
smooth, non-sticking cell surface reduced the friction between algae and sand grains. We found
moving Dunaliella cells in the sediment samples, showing that living cells were transported
into the sand. Motility facilitates advective transport of living cells within the sediment by
increasing the fraction of time the cells spend in a detached versus an attached state
(McCaulou et al. 1995). However, Dunaliella cells can move considerably faster (ca. 200 pm
s7!, Aleev 1991; Marano et al. 1989; Schoevaert et al. 1988) than the maximum velocity of the
advective pore water flows (ca. 100 um s™' in the uppermost 3 mm of the sediment core), and
phototaxis and negative geotaxis should keep healthy cells from being carried into the
sediment. Dunaliella cells transported into our sands may have been alive but probably were
not fully motile any more. Less or non-motile planktonic organisms should be affected more
strongly by the interfacial transport.

Subsurface maximum.

The velocity of the advective flows gradually decreases with sediment depth (Huettel et al.
1996) and limits the penetration of algae to the depth where pore water moves too slowly to
overcome the friction retarding the cells in the interstitial space. Algae can accumulate in that
layer (Fig. 11). This process is responsible for the subsurface maxima we recorded in the flume
experiment at the upstream edge of the ripple, where water intrusion was strongest (Fig. 5). In
our relatively short chamber experiments, algal subsurface accumulation could only be
observed in the coarsest sediment, where pore water flows were sufficiently strong to carry
enough cells into the sand to produce a measurable maximum (Fig. 6, CHA-1, 1500 um). In the
second field experiment, concentration profiles of algae and tracer beads showed a subsurface
maximum in the 750 pm sand at 30 to 40 mm depth (Fig. 10). Ripples that form on sandy
shelf sediments due to bottom currents slowly move with or against the current direction.
Because the pore water upwelling associated with ripples is too weak to efficiently remove
particles from the deeper sediment layers, moving ripples can produce a subsurface layer of
organic matter. In sand cores collected from the shallow South Atlantic Shelf and in laboratory
incubations of these sediments, Marinelli et al. (1998) regularly observed ammonium and
silicate peaks at 20 to 80 mm sediment depth that indicate decomposition of subsurface
accumulations of organic matter.
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Figure 11: Particle accumulation at a specific sediment depth demonstrated in a chamber
experiment with solute (red) and particle (black) tracers, and in the flume ripple
experiment (FLU-R) with algae. In the cylindrical chamber, the radial pressure gradient
forces Rhodamine WT dye and black acrylic particles (1 pm) into the sediment (750
pm). Particles were transported downward until the pore water flow was too slow to
overcome the friction between particles and sand grains. The particles accumulated in
that layer, while the solute tracer was transported deeper into the core (right graph and
photo). The same process caused the accumulation of algal cells in the flume sediment
upstream of the ripple (left graph).

Field validation.

The field experiments showed the same linear relationship between penetration depth of algae
and the logarithm of sediment permeability as the laboratory results, indicating that the same
transport process was responsible for the interfacial particle flux (Fig. 7). Currents and waves
caused negligible sediment mixing, as shown by the small penetration depth of algae into the 100-
300 pm sand that had the lowest erosion threshold of the tested sediments. As there were no
benthic animals in the embedded sand cores, we conclude that the dominant process transporting
algae into the sand cores was advective pore water flow generated by the interaction of the small
ripples on the cores and the tidal water currents. This conclusion is supported by the strong
variability between the concentration profiles in each core. Sediment mixing by waves or currents
would have produced a uniform distribution of algae in the sediments, while pore water up- and
downwelling associated with sediment topography results in a patchy distribution of the imported
material.

42



Flux enhancement.

Our experiments demonstrate that permeable sediments with topography are efficient POM
traps. Mounds, similar in size and abundance to those built by the polychaete Arenicola
marina in intertidal sand flats, can double the flux of suspended unicellular algae into
permeable sediment. The ripple had an even stronger effect because it narrowed the free water
flow more efficiently than the scattered mounds (Table 2). The real flux enhancements by
mounds and ripple were even higher than the ones calculated from the concentrations of algae
found in the flume sediments because these concentrations were reduced due to degradation of
cells in the sands (Table 2). From experiments with inert tracers, we know the approximate
volumes of water that is forced through the sediment at small mounds or ripples (Huettel and
Gust 1992a; Huettel et al. 1996). Calculations using these flushing rates suggest that
topography enhanced POC fluxes to the sediment up to factors of 5 (mounds) and 10 (ripple).
The flux of algal cells into the sediments increased with permeability, and in the field
experiments roughly doubled when permeability changed from 10" m* to 107" m? (Tables 3
and 5). A larger volume of water was forced through the coarser sands (Darcy 1856)
transporting more algae into the sediment.

Recent investigations in sandy shelf beds support our experimental results. Bacon et al. (1994)
reported that in permeable Atlantic Bight shelf sediments (>90% sand), where no net
accumulation of sediment and organic matter presently occurs, the excess *%py inventories are
nearly in balance with the atmospheric supply. Because 210y, only enters the sediment
adsorbed to particles, these findings imply that the sands efficiently retain fine particulate
matter due to a trapping mechanism. Bacon et al. (1994) suggested that benthic organisms may
be responsible for this particle uptake; we propose that advective filtration of bottom water
through the upper layers of the sands contributed significantly to the particle trapping.
Marinelli et al. (1998), in their recent investigations of nutrient profiles in South Atlantic Bight
shelf sediments, found evidence that advective pore water exchange dominates interfacial
solute fluxes over bioturbation in these sands. The time-averaged rate of mass transfer for
nonlocal exchange in these permeable sediments exceeded that for diffusive exchange by as
much as 50-fold. As suspended particles are tightly linked to the interfacial water flow, these
findings strongly suggest that in these South Atlantic Bight sediments, that have a median
grain size up to twice as large as those used in our flume experiments, advective POM
trapping is an important process.

Decomposition.

With increasing permeability, the total number of algal cells that could be recovered from the
chambers decreased. Penetration of algae into the sands accelerated the degradation process,
cells disintegrated faster in the sediment than in the water column (in the following, when
using “decomposition” or “degradation” in context with our experiments, we mean this
disintegration of the algal cells and not complete mineralization). The contribution of
phytoplankton degradation in subsurface layers of the sediments increased from 0% in the
chambers with “"impermeable” bottom to 37% (CHA-1) and 17% (CHA-2) in the chambers
with the coarsest sands (Fig. 12). In the latter, more than twice as many algae were degraded
within the same time period than in the chambers with “impermeable” bottom (Table 4).
Increased mechanical stress, contact with bacteria-covered sand grain surfaces (Clement et al.
1997) and exposure to higher enzyme concentrations in the pore water could explain this
result. Advective transport of oxygen into (Lohse et al. 1996; Ziebis et al. 1996b) and
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decomposition products out of the sand (Gehlen et al. 1995; Huettel et al. 1998) further
accelerate POM degradation. Oxygen consumption rates in non-accumulating sands can be as
high as in relatively impermeable accumulating muds (Andersen and Helder 1987; Marinelli et
al. 1998). In the organic-poor sands at 12 to 30 m depth of the Middle Atlantic Bight, Reimers
et al. (1996) measured oxygen consumption rates as high as 15 mmol m? d'. Low organic
content of permeable sediments, thus, may be also a consequence of high turnover rates.

These findings may have significant implications for the cycling of organic matter in the
shallow shelf. The closer the sediments are to the euphotic zone, the more important they
become for the mineralization of sedimenting primary production, because more labile material
can reach the sea floor (Buscail et al. 1995; Olesen and Lundsgaard 1995; Wollast 1991).
Moreover, total primary production increases up to an order of magnitude towards the coast
due to nutrient input from land, atmosphere and coastal upwelling (Galloway et al. 1996;
Jickells 1998; Rowe 1975; Seitzinger and Kroeze 1998). Despite highest concentration of
POM in the water column, sedimentary POC and nutrient concentrations in large areas of the
shallow shelf are very low (Bacon et al. 1994; Marinelli et al. 1998). The increasing
hydrodynamic forces acting on the sea bed with decreasing water depth result in a coarsening
of the sediment towards the shore, culminating in highly permeable beach gravel. The smaller
specific surface area of the coarser sediments may explain a lower organic matter content
(Hargrave 1972). However, the intensity of advective flushing of bottom water through the
coarsening sediments increases towards the coast, and at less than 100 m depth is additionally
enhanced by gravity wave induced pore water exchange (Harrison et al. 1983; Malan and
McLachlan 1991; Riedl et al. 1972; Shum and Sundby 1996). Our experiments demonstrate
that these interfacial flows filter suspended POM from the water column, permeable shelf
sands, thus, represent gigantic filter systems. How efficient these filters are is revealed by the
excess *''Pb inventories in sandy shelf sediments measured by Bacon et al. (1994). The
distributions of *'°Pb in suspended particulate matter and in the fine fraction of the Atlantic
Bight shelf sediments indicate that the particles undergo several cycles of deposition/short-
term-burial/resuspension that cause a far longer residence time in the shelf than predicted from
the flushing time of shelf waters. We show that cycling of the POM through the sands
accelerates the decomposition of this organic matter. With efficient particle trapping,
acceleration of degradation and fast nutrient release, the non-accumulating permeable
sediments become important sites of POM decomposition, tightening the cycling of matter in
the shelf (Fig.13). This could explain why organic production on the Middle Atlantic Bight
shelf, where non-accumulating sandy sediments dominate, is balanced primarily by
consumption on the shelf and only 2 to 20% of the primary production are exported (Bacon et
al. 1994; Rowe et al. 1986; Walsh 1988).
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Figure 12: Cumulative plots of the chamber results given in % of initial Dunaliella input.
The number of algae that were degraded (= disintegrated) within the sediment
(dark triangular areas) is equal or larger than the difference between the total
number of algae found in a chamber at the end of the experiment (upper part of
plots) and the maximum number of algae that could have been degraded in
water column and sediment surface of that chamber (lower part of plots). The
latter number was provided by the chambers with “impermeable” bottom,
where degradation in sediment subsurface layers was excluded. Because filtra-
tion reduced the number of algae in the water of the chambers with permeable
sediment, the number of cells degraded in these water columns probably was
smaller and certainly not larger than in the chambers with “impermeable
bottom”.
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Figure 13 (previous page):

A simplified scheme of the layer of accumulation and highest decomposition of sedimenting
particulate organic matter demonstrating the increasing importance of sedimentary
mineralization in the shelf. The layer of highest decomposition gradually moves into the
sediment with decreasing water depth. (A) In the shallow shelf wave and strong bottom
currents cause frequent resuspension that keep the sediment highly permeable but also
suppress bioturbation due to mechanical stress. Labile POM mixed down from the highly
productive photic zone is transported deep into the sands by strong advective pore water
flows. Burial of organic matter is nil due to rapid turnover promoted by the interfacial
flows of oxygen-saturated water. (B) Total sedimentary mineralization peaks between the
shallow non-accumulating shelf with highest turnover rates and the depocenter in the
deeper shelf slope with the highest burial rates. In this zone, sporadic resuspension keeps
the sediment sufficiently permeable to permit limited advective transport, but the bottom
currents are weaker and allow occasional settling of organic particles and an abundant
macrofauna to grow. Hydrodynamical and biological filtering and mixing mechanisms
combine resulting in maximum uptake and decomposition rates of labile POM in the
sediment. (C) The depocenter in the upper shelf slope receives mainly refractory organic
material, and the slow bottom currents permit deposition of fine particles causing low
sediment permeability. Ensuing lack of advective oxidation and reduced bioturbation
promote anaerobic decomposition and highest burial rates. (D) Below the depocenter,
POM input and the relative importance of the sediment for mineralization gradually
decreases. Downslope POM transport gains importance. (E) Bacterial growth on sinking
particulate organic matter peaks at S00 m water depth where studies of *1%pp reveal also the
greatest break-up of particles.

In conclusion, we propose that permeable shelf sands are efficient POM filters and act as
biocatalysts, accelerating mineralization of organic carbon and recycling of nutrients. High
flushing rates, preventing the build-up of nutrients and refractory POM in the pore space,
maintain their oligotrophic and non-accumulating character. Benthic primary production,
however, producing up to 6-times more Chl. a in the surface 5 mm of the South Atlantic Bight
shelf sands than the entire overlying water column (Nelson et al. 1999), indicates intensive
sedimentary mineralization with high nutrient release from these beds. Non-accumulating
sandy sediments that cover extensive areas of all continental margins, thus, may play an
important role in the cycling of matter in the shelf.
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2.3. Spatial and temporal dynamics of particulate organic
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matter in permeable marine sands

Antje Rusch, Markus Huettel & Stefan Forster

Transport and degradation of particulate organic matter (POM) were investigated
in a North Sea intertidal sandflat. Bimonthly from July 1997 to July 1998, we
measured the amount of fine-grained (< 70 um) material in the permeable sand
matrix, its N, C,, and chlorophyll content as well as porewater DIC, NO,™ and
NH," concentrations. Depth profiles of fine particle concentrations indicated
hydrodynamic influence down to 4 - 8 centimetres below the sediment surface.
Worst case calculations on the macrofaunal contribution to particle transport
resulted in a biodiffusion coefficient of Dy < 1.85:10° cm? s”', implying only
minor impact of bioturbation. Chl and POC contents and DIN concentrations
exhibited summer/autumn and winter/spring characteristics in their profiles,
revealing the seasonal importance of early diagenesis and advective transport,
respectively. In the upper 5 cm, seasonal variation in the particle, POC, PN and
Chl contents of the sediment was 1.4 - 5.3 times as large as below. Areal
inventories of POC, PN and Chl indicated dominance of degradation and
hydrodynamic removal of organic material during autumn/winter and fresh POM
input throughout spring and summer. Calculations based on POC loss or short-
term DIC accumulation yielded estimates of annual carbon turnover rates ranging
between 55.2 and 123 gC m™ a'. Possible implications of POM dynamics on the
role of permeable sands in the marine carbon cycle are discussed.



