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ABSTRACT: To assess the influence of boundary flow on interfacial oxygen flux in sediments inhabited
by benthic phototrophs, we measured the oxygen distribution and the photosynthetic activity in an
intertidal sandy core at flow velocities of 0, 2, 5, 10, and 15 cm s™' in a laboratory flume. The impact of
flow was large; the effects were reversible and most pronounced in the velocity range of 0 to 5 cm 57!
With increasing flow velocity, both the maximum oxygen concentration in the sediment and the oxygen
penetration decreased sigmficantly. The depth of the oxygen concentration maximum was shifted over
1 mm closer towards the sediment surface at the highest flow and the diffusive boundary layer was
gradually compressed to a width of 0.2 + 0.1 mm. The width of the photosynthetically active sediment
layer decreased from 3.2 £ 0.6 mm in stagnant water to 1.4 + 0.3 mm under flow, resulting in an overall
reduction of gross photosynthesis. This is explained by a migration of the benthic algae (dominated by
pennate diatoms) into deeper sediment layers under flow to avoid resuspension into the water, and
thereby impatring photosynthesis. Despite the decrease in photosynthesis, the flux of oxygen into the
water column did not change significantly, suggesting that advective processes enhanced the release
of oxygen from the sediment under flow conditions. We concluded that boundary layer flow is an
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unmportant factor controlling photosynthesis and oxygen release in shallow water sediments.
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INTRODUCTION

Shallow and intertidal photosynthetically active sed-
iments are unique in the sense that they can serve as a
source of oxygen (Sundbéck et al. 1991, Lassen et al.
1992). They harbour large populations of benthic photo-
trophic microorganisms, mostly diatoms, cyanobac-
teria and pigmented flagellates, which release oxygen
into the overlying water and into the sediment (Revs-
bech et al. 1980, Revsbech & Jorgensen 1983, Yallop et
al. 1994, Reay et al. 1995). This contrasts with other sea
beds, situated below the photic zone, where the supply
of oxygen originates solely from the water column. The
oxygen produced by benthic phototrophs is of pivotal
importance for aerobic heterotrophic degradation
processes within the sediment and for all aerobic
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organisms associated with the sediment (Fenchel 1969,
Cammen 1991, Sundback et al. 1891, Berninger &
Epstein 1995).

Intertidal sediments are exposed to rapid environ-
mental changes. Differences in the depth and turbidity
of the overlying water and the corresponding light field,
in the salinity and temperature all affect the photo-
synthetic activity of the benthic autotrophic community
(Admiraal 1977, Pinckney & Zingmark 1991, Kihl &
Jorgensen 1994). Furthermore, these sediments are
subjected to physical forces such as wave action and
tidal currents. 1t has been shown that the resulting
boundary layer flows affect the interfacial exchange
processes between the sea floor and the overlying
water column (Jergensen & Revsbech 1985, Gundersen
& Jorgensen 1990, Jorgensen & Des Marais 1990, Booij
et al. 1991). This is partially due to the reduction of the
thickness of the diffusive boundary layer (DBL) with in-
creasing boundary flow. The DBL is the layer of water
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covering all submersed surfaces, through which diffu-
sion along a concentration gradient is the main trans-
port mechanism for dissolved substances, such as oxy-
gen (Joergensen & Revsbech 1985). In combination with
the actual consumption and production rates in the sed-
iment and the resulting gradients between water col-
umn and sediment, the thickness of the DBL is an
important factor for the determination of the rate of
transport and may therefore affect the total amount of
solutes transported across the sediment-water inter-
face. In permeable sea beds hydrodynamic mecha-
nisms can enhance the exchange processes across the
sediment/water interface (Huettel & Gust 1992, Huettel
et al. 1996, Lohse et al. 1996, Ziebis et al. 1996). When
boundary layer flows interact with sediment topo-
in advective processes in addition to the diffusive ex-
change mechanisms, enhancing the interfacial trans-
port of solutes (Forster et al. 1996, Ziebis et al. 1996).

The objective of our study was to investigate and
quantify the effects of changes in boundary layer flow
velocity on the oxygen dynamics in a photosyntheti-
cally active sandy sediment. We paid special attention
to the distribution of oxygen and to photosynthetic
activity within the sediment. Given the key role of oxy-
gen for geochemical cycling, degradation of organic
matter, and remineralization of nutrients, the under-
standing of the factors controlling benthic oxygen
production and oxygen dynamics in the sediment is an
important ecological concern.

