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ABSTRACT: Filtration of planktonic algal cells from the water column into permeable sublittoral sediment and the fate of the cells in the shallow sands were studied during a red tide produced by the
dinoflagellate Peridinella catenata at Hel Peninsula/Baltic in May 2004. Advective porewater flows
associated with ripple topography of the bed caused rapid transport of algal cells down to 5 cm sediment depth. Sedimentary concentrations of algal cells mirrored algal concentrations in the overlying
water column with increases and decreases within the upper 3 cm of the bed occurring within a few
hours. Sedimentary algal uptake and release significantly differed between stations only 15 m laterally apart. Laboratory sediment-column experiments with 13C-labeled algal cells revealed algal
decomposition at rates of up to 0.2% 13C h–1 in percolated sands originating from the study site. This
was 2 orders of magnitude lower than observed decreases in sediment algal cell C abundance of up
to 23% C h–1 after a drop in cell concentrations in the water column. Because bioturbation and ripple
migration were negligible, we conclude that advective flushing of the uppermost sediment layer
could rapidly remove cells from the sediment. Our results demonstrate close spatial and temporal
coupling between algal cell concentrations in the boundary layer and those in the upper 6 cm of permeable sand sediment, and suggest that permeable beds can act as short-term storage buffer for
phytoplankton. During passage through the sediment, planktonic algae may benefit from the higher
nutrient concentrations available in the porewater.
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Peridinella catenata
Resale or republication not permitted without written consent of the publisher

Waves and strong bottom currents keep the surface
layers of sublittoral sand sediments unconsolidated
and highly permeable to water flow. Frequent sediment movement and resuspension prevents accumulation of fine materials and results in well sorted
beds with relatively low organic content (Kranck et al.
1996). Such beds presently cover large sections of the
world’s shelf floors. In 1968, Webb & Theodor (1968)
injected dye into sublittoral mediterranean sands and
observed dye emergence at the ripple crests caused

by the interaction of bottom flows and sediment
topography. Riedl et al. (1972) buried flow sensors at
10 to 30 cm depth in nearshore sands (15 to 100 cm
water depth, North American Shelf) and observed
horizontal and vertical porewater transport velocities
of up to 36 cm h–1. These authors estimated that this
porewater transport leads to an average exchange of
33.2 l m–2 d–1 in the shallow shelf (< 200 m water
depth). Since then, this exchange process has been
confirmed by several research groups (Harrison et al.
1983, Ziebis et al. 1996, Falter & Sansone 2000, Precht
& Huettel 2004, Reimers et al. 2004), with measured
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and calculated filtration rates of up to several hundreds of liters m–2 d–1.
This relatively strong interfacial water flow has the
potential to carry suspended small particles into the
porous sand bed, and several flume and in situ experiments demonstrated that clay particles, fluorescent
tracer particles and planktonic algae can be transported into the bed by the interfacial water flows
(Packman & Brooks 1995, Huettel et al. 1996, Pilditch
et al. 1998, Huettel & Rusch 2000, Packman et al. 2000,
Packman & Brooks 2001). As oxygen enters the sediment with the same water flows as the particles, and
degradation products are removed from the sediment
by the porewater flows (Huettel et al. 2003), this filtration process also promotes a sedimentary environment
that is supportive of efficient and rapid degradation of
organic particles carried into the bed. According to
studies by Kristensen et al. (1995), Kristensen &
Hansen (1995), and Dauwe et al. (2001), the decomposition rate of a large fraction of organic matter buried in
marine sands is accelerated by availability of oxygen.
Synthesis of the listed findings suggests that shallow
permeable shelf beds represent large biocatalytical filter systems that possibly have a strong influence on the
cycles of matter in the shelf and coastal water quality.
Relentless coastal development and the rapid
increase of the human population in coastal zones
(Niemi et al. 2004) are associated with increased nutrient concentrations in nearshore waters that promote
algal growth and blooms (Nixon 1995, Seitzinger &
Kroeze 1998, Paerl et al. 2002). The frequency and
duration of such blooms has been increasing since the
onset of rapid industrial development (Nixon 1995,
Howarth et al. 2002, Paerl et al. 2002, Glibert et al.
2006), stressing the potential importance of nearshore
filtering, sand beds for the degradation of this organic
material. Bed filtration may clear the water of toxic red
tides, enhance water clarity necessary for benthic primary production promoting high oxygen concentrations at the sea floor, and may prevent the build-up of
large amounts of organic material that can result in
anoxic bottom boundary layers. Recent laboratory
investigations (Lohse et al. 1996, Jahnke et al. 2005a)
suggest that permeable shelf sands are sites of considerable denitrification activity; thus, such beds could
effectively remove nitrogen from the coastal ocean and
thereby counteract, to some extent, the effects of
coastal eutrophication.
So far, the filtration of an algal bloom into permeable
marine sediments has not been investigated in situ, and
conclusions from flume experiments are limited due to
restrictions in water depth, wave height, sediment
depth, lack of fauna, atypical biogeochemical zonation,
etc. Two in situ studies have measured degradation
rates of artificial algal blooms in sandy sediments

(Ehrenhauss et al. 2004a,b). A critical question is,
whether algae advected into the sediment immediately
begin to break down or if cells survive for a period of
time before the onset of decomposition. In many decomposition experiments, dead algae are used as a carbon source, and the degradation status of the cells may
mean that the responses observed in these studies are
not directly representative of in situ conditions (e.g.
Moodley et al. 2005). To our knowledge, no comparisons of the response of live and killed treatments exist
in the literature. Also, continuous rapid interfacial porewater exchange may mean that filtered particulate
organic matter can be lost from the sediment again, and
no information is available on this process.
The aim of this study was to investigate the filtration
and degradation of phytoplankton in shallow sublittoral sands with emphasis on the temporal and spatial
characteristics of these processes. A dense dinoflagellate bloom developed close to Hel peninsula (Baltic,
Poland) during a sequence of very calm, sunny days in
late spring 2004. We used the dinoflagellate cells as
natural tracer particles and model organisms for the
quantification of filtration and sedimentary mineralization of algal cells. Algal counts along sedimentary transects permitted the assessment of deposition patterns
and their spatial and temporal dynamics. Parallel laboratory experiments with labeled bloom dinoflagellates
allowed quantification of the degradation rates of live
and killed treatments and investigation of whether
degradation can account for observed decreases in
sedimentary algal cells.