Introduction

Permeable sands, which are the dominant sediment type on continental shelves (Emery, 1968;
Riedl et al., 1972), generally contain a relatively small amount of organic matter. Nevertheless,
low organic carbon and nutrient concentrations in non-accumulating coastal sands may reflect
high turnover rates rather than low activity (Huettel et al., 1998).

Particulate matter passes through many cycles of settling and resuspension during transport
over the shelf (van Raaphorst et al., 1998), is seized by ripple migration (Jenness &
Duineveld, 1985), bioirrigation and bioturbation, thus facing progressive degradation
alternately by planktonic and benthic organisms. Moreover, advective co-transport of fluid
and particles across the sediment-water interface is caused by the interaction of topography
and bottom flows over permeable sediments (Huettel et al., 1996; Pilditch et al., 1998). The
shallow coastal zone is an extremely dynamic region, where the fluid motions associated with
both surface waves and currents reach down to the sea floor and interact with the bottom
sediments. Recent investigations indicate that advectively accelerated solute exchange across
the sediment-water interface (Lohse et al., 1996; Huettel et al., 1998) causes high oxygen
consumption rates of organic-poor sands (Reimers et al,, 1996) and makes early diagenetic
processes in non-accumulating sediments very active and variable (Jahnke et al., 1996).

Shelf seas, especially their intertidal areas, are subject to large variations in waves, currents,
temperature and salinity on the time scales of hours to months (Kristensen et al., 1997). The
mineralisation of organic matter in shallow water sediments therefore can be expected to be
highly variable both in time and in space (Shum & Sundby, 1996). However, little attention
has been paid to the dynamics of suspended particles following interstitial flows in these
sediments, so far mainly in lab experiments (Huettel et al., 1996; Pilditch et al., 1998). In
natural sands, particulate organic matter (POM) constitutes the most fine-grained and easily
suspendable part of the sediment and is therefore likely to follow pore water flows through
the sand matrix.

We present the results of a one-year field study in an intertidal sandflat with respect to
particulate organic matter (POM) dynamics. Its vertical distribution and seasonally varying
composition is explained as a consequence of hydrodynamical and biogeochemical processes.
Carbon turnover rates are estimated and compared to data from different marine sediments.

Materials and methods

Study site

Our study site was located in the southern North Sea near Sylt island (55°02' N, 008°26' E).
Near-bottom residual currents above the sandy tidal flats of Konigshafen Bay are weakly
flood-dominated (Austen, 1994); semidiurnal tides have a mean range of 1.7 m (Austen, 1997),
and the study site was exposed on average for 2.5 hours during low tide. Konigshafen is
sedimentologically relatively stable (Austen, 1994), and we found no indications of local
erosion or net sedimentation during the study period. Water temperatures in this area range
from -2 °C to 23 °C (Reise, 1985), salinities from 23 to 33 in winter and summer, respectively
(Kristensen et al., 1997). Reise (1985) gives a more detailed description of the study area.

The study area was exposed to waves of less than 20 cm height and to currents of 0 - 0.32 m
s”' (for details see Table 4), measured 2 cm above the sediment surface. Ripples of up to 2 cm
height formed on the sediment surface. The upper 15-20 cm of the sediment column consisted
of moderately well sorted medium to coarse quartz sand (grain size median: 400 - 750 pm),
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with permeabilities ranging between 3:10"'> m? and 20:10"'? m’. Benthic macrofauna was
typical for Konigshafen sandflats with short exposure time at low tide, that were thoroughly
studied by Reise et al. (1994). There was no benthic diatom bloom at the sediment surface.

Sampling

Sampling dates were: 17 Jul 97, 17 Sep 97, 18 Nov 97, 13 Jan 98, 15/17/19/23/25/27 Mar 98,
12 May 98 and 7 Jul 98.

Each time, we took 8 sediment cores of 60 mm i. d., | core of 36 mm i. d., with core lengths of
at least 20 cm, and 400 ml of overlying water. The respective sampling spots (0.5 m diameter)
were chosen within a selected circular area of 4 m radius (Figure 1). All cores were carefully
transported to the nearby lab and cut at depth intervals of 2.5 mm (0-1 cm depth), 5 mm (1-2
or 4 cm depth) and 10 mm (2 or 4 - 15 cm depth).

17 Jul 97 25 Mar 98

59°) 23 Mar 98

7 Jul 98 L
/00%0
o3

17 Sep 97 12 May 98

7 19 Mar 98

Figurel: Study site and arrangement of the sampling spots (light shading). Dark shading:
approximate arrangement of the cores within the sampling spot.
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Extraction of porewater

Equivalent slices of 3 parallel cores (60 mm diameter) were pooled. Porewater was obtained
by centrifugation (500-g, 10 min, 15 °C) through GF-F filters in a Beckmann TJ-6 centrifuge.
Our centrifuge tubes were fabricated according to Saager et al. (1990), with minor changes to
improve tightness.

For DIC analysis performed shortly after extraction, 1.5 ml aliquots of pore water were kept
at 4 °C 1n gas-tight glass vials containing 75 pl of NaMoO, (0.5 M). Molybdate reduces the
interference of dissolved sulphides (Lustwerk & Burdige, 1995). Two more 1.5 ml aliquots
were stored in PE vials at -20 °C for NH;" and NO, ™ analysis.

Extraction of the fine fraction

Equivalent slices of 3 parallel cores (60 mm diameter) were pooled, carefully suspended in
NaCl solution (32 g I'', 3 ml per cm® of sediment), and allowed to settle. After 20 s, the
supernatant was decanted and the remaining sediment once more retreated alike. The decanted
suspensions, containing the particulate matter of an effective diameter less than 70 pum
(hereafter referred to as "fine fraction"), were centrifuged (1200-g, 5 min, 15°C) using an
Eppendorf 5416 centrifuge. The pellet was freeze-dried, weighed and stored at 4 °C in the
dark.

Porewater analyses

Dissolved inorganic carbon (DIC) was measured using a flow-injection system according to
Hall & Aller (1992). For calibration we used freshly prepared NaHCO; solutions. The
detection limit was 0.05 mM, analytical precision 0.01 mM.

Ammonium concentrations were measured using a similar flow-injection system (Hall & Aller,
1992), with NH4Cl solutions serving as calibration standards. The detection limit was 2 pM,
the analytical precision 0.05 pM.

NO,  (nitrate/nitrite) was determined by vanadium (III) reduction at 80 °C and subsequent
chemiluminescence detection (Braman & Hendrix, 1989). We used a Thermo Environmental
Instruments 42C NOx-analyser and a HP3395 peak integrator. The detection limit was 1 pM,
and replicates agreed within 2%.

Solid phase analyses

Particulate carbon (PC) and nitrogen (PN) contents were measured using a Fisons NA1500N
elemental analyser with sulphanilamide as calibration standard. For particulate organic carbon
(POC) determination, samples were pre-treated with 6N HCI for 15 min, washed twice with
distilled water and dried. Weight loss by this pre-treatment was calculated assuming complete
conservation of nitrogen, and POC contents were corrected accordingly.

For chlorophyll analyses, we prepared extracts from the fine fraction by dark incubation with
90% acetone at 4 °C for 16 h and subsequent centrifugation (1620-g, 7 min, 4 °C) using a
Heraeus Metafuge 1.0 R. The supernatant was syringe-filtered through 0.45 pm pores
(Nalgene 199-2045 PTFE). Chlorophyll equivalent concentrations were determined
fluorimetrically without acidification using a Hitachi F-2000. For calibration, we used
solutions of Chl a in 90% acetone.
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Auxiliary measurements

Daily data on the local weather conditions throughout 1997 and 1998, in particular wind speed
and air temperature, were kindly provided by Deutscher Wetterdienst (DWD).

On all sampling days we recorded the temperatures of air, water and sediment at the sampling
site. Current velocities 2 cm above the sediment surface were measured 1-1.5 h before low tide
using a Schiltknecht turbine anemometer.

Throughout the study period, Konigshafen Bay was monitored with respect to
phytoplankton cell numbers and species as well as Chl concentrations in the water column. P.
Martens (BAH Wadden Sea Station, Sylt) kindly placed these unpublished data at our
disposal.

Smear-slides of the fine fraction were prepared according to Haq & Boersma (1978) using
filtered Balsam Canada as fixative. We inspected them by light microscopy to qualitatively
survey the types of fine particles found in the sediment samples.

Results

Fine fraction

The fine fraction extracted from the cores consisted mainly of silt-sized quartz grains, detritus,
and fragments of diatom and foraminifera shells.

As an overall feature of the depth profiles of fine particles, we observed high concentrations at
the very surface, a minimum mostly located between 1.0 and 2.5 cm depth, and a further
maximum in 4 to 8 cm depth, in most cases close to the visually localised redox horizon (Table
1). The bandwidth of concentrations within a profile amounted to 42 - 87 % of the
corresponding maximum value, and gradients from the minimum both towards smaller and
towards greater depths were steep (Table 1). A Wilcoxon matched pairs signed rank test
(Sachs, 1997) was applied to reveal significant differences between fine fraction concentrations
in the depth intervals selected according to the profile characteristics described above. The
results are summarised in Table 2.

depth of  depth of redox gradient gradient  (max-min)/max
minimum  maximum horizon downwards upwards
cm cm cm mg cm™ mg cm™
17 Jul 97 0 4-5 5 4.45 n. a. 0.67
17 Sep 97 1.5-2.0 4-5 3.5 3.55 6.67 0.65
18 Nov97 0.75-1.0 7-8 3.5 1.18 4.29 0.55
13 Jan 98 3-4 5-6 5 7.38 2.36 0.87
March 98 0.5-25 5-8 4-9 1.85 2.01 0.82
12May 98 1.5-2.0 3.5-4.0 3 58.4 n. a. 0.87
7 Jul 98 30-3.5 4-5 8 17.0 6.10 0.42

Table 1: Columns 2-4: Location of minimum and maximum fine particle concentrations
compared to the depth of changing sediment colour (visual redox horizon). Columns 5
and 6: Concentration gradients downwards (from the minimum towards the maximum
below) and upwards (towards the sediment surface), respectively. Last column:
Relative bandwidth of concentrations in the profile.
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1.0-25em 25-5cm 4-5Scm 5-10ecm 10-15¢cm 5-15cm

0-0.25cm n. s.

0-1.0cm n. s.

1.0-2.5cm - 0.1 % 0.1 %

25-5cm - n.s. 1 % T, B A, S
4-5cm - n. s. n. s. n. s.
5-10cm - n. s.

Table 2: Results of Wilcoxon matched pairs signed rank test applied to fine particle
concentrations in different depth intervals. Percentages specify the level of
significance; n.s.: not significant (a > 5%).

Impact of bioturbation

Bioturbating macrofauna species found in the sliced cores were Nereis spec. and Scoloplos
armiger. Additionally, not more than 1 lugworm (Arenicola marina) per sampled area (0.24
mz) was present. In March 98, wet-sieved sediment contained 647 ind m Nereis, 117 ind m™
Scoloplos and < 11 ind m™ Arenicola. Judged from the species occurring during the study
period, their approximate abundances in spring, organic content, grain size and exposure time
of the sediment, our study site belonged to a habitat type covering about 50 % of intertidal
Konigshafen Bay (Reise et al., 1994). Macrofaunal biomass data from that more
comprehensive study were used for the following calculations, constraining biological particle
transport.

Species-specific biodiffusion coefficients at 15 °C and the corresponding biomasses were
taken from Huettel (1988). Conversion based on the biomasses given by Reise et al. (1994)
resulted in biodiffusion coefficients of Dg(4renicola marina) = 1.43 - 10° ecm? s™!, Dg(Nereis
diversicolor) = 0.18 - 10 cm® s™!, and Dg(Scoloplos armiger) = 0.24 - 10° cm® 5.