METHODS

The sediment used for our experiments originated
from a tidal flat on the German North Sea coast near
Cuxhaven. We collected 8 cores (dimensions 15 x 15 x
20 cm) within an area of 1 m? several hundred meters
from the beach, close to the low water line. The sedi-
ment consisted mainly of quartz sand, with a medium
grain size of 200 um, an average porosity (water con-
tent) of 0.38 and a permeability of 5.4 x 10712 m™2 At
the time of sampling it showed a clear horizontal strat-
ification with a ca 4 c¢m thick oxidized (lightly brown
coloured) surface layer and a reduced (black} deeper
layer. The sediment surface was covered by diatoms
(see later for abundances and species composition) and
some cyanobacteria (dominated by Oscillatoria), which
formed a loose mat-type structure. Macro- and meio-
fauna were present, including the polychaetes Pygos-
plo elegans, Spio filicornis, Heteromastus filiformis,
Eteone longa and Nereis diversicolor, individuals of
the crustacean Corophium volutator and Abra alba
(mollusks). In order to minimize animal-mediated dis-
ruptions of the algal surface layer (through bioturba-

tion and grazing activity) large specimens were care-
fully removed from the core with tweezers.
Immediately upon return to the laboratory, the 8 sed-
iment cores were placed next to each other in the drop
box (60 cm length, 30 cm width, 20 cm depth) of a
recirculating flume system (90 cm downstream from
the start of the open channel). Within a few days the
boundaries of the individual cores could no longer be
detected. The flume (described in detail in Huettel et
al. 1996) was made of clear acrylic and had an open
channel section of 200 cm length, 30 cm width and
12 cm height. For oxygen flux measurements (see
below), the flume could be completely sealed with a
transparent acrylic lid. Test runs in the sealed flume
filled solely with deoxygenated water confirmed that
oxygen diffusion through the acrylic walls of the flume
was negligible. The flume was filled with coarsely fil-
tered water collected from the sampling site (total vol-
ume 160 I, salinity 15%o.) resulting in a water depth of
10 cm above the sediment core. The water level was
kept constant throughout the entire experimental
period, when water was lost due to evaporation it was
replaced and the salinity adjusted. Water temperature
was 17.5°C, controlled by a cooling unit. 100% air-
saturation of the overlying water corresponded to
272 umol oxygen 1!, calibrated in an air-saturated
bubble chamber and confirmed by Winkler titration
(Strickland & Parsons 1972). The flow above the sedi-
ment was created by a rotating propeller, which was
connected toa 12 V DC motor and located in the return
circuit of the recirculating flume. An upstream colli-
mator and a downstream sharp-crested weir prevented
contact between the propeller-generated turbulence
and the open channel section. The flow velocity could
be adjusted in the range of 0 to 20 cm s™' and was
recorded with a MiniWater flow sensor mounted in the
water (8 cm above the sediment surface) at the down-
stream end of the sediment core. When no experiments
were run, the flow velocity remained at 2 cm s™'. The
sequence of flow velocities selected was 0, 2, 5, 10, and
15 cm s™! for Expt 1 (measurements of oxygen profiles),
and 0, 2, 10, and 15 cm s™! for Expt 2 (estimations of
photosynthetic activity). After the highest flow velocity
was reached, the flow was turned off again, and con-
trol measurements under stagnant water were made.
Each flow velocity was maintained for at least 12 h
prior to taking measurements. Two sets of light bulbs
with an emission spectrum improving plant growth
were mounted over the whole length of the sediment
core. The systemn was kept in a light regime of 12 h
darkness and 12 h illumination (light intensity ca
120 uE m™? s7!, measured with a Biospherical QSL-100
scalar irradiance sensor) all the time, irrespective of
whether experiments were run. For photosynthesis
measurements a spotlight was positioned close to the
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water surface. The light intensity at the sediment sur-
face was thereby raised to ca 400 pE m ™ s™! on an area
of ca 20 x 20 cm.

To minimize artifacts due to sampling and trans-
portation, the sediment core was allowed time to
establish in the flume for 2 mo at a flow velocity of 2 cm
s~' before we started our first experiment. The sedi-
ment remained horizontally stratified. Between exper-
iments, the sediment surface was allowed to evolve
naturally. Gradually, a fluffy 1 to 2 mm thick layer of
microalgae and detrital particles formed and covered
the entire sediment surface. Some microtopography
(z < 3 mm) developed due to small burrowing fauna.
The topography was manually smoothed 5 d prior to
running an experiment. Within 2 to 3 d, the surface
was covered again with a loose layer of diatoms.

In our experiments, oxygen profiles and photo-
synthetic activity in the sediment were measured at a
vertical resolution of 100 pm employing Clark-type
oxygen microelectrodes following the description in
Jergensen & Revsbech (1988). At each respective flow
velocity, between 3 and 5 replicate profiles were mea-
sured in locations with homogenous appearance of the
surface, keeping minimum distance between the indi-
vidual profiles. The oxygen concentration in the water
column was constantly recorded by a commercially
available oxygen electrode (WTW, Weilheim, Ger-
many). In Expt 3, oxygen fluxes were assessed. They
were calculated from the shallowest linear part of the
slopes of the oxygen profiles immediately beneath the
sediment surface (Revsbech & Jergensen 1986), as-
suming an oxygen diffusion coefficient in the sediment
of 1.44 (£0.08) x 107> cm™? 57! from a similar system de-
scribed in the literature (Revsbech 1989 and references
therein). This calculation only takes diffusive transport
mechanisms between the sediment and the water col-
umn into account. In addition, in order to quantify the
actual efflux of oxygen from the sediment into thc wa-
ter, water column recordings were performed when
the lid of the flume was closed {Forster et al. 1996). For
the estimation of the thickness of the DBL we mea-
sured the vertical extent of that part of the oxygen pro-
file in which the water column oxygen concentration
decreased as the electrode approached the sediment
surface, but had not yet penetrated the sediment. The
slope of the oxygen concentration in the DBL typically
is different from the slope of the top part of the oxygen
profile within the sediment (Jergensen & Des Marais
1990). Gross photosynthetic activity was measured us-
ing the dark/light shift method (Revsbech & Jergensen
1983, Glud et al. 1992). The period of darkness we ap-
plied lasted ca 5 s, and for our calculations of the rate of
photosynthesis in each distinct sediment layer we used
the initial rate of oxygen decrease after darkening,
which in our case corresponded to the decline during