MATERIALS AND METHODS
Study site. The study site was in shallow water
(<1.5 m) with unvegetated sandy sediment located off
the township of Hel on the Hel Penisula on the Baltic
coast of Poland (54° 36’ 22’’ N, 18° 48’ 00’’ E; Fig. 1). The
water is brackish with a salinity of 7, and water temperature during the study period at the beginning of May
2004 was 8°C. The sediment consists of well-sorted
quartz sands with a median grain size of 210 µm. Sediment permeability was measured using constant-head
permeametry (Klute & Dirksen 1986) in triplicate cores
(3.6 cm diameter, 15 cm long) retrieved from the sampling sites. Tidal influence is minimal, and small
changes in water depth at the site are controlled by
wind-driven seiches. Flow velocities were measured
with a Nortek™ acoustic Doppler velocimetry system
(ADV), with the measuring volume positioned ~12 cm
above the sediment surface. During the investigations,
weather was very calm (winds < 2 m s–1) and sunny.
Algal bloom sampling. In the morning of May 1,
2004, a dense bloom of the dinoflagellate Peridiniella
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Fig. 1. Study site at Hel Peninsula, Poland. (d) 3 stations along
seaward transect (0.5, 1.0 and 1.5 m depth, respectively)

catenata was carried into Hel Bay, where it concentrated in the shallow zone causing a reddish-brown
appearance of the water (see Fig. 2). P. catenata
blooms are considered non-toxic (Haya 1995), and no
adverse effects on the fauna present at the study site
could be observed. Water and sediment samples were
collected throughout the day (at 09:30, 14:30, 17:00
and 21:30 h) at 3 stations located at 0.5, 1.0 and 1.5 m
water depth along a transect extending in a southwesterly direction, perpendicularly from Hel beach (Fig. 1).
Water was sampled in triplicates at 20 cm above the
sediment surface using 50 ml centrifuge vials. Water
samples taken at 09:30 h were lost during transport,
however, from the turbidity and color of the water we
assume that algal concentrations at 09:30 h were less
than those at 14:30 h, when the color of the water had
turned to an intense brownish-red. Sediment cores
were collected in triplicate at ripple slopes using cutoff syringes (20 ml), and cut at 7, 15, 30, 45 and 60 mm
intervals. The resulting sediment slices as well as the
water samples were preserved in formaldehyde solution (4% final concentration). For algal counts, the sediment slices were resuspended and, immediately after
sedimentation of the sand grains, 75 µl of the water
overlying the sand was extracted with an Eppendorf
pipette. Dinoflagellate cells in these subsamples and
the water column samples were counted under the
microscope.
Algal distribution on sediment surface. Algal cell
deposition on the rippled surface of the Hel sediment
affected by water filtration through the upper layers of
the sand bed was investigated using image analysis of
6 close-up digital images taken from the sediment surface at the deepest station (1.5 m). Pictures were taken
vertically downwards at 30 cm distance from the sand
bed. Green light (500 to 550 nm) reflected from chlorophyll accumulated at the sediment surface was ex-
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tracted from the images by spectral analysis with the
image-processing software NIH-image. The surface
deposition was further analyzed in a wave tank with
sand of the same grain size and waves of similar
dimensions. A 10 cm-thick layer of algae-free sediment was placed in a 6.1 m long, 31 cm wide, and
46 cm deep wave tank. Water depth in the tank was
adjusted to 30 cm, and for a period of 10 min the wave
paddle mounted at one end of the tank produced
waves of 10 cm amplitude and a frequency of 1.2 Hz
that generated a rippled surface (ripple amplitude
0.6 cm, wavelength 6.8 cm) on the incubated sediment
layer. After this initial period, the waves were reduced
to 2.5 cm amplitude, ~200 cm wavelength, at 0.6 Hz
that caused oscillating flow at the sediment –water
interface but no grain movement (maximum velocity at
10 cm above the bed was 10 cm s–1). Then a suspension
of dead phytoplankton cells (a mix of Thalassiosira
weissflogii, Pavlova sp. and Nannochloropsis sp., 2.6 ×
108 cells l–1 final concentration) was added to the
water. After 24 h, the water was partly drained from
the wave tank and the surface was photographed for
image analysis as described above. Sediment cores
(2 cm diameter, 5 cm long) taken in triplicates at the
ripple slopes provided the reference chlorophyll data
for the image analyses.
Algal distribution within Hel sediment. To assess
the small-scale depth distribution of algae in the sandy
sediment, 2 sets of 10 cut-off syringes (20 ml, 1.9 cm
diameter) were pushed adjacent to each other into the
sediment at the deepest station along 2 parallel small
transects (20 cm long) perpendicularly crossing a ripple (2 cm amplitude, 20 cm wave length). The sediment cores were cut at 1.5 cm depth intervals, and
slices of the same depth from the 2 replicate cores were
pooled and frozen. Pigment (chlorophyll a [chl a],
phaeophytin, total phaeopigment) distributions whithin the sediment were analyzed according to Strickland
& Parsons (1972) using a 90% acetone extraction. Data
were plotted with the software package ‘surfer’,
revealing the two-dimensional distribution of chl a below the sediment ripple.
Organic matter labeling and degradation experiments. In order to assess the degradation rate of the
algal bloom in the sediment, we performed percolation
column experiments with labeled Peridiniella catenata. H13CO3– (~500 µM) was added to freshly collected water containing the bloom, which was then
incubated for 2 d under natural daylight conditions and
at in situ temperature. A portion of the labeled algal
bloom was then frozen and thawed (hereafter referred
to as ‘the frozen treatment’, with the unfrozen treatment hereafter referred to as ‘live’). Samples from each
treatment were collected onto Whatman GF/F filters
for analysis of chl a, POC and 12C:13C ratios. Analysis of
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the labeled algal bloom showed that the δ13C of the
POC reached ~1200 ‰ for the frozen treatment and
~2500 ‰ for the live treatment. We suggest 2 possible
reasons for this difference: (1) The frozen treatment
was made ~12 h before the samples were applied to
the sediment columns and would have stopped assimilating dissolved inorganic (DI)13C immediately; in the
interim, the live treatment, would have continued to
assimilate DI13C (both in the dark and during limited
periods of illumination) before the cells were applied to
the columns. (2) Due to the freezing and thawing, some
of the algal cells were destroyed, losing their cell contents (which were presumably more enriched in 13C
than the more rigid cellular components).
Eight acrylic core liners (36 mm internal diameter)
were filled to a height of 5 cm with sieved sand collected from the study site at a water depth of 1.5 m. The
sediment was sieved through a 0.5 mm sieve in order to
remove macrofauna. Filtered site water (Whatman
GF/F) was pumped from top to bottom through the
cores at a rate of ~0.17 l d–1, which was equivalent to a
flushing rate of ~170 l m–2 d–1 and a porewater velocity
of 1.8 cm h–1. This flow rate ensured that the porewater
was still oxic after having passed through the sediment
columns, which was verified throughout the experiment by measurements of O2 concentration in the outflow water of all columns. Experiments commenced
with the addition of 100 ml (corresponding to approximately 2 × 105 cells or 560 µg C) of the live and frozen
algal bloom treatments to 4 columns for each treatment.
This is equivalent to the amount of algae that would be
transported into the sediment during 1 d assuming a
flushing rate of 100 l m–2 d–1 (the upper range of flushing rates at that site under calm conditions). Microscopic observations of the live treatment showed that
the dinoflagellate cells were still alive upon addition to
the column. After the addition of algae, the entire cores
were immediately rinsed (10 ml min–1) with ~200 ml of
filtered site water to wash away unfixed bicarbonate label. The efficiency of this rinsing process was checked
by flushing 2 ‘blank’ columns with 500 µM H13CO3
only, followed by subsequent rinsing with site water as
described above. The cores were then left to incubate
under continuous flushing, and the core outlet water
was sampled at ~24 h intervals to determine 13C:12C ratios of particulate organic carbon (POC), dissolved organic carbon (DOC) and dissolved inorganic carbon
(DIC). Samples of reservoir water were also taken and
processed simultaneously in the same way for determination of the background 13C:12C ratios of the POC,
DOC and DIC fractions. After 2.5 d, 2 of the columns
from each treatment were sacrificed and the sediment
collected and frozen for later analysis of 13C:12C ratios of
POC. After 5 d the remaining 2 columns for each treatment were sacrificed and sampled in the same way.