The particle flux (J) is related to porosity (¢), biodiffusion coefficient (Dg) and the vertical

! ; ; 1% ;
component of the particle concentration gradient ( 8—B) by Equation 1 (Boudreau, 1997):
/4
7 .
J=-1-¢)'D, -a—B (Equation 1)
74

: B : : .
With @ = 0.34 and — ~6 mg cm™ in our study, biogeneous transport of fine particulates

L

accounted for ] = 6.33 gm™ d"'. The amount of fine particles in the top 5 cm varied between
146 gm™ in winter and 2533 gm™ in summer. To accumulate the difference within half a year,
a net particle flux of 13.1 gm™ d”' was needed. Less than half of it could be explained by
biogeneous transport.
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Biogeochemically labile components

To characterise the composition of the fine fraction, we measured its Chl content and C:N
(w/w) ratio. The summer and autumn chlorophyll equivalent concentration profiles (Figure 2:
Jul 97, Sep 97, Nov 97, May 98, Jul 98) could in major parts be described by the following
equation:

[Chl] (z) = [Chl], - e™** (Equation 2)

with [Chl]y: content at sediment surface, z: depth and A: decay constant. Constants and
correlation coefficients for the best fits are given in Table 3.

The winter and spring [Chl] profiles (Figure 2: Nov 97, Jan 98, March 98) were shaped
differently: Relatively Chl-rich material penetrated down to 5 - 9 cm depth, below contents
rapidly dropped to background values. Chl contents were highest in the depth interval of
minimum C:N ratios. We consider the Nov 97 profiles intermediate between the "summer
shape" and the "winter shape".

C:N ratios of the fine fraction ranged between 7.5 and 11, in the sediment total between 14 and
36.

C:N ratio (w/w) . C:N ratio (w/w)
16 9 12 15 By 1E 4 ¥ 5 2 15 18
3 : - . 0 . o] t ——
O~ = ol — BEA >N
1;°Q> | 17 % e °
| ¢ O
2.~ o | 2= ®
i o) ‘, [ o e
37 | 37 o e
| j 4 L oe
: T . s o
| 5 + L
el £l
| & 7 F e B 2]
£ ‘T = T + o
! a BJ;' % g | ' -
3 r o ° X o
9t 9 +
7 o s 5
10 :’ ° | 10~?
DT o e o
12 110 17 Sep 37 o 12 1 17 Mar 98
13 | o 18 =
14{ 5 14
15 b e 15 + : ‘ ; . ; ' ‘
0 30 60 90 120 150 180 210 O 30 60 90 120 150 180 210
[Chi] in ug/ g fine fraction [Chl] in pg/ g fine fraction

Figure 2: Depth profiles of Chl content (diamonds) and C:N ratio (circles) of the fine fraction.
Left: summer/autumn, represented by 17 Sep 97; right: winter/spring, represented by
17 Mar 98. The complete data set for all profiles is available from the authors.
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[Chl], A R?

npgg'  incm’
17 Jul 97 259 0.207 0.9532
17 Sep 97 164 0.278 0.8607
18 Nov 97 176 0.175 0.9233 z>2.5cm
12 May 98 102 0.269 0.8240 z>1.5cm
7 Jul 98 141 0.222 09831 z<6cmvz=1lcm

Table 3: Parameters of the summer/autumn [Chl] profile fits according to Equation 2:
surface concentration, decay constant, correlation coefficient. Last column:
depth interval, if not all data were included.

Carbon

The fine fraction was 47.5 + 34.4 (n = 15) times as rich in POC (by weight) as the sediment it
was extracted from. It contained (28.2 = 28.3)% of the sedimentary organic carbon.

In Figure 3a/b, fine POC as the starting-point of decomposition is opposed to pore water DIC
as its final product. Most DIC profiles could be described as the superposition of linear
increase with depth and a local, cap-shaped surplus within the top 5 cm. The slope of the
gradient and the depth-integrated size of the cap varied seasonally.

POC contents markedly decreased towards greater depths in summer and autumn (Fig. 3a: Jul
97, Sep 97, May 98, Jul 98), whereas in winter and spring (Fig. 3a: Nov 97, Jan 98, Fig. 3b)
they appeared constant or slightly increasing with depth. In the May profile, the value in 11-
12 cm depth was an outlyer due to locally higher amounts of fine particles, that were rich in
POC and PN, but poor in Chl. As a common feature of all POC profiles we observed a
minimum within the uppermost 2-3 cm.

Figure 3 (following pages): Depth profiles of POC content of the fine fraction (diamonds) and
pore water DIC concentration (circles). Bold lines: supposed DIC gradient.

a(p. 56): Jul 97 through Jan 98, May 98, Jul 98

b (p. 57): March 98
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Nitrogen

The fine fraction was 19.1 £ 10.4 (n = 94) times as rich in nitrogen (by weight) as the
sediment it was extracted from. It contained (12.3 £ 11.3)% of the sedimentary nitrogen.
Figure 4 compares the profiles of different nitrogen species: fine particulate nitrogen (PN),
oxidised DIN (nitrate/nitrite) and reduced DIN (ammonium). As examples for the summer and
winter situation we show Sep 97 and 17 Mar 98, respectively.

In general, there was a slight decrease in the PN content of the fine fraction below 5 cm depth.
Temporal changes virtually affected only the top S cm. Minimum PN contents were mostly
found in the uppermost 2 cm.

Except for occasionally a very narrow peak in the top 1-2 cm, pore water nitrate/nitrite (NO,")
concentrations during summer and autumn were mostly below 5-10 pM throughout the
sediment column and overlying water. Comparatively high concentrations of up to 70 uM
NO,  were recorded in winter and spring , with pore water profiles appearing dominated by
oxidant supply from and DIN release into the water column. NO,  penetration as well as
NH," removal reached down to 3 to 8 cm depth.

'
@ N OO n h W N = O =

depth in cm
depth in cm

17 Sep 97

11
12% 17 Mar 98

0.0 0.2 0.4 0.6 0.8
% dwt.

0.6 0.8 |

Figure 4: Depth profiles of PN content of the fine fraction (diamonds) and pore water DIN
concentrations (NO,: circles; NH,": triangles). Left: summer/autumn, represented by
17 Sep 97, right: winter/spring, represented by 17 Mar 98.
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Seasonal variation

The phytoplankton and weather conditions for each sampling date are compiled in Table 4.
Throughout the year, only minor changes occurred below 5 cm depth, whereas above marked
seasonal variation was observed in the profiles of fine particulates, POC, PN, and Chl, with
contents decreasing from summer 97 to winter and increasing again until summer 98. The mean
contents between 5 and 10 cm depth over all seasons amounted to (13.6 £ 5.0) mg cm™ (n =
46) for the fine fraction, (363.2 + 88.5) ugcm™ (n = 55) for POC, (48.2 + 19.4) pg em™ (n =
25) for PN, and (0.409 + 0.411) pg cm™ (n = 51) for Chl. In the following, these values are
referred to as the refractory part of the respective material. We defined a dimensionless
"relative amplitude" according to Equation 3:

. . summer content - winter content .

relative amplitude := (Equation 3)
refractory part

with winter meaning Jan 98 and summer the mean of Jul 97 and Jul 98. The resulting depth
profiles of the relative amplitudes are compared in Figure 5. The amount of fine particles did
not vary significantly more in the upper 5 cm than below (a0 > 5 %, Lord test; Sachs, 1997).
By contrast, the relative amplitude of POC and PN contents abruptly and significantly
decreased at 5 cm depth (o < 1 %, Lord test), with the variation of PN generally exceeding
that of POC. The most pronounced seasonality was found in Chl contents, with relative
amplitudes of up to 12 near the surface. Unlike the other parameters, Chl amplitudes
decreased with depth rather exponentially than abruptly at a certain depth. Significant
differences between the depth intervals 0-1 cm and 1-5 cm were found for Chl (a < 1 %), but
not (o > 5 %) for fine particle, POC and PN amplitudes (Lord test).
The contents of POC, PN and Chl in the upper 5 cm exceeding the refractory part were
integrated separately for each sampling date (March: mean). The resulting areal inventories are
listed in Table 5. The pool sizes gradually decreased from summer 97 until Jan 98 and
afterwards increased again. Negative inventories show that not only labile, but also part of the
refractory organic matter was removed during winter.

Mineralisation rates

Annual carbon mineralisation rates of the studied sandy sediment were calculated using 4
different approaches, A-D. In approach A, the loss of POC between maximum inventory in
summer and minimum inventory in winter was divided by 0.5 years, resulting in 55.2 g C m™
a’' (summer: Jul 97) or 63.7 g C m* a”' (summer: Jul 98). More elaborate approaches treated
each DIC profile separately, integrating the amount of accumulated mineralisation product in
the way schematically illustrated in Figure 6. Considering sea water penetration down to 5 cm
depth, there was a DIC background to be deducted from the total amount in the uppermost 5
cm. Annual mean (2.26 mM = 0.16 mM) and momentary sea water DIC concentrations were
used in approach B and C, respectively. In approach D, the DIC gradient (Figure 3 a/b)
concentrations were regarded as background, and only the superimposed surplus DIC was
depth-integrated. We assumed that the maximum time for DIC accumulation was the span
between highest near-bottom tidal current velocity in the first third of the flood cycle (Austen,
1994) and sampling, i.e. 7 h, used in the calculation. The rates obtained that way for every
second month were integrated over the year, yielding annual rates of 123 gCm™a"' (B), 116 g
Cm?a'(C)and 75 gC m?a’' (D), respectively.
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wind current T T [Chl] algal recent development
speed speed (air) (water) (water) cells

(daily
mean)
ms  ms'  °C °%C pug dm” cm”
17 Jul 97 7.3 15.9 17 40.7 56 T constant, wind rising,

start of bloom (Rhizosolenia imbricata)

17Sep97 9.0 0.24 14.1 14 64.4 103  gradually calming and cooling,
shortly after bloom (Chaetoceros spec.)

18 Nov97 10.8 0.13 34 4 68.7 16  after mild weather suddenly stormy and colder

13 Jan 98 4.7 021 4.3 2 34.7 26 T constant, wind unsteady

March 98 T and wind unsteady, spring bloom
(Brockmanniella brockmannii, Skeletonema
costatum)

15Mar98 6.8 0.15 5.7

17Mar98 6.7 0.05 5.9

4
5
19Mar98 104 0.12 5.1 6
8
3
5

23 Mar98 9.1 0.16 3.0 107.7 805
25Mar98 7.2 0.07 5.9
27Mar98 7.1 0.07 7.0 96.7 511

12May 98 8.5 0.10 13.2 13 S1.7 121  wind rising,
start of bloom (Phaeocystis globosa)

7 Jul 98 11.2 0.17 12.0 12 slowly calming after gale

Table 4. Weather conditions at each sampling date. Wind speed, air temperature: data
provided by Deutscher Wetterdienst (DWD). Phytoplankton, water column Chl
concentrations: data provided by P. Martens. Current speed, water temperature: own
measurements, 1-1.5 h before low tide, 2 cm above the sediment surface.

inventory (0 - 5 cm) in ug cm™

POC PN Chl
17 Jul 97 1349 279 11.4
17 Sep 97 -303 -2 2.2
18 Nov 97 -507 -78 2.6
13 Jan 98 -1411 -175 -1.1
March 98 -1137 -151 -0.8
12 May 98 874 72 5.4
7 Jul 98 1774 344 ¥

Table 5: Areal inventories of POC, PN and Chl in the top 5 cm of the
sediment, refractory part deducted.
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Figure 5:Depth profiles of the "relative amplitude” (defined by Equation 3) of fine particle
(squares), POC (diamonds), PN (circles) and Chl (triangles) concentrations in the

sediment.
2.5 3.0 3.5
0 ..\ —t
19
2 B
£
O 3+
=
- — 4 -
£
Q 5T
)
T 6+
74
8 4
9 4
10 &

[DIC] in mM

]

3.0 3.5

o ‘\

24 C

Figure 6: Schematic of the DIC integration approaches B (left), C (centre) and D (right).
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Discussion

The studied marine sediment was exposed to near-bottom currents, and its relatively high
permeability facilitated hydrodynamic influence down to 4-8 cm depth. The sediment colour
suggested, that there was sufficient pore water flushing to keep the upper 3.5-9 cm of the
sediment oxidised. This reach of pore water exchange was in many cases close to the horizon
of maximum concentration of fine particles (Table 1). With concentrations in 2.5-5 cm depth
significantly lower than in 5-10 cm depth (Table 2), we state that not only pore water but also
small particles were hydrodynamically removed from the sediment. The closer to the surface,
the more material was displaced by advective flows or waves propagating into the sediment.
Fine particle concentrations were significantly lower in 1.0-2.5 cm depth than below (Table 2).
By contrast, the uppermost centimetre was affected by surface deposition, ripple migration,
erosion/redeposition cycles, microphytobenthic colonisation etc., and due to this mixed
influence, no significant overall feature of the top layer could be detected (Table 2). Individual
profiles, though, could be qualitatively related to short-term weather changes (Table 4). During
increases in wind speed - generally related to rougher seas - the top cm of the sediment was
poor in fine fraction. With wind and water calming, recently suspended material re-entered the
uppermost sediment layers.