the first 2 to 3 s of darkness. Net photosynthesis of the
photic zone, i.e. the combined flux upward and down-
ward from the photosynthetically active zone, was cal-
culated from oxygen concentration gradients within
the sediment measured at steady state (Jensen & Revs-
bech 1989). Respiration within the photic zone was cal-
culated as the difference between gross and net photo-
synthesis (Revsbech & Jergensen 1983). (See also
discussion later of possible shortcomings in the dark/
light shift method.) Three replicate photosynthesis
measurements were conducted in locations with close
proximity to each other at each flow velocity. Imme-
diately after the completion of the measurements of
photosynthesis at the highest flow velocity, the flow
was turned off, and 12 h later a series of control mea-
surements were performed in stagnant water (Expt 4).

In order to observe the short-term fluctuations of the
oxygen dynamics in relation to the varying flow veloc-
ity we conducted 2 additional experiments (5a and b)
on the same system at a later date. In Expt 5a, the flow
velocity was alternated between 0 (no flow) and 10 cm
s7!in short time intervals (2 h stagnant water, followed
by 2 h of flow, followed again by 2 h of no flow). Repli-
cate oxygen profiles were taken during each phase.
Expt 5b was aimed to demonstrate how fast-occurring
changes in flow velocity affect the oxygen concen-
tration at a given depth in the sediment. We started the
measurement of an oxygen profile in stagnant condi-
tions and left the electrode in the sediment layer of the
oxygen concentration maximum. When the signal had
stabilized, a slow flow velocity of 0.5 cm s™! was created
and left constant until the oxygen concentration at this
sediment depth had again reached a stable value. The
flow was then turned off, and again we waited for the
oxygen signal to reach a steady state. Thereafter we
applied a flow velocity of 1 cm s7!' and continued the
measurements. This switch between flow and stagnant
water was repeated 6 times altogether, and the velocity
of the flow intervals was gradually increased (from 0.5
to1,2,5, 10, and finally 15 cm s7}).

Abundances and distribution of planktonic and ben-
thic phototrophs were studied in an identical system
keptin the laboratory flume at a later date (Expt 6). This
sediment core was exposed to the same light regime
and the same sequence and intervals of flow velocity as
in Expts 1 and 2. After the establishment of each veloc-
ity for ca 20 h, 3 to 6 replicate water samples (8 ml each)
were collected from the center of the water column
above the sediment core and fixed with an equal vol-
ume of 2.5% glutaraldehyde. After 40 h of exposure to
the highest flow velocity (15 cm s7}) the flow was turned
off and immediately afterwards 4 small sediment cores
(inner diameter 1.25 cm) were collected, and the 2 top
layers were sliced off (top 1.6 mm of the sediment, and
1.6 to 4.1 mm). Each slice was fixed with 4 ml of 2.5%
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Fig. 1 Oxygen profiles measured at different flow velocities
in an intertidal sediment core incubated in a laboratory tlume
system (Expt 1). Shaded bar indicates approximate location of
sediment surface. Due to some microtopography on the sedi-
ment surface and a medium sand grain size of ca 200 pm the
surface of the sediment proper can only be estimated within a
range of + 200 pm. Flow velocity (cm s7') is indicated near the
respective oxygen profile

glutaraldehyde. The holes left by the removal of sam-
ples were then filled with sand, the flow remained
turned off and 48 h later a second set of sediment sam-
ples (avoiding the spots sampled before) exposed
to stagnant water was collected and processed as de-
scribed above. For the identification and the enumera-
tion of algae, subsamples (4 ml of the water samples,
and 100 pl diluted in 2.5 ml of particle-free deionized
water of the sediment samples) were stained with the
fluorochrome DAPI (Porter & Feig 1980), concentrated
on a black polycarbonate membrane (25 mm diameter,
pore size 0.2 uym) and viewed with a Zeiss Axiophot epi-
fluorescence microscope [magnification 1600x, filter
set No. 09: BP 450-490, FT 510, LP 520). Algae were
identified by their characteristic red chlorophyll a auto-
fluorescence. In addition, the abundance of large {area
> 100 um™?) organic particles was monitored in the
water column samples. These particles can easily be
recognized by their shape, structure and by their char-
acteristic yellow fluorescence in DAPI-stained samples
excited with UV light (Zeiss filter set No. 01: BP 365/12,
FT 395, LP 397).