Samples for POC analysis were collected by filtering
though 1 µm glass-fiber Millipore cartridge filters, the
filtrate was collected for DOC analysis. Samples for
DIC analysis were preserved with 0.01% HgCl2 (final
concentration). The 13C:12C ratios of POC samples
were analyzed using a Finnigan Delta S isotope ratio
mass spectrometer coupled on-line via a conflo interface with a Carlo Erba/Fisons/Interscience elemental
analyzer. DIC 13C:12C ratio was analyzed using a gas
chromatograph coupled to a continuous flow GC-IRMS
(VG Optima). The 13C:12C ratio of DOC was determined as DIC after a persulfate digestion as described
by Menzel & Vaccaro (1964). The excess 13C in each
sample was calculated by subtracting the background
13
C:12C ratio determined in the sediment (POC), reservoir (DOC) and blank columns without algae addition
(DIC). A natural abundance δ13C of –20 ‰ was
assumed for the phytoplankton, any errors arising from
this assumption are likely to be negligible given that
the enrichment of the algal associated POC was in
excess of 1000 ‰. POC was analyzed after acidification
using a Fisons NA1500 elemental analyzer.
A rate constant for organic matter degradation was
estimated from a fit of the data to the equation G(t) =
Ge–kt, where G(t) is amount of labeled POC at Time t
(estimated from the initial amount of excess 13C minus
the cumulative loss of 13CO2), and k is the first-order
decay constant. This differs from the conventional biexponential fit, which identifies 2 reactive and 1 nonreactive fraction of organic matter (e.g. Westrich &
Berner 1984); however, the short-term incubations
conducted here only allow the first (labile) fraction of
organic matter to be resolved.