Shallow water sediments are often densely populated by macrofauna (McCall & Tevesz,
1982; Wheatcroft et al., 1990; Marinelli & Boudreau, 1996), so bioturbation is expected to
contribute to particle transport across the water-sediment interface. For that reason, we chose
a study site that belonged to an intertidal habitat type lowest in macrofauna abundance and
biomass within Konigshafen, except for some sandbars (Reise et al., 1994). Interannual
biomass variabilities of North Sea intertidal communities are about 10-30 % (Beukema et al.,
1993; Reise et al., 1994), low enough to base our rough estimate of biogeneous particle
transport on older data from the same location. According to these data, more than 3/4 of the
calculated biodiffusion was due to Arenicola marina, however, as throughout the study period
we observed lower lugworm densities than Reise et al. (1994), the biodiffusive fine particle
flux may be overestimated. As commonly found in literature, our worst case calculations were
based on bioturbation modelled as a diffusive process acting along concentration gradients.
Although deposit feeding moves particles in a rather non-local manner (e. g. conveyor-belt-
like), non-diffusive mechanisms of sediment displacement can combine to produce apparently
diffusive profiles (Wheatcroft et al., 1990). In most shallow water environments, mixing rates
exceed 0.32 - 10 cm? s (Wheatcroft et al., 1990), so our estimate of Dg < 1.85 - 10 cm? s!
was in a typical range. Notwithstanding this relatively high biodiffusion coefficient, less than
half of the net particle flux could be attributed to biogeneous transport. We therefore conclude
that in our study physical transport processes had a stronger impact than macrozoobenthos.
Compared to the sediment total, the fine fraction was distinguished as markedly richer in C,,
and N and having smaller C:N ratios. Fresh organic matter preferentially associated with the
silt and even more with the clay fraction has been reported of various marine sediments
(Bordovskiy, 1965; Tanoue & Handa, 1979; de Flaun & Mayer, 1983; Wiesner et al., 1990;
Anton et al., 1993; Mayer, 1994; Lohse et al., 1995). In sandy sediments, fine particles are
subject to intense dynamics, because they represent not only the biogeochemically labile
fraction, but at the same time also the most mobile part of the sediment. At our study site,
28% of the organic carbon and 12 % of the sedimentary nitrogen were associated with the
easily moveable fine particles, that comprised ca. 1% (v/v) of the sediment. The remaining
organic material was adsorbed to the coarse sand matrix and therefore moved much less.
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Moreover, it could be partly sheltered from microbial degradation by the microtopography of
the sand grains (Mayer, 1994). Considering mobility and bioavailability, the adsorbed fraction
of organic matter contributed less to the spatial and temporal dynamics we observed than the
fine particles. In winter and spring, relatively strong currents caused advective flow through
the permeable, rippled sediment, carrying labile POM from the water column down to 5 - 9
cm depth (Figure 2), where retention and adsorption (Huettel et al., 1996) trapped the fine
particles. As temperatures and benthic activity were still low at that time of the year, the
freshly entered material was decomposed relatively slowly. During summer and early autumn,
though, increased degradation activity and moderate current velocities reduced the net
penetration of labile POM (Figure 2).

The spatial and temporal variability observed in the POC contents and DIC concentrations
(Figure 3 a/b) reflected carbon mineralisation that depended on seasons and sediment depth. In
summer, POC contents decreased with depth by the combined effects of organic-rich particle
input from the surface and intense degradation in deeper layers. In winter, with particle
supply poorer in organics and sedimentary decomposition slowed down, POC contents
stayed constant with depth. Gradients in the DIC profiles were influenced by diffusive and
advective export counteracting production by fermenting and mineralising bacteria. A balanced
situation in summer 1997, with gradients almost vertical, gave way to a gradually increasing
dominance of DIC removal, indicated by a marked decrease of concentrations towards the
sediment surface. During spring and summer 1998, the transport/production steady state
equilibrium gradually re-established. The most variable part of our sediment column were the
uppermost 2-3 cm, characterised by a POC minimum and DIC maximum (Figure 3 a/b) as well
as a PN minimum (Figure 4). Benthic microbial activity appeared especially high in this
horizon as fuelled by recurrent supply of both labile organic matter and oxidants from the
water column. Moreover, possible inhibition by metabolic end products could be minimised
by advective removal. Remarkably, bacterial counts from the same site (unpubl. data)
supported that the microbiologically most active zone was not at the very surface. Bacteria
living close to the water-sediment interface experience strong mechanical stress due to harsh
hydrodynamic conditions and grazing by meiofauna, making the top centimetre unfavourable
to dwell in in spite of optimal food supply.

The narrow NO, peaks close to the water-sediment interface, occasionally occurring in the
summer and autumn profiles (Figure 4), were probably related to single ragworms (Nereis
spec.). These polychaetes stimulate subsurface nitrification in their burrow walls (Kristensen
& Blackburn, 1987; Huettel, 1988). Apart from the Nereis-caused peaks, the summer and
winter DIN profiles (Figure 4) were basically similar to those obtained by Lohse et al. (1993)
at a North Sea coastal station with a fine sandy bottom as organic-poor as our study site. In
summer, subsurface nitrification rates and interfacial DIN fluxes were high (Lohse et al., 1993),
providing nutrients for primary production and electron donors for OM mineralisation. As
nitrification appears more strictly limited by ammonium availability than by oxygen
penetration, lower nitrification rates were measured in winter (Lohse et al., 1993). Neither
primary production (Table 4) nor OM mineralisation were major nitrate sinks during winter
and early spring, so NO, could accumulate in spite of relatively slow production. Deep-
reaching exchange of oxygen and DIN with the water column, in the cold season favoured by
particularly strong currents and high permeabilities, closely linked benthic and pelagic nitrogen
turnover.
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Seasonally varying extents of hydrodynamic and biogeochemical influences became obvious in
the effects on the labile fine fraction (Figure 2), POC/DIC (Figure 3 a/b) and PN/DIN profiles
(Figure 4), with a rather physically dominated winter situation and a microbiologically
dominated summer situation. Direct and indirect impacts of medium-term weather changes
(Table 4) affected mainly the top 5 cm, whereas below the sediment approached steady-state
conditions, indicated by small seasonal amplitudes (Figure S5). Relative amplitudes of
concentrations decreased in the order Chl > PN > POC > fine fraction in accordance with the
order of biochemical lability. A higher temporal resolution applied to the areal inventories of
Chl, PN and POC (Table 5) revealed the net potential of OM mineralisation. These 3 time
series coherently showed a continuous net removal of POM from the sedimentary pool
throughout the second half of 1997, as well as the net accumulation of freshly entered POM
during spring and summer 1998. Early diagenesis could remove labile POC/PN/Chl until only
the refractory background was left, corresponding to a labile matter inventory of zero.
Negative areal inventories (Table 5), however, cannot be due to degradation alone, but require
an additional explanation for the removal of POM from the sediment. We suggest particle
efflux by resuspension and/or advective processes.

Interannual variation, roughly estimated from the differences in pool size between Jul 97 and
Jul 98, was small compared to the seasonal variation (Table 5), thus making the results of our
one-year study to some extent transferable to other years. Model simulations of the North
Sea, significantly and reliably supported by field data, have clearly shown annual cycles with
strong seasonal variation, both in the water column (Pétsch & Radach, 1997) and in pore water
profiles and interfacial fluxes (Ruardij & van Raaphorst, 1995). Interannual variation in the
past decades has been mainly related to long-term developments like climate changes (Kroncke
et al., 1998) or anthropogenic eutrophication of the coastal region (Patsch & Radach, 1997).
Thus, pronounced seasonality with medium-term steady-state is not an exclusively intertidal
feature, but also holds for the subtidal part of the North Sea as a shelf sea of the temperate
climate zone.

Life in our sandflat had to cope with an environment variable both in time and in space. Below
5 cm depth, conditions changed only slightly and slowly, and a constantly small bacterial
population fed on rather refractory POM or depended on occasional DOM supply from
above. The zone between 1 and 5 cm depth was characterised by steep gradients (Table 1) and
strong seasonal variation (Figure 5), and tight coupling to the water column made an affluent
living for many microbes. They may have spent the winter in a relatively inactive stage and
could quickly adapt to changing conditions. The most unsteady part of the sedimentary
ecosystem was the uppermost centimetre, directly affected by all consequences of exposure
and flooding of the intertidal flat. Free-living bacteria oscillated between benthic and pelagic
life, and those attached to sand grains were constantly moved by resuspension/redeposition
and ripple migration. Permanent mechanical stress marred a life of optimal food supply and
dispersal. Borrowing terms from macrobial ecology, r strategists may inhabit the top layer,
whereas below 5 cm depth K strategists may dominate. With increasing water depth, these
ecological implications decreasingly apply to subtidal and non-shelf regions due to decreasing
tidal, seasonal and hydrodynamic influence on the sea floor.

Since advective transport enhances the oxygen utilisation of permeable sediments, particularly
when easily degradable organic carbon is available (Forster et al., 1996), it may as well provide
a mechanism to enhance carbon mineralisation (Ziebis et al., 1996b). The sediment we studied
met all requirements for advective particle and solute exchange, like surface roughness, high
permeability and relatively strong near-bottom currents, and in this paper we have presented
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several clear signs of advective influence on the organic matter budget of the uppermost 5 cm.
The determination of mineralisation rates by core incubations or in situ measurements using
benthic chambers is not appropriate for sands exposed to waves and currents, as these
methods cannot include hydrodynamic effects and therefore underestimate turnover rates. Our
approach A is an underestimation as well for the reason that POC inputs during autumn, e. g.
from the Rhizosolenia and Chaetoceros blooms (Table 4), were ignored. On the other hand,
POC loss was not purely diagenetic, leading to an overestimation of carbon mineralisation.
The problem of overestimation is by-passed by considering and treating the tightly coupled
benthic and near-bottom pelagic environment as a unit. From the DIC approaches, D agreed
best with the result of the POC approach A. D could be taken as a rough estimate for oxic and
suboxic mineralisation, but by deduction of the upward diffusing DIC it disregards sulphate
reduction as an important degradation process in deeper layers and therefore underestimates
the total sedimentary mineralisation. B and C were nearly equal with respect to both the
approaches themselves and the results on an annual basis. They would only be prone to slight
overestimation, if pore water exchange were incomplete during the preceding flood cycle. We
consider a turnover rate of 120 g C m™ a’' to serve well as a first, preliminary estimate for
intertidal sandflats. Further studies should focus on more detailed carbon budgets, including
DOC fluxes and benthic primary production, and quantify the degree of coupling between
bottom water and permeable sediments at various sandy shelf sites.

Annual carbon turnover rates have been measured in different North Sea sediments, and results
ranged between 24 and 131 gC mZa’ (Upton et al., 1993; Nedwell et al., 1994; Osinga et al.,
1996; Boon et al., 1998; Boon & Duineveld, 1998). Median grain sizes were 100-250 pum and
TOC contents one order of magnitude higher than in our sediment, which yet proved to be
equally active. Our results support, that the high-energy environment on the continental shelf
enhances biogeochemical dynamics in permeable sands. With 30 % of the oceanic primary
production (Jergensen, 1996), shallow coastal waters have a high potential of OM
mineralisation, in which sandy sediments may take part to a by far higher extent than to be
expected from grain size and TOC content. Since permeable sands cover 43.5 % of the world's
continental shelves (Riedl et al.,, 1972), they should be reconsidered with respect to
quantitative importance in the marine carbon cycle.
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2.4. Bacteria, diatoms and detritus in an intertidal sandflat
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subject to advective transport across the
water-sediment interface

Antje Rusch, Stefan Forster & Markus Huettel

This study focused on organic particles with respect to their transport and
sedimentary mineralisation in a North Sea intertidal sandflat previously
characterised as strongly influenced by advective transport across and below the
water-sediment interface. Measured permeabilities of the sandy sediment ranged
from 5.5 to 41- 10"'* m?, and permeabilities calculated from granulometric data
exceeded the measured values by a factor of 4.4 + 2.8. Bacteria (2-9 % of the
POC) were highly variable in space and time. They were less mobile than
interstitial fine (< 70 um) organic and inorganic particles, as part of the population
lived attached to large, heavy sand grains. The vertical distribution of bacteria was
closely related to the organic carbon content of the fine-grained interstitial material.
In winter, bacterial numbers in the uppermost 5 cm amounted to 39-69 % of the
summer ones. Carbon mineralisation rates ranged between 20 mg C m? d' in
winter and 580 mg C m? d”' in summer, keeping step with finer-grained sediments
that contained an order of magnitude more organic carbon. Sedimentary
carbohydrates were mainly intracellular or tightly bound to particles, and their
concentrations were depth-invariant in winter, but exponentially decreasing with
depth in summer. Below 5 cm depth, the mean concentration was (1590 = 830) pg
cm™, without major downcore or seasonal changes. Phytobenthos and
phytodetritus were dominated by diatoms and comprised merely minor amounts
of other primary producers. Planktonic diatom depth profiles were related to
weather and phytoplankton conditions, and benthic diatoms showed similar depth
distributions due to passive and active motion. The penetration of relatively fresh
phytodetritus down to at least 5 cm, shown by chloropigment composition,
emphasised the close relation between water column and sandy sediment,
facilitated by advective interfacial and subsurface flows.



Introduction

Intertidal zones are part of the highly dynamic nearshore shelf seas, where fluid motions
associated with currents and surface waves reach down to the sea floor and interact with the
bottom sediments. In such energetic areas, small and light particles are frequently removed
from the sediment, and thus permeable sands are the prevalent sediment type (Emery 1968,
Riedl et al. 1972). They allow for advective transport of solutes (Huettel & Gust 1992a,
Forster et al. 1996, Ziebis et al. 1996b) and particles (Huettel et al. 1996, Pilditch et al. 1998)
across the water-sediment interface, when bottom flows cause pressure gradients that force
water through the upper sediment layers.