RESULTS

5 |

Expt 1

In the light, benthic photosynthesis
clearly influenced the oxygen conditions
in our experimental sediment core. The
shapes of oxygen profiles measured
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neath the sediment surface and gradu-
ally decreasing concentrations towards
deeper sediment layers}. The oxygen
profiles drastically changed with respect
to the flow velocity (Fig. 1). With the flow
velocity increasing from 0 to 15 cm s7%,
the oxygen penetrated 2.3 mm less into
the sediment (5.8 + 0.6 mm (mean + SD)
vs 3.5 £ 0.15 mm)|, the oxygen concentra-
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Fig. 2. Correlation between flow velocity and (A) the oxygen penetration depth,
(B] oxygen concentration maximum, (C) width of the diffusive boundary layer,
DBL, and (D) distance of the oxygen maximum from the sediment surface mea-
sured in an intertidal sediment core (Expt 1). Values represent means of 3 to 5
replicate measurements (x1 SD). Theoretically, the thickness of the DBL is
infinite in stagnant water, but due to some heat convection induced by illu-
mination we measured a value of 1.5 £ 0.2 mm without actual flow. Therefore
this data point (C, open symbol) is not connected to the other values

Flow velocity (cm s-1)

10 15 (from 717.7 + 69.1 to 256.6 + 13.6 umol
I'Yy. The thickness of the DBL was re-
duced to 0.2 £ 0.1 mm at a velocity of
15 cm s7! (Fig. 2A-C). In stagnant water,
the thickness of the DBL theoretically
equals the water depth, but due to some
heat convection induced by illumination
we measured a value of 1.5 £ 0.2 mm
without flow. The distance between the
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depth of the oxygen concentration maximum and the
sediment surface decreased, i.e. the highest oxygen
concentration was shifted over 1 mm closer towards the
surface at higher flow velocities (from 1.3+ 0.5t0 0.2 =
0.1 mm below the surface; Fig 2D). Due to the coarse
grain size, the location of the sediment surface could
only be determined with a precision of +200 pm. In all
cases the most dramatic changes of the oxygen profiles
were recorded in the flow velocity range of O to 5 cm s™!
In stagnant water oxygen bubbles developed within the
uppermost sediment layer and the benthic diatoms
formed small 'towering clusters’ {(ca 500 um in height)
on the sediment surface. After the onset of flow the al-
gae gradually resumed a horizontal position, the sur-
face became smoother, and the bubbles disappeared.

Expt 2
o 5
In order to understand the oxygen ' !

Photosynthetic activity (umol oxygen ecm3h 1)

295

In addition to the changes in the values of the pho-
tosynthesis parameters, the shape of the photosyn-
thesis profiles changed considerably as the flow
velocity was increased. In stagnant water, the benthic
diatoms formed ‘towering clusters’, i.e. they did not lie
horizontally flattened on top of the sediment surface,
but they assumed an almost upright position thus
extending their photosynthetic activity ca 500 um into
the water column. Below the sediment surface, there
was a gradual increase of photosynthetic activity over
800 (£100) um until the sediment layer of the maximal
oxygen production was reached. This increase be-
came less and less pronounced as the flow velocity
was raised, the top part of the profile became flatter,
and the photosynthetic maximum was shifted up-
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profiles obtained from the experiment -1
described above, we also determined
the photosynthetic activity at different
flow velocities. Photosynthesis clearly 1
changed with flow (Fig. 3). The vertical
extent of the sediment layer in which
oxygen was produced decreased from
3.2 £ 0.6 mm in stagnant water to 1.4
0.3 mm at 2 cm s7! and did not cuaange
significantly further at higher velocities
(Figs. 3 & 4A). The maximum photo- . :
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synthetic activity showed no statisti- 0 200
cally significant change with increas-
ing flow velocity {average production
across the whole range of flow veloci-
ties was 16.3 = 2.7 pmol oxygen cm™? 0o 5
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h™’; Fig. 4B). Depth-integrated gross —
photosynthesis decreased with the on- -1 4 |
set of flow (2.0 £ 0.5 pmol oxygen cm?
h~!in stagnant water compared to 0.9 +
0.3 pmol cm™2 h™!' at 2 cm s™! and no
further significant change at higher
velocities; Fig. 4C). Both the absolute
values for net photosynthesis and
for respiration also decreased when
flow was started, whereas respiration
expressed as percentage of gross pho- 5 A
tosynthesis remained relatively con-
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stant. Irrespective of flow velocity, over 0
half of the oxygen produced (58.2 %
12.0 %) was instantly respired or other-
wise consumed within the sediment
and was not available for efflux from
the photosynthetically active zone