RESULTS
In situ observations and flume experiment
May 1, 2004, was a very calm day in Hel Bay. At
09:30 h the water was smooth with surface wave amplitudes <10 cm, and the green color of the water indicated the presence of a phytoplankton bloom. A weak
coastal current carried a red tide into Hel Bay leading
to increased turbidity, and by 14:30 h, the water close to
the beach (< 3 m depth) had become reddish-brown
caused by massive occurrence of the dinoflagellate
Peridiniella catenata (Fig. 2) reaching an average (± SD)
of 4.9 (± 0.3) × 106 cells l–1 or 80 µg chl a l–1 at the
shallowest station (0.5 m). At the 2 deeper stations, concentrations were lower (1.0 m station: 2.1 × 106 cells l–1;
1.5 m station: 1.1 × 106 cells l–1). During the afternoon,
algal abundances in the water column decreased but
remained higher than 0.49 × 106 cells l–1 throughout the
rest of the day.
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F. Wenzhoefer et al. unpubl.), very similar to flow patterns observed in laboratory wave tank experiments
(Precht & Huettel 2003). These interfacial flows filtered
suspended Peridiniella catenata (diameter 34 to 37 µm)
(Figs. 2 & 4) and cells that were deposited onto the bed
surface into the permeable sediment. A large fraction
of the algae was trapped in the uppermost sediment
layer (0 to 7 mm). Algae concentrations were highest in
the ripple troughs and ripple slopes, where water flow
into the sediment was strongest (Fig. 3a). The wave
tank experiment, producing very similar distribution
patterns of algae in the sediment surface layer, supported the hypothesis that the chlorophyll pattern on
the rippled surface observed in the field was caused by
wave-induced transport of algal cells into the surface
layer (Fig. 3b,c). Likewise, the 2-dimensional chlorophyll plot produced from the transect measurements
over the ripple reflected this algal distribution, with
maximum values in the upper ripple slopes and the
ripple troughs. The chlorophyll signal produced by
P. catenata filtered into the bed exceeded the chlorophyll contained in benthic diatoms and detritus particles, which reached 1 µg g–1 in the uppermost sediment layer. Due to the oscillating flow direction, which
forces algal cells into the slopes, the concentration
maxima on both sides of the ripple crest can join to
form high concentrations of algae at the ripple crest.
Phaeopigments reached highest values below the surface of the ripple troughs, at 0.5 to 2.5 cm sediment
depth (Fig. 4).

Fig. 2. Water at Hel beach
stained by red tide caused
by dinoflagellate Peridiniella catenata (lower panel,
identified and photographed
by Dr. Jozef Wiktor, Marine
Ecology Department, IOPAS,
Poland)

The ADV measurements obtained at
~12 cm above the sand bed showed
steady bottom currents in an approximately northerly direction (almost paralleling the beach) with velocities of
less than 4 cm s–1 overlaid by waveinduced orbital velocities of less than
7 cm s–1 aligned roughly perpendicular
to the shoreline (Table 1). These bottom
currents were sufficient to generate
water flow through the upper sediment
layer. Average permeabilities (± SD) for
the upper 10 cm of the sediment were
3.74 ± 0.28 × 10–11 m2 at 0.5 m, 3.46 ±
0.20 × 10–11 m2 at 1 m, and 2.77 ± 0.08 ×
10–11 m2 at 1.5 m water depth, permitting advective porewater flow through
the upper layer of the bed. Injection of
fluorescent tracers and measurements
with planar oxygen optodes revealed
porewater flows from the ripple
troughs to the ripple crests (Cook et al.
in press, F. Janssen et al. unpubl.,

Table 1. Steady and oscillating flow velocities (averaged over measurement
duration) at study site during our investigation. Velocities for oscillating flows
are averages of absolute values of orbital flow velocities; flow direction is given
in degrees on compass scale. Measurements conducted with an acoustic
Doppler velocimetry system. Start: time of day experiment began; Duration:
measurement duration; Distance: distance to sediment, i.e. depth at which volume was measured
Date
(2004)

Start
(h)

1 May

15:28
20:20
01:11
06:03
23:28
04:20
09:11
14:03
18:53
21:49
03:11
12:28
17:20
22:11
03:03

2 May

3 May

4 May

5 May

Duration Distance
(min)
(m)
70.0
70.0
70.0
68.1
70.0
67.0
70.0
70.0
110.0
95.4
93.9
66.4
70.0
67.1
70.0

0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.11
0.11
0.11
0.11

Steady flow
(cm s–1)
(°)
3.0
1.2
1.7
2.6
1.4
2.8
2.1
0.7
1.1
1.8
2.3
3.7
1.7
0.9
1.7

336
13
322
304
292
304
301
265
102
214
288
321
304
36
322

Oscillating flow
(cm s–1)
(°)
2.6
2.0
2.0
2.8
3.1
2.8
6.9
3.8
1.0
1.1
1.6
5.4
6.3
2.7
4.4

46
50
43
45
48
40
32
42
45
51
39
37
40
39
40
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The sedimentary cell-count time series revealed
temporal and spatial variations within the 30 m-long
transect during the course of the day (Fig. 5). At 09:30 h,
cell abundances, integrated over the upper 6 cm of the
sediment, were significantly different (Mann-Whitney
U-test, α = 0.1) between the 0.5 m station and the other
0.6