The intensity of advective interfacial flow depends on current velocity (Forster et al. 1996),
sediment topography (Huettel et al. 1996) and permeability (Darcy 1856). The permeability
of sands ranges between 10> m* and 10" m® and depends on grain size, sorting and
compaction (Hsii 1989) as well as on viscosity and density of the pore fluid (Klute & Dirksen
1986). The present study was conducted in an intertidal sandflat with permeabilities in the
upper 15 cm permitting advective exchange across the sediment surface under natural
hydrodynamic conditions.

We conducted a one-year field study with the objective to demonstrate and understand the
mechanisms that cause the spatial and temporal dynamics of particulate organic matter
(POM) in the upper 10 cm of the sediment. We set out to prove our working hypothesis that
in this sandflat permeability is a key factor for sedimentary POM dynamics by controlling
advective transport of suspended matter between water column and sediment. Depth profiles
of various pore water solutes strongly indicated advective interfacial transport (Rusch et al.
1999 submitted). We focused on benthic microbes, that not only mineralise organic matter, but
also are mobile POM themselves, as are planktonic and benthic diatoms. Photosynthetic
pigment analyses provided additional information on POM provenance and state of
degradation. Quantities and distribution of extracellular mucopolysaccharides were measured,
because they facilitate cell attachment and locomotion and reduce sediment permeability and
erosion (Grant & Gust 1987, Decho & Lopez 1993, Yallop et al. 1994, Underwood et al.
1995). Finally we discuss interactions and correlations between the observed particle and
sediment characteristics as well as biogeochemical and ecological implications of advective
POM transport across the water-sediment interface.

Methods

Study site and sampling

Our study site was located in Konigshafen Bay (55°02' N, 008°26' E) near Sylt island in the
southern North Sea. At the sampling dates (17 Jul 97, 17 Sep 97, 18 Nov 97, 13 Jan 98,
15/17/19/23/25/27 Mar 98, 12 May 98 and 7 Jul 98), the intertidal sandflat was exposed to
waves of less than 0.2 m amplitude and to currents of 0 - 0.32 ms™', measured 2 cm above the
bottom.

At each sampling date we took 8 sediment cores of 6.0 cm i.d. and I core of 3.6 cm 1.d., 20-40
cm long. Throughout the study, the respective sampling spots (0.5 m diameter) were chosen
within the same selected circular area of 4 m radius. All time-sensitive procedures were
performed in the nearby (500 m) lab immediately after sampling.
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Sediment permeability and porosity

Of each core set, one core of 6.0 cm i.d. was cut at ca. 15 cm depth, and the lower, muddy
part of the sediment column was discarded. The permeability k of the upper, sandy part was
then determined by the constant head method (Klute & Dirksen 1986) and normalised to 10
cm sediment column length.

We compared these measurements with the permeabilities calculated according to three
different empirical relationships suggested by Krumbein/Monk (Eq. 1, Hsi 1989),
Carman/Kozeny (Eq. 2, Nield & Bejau 1992) and Hazen (Eq. 3, Eggleston & Rojstaczer
1998). To assess water content, grain size distribution and porosity, the core of 3.6 cm i.d.
was sectioned in depth intervals of 0.25 cm (down to 1 c¢cm), 0.5 cm (down to 2 or 4 ¢cm) and
1.0 cm (down to 15 cm), and the slices were oven-dried at 70 °C for 48 h. We determined the
water content W (in % w/w) from the weight loss upon drying and the grain size distribution
by dry sieving. The porosity p, was calculated from the density of the sand, determined by
Archimedes' method, the density of sea water, and W. The permeabilities ki , ke and ky of
the uppermost 10 cm were then calculated according to Equations 1, 2 and 3, respectively.
Equation 1: kgy = 7.50-10™ - dgo? -e'21@

Equation 2: kex = po’ dso%/(180-(1-po)?)

Equation 3: ky = 1.019:10° m? s - dsp> v

(with dsqo: grain size median, d;,: first decile of the grain size distribution, o(¢): standard
deviation of grain sizes given in logarithmic ¢ units, v: kinematic viscosity)

Bacteria, diatoms and carbohydrates

Of each core set, one core of 6.0 cm i.d. was sectioned in depth intervals of 0.5 cm (down to 2
or 4 cm) and 1.0 cm (down to 15 cm). From these slices we took aliquots of 1.0 cm?®, 1.5 em®,
0.2 cm® and twice 0.4 cm’ for analysing bacteria, diatoms, total carbohydrates, water-soluble
and EDTA-soluble carbohydrates, respectively.

Bacteria. 1 cm’® of fresh sediment was added to 8 ml of NaCl solution (32 g 1) containing
formalin (final concentration: 4 %) and stored in the dark at 4 °C until analysis. Bacterial cells
were dislodged from the sand grains by ultrasonic treatment, stained with DAPI, concentrated
on polycarbonate membrane filters (0.2 pm pore size) and counted under epifluorescent
illumination (Zeiss Axioskop), in all steps following the protocol suggested by Epstein &
Rossel (1995). Using a magnification of 1300x, cell numbers were determined from two
parallel filters per sample, in 5 randomly chosen counting grids each.

Diatoms. 1.5 cm’® of fresh sediment was added to 6 ml of isohaline NaCl solution containing
glutaraldehyde (final concentration: 1.6 %) and stored in the dark at 4 °C until analysis. For
the latter, the samples were suspended and the coarse particles (>70 um) allowed to settle for
20 s, before the supernatant was decanted. After adding 4 ml of NaCl solution to the settled
particles, they were once more treated alike. In a pre-test, the efficiency of extracting fine SiC
particles from an artificial sand was 80-90 % using this method. We examined the combined
supernatant suspensions by light microscopy using a Fuchs/Rosenthal chamber and a
magnification of 400x. Diatom frustules were counted separately as planktonic and benthic
forms (Pankow 1990) and grouped into 5 length classes each: 10-15 um, 15-20 pm, 20-25 pm,
25-30 pm and >30 um.

Carbohydrates. Concentrations of total, water-soluble, and EDTA-soluble carbohydrates were
assayed by the phenol/sulphuric acid method (Underwood et al. 1995).
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Pigments

Of each core set, three cores of 6.0 cm i.d. were sectioned in depth intervals of 0.25 cm (down
to 1 cm), 0.5 cm (down to 2 or 4 cm) and 1.0 cm (down to 15 cm). Parallel slices were pooled,
gently suspended in isohaline NaCl solution, and allowed to settle. After 20 s, the supernatant
was decanted and the remaining sediment once more retreated alike. The decanted
suspensions, containing the particulate matter of an effective diameter less than 70 pm
(hereafter referred to as "fine fraction"), were centrifuged (15 °C, 5 min, 1200-g). The pellet
was freeze-dried, weighed and stored at 4 °C in the dark.

For pigment analysis, we prepared extracts from the fine fraction by dark incubation with
90% acetone at 4 °C for 16 h and subsequent centrifugation (4 °C, 7 min, 1620-g). The
supernatant was syringe-filtered through 0.45 pm pores (Nalgene 199-2045 PTFE) and
concentrated using a Savant SC 110A vacuum centrifuge.

20 pl of concentrated extract were separated on a Hypersil ODS C18 column using an HPLC
system (Waters 600E gradient module, Waters 991 photodiode array detector/integrator).
Solvents, gradients, flow rates and a detailed description of the method are given by Karsten &
Garcia-Pichel (1996). Pigments were identified by their absorption spectra (350-800 nm) and
retention times. The quantification of chloropigments and carotenoids was based on the peak
areas at 410 nm and 440 nm, respectively. As calibration standards we used solutions of Chl a
(Sigma), porphin (Sigma), canthaxanthin (Fluka) and the following carotenoids (**C Agency
Denmark): a-carotene, fucoxanthin, 19'-hexanoyloxyfucoxanthin, 19-butylfucoxanthin, lutein,
and peridinin. Qualitative standard solutions of unknown concentration were prepared of -
carotene, BChl a (Rhodospirillium rubrum), BChl c (Prosthecochloris spec.), chlorobactene
(Chlorobium vibrioforme), and isoreniaratene (Chlorobium phaeovibroides). Other pigments
were named operationally in the order of their retention times: chloropigments XA - XF and
carotenoids YA - YF. The detection limit was an absorbance of 0.005 AU (absorbance units),
corresponding to 110-330 ng pigment per cm’ of sediment.

Results

Sediment permeability

The measured permeabilities k and the calculated permeabilities ki, ke and ky are listed in
Table 1. There was a significant positive correlation between k and kg (o0 = 1%) and between
k and ky; (a0 = 5%) with a slope of the regression line of 1.19 and 0.88, respectively. The slope
of the regression line between k and kcg was 0.88, the correlation lacking significance, though.
There was no seasonal trend in the measured or calculated permeabilities.

Porosities and grain size distributions depended on sediment depth (o = 5%, Wilcoxon
matched pairs signed rank test, Sachs 1997):

dsp(0-2 cm) = dso(10-15 cm) > dsp(2-5 cm) = dso(5-10 cm)

and pp(0-2 cm) > po(2-5 cm) = po(5-10 cm) = po(10-15 cm).

Mean values, averaged over all sampling dates, were dso(0-2 cm, 10-15 cm) =571 pm + 101
um, dsp(2-10 cm) =481 um £ 83 um, p(0-2 cm) = 0.374 + 0.057, and py(2-15 cm) = 0.322 +
0.020.
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k (0-10 cm) kxm/k kex/k ku/k

in 102 m?
17 Jul 97 15.0 2.94 2.09
17 Sep 97 40.7 2.35 1.92 2.09
18 Nov 97 18.216,7 2.3716.60 490|13.7 2.73]7.61
13 Jan 98 10.8 3.60 4.94 3.93
13 Jan 98 12.4 3.20 4.26 3.24
17 Mar 98 23.0 1.66 1.56 1.98
19 Mar 98 94 4.08 4.90 4.11
23 Mar 98 13.6 2.81 1.84 3.64
25 Mar 98 5.5 9.53 6.44 11.9
27 Mar 98 6.7 5.53 6.84 5.30
12 May 98 10.3 377 7.54 3.77
7 Jul 98 34.2 1.82 2.78 1.78
mean 3.87 221 5.13 &3.35 4.17+2.82
median 3.20 4.90 3.64

Table 1: Permeability of the upper 10 cm of the sediment. k: measured and normalized, kgy:
calculated according to Krumbein/Monk (Eq. 1), kcg: calculated according to
Carman/Kozeny (Eq. 2), ky: calculated according to Hazen (Eq. 3).

Bacteria and POC mineralisation

Bacterial cell numbers and depth distributions showed distinct seasonal changes (Figure 1).
There was a subsurface maximum in 1.5 - 2.5 cm depth during summer (May, Jul, Sep) and in
3.0 - 4.5 cm depth during winter (Nov, Jan, Mar). Above it, bacterial numbers steeply
decreased towards the sediment surface (except for Nov 97), with minimum numbers attained
in 0 - 2.5 cm depth. The gradient between this minimum and the subsurface maximum as well
as the relative bandwidth, (max-min)/max, of cell numbers within a profile (Table 2) decreased
in autumn and winter (Sep 97 - Mar 98) and increased in spring and summer (Mar 98 - Jul
98).

With an estimated mean cell diameter of 1pm and a cellular organic carbon concentration of
1.1:10" g um™ (Ritzrau & Graf 1992, Harvey et al. 1995), bacterial POC amounted to 3 - 22
ug (cm’® sediment)'. By comparison, total sedimentary POC was between 32 and 2030 pg cm’
3, and median values of bacterial contribution to the sedimentary carbon pool ranged between
2.2% in July and 8.6% in January. In spite of this relatively small share, bacteria and POC
appeared related to each other in various aspects. Throughout the year, the depth of maximum
bacterial cell numbers was close to, i.e. between 1 cm above and 2 cm below, the depth of fine
particles richest in POC (Figure 1). Maximum bacterial numbers (Table 2) and maximum POC
contents (Table 3) tended to be positively correlated, however not significantly. The same
holds for the inventories (0-5 cm depth) of bacteria and POC.