(Fig. 4D).
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Fig. 3. Oxygen profiles (solid line) and photosynthetic activity (solid bars) mea-

sured in an intertidal sediment at different flow velocities employing the

dark/light shift method (Expt 2). Shaded bar indicates approximate location of

sediment surface (see Fig. 1 legend). Each data set represents the mean of 3
replicate measurements. See text for further explanations
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with increasing flow velocity and was
50.6 = 10.6% less at the highest flow
velocity (15 c¢m s°!) than in stagnant
water (Fig. 5). We obtained a similar
result when we based our calculations on
the slope of the oxygen profiles within
the DBL and used a diffusion coefficient
for oxygen in the water (dDy = 1.91 x
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Fig. 4. Correlation between flow
velocity and (A) vertical extent
of photosynthetically active layer,
(B) maximum photosynthetic ac-
tivity, (C) gross photosynthesis,
(D} respiration expressed as 7 of
gross photosynthesis and (E) verti-
cal extent of the photosynthetically
active layer above the photosyn-
thesis maximum in an intertidal
sediment (Expt 2). Values repre-
sent the mean of 3 replicate mea-
surements (=1 SD)

sealed flume over the same range of flow
velocities. These measured values indi-
cated a different trend. Compared to the
oxygen concentration in stagnant water
the oxygen concentration did not change
significantly with increasing flow. This
implied that an additional transport
process other than molecular diffusion
released the oxygen from the sediment
to the water at the higher flow velocities.

wards, to a point where it was recorded directly at the
sediment surface (measured at the highest velocity;
Figs. 3 & 4E).

The oxygen profiles obtained simultaneously with
the measurements of photosynthetic activity and their
relative changes with changing flow velocity were in
agreement with the oxygen profiles obtained in
Expt 1 (Figs. 1 & 3). The oxygen concentration maxi-
mum gradually decreased from ca 1100 pmol I'! in
stagnant water to less than 400 umol 1! at the highest
flow velocity (15 ¢m s7'), and the oxygen penetration
depth decreased from ca 5 to less than 3 mm. The
distance between the sediment surface and the depth
of the oxygen maximum at high flow was less than
half that in stagnant water (0.7 and 1.5 mm, respec-
tively).

With an ANCOVA (analysis of covari-

ance) we could demonstrate that the

interaction between the flow velocity
and the change of the diffusive flux from the sediment
upwards was statistically different (p = 0.0077) to the
interaction between the flow velocity and the actual
concentration change in the water column.

Expt 4

We confirmed that the changes in the oxygen and
photosynthesis dynamics we recorded were reversible
by repeating our measurements in stagnant water 12 h
after the measurements at the highest velocity (15 cm
s 1) had been taken. The results of these control mea-
surements showed an increase of the vertical extent of
the photosynthetically active sediment layer compared
to the last flow velocity employed (1.7 £ 0.1 mm), and a
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strong increase of the maximum photosynthetic activ-
ity (32.7 = 17.2 pmol oxygen cm™* h'!). Gross photosyn-
thesis reached a value close to that obtained in the ini-
tial measurements in stagnant water (2.2 = 1.21 umol
oxygen cm™ h™') and the shape of the photosynthesis
profile had started to revert back (data not shown).

Expt 5

The impact of boundary layer flow on the oxygen
profiles was also observed when the switches from
flow (here: 10 ¢m s7!) to stagnant water and back to
flow were executed over much shorter periods of time
than in the experiments described above (Expt 5a).
Within 2 to 3 min after turning off the water flow,
oxygen maximum concentration increased by ca
300 pumol 17!, and continued to increase over the fol-
lowing 1 h. Upon starting the water flow again, this
effect was reversed and after 25 min the maximum
had decreased again to values close to those of the
initial situation (data not shown). From the recordings
of the oxygen concentration with an electrode fixed at
one sediment depth we could demonstrate the effect
of the flow velocity on the oxygen concentration in
a given photosynthetically active sediment layer
(Fig 6). At the same depth, the oxygen concentration
was always considerably lower when flow was
applied than it was in stagnant water. After changed
flow conditions, a new steady state established itself
within ca 10 to 25 min. When comparing the intermit-
tent periods of stagnant water, the maximum concen-
tration also gradually decreased, but levelled off at

flow velocities 2 5 cm s

Expt 6

The phototrophic communities in the water overly-
ing the sediment and in the sediment proper consisted
of 2 distinctly different groups. The planktonic algae
comprised mostly small (£5 pm) phytoflagellates,
whereas the benthic phototrophs were completely
dominated by larger diatoms {ca 20 to 2100 um in
length) such as Coscinodiscus, Achnanthes, Amphora,
Cocconeis, Navicula, Nitzschia and Opephora spp.
Irrespective of the flow velocity, the 2 communities did
not mix.

The abundances of planktonic phytoflagellates were
relatively high (ca 2 to 3 x 10° cells ml™!). These num-
bers did not increase with higher flow velocity, but
instead showed a small but statistically significant
decline (linear regression: slope = -4.29, r? = 0.75,
implying that compared to the abundance of algae in
the stagnant water column, their numbers had de-
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Fig. 5. Diffusive oxygen flux from the sediment into the over-

lying water calculated as a function of the oxygen profile in

the sediment (solid bars) and measured directly as an

increase of the oxygen concentration in the water column

{hatched bars) (Expt 3). Interactions between flow velocity

and source of oxygen were statistically different (p = 0.0077).
See text for further details

creased by ca 20 % at the highest flow velocity; Fig. 7).
We did not observe any resuspension of benthic algae
into the water column; the number of diatoms in the
water column remained negligible at all times. How-
ever, at flow velocities of 10 cm s7! and above, macro-
scopically visible particles were torn off from the sedi-
ment surface and transported into the water column. In
our microscopical analysis these particles were identi-
fled as DYP (DAPI Yellow Particles; Mostajir et al.
1995), probably consisting of labile detritus. On the fil-
ter preparations for enumerations, smaller fractions of
these particles were present (due to the mixing of the
fixed samples the particles had fallen apart) and with
increasing flow velocity, their abundance increased.
Most of the DYPs showed no physical association with
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ally increased (shaded bars) (Expt 5b). See text for further
explanation