a

0.5

2 stations (only 15 and 30 m away). Depth-integrated
cell abundances changed during the day, with different temporal developments between stations. Highest
abundances were recorded at 14:30 h at the 0.5 m station (28 × 106 cells m–2), decreasing within 2.5 h to 12 ×
106 cells m–2. In contrast, abundances at the 1.5 m sta-
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Fig. 3. Algal cell deposition pattern at sediment surface (a) in
the field and (b,c) in the wave tank, assessed by image analysis of sediment surface color. The wider image used for the
analysis in (c) shows the deposition pattern over one ripple
wave length. Thick black line: height of sediment surface;
gray bars in (c): SD (n = 4)
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Fig. 4. Peridiniella catenata. (a) Algal cell concentration at
ripple slopes and crests producing greenish-brown ripples;
(b,c) 2-dimensional distribution of (b) chlorophyll a and (c)
phaeophytin under sediment ripple at Hel (1.0 m station)
(white area below ripples was beyond reach of the sampling
syringes, thus there are no data for this area)
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tion increased after 09:30 h within 5 h, from 8.8 to 24 ×
106 cells m–2, and remained more or less constant after
14:30 h. Likewise, cell abundances at the middle station at 1 m depth almost doubled between 09:30 h (4.5
× 106 cells m–2) and 14:30 h (8.6 × 106 cells m–2).
A closer look at the different sediment layers
(Fig. 6) reveals that the observed changes in depthintegrated abundances were dominated by cell concentration changes in the surface layer (0 to 7 mm)
that contained 75 ± 7% (0.5 m station), 70 ± 11%
(1.0 m) and 88 ± 9% (1.5 m) of all algae (averages for
all samplings). Below this layer, a consistent temporal
pattern in the next 3 layers (7 to 15, 15 to 30 and 30
to 45 mm) showed increasing Peridiniella catenata
abundances after 09:30 h, reaching peak values at
14:30 h and dropping to minimum abundances at
17:00 h. The occurrence of this pattern at all 3 stations indicated that a larger-scale process was
responsible for the changes in algal abundance in the
subsurface layers. This is supported by the comparison of the development at the 3 stations over time.
Plotting the changes of algal concentration h–1 for the
time period between 09:30 and 14:30 h, shows that cell
abundance at the 1.5 m station in all layers increased
faster than at the 1.0 m station and than cell abundance in most layers at the 0.5 m station (Fig. 7).
Between 14:30 and 17:00 h, cell abundance declined
in all layers at all stations except in the surface layer
of the 1 and 1.5 m stations, but now with steepest
hourly decreases at the 0.5 m station (–379 cells cm– 3
h–1). After 17:00 h, changes in sedimentary cell abundances were small (< 33 cells cm– 3 h–1), except in the
surface layer where abundances decreased at the 1 m
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Fig. 5. Peridiniella catenata. Changes in algal cell numbers
integrated over upper 60 mm of sediment, and algal concentrations in overlying water column, over time. No data available for water at 09:30 h. Error bars: SD
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Fig. 6. Peridiniella catenata. Changes in algal abundance at
different sediment depths over time. Note different x-axis
scaling in the 2 uppermost graphs. Error bars: SD
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station while increasing at the 1.5 m station. Maximum penetration depths of P. catenata cells into the
sediment (defined as the depth where cell counts
dropped below 1 cell cm– 3) ranged between 37 (1 and
1.5 m stations) and 52 mm (0.5 station) but did not
show significant changes over time.
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Sediment column experiment
The sediment column experiment showed that the
variations in algal abundances in the sediment could
not be explained by decomposition of cells. After initial
higher turnover rates lasting approximately 48 h (< 5%
13
C d–1), DIC, DOC and POC measurements indicated
low degradation rates (< 2% 13C d–1). In contrast,
decreases in cell numbers in the sediment measured at
the study site reached 23% C h–1 (0.5 m station, 14:30
to 17:00 h). DIC was consistently the dominant form of
13
C lost from the sediment column, with turnover rates
of between 1.5 and 4% of added 13C d–1 (Fig. 8). At
32 h, the frozen treatment had a slightly higher labelturnover rate than the live treatment; however, the
turnover rates were essentially the same thereafter.
The loss of label as DOC was highest at the start of the
incubation, when ~3 to 4% of the label was lost in this
form. As for DIC, the frozen treatment had a slightly
higher loss of DOC than the live treatment initially, but
it was essentially the same in both treatments thereafter. The loss as DOC dropped consistently for both
treatments before peaking again at 80 h, and then
becoming undetectable for the remainder of the experiment. The loss of label as POC varied between 1 and
2.5% d–1 at the start of the experiment, before dropping to ~0.5% for the remainder of the experiment. In
contrast to DIC and DOC, the highest loss of POC
occurred in the live treatment, and was observed consistently over the course of the experiment. This may
suggest that cell motility plays an important role in the
mobility of algae through permeable sediments. The
first-order rate constants estimated for the algal cell
degradation in the sediment were 7.6 and 9.6 yr–1 for
the live and frozen cells, respectively.
Total recovery of label (POC in the column + POC
washed out + DIC + DOC) was close (within 25%) to
that estimated to have been added to the sediment column. Microscopic observations showed that the water
that passed through the column during the rinsing step
contained relatively few algal cells; thus, most of the
added algae were retained within the columns. Furthermore these observations indicated that the algal
cells that passed through the column were no longer
motile, and were possibly damaged or dead. The blank
columns showed that the added H13CO3 label became
indistinguishable from the background after 20 h.

Station depth (m)
Fig. 7. Peridiniella catenata. Changes in algal cell concentration in different sediment layers at the 3 sampling stations.
Between 09:30 and 14:00 h, algal concentrations increased in
most layers at all stations; the opposite was found between
14:30 and 17:00 h, when concentrations dropped in most layers. Between 17:00 and 21:30 h, concentration changes were
minor except in surface layer (0 to 7 mm)

DISCUSSION
The Peridiniella catenata bloom at Hel beach produced natural tracer particles that could clearly be distinguished from other organic material in the sediments,
and thus, provided an opportunity to investigate the
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fate of a plankton bloom in a shallow environment with
permeable sediment. Our study showed that the deposition and incorporation of the cells into permeable
sand sediment is a rapid process and highly dynamic in
space and time. Algal abundance in the upper sediment layers was coupled to the algal concentration in
the overlying water column. Significant changes in
sediment algal numbers occurred within time periods
6

DIC
5

of less than 8 h, during which the total algal cell counts
within the upper 6 cm of the sediment decreased by a
factor of 2.3 (0.5 m station) or (only 30 m further seaward) increased by a factor of 2.4 (1.5 m station). Such
changes in sediment labile organic matter content may
have substantial impact on organisms and biogeochemical cycles in the metabolically most active surface layer (Rusch et al. 2001, 2003). Below, we address
in sequence interfacial transport, ensuing algal cell
distribution patterns, sedimentary decomposition and
potential consequences of the observed processes.