Carbon mineralisation rates (Table 3) showed seasonal changes parallel to that of maximum
bacterial cell numbers and numbers in 1-2 cm depth and 0-5 cm depth (Figure 2). However,

the correlation between rates and these bacterial numbers was statistically not significant
(Sachs 1997).
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maximum number gradient  (max-min)/max

10% cm™ 10% cm™

Jul 97 213

Sep 97 162 123 0.760
Nov 97 147

Jan 98 95.0 60.8 0.640
Mar 98 97.5 36.9 0.405
May 98 99.7 54.3 0.545
Jul 98 112 96.6 0.785

Table 2: Sedimentary bacteria. Gradient: between minimum and subsurface maximum.

maximum inventory mineralisation rate
POC content  (0-5 cm)
% dwt. gm® mg Cm? d”'
B B D
Jul 97 4.90 By 201 519
Sep 97 3.56 1 256 365 311
Nov 97 2.96 13.1 141 204
Jan 98 2.63 4.05 217 101 20
Mar 98 3.64 6.14 265 244 42
May 98 3.61 26.9 565 418 190
Jul 98 1.7 35.9 579 550 464
correlation to
inventory f. s ok *

Table 3: Particulate organic carbon (POC). Maximum content in the fine fraction, total amount
in the upper 5 cm, and carbon mineralisation rates calculated from depth profiles of
dissolved inorganic carbon (DIC). POC contents, DIC concentrations and computation
approaches from Rusch et al. (1999, submitted). Carbon mineralisation rates were
calculated from DIC profiles according to three different approaches, B, C and D, by
depth integration of DIC concentrations using three different background
concentrations. Computations were based on the assumption that DIC accumulated
between the time of highest near-bottom tidal current velocity and sampling.
Significant correlations: *: a = 5%, **: o = 1%.
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Figure 2: Seasonality of sedimentary bacteria: maximum numbers, numbers in the most active
zone (1-2 cm depth), and inventory (0-5 cm).

Figure 3 illustrates that organic-rich fine particles and optimum conditions for sedimentary
bacteria were found in steadily deeper layers during autumn and winter and gradually closer to
the sediment surface in the following spring and summer. Throughout the year, both maxima
were located in the zone influenced by advective exchange across the water-sediment interface.
The zone of DIC accumulation due to intense mineralisation narrowed in autumn and winter
and expanded during spring and summer. From Nov 97 until Mar 98 it did not cover the depth
of maximum bacterial cell numbers.
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Figure 3: Horizons related to POC degradation. Hatched bars: depth interval from which fine-
grained material was partially removed by hydrodynamic processes, with maximum
concentrations of fine particles defining the lower end of this "washout" zone (Rusch
et al. 1999, submitted). Stippled bars: zone of intense carbon mineralisation, defined
as the depth interval of a local, cap-shaped DIC surplus superimposed on the
basically linear depth profile. DIC was considered to accumulate during and near slack
tide, whereas particle washout was rather associated with stronger ebb and flood
currents in the tidal cycle. Circles: depth of maximum POC content of the fine
fraction. Diamonds: depth of maximum bacterial cell numbers.

Carbohydrates

The share of sea water soluble and EDTA soluble carbohydrates was 0.99% + 1.54 % (n =
120) and 5.73 % = 4.52 % (n = 120) of total carbohydrates, respectively. We observed no
seasonal trend or characteristic depth profile in these data.

Total carbohydrate concentrations decreased exponentially with depth in summer (Jul 97, Sep
97, May 98, Jul 98), whereas the winter (Jan 98, Mar 98) profiles showed little variation
(Figure 4). Below 5 cm depth, only minor downcore or temporal changes occurred, and the
mean concentration amounted to (1589 + 830) pgecm™ (n = 63). Carbohydrates in the upper 5
cm exceeding this background concentration were integrated for each sampling date (March:
mean). The resulting areal inventories (in g m™) steadily decreased from 130.7 in Jul 97 to 80.9
in Sep 97 and 66.2 in Jan 98, attained the minimum of -6.7 in Mar 98 and afterwards gradually
increased to 18.0 in May 98 and 31.4 in Jul 98.
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Figure 4: Depth profiles of total carbohydrate (given as glucose equivalent) concentrations.
Diamonds: Sep 97 representing summer, with exponential data fit (solid line).
Squares: 19 Mar 98 representing winter. The complete data set of all profiles is
available from the authors.

Carbohydrate inventories were significantly correlated neither to sediment permeabilities
(Table 1) nor to the corresponding inventories of POC, PN or Chl (data from Rusch et al.
1999, submitted). In several cores, however, total carbohydrate concentrations were
significantly correlated to the concentrations of POC, Chl or bacteria (Table 4).

The difference between carbohydrate organic carbon (chOC) and POC(fine) can be used as a
measure of the minimum amount of carbohydrates associated with the coarse fraction, if
chOC - POC(fine) > 0. In our profiles, this difference was positive throughout the top 10 cm
(except for 4 data points in May 98), revealing that there was more carbohydrate C,, in the
coarse fraction than non-carbohydrate C,, in the fine fraction. With increasing sediment
depth, chOC - POC(fine) tended to decrease. That means, adsorption of carbohydrates to the
sand grains was less in deeper strata compared to above, or carbohydrate occurrence was
selectively restricted to near-surface sediment, or both.
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POC Chl bacteria
carbohydrates |Jul 97 (*) Jul 97 (**) Jul 97 (***)
Sep 97 (***)
15 Mar 98 (*)
Jul 98 (*) Jul 98 (**) Jul 98 (*)
Chl Jul 97 (*)
Jul 98 (*)
bacteria Jal 97 (**) | Jul 97 (***)
15 Mar 98 (*)

Table 4: Significant correlations between the concentrations of carbohydrates, POC,
chlorophyll and bacteria. *: a = 5%, **: a = 1%, ***: a = 0.1 %.

Diatoms

In our samples, most benthic diatoms were naviculoid. Planktonic diatoms were mainly
centric, except for rod-shaped Rhizosolenia spec. and the almost brick-shaped, occasionally
chain-forming Brockmanniella brockmannii (Hasle et al. 1983). The size class 15-20 pm was
dominated by B. brockmannii, whereas no prominence of a certain family was observed in any
other size class.

To improve the comparability of algal cell depth distributions, we present our data in terms of
"relative particle numbers", 1.e. diatom numbers in a certain depth interval divided by the total
number of diatoms found in the core. Depth profiles could be classified into 3 major types,
and a representative of each is shown in Figure 5. The dominant one was an exponential or
linear decrease of relative particle numbers with depth (Figure 5a), a more or less even depth
distribution of frustules (Figure 5b) occurred several times, and some profiles exhibited a
subsurface maximum (Figure S5c). There was no general difference between the depth
distributions of planktonic and benthic diatoms (a0 = 10%, Wilcoxon matched pairs signed
rank test, Sachs 1997), nor did depth distributions depend on cell size (Kruskal/Wallis test).
However, a significant difference between the sampling dates was detected in the depth
distributions of benthic (o = 1%) and planktonic (o = 0.1%) diatoms (Kruskal/Wallis test). In
Jul 97, Nov 97, Jan 98 and 15 Mar 98, profiles were predominantly of the type shown in
Figure 5a. Approximately even depth distributions (Figure 5b) were observed in Sep 97, 19
Mar 98 and 23 Mar 98, whereas a subsurface maximum (Figure Sc) occurred on 27 Mar 98 as
well as in most profiles of May 98 and Jul 98.

The biovolume of benthic and planktonic diatoms was calculated from the numbers in each
size class, approaching cell shapes in pervalvar view as rectangular (B. brockmannii), circular
(other planktonic forms) or elliptic (benthic forms). The height of the frustule was estimated a
quarter of its length. Diatom biovolumes were significantly correlated to POC concentrations
in Sep 97 (o = 0.1%) and Jan 98 (o = 5%) as well as to Chl concentrations and bacterial
numbers in Sep 97 (a0 = 5%). The inventories (0-5 cm) of diatom biovolume and
carbohydrates were significantly (o = 5%) correlated with exception of Jan 98 and Mar 98.

In each size class following the computation approaches given by Smayda (1978), diatom
POC amounted to 10-170 pg (cm® sediment)'. Accordingly diatoms constituted 8-18 %, in
Mar 98 even 28 %, of total sedimentary POC.
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Figure 5: Depth profiles of relative particle numbers. Circles: planktonic diatoms, diamonds:
benthic diatoms. a: exponential decrease, represented by Jul 97, 10-15 pm. b: even
depth distribution, represented by 23 Mar 98, 10-15 pum. c: subsurface maximum,
represented by Jul 98, 15-20 pm. The complete data set of all profiles is available
from the authors.

Photosynthetic pigments

Bacteriochlorophyll. HPLC analysis of our samples was unable to detect any BChl. Due to
relatively small total bacterial numbers compared to a relatively high detection limit, no
conclusion on the presence or absence of phototrophic microbes could be drawn.

Carotenoids. Detectable amounts of carotenoids were found in the samples of Jul 97, Sep 97
and Nov 97. They consisted of 40-100 % fucoxanthin, 0-30 % YA, 0-20 % YC, and 0-20 %
others. Canthaxanthin, lutein and peridinin were below the detection limit. The share of
hydrophobic carotenoids with long retention times tended to increase with sediment depth.
Chloropigments. Concentrations determined by fluorometry (Rusch et al. 1999, submitted)
and by HPLC were significantly (o = 0.1 %) correlated, with the slope of the regression line

near unity.

For the following, the chloropigments were grouped into 3 sets. The hydrophobic set
comprises chlorophyll and its early degradation products, pheophytin and XF (probably
pheophorbide). XA and XB constitute the hydrophilic set, and the intermediate set consists
of XC - XE. Figure 6 shows depth profiles of chloropigments based on fluorometric
measurements, supplemented by HPLC data on the pigment composition. The share of
hydrophobic chloropigments, indicating barely degraded material, tended to decrease from the
surface downwards. Especially high shares in the uppermost layers and in the seston were
observed in Jul 97, Sep 97, Mar 98 and Jul 98 (Figure 6) concurrent with phytoplankton
blooms of Phaeocystis globosa, Chaetoceros spec., Brockmanniella brockmanniil
Skeletonema costatum and Phaeocystis globosa, respectively. By contrast, suspended and
sedimentary fine particles were dominated by intermediate and hydrophilic chloropigments in
Nov 97, Jan 98 and May 98, indicating advanced degradation of phytodetritus.
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Correlations. Except for the carotenoid YA, concentrations of none of the pigments or
pigment groups were significantly (o = 5%) correlated to the diatom biovolume. Carbohydrate
concentrations were significantly correlated to the hydrophilic (a0 = 5%) and the hydrophobic
(a0 = 0.1 %) chloropigments, but not to the intermediate ones. There was a highly significant
(o0 = 0.1%) correlation between POC concentrations and each of the chloropigment sets.

Discussion

Besides catalysing a matchless variety of biogeochemical reactions, bacteria are part of the
sedimentary POM pool and food web. Moreover, microbial exopolymers can alter the
cohesivity of sediments (Grant & Gust 1987, Dade et al. 1990) and the adsorption of DOM
and cells to the matrix (Decho & Lopez 1993). Both affect advective fluxes, that depend on
sediment permeability as well as on size and mobility of the transported particles, e.g.
bacterial cells. In intertidal areas, the pronounced influences of seasons and water movements
add to the interactions between sedimentary bacteria and their dynamic environment.

Microbial particles subject to hydrodynamic forces

Unlike most depth distributions of bacteria reported in literature, with maximum cell numbers
at the sediment surface (e.g. Sahm et al. 1999, Sievert et al. 1999), our profiles exhibited a
subsurface maximum below a minimum (Figure 1). This characteristic feature was also found
in the depth profiles of the fine fraction (< 70 um) and can be attributed to advective washout
and subsequent re-entry from the surface. Maximum bacterial numbers were observed 2-4 cm
closer to the sediment-water interface than maximum concentrations of fine particulates
(Figure 3), indicating somewhat lower susceptibility to hydrodynamic forces. Free-living
single cells are most easily moved through the pore space and across the sediment surface.
Bacteria attached to particles, however, benefit nutritionally over free-living forms by close
association with an organic substrate and by increased solute flux due to fluid turbulence
around the host particle (Logan & Kirchman 1991). In our permeable sand, advective pore
water flows could provide solutes and turbulence, and bacteria are likely to adhere to organic-
rich fine particles or to the more protected habitat of microtopographic structures on coarse
sand grains. With part of the microbial population attached to the coarse fraction (> 70 um),
the bulk hydrodynamic mobility of sedimentary bacteria could fall short of that of the fine
fraction. So maximum numbers of bacteria throve in a zone, where the bulk of small particles
could not resist being carried out of the sediment (Figure 3).
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Figure 6: Depth profiles of chloropigment concentrations, given as chlorophyll equivalents per
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particulate material in Nov 97, Mar 98 and May 98.
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The microbial population of our sandflat was highly dynamic in space and time, as shown by
steep gradients and broad range within the profiles (Table 2) and by marked seasonal variation
in the maximum number, the number in the most active zone and the inventory (Figure 2).
Gradients and bandwidths gradually decreased from autumn till late winter (Mar 98) and
increased in spring and summer, as location and size of the maximum varied seasonally. Due to
decreasing food supply from above and hydrodynamic washout reaching deeper into the
sediment, maximum bacterial numbers were found deeper in winter than in summer (Figure 3),
thus making the gradient shallower. Lower maximum cell numbers (Table 2) added to this
decrease of the gradient and furthermore narrowed the bandwidth. Reversely in summer calmer
hydrodynamic conditions, affluent food supply and higher maximum bacterial numbers
increased both bandwidths and gradients. Apart from selection by interstitial water flows and
availability of organic-rich particles acting on microbial life in a given sediment depth, bacteria
may also actively respond to seasonally changing conditions by vertical migration towards
their current optimum depth.