298 Aquat Microb Ecol 12: 291-302, 1997

3.4

3.2

3.0 4

2.8 1

2.6 1

2.4 -

224

Number of planktonic algae x105 ml-1

2.0

T T 1
0 5 10 15

Flow velocity (cm s°1)
Fig. 7 Abundance of phototrophic organisms from the water
celumn above an intertidal scdiment corc at different flow
velocities (Expt 6). Values represent the mean of 3 to 6 repli-
cate samples collected (+1 SD). Solid line represents a linear

regression with the equation: f(x} = -4.29 x 10%x + 3.1 x 10%
=075

any of the benthic organisms present in our sediment,
but in some cases bacteria were attached to them.

The distribution of benthic algae in the oxygenated
sediment layer varied between cores exposed to stag-
nant water or to flow (Fig. 8). This difference was most
pronounced concerning the relative abundances of
algae at the sediment surface compared to those in the
deeper layer. Absolute abundances in the surface layer
were similar in both cases (6.0 + 2.1 x 10° in stagnant
conditions and 4.5 + 1.1 x 10° ind. cm™® at 15 cm s71),
but in stagnant water the numbers of algae in the
deeper sediment layer decreased drastically. In con-
trast, under flow their numbers did not change signifi-

Sediment depth (mm)
N
1

4 T \
20 40 60 80

Relative abundance of benthic algae cm3 (%)

Fig. 8. Abundance and vertical distribution of benthic

phototrophs in the top 2 layers of the sediment (0 to 1.6 mm

and 1.6 to 4.1 mm) of an intertidal sediment core exposed to

stagnant water (O) and a flow velocity of 15 cm s™! (@) (Expt 6).

Data are expressed in %, where 100% = sum of the numbers

of algae from both layers. Values represent the mean of 6
replicate samples collected (£1 SD}

cantly, implying that the algae moved away from the
sediment surface when flow was present. Expressed as
% of the sum of algae found in the 2 layers, only 34 +
6% of the algae were present in the second layer in
stagnant water, whereas under flow conditions 47 +
3% of the algae dwelled in the deeper sediment.

DISCUSSION

Our experiments clearly showed that flow of the
water overlying photosynthetically active sediments
affected both the oxygen concentration profiles within
the sediment and the photosynthetic oxygen produc-
tion. Due to the photosynthetic activity within the sed-
iment the oxygen concentration at and just underncath
the sediment surface was higher than that in the over-
lying water. Increasing flow velocities resulted in a
reduction of the oxygen concentration and in the verti-
cal extent of the oxygenated zone in the sediment
(Fig. 1). This is partially explained by the reduction of
the thickness of the diffusive boundary layer (DBL) at
higher flow velocities (Jorgensen & Revsbech 1985,
Gundersen & Jergensen 1990, Jergensen & Des Marais
1990, Glud et al. 1994). (See also Shum 1995 for the
discussion of advective transport within a linear part of
the oxygen profile.) The diffusive path was shorter at
high flow velocities compared to stagnant water, hence
the flux of oxygen from the sediment into the water
was higher With increasing flow, both the concentra-
tion of oxygen in the sediment and its penetration
depth decreased, whereas the concentration of oxygen
in the water column of the sealed flume remained the
same (Fig. 5). However, when we used the slopes of
the oxygen profiles measured in the sediment or in the
DBL to calculate the diffusive export of oxygen from
the sediment into the water (Glud et al. 1995) we
obtained a different result: the upward flux of oxygen
should have substantially decreased with increasing
flow velocity (Fig. 5). This discrepancy implies that the
oxygen in the water column did not stem from diffusive
flux out of the sediment. We concluded that advective
transport in addition to diffusion became effective at
higher tflow velocities. We ruled out increased water
column oxygen production, because the abundance of
phototrophic organisms in the water column did not
rise but instead went down slightly with increased flow
velocity. Since we did not record a concurrent increase
in phytoflagellate abundance in the sediment we
assume that some of the planktonic algae either died in
response to the changed flow conditions or that they
settled on the surfaces within the flume system. Under
none of the flow conditions we applied were any ben-
thic algae resuspended into the water (Fig. 7) Thisisin
agreement with results obtained by Denis et al. (1996},
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who found that resuspension of benthic algae only
commenced at flow velocities exceeding 15 cm s In
stagnant water the efflux of oxygen into the water col-
umn is largely determined by molecular diffusion, and
therefore strongly affected by the thickness of the
DBL. This explains why in that situation there is good
agreement between both our approaches.