Live
Frozen

4

Advective porewater transport

3

Because of the very calm weather during our study
period, wind- and wave-induced currents were weak
and average flow velocities above the sand bed did not
exceed 10 cm s–1. Even such low currents have been
shown to be effective in causing porewater flows in
porous sediment when its permeability is high (Huettel
& Gust 1992). The latter was the case in Hel, where sediment permeabilities of 3 to 4 × 10–11 m2 resulted in filtration of water through the upper layers of the bed
when bottom flows interacted with sediment topography in the shallow sublittoral. The dominant topography at the sampling stations was sediment ripples
with an average wave length of 115.6 ± 28.5 mm and an
average height of 17.5 ± 5.1 mm (measured by laserline surface scans, F. Janssen et al. unpubl.) that were
formed by waves during less calm weather conditions
prior to our study period. For ripples of such dimensions
on sand beds, the penetration depth of flow-induced
porewater circulation reaches down to a depth corresponding to half the distance between 2 adjacent ripple
crests (i.e. 40 to 70 mm) (Huettel & Webster 2000),
which agrees with the measured maximum algal penetration depth of 10 to 52 mm. The boundary currents
forced fluid and suspended algae into the upper slopes
of the ripples and the ripple troughs, as reflected by the
chlorophyll distribution in the sediment surface layer
(Fig. 3) and the 2-dimensional distribution of chlorophyll under the ripple (Fig. 4).
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Fig. 8. Peridiniella catenata. Daily loss of 13C in form of dissolved inorganic carbon (DIC), dissolved organic carbon
(DOC) and particulate organic carbon (POC) from live and
frozen 13C-labeled dinoflagellate algae added to flushed sand
columns. Error bars: SD of replicate columns (n = 4) for data
points between 0 and 70 h, and range between 2 data points
for times after 70 h

Distribution at sediment surface
In contrast to gravitational settling of organic particles onto the seafloor, which results in either a uniform
distribution of that material or, when ripples are present, an accumulation of the material in the ripple
troughs (Danovaro et al. 2001), filtration of algae into
the surface of permeable sediments also produces
particle concentration maxima in the upper ripple
slopes, where the inflow of water into the sediment is
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strongest (Huettel et al. 1996). When the filtration is
caused by oscillating bottom flows (as generated at
Helby small surface gravity waves), particles penetrate
into both sides of the ripples, as also observed in our
flume experiment (Fig. 3). If the ripples are stationary,
these 2 particle accumulation zones may join to produce 1 zone of high particle concentration that includes the entire upper part of the ripple (Fig. 4). While
chl a (indicative of fresh algal material) was concentrated in the ripple crest, phaeopigments, produced
when chlorophyll is decomposed, reached highest concentrations at the base of the ripples and in the ripple
troughs. This suggests that dead phytoplankton accumulated and degraded mostly in the ripple troughs,
while fresh or living plankton cells were filtered by the
ripples from the water column. This agrees with
findings of Danovaro et al. (2001), who reported a similar distribution of chl a and phaeophytin in Mediterranean sediment as we observed in the Baltic, and also
found highest glucosidase activity and highest bacterial cell divition rates in the ripple troughs. Dead
phytoplankton tends to form aggregates in the water
column (Jones et al. 1998, McCandliss et al. 2002).
These larger particles with higher sedimentation rates
are too large to be filtered into the sand and thus accumulate in the ripple troughs, as observed after plankton blooms (Jago & Jones 1998).

Depth distribution
When algal blooms are washed ashore, highest cell
concentrations are reached in the shallowest water
(Tomlinson et al. 2004, Hu et al. 2005). The surfacelayer cell counts for our 3 stations indicate that the maximum deposition of algae moved from the shallowest
towards the deepest station during the day. The layers
below the surface layer show peak abundance at midday (14:30 h, Fig. 6), which was also the time with the
highest algal concentrations in the water column. Peridiniella catenata cells were found down to 37 mm
(1 and 1.5 m stations), and 52 mm sediment depth
(0.5 m station) revealing a rapid vertical transport process. Flume studies conducted by Pilditch et al. (1998)
and Huettel & Rusch (2000), showed that microalgae
are carried several centimeters deep into permeable
sands of similar permeabilities by interfacial fluid flows
associated with bottom topography. The relatively
rapid interfacial transport processes in the rippled sand
bed produced a tight spatial and temporal coupling between algal cell concentrations in the water column and
the sediment. After the first sampling at 09:30 h on the
morning of May 1, 2004, the red tide that moved into
Hel Bay caused algal cell concentrations at the 1 and
1.5 m stations to increase in all sediment depths down

to 30 mm. At the shallowest station (0.5 m), where the
small waves had the strongest influence on sediment
filtration, algal cell concentrations at that time had already reached their maximum in the upper sediment
layers (0 to 6, 7 to 14 mm) and concentrations in these
layers dropped after 09:30 h. However, in the 15 to
30 mm depth layers, algal concentration at the 0.5 m
station increased between 09:30 and 14:30 h, consistent
with the trend observed at the other 2 stations. After
14:30 h, coastal currents carried the algal bloom out of
Hel Bay, and the ensuing decline of algal cell concentrations in the water column was paralleled by a decrease in the algal concentrations in the subsurface
sediment layers at all 3 stations (Figs. 6 & 7). While it is
clear how the rapid increase of P. catenata in the sediment was caused by co-transport of fluid and suspended algae into the bed, the question arises as to
which processes are responsible for the rapid decreases
of algal cells in the sediment after 15:00 h.