Microbial organic matter

Strong correlations between bacteria and organic-rich fine particles may arise, when microbial
cells themselves are major part of the sedimentary POC. This was not the case in our sandflat,
with bacteria contributing less than 9% to the POC pool. Nor were POC compounds likely to
be products of microbial primary production. Due to the HPLC detection limit and relatively
small overall numbers of bacteria, our analyses failed to give clear evidence of the presence or
absence of phototrophs. As the microbial contribution to photosynthetic pigments was
undetectable, the microbial contribution to primary production was probably insignificant,
too. Hence the main ecological role of our sandflat bacteria in organic matter turnover was
degradation.

Microbial decomposition of organic matter

Although the standing stock of bacteria contributed only minor part to sedimentary POC, cell
numbers and POC were closely related. Maxima neighboured each other (Figure 3) and
seasonally developed parallel, with bacteria slightly delayed (Table 2, Table 3) due to the
dependence of heterotrophic microbial communities on organic matter supply. The close
spatial coherence between bacteria and fine particles richest in POC might also imply that the
major part of the microbes in our sandy sediment were attached to the interstitial fine fraction
rather than to the organic-poor matrix. On the other hand, we favour the view that a bacterial
population largely attached to sand grains, as suggested by their hydrodynamic mobility,
profits from pore water DOC and prospers where organic-rich material is abundant, without
neccessarily direct contact to the fine-grained POM. Optimum growth conditions could also
contribute to make up for hydrodynamic losses and may serve as an additional explanation for
the maintenance of high bacterial numbers within the reach of advective flushing (Figure 3).
Carbon turnover rates generally decreased from Jul 97 until Jan 98 and afterwards increased
again, corresponding to the seasonal changes of the POC inventory (Table 3). The significant
correlation between the potential of mineralisation and the actual rates emphasises tight
coupling and a high degree of using the POC potential available. As both POC concentrations
and temperatures were lower in winter, less bacteria could make their living (Figure 2) and
mineralisation weakened (Table 3) compared to summer. The number of DAPI-stained cells,
irrespective of their being dead or alive, decreased not as strongly as carbon turnover rates,
indicating that the surviving winter population consisted either of relatively many cells in
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reduced metabolic activity or of few cells in a fully active stage, probably something in
between. The depths of highest numbers of bacteria and organic-richest fine particles increased
towards the cold season and decreased in the following spring and summer (Figure 3).
Optimum living conditions, as determined by hydrodynamically induced mechanical stress
and by POC penetration, amount and quality, established in deeper sediment layers
throughout winter and closer to the surface in summer. The seasonality of organic matter
degradation was revealed not only in rates (Table 3), but also in the depth range of intense
DIC production (Figure 3). Remarkably, this DIC accumulation zone did not cover the depth
of maximum cell numbers from Nov 97 till Jan 98, thus affirming the hypothesis of microbial
dormancy in winter.

Organic matter mineralisation was assessed by means of DIC depth profiles, and the
approaches to calculate DIC production rates as well as the results on an annual basis have
been discussed elsewhere (Rusch et al. 1999, submitted). In the following we focus on the
seasonality of mineralisation rates (Table 3) and the DIC accumulation zone (Figure 3).
Carbon mineralisation rates in our coarse, organic-poor sand ranged between 20 and 579 mg C
m” d', whereas rates in a similar North Sea sediment were 60 - 192 mg C m™ d”' (Upton et al.
1993). We attribute these lower rates to the measurement by core incubations that exclude
advective oxidant supply and therefore may severely underestimate mineralisation rates in
permeable sediments. Rates measured in fine sandy sediments of the North Sea and the Baltic
Sea, that were an order of magnitude richer in organic carbon than ours, ranged between 4 and
555mgC m™ d"', depending on season and location (Canfield et al. 1993, Upton et al. 1993,
Kristensen & Hansen 1995, Osinga et al. 1996, Boon & Duineveld 1998, Boon et al. 1998). In
these finer-grained sediments, permeability may have limited advective interfacial flows that
both remove reduced metabolites and supply oxidants. By contrast, coarser sands like ours
facilitated more intense and deeper-reaching exchange across the water-sediment interface,
thereby enhancing turnover (Forster et al. 1996, Reimers et al. 1996, Huettel et al. 1998). The
relatively low organic carbon contents of non-accumulating permeable sediments are therefore
considered a consequence of rapid mineralisation.

Diatoms as sedimentary organic matter

In marine ecosystems diatoms act as primary producers, may run a heterotrophic metabolism
for several days (Harvey et al. 1995, Nelson et al. 1999) and can constitute a major part of the
POM in the water column and the sediment. Total POC concentrations in our sandflat ranged
between 32 and 2030 pug cm™, with bacteria contributing up to 22 pg cm™ and diatoms up to
170 pg cm™. Thus, diatom carbon was not negligible, though the main part of sedimentary
POC was detritus or adsorbed extracellular substances, both possibly derived from diatoms.
The depth distribution of diatom frustules did not significantly differ between planktonic and
benthic forms, suggesting similar mobility on the scale of our depth resolution. In sandy
sediments moderately exposed to waves and currents, attached benthic diatoms generally
dominate over motile ones (Asmus & Bauerfeind 1994). On the other hand, sandflat diatoms
can actively move vertically with an amplitude of several cm, controlled by wave energy, light
and chemical gradients (Kingston 1999). We detected no significant difference between the
depth distributions of differently sized diatoms, as given the studied size range of diatoms, the
spatial resolution of the depth profiles was insufficient.

Depth distributions depended on the sampling date, forming 3 profile types (Figure 5).
Relative particle numbers decreasing exponentially with depth were observed, when supply
from above exceeded degradation, either due to diatom blooms (Jul 97, Rhizosolenia imbricata)
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or because of low temperatures slowing down degradation (Jan 98, 15 Mar 98). When supply
and removal were balanced, profiles were vertical. The 1998 diatom spring bloom was
followed by a summer poor in diatom phytoplankton and favouring decomposition and
hydrodynamic removal, causing a subsurface maximum of relative particle numbers (Figure
5c). Phytoplankton blooms generally provide large numbers of monospecific, almost equally
sized cells, and thus, B. brockmannii frustules from the 1997 and 1998 spring blooms
dominated the 15-20 pum size class in our samples. The 1997 summer and autumn blooms,
however, failed to become likewise evident, as they were far less pronounced and apparently
insufficient to prevail among the older frustules accumulated in the sediment.

Shortly after a diatom bloom in Sep 97, diatom biovolumes were significantly correlated to
POC and Chl concentrations, supporting that diatoms were a major source of sedimentary
organic carbon. During the rest of the year this relation was less prominent, as different
degrees of hydrodynamic mobility and biogeochemical lability of diatoms, organic carbon and
Chl interfered. The significant correlation between diatom and carbohydrate inventories
emphasises diatoms as the main provenance of intra- and extracellular carbohydrates.

Sedimentary organic matter

Phytopigments are widely used as biomarkers to trace transport or degradation pathways of
algal material or to reveal the origin of phytodetritus, the major food source of heterotrophic
microbenthos. In this study, chloropigment concentrations served as a measure of the amounts
of relatively fresh algal material, chloropigment composition to assess its state of degradation,
carotenoid composition to reveal its provenance from certain algal classes, and
bacteriochlorophyll to estimate the number of phototrophic bacteria.

Generally canthaxanthin serves as a biomarker for cyanobacteria, peridinin for Dinophyceae,
and lutein for Rhodophyceae and Chlorophyceae (Goodwin 1980, Bianchi et al. 1988, Rowan
1989, Abele-Oeschger 1991, Steenbergen et al. 1994). As none of these carotenoids was
detected, we conclude that cyanobacteria, dinoflagellates and macroalgae constituted a trifling
part of the phytodetritus and phytobenthos in our sandflat. Fucoxanthin or close derivatives
are the major carotenoid of Bacillariophyceae, Haptophyceae and Phaeophyceae (Goodwin
1980, Rowan 1989, Abele-Oeschger 1991). They were prevalent in our samples,
corresponding to the dominance of diatoms in Konigshafen phytoplankton and phytobenthos
at sandy sites (Asmus & Bauerfeind 1994) or to detrital Fucus spec. growing in other parts of
the bay (Schories et al. 1997). The apparent absence of carotenoids in the second summer of
our study may be explained by a combination of low algal cell numbers (see above) with the
relatively high detection limit.

Chloropigments, especially the most hydrophobic ones, proved to be good indicators of
sedimentary organic matter, as they were significantly correlated to POC and carbohydrates.
However, there was no correlation to the diatom biovolume, probably because the
decomposition of frustules was much slower than that of pigments.

The set of hydrophobic chloropigments (chlorophyll, pheophytin, pheophorbide) was used
as a marker for barely degraded material. In most profiles, its share tended to decrease
downcore, but was often present even in 4-5 cm depth (Figure 6). This deep penetration of
fresh phytodetritus demonstrated the close link between the water column and at least the
uppermost 5 cm of our permeable sediment. Likewise temporally, seston composition and
phytoplankton blooms were closely related to the sedimentary chloropigment composition.
Chlorophyll, albeit the most labile fraction of organic matter (Henrichs & Doyle 1986), was
more quickly entered and transported through the upper sediment strata than decomposed.
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This emphasises the efficiency of interfacial and subsurface particle transport by advection,
considered a major mechanism in our sandflat, whereas bioturbation and ripple migration were
less important (Rusch et al. 1999, submitted).

Several depth profiles of Chl concentrations had a subsurface maximum (Figure 6), that can be
attributed to the same hydrodynamic processes that caused subsurface maxima in bacterial cell
numbers (Figure 1) and the concentration of fine particulate material. Subsurface Chl maxima
were occasionally detected in the finer-grained sediments of Long Island Sound, USA (Sun et
al. 1991, Sun et al. 1994), and at two North Sea sites exposed to near-bottom water currents
of up to 0.25 ms™' (Frisian Front) and up to 0.45 m s™' (Broad Fourteens) over a fine sandy
bottom and over medium coarse sand, respectively (Boon & Duineveld 1998). In Long Island
Sound they were explained as a consequence of rates and mechanisms of decay varying with
depth, seasonally changing input, and non-diffusive vertical transport by conveyor-belt
feeders (Sun et al. 1991, Sun et al. 1994). Non-local mixing was considered a major cause at the
North Sea locations, particularly at the Frisian Front station abundant in macrozoobenthos,
and advective transport possibly enhanced interfacial particle fluxes at station Broad
Fourteens (Boon & Duineveld 1998). We suggest that generally the deep penetration of fine-
grained POM is advectively enhanced in sandy shelf sediments subject to moderate near-
bottom currents. Furthermore, resuspension and depth-dependent decomposition, both
enhanced advectively as well, may partially remove near-surface POM and thereby cause a
subsurface maximum.

Carbohydrates produced and consumed by bacteria

Besides intracellular storage polysaccharides, copious amounts of exopolymeric substances
(EPS) are produced by aquatic micro-organisms, benthic diatoms, benthic fauna and colony-
forming planktonic algae. Capsule EPS high in glycoproteins are primarily produced during the
log phase of growth, whereas mucus EPS are largely polysaccharide and mainly secreted in the
stationary phase or during nutrient limitation (Decho & Lopez 1993). Their various ecological
functions include cell attachment, locomotion, protection from desiccation or digestion, and
sorption of solutes and colloidal compounds (Decho & Lopez 1993, Underwood et al. 1995,
Smith & Underwood 1998).

Mainly dealing with microbial or diatom mats, former studies on sedimentary polysaccharides
have focused on the uppermost centimetre. We show profiles of carbohydrates in a sandy
marine sediment down to 12 cm depth (Figure 4).

The sea water soluble fraction, containing diatom motility polysaccharides (Underwood et al.
1995), comprised only 1 % of the carbohydrates in our Sylt sediment. We sampled before
complete exposure of the study site, and water soluble carbohydrates could not accumulate
during submergence, or this labile DOC was rapidly degraded. The EDTA extractable fraction,
containing more tightly bound EPS, bacterial capsular EPS and some intracellular
carbohydrates due to cell leakage (Underwood et al. 1995), amounted to 5.7 % of the
carbohydrates in our sandflat. Accordingly, the vast majority of sedimentary polysaccharides
was intracellular or very tightly bound to particles. With increasing proximity to the sediment
surface, i.e. increasing hydrodynamic impact, carbohydrates tended to be increasingly
adsorbed to the coarse sand grains and decreasingly to the fine fraction, that was more
susceptible to resuspension and advective removal from the sediment.

In summer total carbohydrate concentrations decreased exponentially with depth, whereas
winter profiles were almost vertical (Figure 4). The concentrations in winter or below 5 cm
depth represented the refractory part, and planktonic and benthic primary production in
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summer added more easily degradable material to the upper 5 cm of the sediment. In summer
1998, there were less carbohydrates than in summer 1997, with a corresponding interannual
difference in bacterial inventories (Figure 2). The second summer of our study was
characterised by stronger winds, less sunshine and lower temperatures than the first one
(Deutscher Wetterdienst 1998, unpubl. data), so polysaccharide production in the course of
overflow metabolism (Staats 1999) was less pronounced. Throughout the year, significantly
correlated concentrations were detected most often between carbohydrates and Chl (Table 4),
indicating their similarly high lability. The concentrations of the more refractory bulk POC
were correlated to the other OM indicators only in Jul 97 and Jul 98 (Table 4), when labile
components dominated sedimentary POC.