In a series of studies, Huettel & Gust (1992), Huettel
et al. (1996), Lohse et al. (1996) and Ziebis et al. (1996)
demonstrated the effects of advective transport mech-
anisms driven by pressure gradients that build up at
sediment topography exposed to boundary layer flows.
Due to these pressure gradients, solutes are forced into
permeable sediments upstream of protruding surface
structures and forced upwards into the water column
on the backside of this topography, resulting in an
advective flushing of the upper sediment layers. The
advection supplements diffusive transport, i.e. when
both transport mechanisms operate simultaneously,
the amount of solutes crossing the sediment-water
Interface increases. Advective processes are signifi-
cant even when sediment topography is in the millime-
ter range. We attempted to smooth out the core surface
before taking our measurements, but some irregular
elevations and depressions with a vertical extent of 1 to
3 mm were still present. The shapes of our oxygen pro-
files indicated that this microtopography of the sandy
sediment was sufficient to induce advective transport
of oxygen at the higher flow velocities, through which
oxygen was released from the permeable sediment.
The almost vertical orientation of the subsurface sec-
tion of the oxygen profiles measured at 15 cm s7! flow
velocity, the displacement of the depth of the oxygen
maximum towards the sediment surface, and the
decrease of the maximum oxygen concentration all
indicate advective transport within the sediment sur-
face layer

The decrease of oxygen we measured in the sedi-
ment at higher flow velocities was not solely due to a
more effective export of oxygen. Our measurements of
photosynthetic activity over a range of flow speeds
indicated that the absolute amount of oxygen pro-
duced in the sediment also decreased with the onset of
flow (Figs. 3 & 4). This reduction in photosynthesis was
due to a combination of a behavioural response of the
benthic phototrophs to changed flow conditions and to
the flow effects on their chemical environment.

A well-known protection mechanism for avoiding
detachment from the sediment surface and resuspen-
sion into the water column when exposed to flow
(Heckman 1985) or to escape other adverse influ-
ences, such as strong light (Garcia-Pichel et al. 1994)
or UV-B radiation (Bebout & Garcia-Pichel 1995} is
the vertical migration of a part of the benthic diatom
and cyanobacterial population into deeper sediment

layers. By this vertical migration, the phototrophs may
leave the sediment layer with the optimal conditions
for photosynthesis, for example concerning the light
regime (Kihl & Jergensen 1994), and thus reduce
their photosynthetic efficiency. This is consistent with
our findings. Under stagnant conditions, we found the
highest abundance of benthic algae In the sediment
surface layer (top 1.6 mm of the sediment) to be the
same layer where the highest photosynthetic activity
was recorded. In the deeper sediment layer (1.6 to
4.1 mm below the surface) this number had decreased
significantly. In contrast, under flow the numbers of
diatoms present in both distinct sediment layers were
similar to each other, i.e. a relatively larger fraction of
the total benthic algal community had migrated to a
deeper sediment layer, less advantageous for photo-
synthetic activity. In addition, under flow conditions
the diatoms living directly at the sediment surface
could not remain in their upright (towering) position
(see above) but instead lay horizontally flattened on
the sediment. This probably resulted in a stronger
shading effect for the phototrophs in deeper sediment
layers, thus further impairing their photosynthetic
activity.

Furthermore, the nutrient supply in the uppermost
layers of the sediment also changed due to the in-
creased advective flushing at higher flow velocities
(Huettel et al. 1996). In our study, in the same fashion
as the oxygen that was produced close to the sediment
surface was exported to the water column at a higher
rate in flowing than in stagnant water, the pore water
from the sediment immediately underneath the sedi-
ment surface (presumably with higher concentrations
in dissolved inorganic nutrients and CO, compared to
the flume water) was flushed from the sediment as the
boundary flow velocity increased and replaced by
nutrient-poor fluid originating from the overlying
water (Huettel et al. 1996). The removal of these criti-
cal substances from the sediment may thus have fur-
ther impaired photosynthetic activity in the deeper
sediment layers and enhanced the reduction of the
vertical extent of the photosynthetically active sedi-
ment layer. However, the diatoms dwelling directly at
the sediment surface probably benefited from this
increased nutrient release, indicated by the increase of
their photosynthetic activity (Fig. 4E).

Another possible factor affecting the oxygen dynam-
ics and the photosynthesis in our system could have
been the advective transport of hydrogen sulphide
from deeper sediment layers towards the surface
(Huettel & Gust 1992, Huettel et al. 1996). However,
the oxygen profiles measured in conjunction with the
photosynthesis measurements indicate that at all flow
velocities oxygen was present at least 1 mm below the
deepest layer with measurable oxygen production,
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thereby forming a buffer between hydrogen sulphide,
the phototrophs and the sediment surface.

Our results are supported by the findings of Kiihl et
al. (1996), who reported on measurements of oxygen
profiles and the photosynthetic performance of an
epilithic cyanobacterial biofilm, dominated by the fila-
mentous Oscillatoria sp., under varying flow condi-
tions. They observed a similar correlation between the
flow velocity and the oxygen profiles to that found in
our study. The photosynthetic activity remained rela-
tively stable in the biofilm, irrespective of flow velocity.
This discrepancy with our results is due to the different
physical consistency of a biofilm compared to an inter-
tidal sediment and to the different composition of the
phototrophic community.