Column experiment on algal degradation
The potential contribution of degradation processes
to the change in algal abundance in the sediment was
investigated in the laboratory column experiment.
Whether organic matter degradation occurs under oxic
or anoxic conditions has been shown to have an impact
both on the degradation rates of algal material and the
relative importance of DOC and DIC release (Kristensen & Hansen 1995, Kristensen et al. 1995, Andersen 1996). Therefore, a key question is whether the
sediments in the field remained oxic throughout the
region of cell decomposition, as was the case in our
sediment column experiments. Oxygen profiles measured at the site revealed the presence of oxygen on
average down to 2 cm, and at times down to 10 cm.
Optode measurements showed O2 intrusion into the
ripple slopes and troughs (Cook et al. in press), similar
to sedimentary oxygen distribution patterns observed
in a wave tank (Franke et al. 2006). Given that the
areas of O2 intrusion in the ripple slope and trough are
also the zones of greatest phytoplankton transport into
the sediment, it seems likely that much of the phytoplankton degradation in the field occurred under oxic
conditions within the sediment. In order to ensure that
the columns remained fully oxic, water was pumped
through the cores at a rate equivalent to a flushing rate
of ~170 l m–2 d–1, which is almost twice as high as the
upper rate of flushing measured at the site (100 l m–2
d–1). Because we could measure flushing rates in the
field only under very calm conditions, a doubling of the
rate in the experiment does not represent an unnatural
setting and is supported by measurements in similar
sublittoral sediments (Precht & Huettel 2004). Higher
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flushing rates, however, also increase the decomposition rate, due to a better supply of electron acceptors to
the microbial community and a more efficient removal
of decomposition products that may have an inhibitory
effect (Huettel et al. 1998).
In the column degradation experiment, the degradation rates of the live and frozen algal cells within the
sediment were essentially the same. Microscopic
observations of algal cells that were added as living
cells and that had passed through the column revealed
that most discharged cells were immobile and probably started to degrade immediately. Thus, the sediment response time and degradation rate of organic
matter was most probably the same, irrespective of
whether live or dead cells from the bloom were transported into the sediment.
Previous chamber experiments on transport and
degradation of phytoplankton in permeable sediments
(Ehrenhauss & Huettel 2004, Ehrenhauss et al.
2004a,b) consistently found an uptake of DOC by the
sediment when freeze-dried diatoms and their associated DOC (released during freeze-drying) were
added, suggesting that the microflora inhabiting permeable sediments can effectively assimilate DOC
derived from algal cells. The data from our study indicated that initial DOC release from the sediment may
approach that of DIC, but that the relative DOC loss
drops rapidly after 1 to 2 d. Bacteria within permeable
sediment are able to rapidly utilize the DOC released
during decomposition before it is transported out of the
sediment by advective porewater movement. Other
similar studies conducted in sediments under diffusive
conditions have also shown that the relative DOC loss
from the sediment is generally very low compared to
that of DIC (Andersen 1996, Burdige & Zheng 1998,
Pedersen et al. 1999), except for short periods immediately following labile organic matter inputs (Andersen
1996, Pedersen et al. 1999). Thus, our data suggest that
relatively little of the algae degraded in the permeable
Hel sediments was released as DOC, rather, it was
mostly mineralized to DIC within the sediment.
The decay constants measured in this study (7.6 and
9.6 yr–1) are within the lower range of constants
reported in studies reviewed by Westrich & Berner
(1984). In coastal sediments, average Q10 values of 3
are typically observed (e.g. Middelburg et al. 1995,
and Moodley et al. 2005 reported that the Q10 of freshly
added algal material was 5). Therefore, it is conceivable that our reaction constants measured at 8°C
would increase to ~23–29 yr–1 (assuming a Q10 of 3) or
possibly higher at 18°C. Such values are in close
agreement with decay constants of ~25 yr–1 for the oxic
decomposition of the labile fraction of phytodetritus at
similar temperatures measured by Andersen et al.
(1984) and Westrich & Berner (1984).

149

Nevertheless, the sediment column experiments
showed that algal decomposition within the sand sediment was too slow to explain observed rapid decreases
after 14:30 h, suggesting that physical transport processes caused the rapid changes in algal abundance.
During the study period, macrofauna abundances
were low at our field site (141 ± 25 small polychaetes
m–2), and significant sediment transport did not take
place during the very calm period of our investigation
(ripples were stationary, erosion threshold for sediment of this grain size distribution is > 20 cm s–1; Amos
et al. 1997, Widdows et al. 2004). A time series of
topography measurements performed 2 d after our
study but under the same calm conditions revealed
hardly any ripple movement within 15 h (F. Janssen
unpubl.). However, algal cells penetrated 5 cm into the
sediment at the study site and were also flushed from
the laboratory sediment columns showing that Peridinella catenata could be transported through the sediment. We conclude that at our field site advective
flushing also removed algal cells from the surface sediment layer after cell concentrations decreased in the
water column. We suggest that this occurred because
the majority of the cells concentrated in the upper 2 cm
of sediment and mostly near the ripple crest (Figs. 4 &
6). The upwelling of porewater under the ripple crest
(Precht & Huettel 2003) pushes the particles that are
forced horizontally into the ripple slopes upwards
towards the surface, increasing cell concentration in
the ripple crests that was visible as greenish-brown
coloration of the crests (Fig. 4). Because the area where
water penetrates the sediment (ripple troughs and
slopes) is much larger than the release area (ripple
crests), the upwelling porewater velocity under the ripple crests exceeds that of the intruding water flow (for
mass balance, the volume of inflowing water must
equal the volume of the water released from the bed).
Upward flow through the algal cell accumulations at
the ripple crests probably released P. catenata cells to
the water column. Algal cells may survive the passage
through the sediment and possibly benefit from higher
nutrient concentrations in the upwelling porewater
while moving through the sediment pores (Fig. 9).