Permeable sediments as microbial habitat

Maximum numbers of bacteria were found neither at the sediment surface nor associated with
largest amounts of sedimentary POM, but with the organic-richest fine particles (Figure 3).
Intense carbon turnover (Table 3) catalysed by the relatively small microbial population of an
organic-poor sand was facilitated by the deep penetration of POM and oxidants into the
sediment. In permeable, non-accumulating sands, solute and particle fluxes across the water-
sediment interface are enhanced by advection, with sediment permeability among the main
factors controlling transport rates and penetration depths (Forster et al. 1996, Huettel et al.
1996, Shum & Sundby 1996).

Sediment permeabilities may be modified by exopolysaccharides, but in our sandflat,
carbohydrate concentrations were relatively low and apparently insufficient to cause
measurable changes in permeability, as evident in the lack of significant correlation. Although
sediment permeability varied temporally, it appeared unrelated to the seasons. Throughout
the year only minor changes occurred in the fine particle concentration below 5 cm depth, so
seasonal changes in the grain size distribution of the top 5 cm had no clearly measurable effect
on the permeability of a 15-20 cm long core. To assess temporal and spatial variations of
sediment permeability and relate them to advective flow and its consequences, in situ
measurements with sufficient depth resolution are needed. Our sediment exhibited significant
vertical variation of median grain size and porosity, that may serve as a crutch to roughly
estimate the corresponding variation of permeability but cannot substitute direct measuring.
Mostly, marine sediments are characterised by grain size and porosity, and there are several
empirical approaches to estimate permeability from granulometric data. We compared
measured permeabilities to calculated ones (Table 1) and found no satisfactory conformity.
Although both kg and kyy were significantly correlated to k with a slope near unity, there was
a considerable offset, so that calculated values were about 4 times the measured ones. The
Carman/Kozeny approach, applicable to almost spherical, well-sorted grains (Nield & Bejau
1992), even resulted in 5 times the measured permeabilities. Equations predicting aquifer
permeabilities from grain size generally give poor estimates (Eggleston & Rojstaczer 1998),
with errors often more than an order of magnitude (Shepherd 1989). Logarithmic scaling and
interpolation to determine d;o, dso and o(¢p) may have introduced a relative error of 0.1 each,
and with an estimated relative error of 0.05 in the determination of p, these errors added up
to 0.68, 0.45 and 0.20 for kxy, kckx and ky, respectively. Moreover, the sediment cores had
possibly been compacted by sampling, and some experimental error was added by the
measuring system. But still these errors fail to explain the full discrepancy. We prefer to rely
on direct measurements rather than on the estimation approaches.
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Conclusions

Shallow water sediments like the sandflat we studied are often exposed to strong near-bottom
water currents and are well-supplied with POM from the euphotic zone. Their high
permeability facilitates deep-reaching advective transport of POM, oxidants, bacteria and
degradation products into and out of the sediment, so that sandy continental shelf sediments
may play an important role in marine organic matter turnover in spite of their low organic
content. In an intertidal sandflat previously characterised as strongly influenced by advective
interfacial and subsurface flows, we have used phytopigments to show the close link between
water column and the uppermost 5 cm of the sediment. The microbial population was
spatially and temporally highly dynamic and rapidly mineralised organic matter, attributable
to advectively enhanced interfacial fluxes of solutes and particles. The hydrodynamic
influence was also revealed in the adsorption of carbohydrates to the coarse sand matrix
increasing towards the sediment surface. Together with earlier data from the same study
(Rusch et al. 1999, submitted) and various significant intercorrelations, our investigations have
sketched a coherent picture of the circumstances, organisms, substances and processes
involved in the ecologically significant biogeochemistry of sandy intertidal sediments.
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3. SUMMARY
3.1. Summary and outlook

This thesis presents new findings on the dynamics of fine-grained organic material in
permeable shelf sediments, founded on in situ experiments and a one-year field study in an
intertidal sandflat. The main results of these investigations are:

In shallow shelf regions, advective exchange of solutes and particles between the bottom water
and permeable sandy sediments can be a fast and efficient transport process. Within 13 h,
tracer particles (1-30 pm) were carried ca. 5 cm into coarse-grained (500-1000 pm) sediment.
The net rate of bottom water "filtration" by this sediment averaged 14 1m? h™'.

The depth distributions of natural and artificial particles depended on sediment permeability
and particle size. Thus, the corresponding results of earlier laboratory studies are confirmed in
a natural marine environment.

The depth distributions of fine-grained (< 70 pm) material and pore water characteristics in
natural sandy sediment indicated hydrodynamic influence down to 4-8 cm below the sediment
surface. Worst case estimates of biodiffusion coefficients at the sudy site imply only minor
macrofaunal contribution to particle transport.

Bacteria (2-9 % of the POC) were less susceptible to water flows through the sediment than
the interstitial fine-grained material, as part of the population lived attached to large, heavy
sand grains. The vertical distribution of bacteria was closely related to the organic carbon
content of the fine-grained particulate matter.

The hydrodynamic influence on the studied shelf sediment was also revealed in the adsorption
of carbohydrates to the coarse sand matrix increasing towards the sediment surface.

Advective interfacial and subsurface flows can be responsible for a tight coupling between the
water column and sandy sediments. The depth distribution of planktonic diatoms found in the
sediment was related to weather and phytoplankton conditions, and relatively fresh
phytodetritus penetrated at least 5 cm into the permeable bottom.

Areal inventories of POC, PN and Chl as well as depth profiles of POC and Chl contents,
DIN concentrations and bacterial cell numbers showed strong seasonal variation affecting the
uppermost 5 cm of the sediment. Advective transport appeared most important in winter and
spring, whereas early diagenetic processes rather dominated in summer and autumn.

Advectively enhanced penetration of POM and dissolved oxidants can increase the
sedimentary capacity and rates of organic matter decomposition. Carbon mineralisation rates
at the study site ranged between 20 mg C m™? d' in winter and 580 mg C m? d”' in summer,
keeping step with rates reported of finer-grained sediments that contained an order of
magnitude more organic carbon.
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These results support that the hydrodynamic regime of shelf seas enhances biogeochemical
dynamics in permeable sands. Well-supplied with organic matter from the highly productive
euphotic zone and efficiently trapping POM, sandy shelf sediments nevertheless maintain
their non-accumulating character due to high turnover and flushing rates. As permeable
sediments cover extensive areas of the continental shelves, they should be reconsidered with
respect to quantitative importance in the marine carbon cycle.

Besides various implications on organic matter turnover, advective solute and particle
transport undoubtedly also influences the benthic ecology of sandy shallow water sediments.
Further studies could provide interesting insights in microbial communities that are exposed to
and adapted to different degrees of seasonal and hydrodynamic influence and environmental
variability.

This study has shown features and effects of advective interfacial and interstitial water flows
in a particular marine environment. However, the importance and implications of advective
transport processes remain to be investigated in a variety of other marine and limnic
ecosystems.

Sediment permeability has been revealed a key factor for advective fluxes, but closer
investigations are hampered by the lack of sensitive and precise methods to measure hydraulic
conductivities in situ with sufficient depth resolution. Methodical developments, like a
suitable in situ permeameter or shipboard techniques for taking undisturbed cores from
permeable subtidal sediments, could largely improve future research on sandy sediments.

3.2. Zusammenftassung und Ausblick

Die vorliegende Arbeit stellt neue Erkenntnisse iiber die Dynamik feinkémigen organischen
Materials in permeablen Schelfsedimenten vor. Sie griinden auf in-situ-Experimenten und einer
einjahrigen Feldstudie an einem Sandwatt-Standort. Die wichtigsten Ergebnisse dieser
Untersuchungen sind:

In flachen Schelfgebieten kann der advektive Austausch geloster und partikuldrer Stoffe
zwischen dem bodennahen Wasser und permeablen sandigen Sedimenten ein schneller und
wirkungsvoller Transportprozel3 sein. Tracerpartikel (1-30 um) wurden innerhalb von 13 h
etwa 5 cm tief in grobkorniges (500-1000 um) Sediment eingetragen. Dieses Sediment
"filtrierte" Bodenwasser mit einer mittleren Nettorate von 14 1m™? h™.

Die Tiefenverteilung natiirlicher und kiinstlicher Partikel hing von der Permeabilitit des
Sedimentes und der Grof3e der Partikel ab. Damit werden entsprechende Ergebnisse friiherer
Laborversuche in einem natiirlichen marinen Umfeld bestatigt.

Die Tiefenverteilung feinkérnigen (< 70 pum) Materials und die Beschaffenheit des
Porenwassers in natiirlichem sandigem Sediment geben zu erkennen, da der Einflu3
hydrodynamischer Prozesse bis in 4-8 cm Tiefe reichte. Eine Abschitzung des gro3tmoglichen
Biodiffusionskoeffizienten am Probenahmeort 1a3t darauf schlieffen, dal3l Makrofauna dort nur
wenig zum Partikeltransport beitragt.
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Bakterien (2-9 % des POC) wurden von Wasserstromen durch das Sediment weniger
mitbewegt als das feinkdrnige Material im Porenraum. Ein Teil der Population war demnach
relativ fest mit groBen, schweren Sandkdmern verbunden. Die vertikale Verteilung der

Bakterien stand in engem Zusammenhang mit dem Gehalt der Feinfraktion an organischem
Kohlenstoff.

Der hydrodynamische Einflufl auf das untersuchte Schelfsediment duflerte sich auch in einer

Zunahme der Adsorption von Kohlehydraten an die grobe Sandmatrix zur Sedimentoberfliche
hin.

Advektive Fliisse durch und unterhalb der Grenzfliche zwischen Wassersdule und sandigen
Sedimenten konnen diese Kompartimente eng aneinander koppeln. Die Tiefenverteilung
planktischer Diatomeen im Sediment hing mit den Wetterverhédltnissen und der
Phytoplanktonsituation zusammen, und relativ frischer Phytodetritus gelangte mindestens 5
cm tief in den permeablen Meeresboden.

Flachenbezogene Mengen von POC, PN und Chl sowie Tiefenprofile der POC- und Chl-
Gehalte, der DIN-Konzentrationen und Bakterienzahlen zeigten starke jahreszeitliche
Verdanderungen in den obersten 5 cm des Sedimentes. Advektiver Transport schien im Winter
und Friihjahr von grofiter Bedeutung zu sein, wahrend Frithdiagenese eher im Sommer und
Herbst dominierte.

Advektiv verstarkter und vertiefter Eintrag von POM und geldsten Oxidationsmitteln kann die
Abbaukapazitidt des Sedimentes und die Umsatzraten organischen Materials erhohen. Im
untersuchten Sandwatt reichten die Raten der Kohlenstoffmineralisation von 20 mg C m™ d!
im Winter bis zu 580 mg C m? d"' im Sommer. Sie liegen damit im gleichen Bereich wie
(Literatur-)Raten in feinerkornigen Sedimenten mit erheblich hoherem Gehalt an organischem
Kohlenstoff.

Diese Ergebnisse belegen, daB die Hydrodynamik in Schelfmeeren die biogeochemische
Dynamik permeabler Sande verstirkt. Obwohl viel organisches Material aus der
hochproduktiven euphotischen Zone an sandige Schelfbdden gelangt und dort effizient
eingefangen wird, bleibt der nichtaccumulierende Charakter dieser Sedimente durch intensiven
Umsatz und Durchspiilung erhalten. Permeable Sedimente bedecken weite Teile des
Kontinentalschelfs und verdienen daher auch im Hinblick auf ihre quantitative Bedeutung im
marinen Kohlenstoffkreislauf weitere Betrachtungen.

Neben verschiedenen Auswirkungen auf den Umsatz organischen Materials beeinflufit der
advektive Transport von Partikeln und gelosten Stoffen zweifellos auch die benthische
Okologie sandiger Flachwassersedimente. Zukiinftige Forschung kénnte interessante Einblicke
in mikrobielle Gemeinschaften vermitteln, die saisonalen und hydrodynamischen Einfliissen
sowie schwankenden Umweltbedingungen in unterschiedlichem Mafe ausgesetzt und daran
angepallt sind.

Die Eigenschaften und Wirkungen advektiver Fliisse an der Wasser-Sediment-Grenzschicht
und durch den Porenraum sind hier fiir ein bestimmtes marines Umfeld untersucht worden. Die
Bedeutung und Auswirkungen advektiver Transportprozesse in diversen anderen marinen und
limnischen Okosystemen ist jedoch bisher nicht erforscht.
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Die Permeabilitit des Sedimentes hat sich als Schlisselfaktor fiir advektive Fliisse erwiesen,
aber genauere Untersuchungen scheitern daran, dal empfindliche und genaue Methoden fehlen,
um hydraulische Leitfahigkeiten in situ mit ausreichender Tiefenauflosung zu messen.
Methodische Fortschritte wie ein geeignetes in-situ-Permeameter oder schiffstaugliche
Verfahren, ungestorte Kerne auch aus permeablen subtidalen Sedimenten zu erhalten, konnten
die zukiinftige Forschung an sandigen Sedimenten erheblich fordern.
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