Organic matter and chlorophyll a
Using the conversions as in Sims (1993), Verity et al.
(1993) and Menden-Deuer & Lessard (2000), each Peridiniella catenata cell contained approximately 580 pg
N, 140 pg chl a, and 2800 pg C. The highest P. catenata
concentration in the sediment measured at the 1.5 m
station at 21:30 h was 4267 ± 1697 SD cells ml–1 sediment or 2800 ± 1100 cells g–1 dry sediment. This corresponds to 0.39 ± 0.16 µg g–1 chl a g–1 dry sediment or to

150

Mar Ecol Prog Ser 340: 139–153, 2007

oscillating flow

oscillating flow
nutrient-depleted

nutrient-depleted

nutrient-rich porewater

nutrient-rich porewater

Uptake

Release

Fig. 9. Uptake and release of algal cells in permeable sediment. Black arrows depict interfacial and sedimentary water flows.
Alternating with oscillating bottom-flow direction, cells are pushed into left or right slope of ripple. Near crest, cells from both
sides may form a joint maximum. Algal cells that are filtered into permeable sand close to crest of ripple can be released again
from sand bed after following a short curved path through the sediment. Within porewater upwelling zone (darker gray), algae
are exposed to increased nutrient concentrations; however, large fraction of cells die and are degraded within sediment

15 to 40% of the chlorophyll found in the sediment
surface layer, which explains the distinctive chl a
pattern caused by algal filtration. Some of the pattern
may have evolved from the migration of motile diatoms
towards the zone of nutrient-rich porewater upwelling
under the ripple crest (Huettel et al. 1998). However,
the majority of diatoms in sandy sediment lives firmly
attached to the sand grains, and the wave tank experiment — in which no benthic diatoms were present —
demonstrated that the observed sedimentary chlorophyll distribution can be produced by pelagic algae
filtration only (Fig. 3). The flow-induced filtration of algae, thus, produces ripple-parallel zones of enhanced
organic matter deposition, which may influence
organism and nutrient distributions in the sand. Since
the algal cell-deposition zones are also the zones of oxic
water penetration into the bed, these zones can be expected to be hot spots for organic matter decomposition
and nutrient mobilization.
During the calm study period, the sediment filtered
between 20 and 100 l m2 d–1 (Cook et al. in press,
F. Janssen et al. unpubl.) with the highest filtration
rates reached at the shallowest station. Given the algal
cell concentration in the water column (between 0.5
and 5 million cells l–1), the cell concentrations measured in the upper 6 cm of 1 m2 sediment could be
reached within 3.6, 2.5 and 14.0 h for the 0.5, 1.0 and
1.5 m stations, respectively (based on 14:30 h sedimentary and water-column cell concentrations and a filtration rate of 40 l m2 d–1). This agrees with our observations of the movement of the red tide through Hel Bay
and associated increase of Peridiniella catenata cell
abundances in the sediment. During the 4 h before
14:30 h, the filtered algal cells accumulated organic
carbon in the sediment corresponding to 0.1 to 0.5% of

the average total organic carbon content (0.02 to 0.1%
of dry weight) of the upper 6 cm of the sand bed.
Although these percentages may appear low, they
have to be related to the short time period of this
uptake process and the processes that removed cells
from the sediment. After the initial increases, the algal
cell abundances in the sediment showed rapid
decreases in the afternoon of May 1, 2004, in response
to the decline of algal concentrations in the water
column (Fig. 5).
These relative rapid fluctuations in the algal cell content of the sediment, which have to be attributed
mostly to advective transport of cells into and out of the
bed, emphasize the importance of factors that control
retention of organic particles in permeable sediments.
While the majority of algal cells were retained in the
experimental sediment columns, which were flushed
at porewater velocities exceeding in situ flushing rates
by a factor of 2 or more, approximately 60% of the
trapped algae were lost from the sediment at the 0.5 m
station between 14:30 and 17:00 h when algal concentrations dropped in the water column. This apparent
contradiction in retention efficiencies of the same sediment can be explained by the different pathways of
the algae through the sediments. While in the columns
algal cells had to travel through 5 cm of compacted
sand before release, in situ a large number of cells was
transported into the upper slope of the ripples (Fig. 4)
and then traveled on a short path through unconsolidated sediment towards the ripple crest where cells
could again be released. The effect of this release
became apparent after cell concentrations dropped in
the water column resulting in the decline of concentrations in the sediment and visible organic particle
stripes at the ripple crests. Concentrations of high
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extracellular polymeric substances (EPS) in the sediment, or feeding benthos organisms, may enhance
retention of organic particles in flushed permeable
sands; however, these factors were apparently not
effective at Hel during our study.

CONCLUSIONS
In the present study we have shown rapid temporal
changes in algal abundance in permeable sublittoral
sediment subjected to oscillating bottom flows. Under
very calm conditions with only small waves and ensuing filtration rates of approximately 40 l m2 d–1, the sediments at the 3 stations would filter the entire overlying
water column within 13, 25 and 38 d, respectively. In
situ measurements in other sandy coastal sediments
have shown that filtration can easily reach rates 10fold as high, when the bottom currents are stronger
due to higher waves or tidal currents (Reimers et al.
2004). This would reduce the time period for filtration
of the entire overlying water column to a little more
than 1 d at the shallowest station and about 4 d at the
1.5 m station. This underlines the potential importance
of the shallow coastal sands for the removal of bloom
organisms and coastal water quality.
However, sedimentary filtration effectively removes
particles from the overlying water only if the sand can
retain the organic particles carried into the bed. Filtered algae added only a relatively small amount to the
sedimentary organic matter pool at our study site,
probably primarily due to the short duration of the
bloom in the bay and the flushing of trapped cells from
the sediment as a consequence of relatively low retention efficiency. However, the Peridinella catenata cells
represented highly degradable material that is delivered to the subsurface microbial community within
hours of the arrival of the algal bloom. DOC generated
during the sedimentary degradation of the algae was
almost completely remineralized to DIC within the
bed. Because the majority of the organic carbon in
marine sediments is contained in refractory material
and the organic grain coatings degraded at a very slow
rate (Kristensen & Hansen 1995, Kristensen et al. 1995,
Kristensen & Holmer 2001), a relatively small amount
of labile organic matter delivered to the sediment, may
still have a significant influence on the sedimentary
microbial community.
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