The results from our rcontrol measurements and
from the short-term changes in flow velocity em-
phasized the dynamic properties of the system and
demonstrated that there was an almost immediate
response to changed flow conditions, which could be
reversed just as fast. The most dramatic changes in the
sediment oxygen conditions we observed occurred
over a very small range of flow velocities, namely
between stagnant water and a flow speed of 5 cm s,
At higher velocities, the flow effects levelled off. This
indicates that low flow velocities and small changes
therein can substantially alter the environment for all
organisms that need (or avoid) oxygen. On a large
scale, this switch from flow to no-flow represents a
division between situations at low tide or in tidal pools,
where there is no water movement above the sediment
surface, in contrast to high tide, where due to the tidal
movement and wind-induced flow the water is con-
stantly moving. Experimentally we tried to mimic this
effect by conducting control measurements in stagnant
water ca 12 h after the sediment had been exposed to a
flow velocity of 15 cm s™'. Both the oxygen and the
photosynthesis profiles had completely changed again
and approximated the conditions recorded in the initial
stagnant water phase. But critical changes in flow
velocity can also occur on a much smaller temporal
scale. On a typical intertidal flat, the sediment is con-
stantly exposed to changes in velocity in the range of 0
to 5 cm s, We simulated this scenario in experiments
where the switch between no-flow and flow was
induced in short intervals. The data in Fig. 6 demon-
strate that even a very low flow velocity of 0.5 cm 57!
can substantially change the oxygen concentration at a
given depth in the sediment. Irrespective of the
absolute magnitude of the flow velocity, the difference
between the maximum oxygen concentration in stag-
nant water and under flow remained relatively con-
stant. The highest concentration reached within the
stagnant water intervals also decreased gradually,
indicating that biological changes (algal migration and

compaction) and changes in the pore water composi-
tion had commenced, which could not be completely
reversed in the relatively short intervals without water
movement. These imniediate chemical changes within
the sediment and in the oxygen transport across the
sediment-water interface demand special adaptations
from the organisms inhabiting these systems, mani-
fested either in a high tolerance to changing conditions
or in the capability to be highly motile and flexible.
This is especially important for small organisms such
as ciliated protozoa that orient themselves along chem-
ical gradients. In order to remain at optimum oxygen
conditions they are constantly forced to move within
the sediment (Berninger & Epstein 1995).

Although our results can be explained by a com-
bination of the biological, hydrodynamical and chemi-
cal responses to flow, there might be an additional bias
due to the method we used for the determination of
photosynthetic activity. This method (described in
detail in Revsbech & Jergensen 1983) is based on
microelectrode measurements of the change in oxygen
concentration in a given sediment layer when photo-
synthesis is stopped by darkening after a period in the
light. The method relies on 3 basic assumptions: (1) the
oxygen profiles are at a steady state, (2) oxygen respi-
ration remains the same irrespective of the light condi-
tions, and (3) diffusion is the main transport mecha-
nism for oxygen away from the point where it is
produced. If one of these assumptions is not met, the
results obtained may be questionable. We discussed
above that in our sediment core advection could create
an important additional pathway for the transport of
oxygen between the top sediment layers and the over-
lying water. It is possible that this ‘enhanced’ oxygen
export, integrated over a larger sediment volume than
sole diffusion, leads to an overestimation of the photo-
synthetic rate. However, the amount of solutes trans-
ported advectively should be the same in the light as in
darkness, hence the relative concentration changes
should remain unaffected. Likewise, if under flow
hydrogen sulphide had been advectively exported
from deeper sediment layers and had served as an
additional sink for oxygen, this would have led to an
overestimation of the photosynthetic rates we calcu-
lated. It should be kept in mind, though, that in sys-
tems subjected to flow it becomes very important to
measure the slope of the oxygen decrease immediately
after the onset of darkness, since with time the dis-
crepancy between the amount of oxygen that is trans-
ported diffusively and advectively will increase. De-
spite these potential problems we believe that our
general findings are not biased by such a methodolog-
ical artifact, since our results indicate a decrease rather
than an increase of the photosynthetic activity. This
artifact may, however, be the reason for the fact that
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we see elevated photosynthetic activity at high flow
velocities directly at the sediment surface, in the layer
where advective transport is likely to be strongest. It
would be desirable to develop a method that is com-
pletely independent of flow-induced changes in the
parameters that serve to calculate photosynthetic ac-
tivity. For example, a much higher spatial and espe-
cially temporal resolution of photosynthesis measure-
ments would be helpful. Furthermore, in instances
where flux rates cannot be measured directly, the
application of a reaction-diffusion model such as that
suggested by Epping & Jergensen (1996) may be
appropriate.

Given the pivotal importance of oxygen for the bio-
logical, chemical and geological processes within sed-
iments, the factors controlling the production and
transport of oxygen need to be fully understood. Our
work demonstrates the strong impact of the boundary
flow on both oxygen production and on interfacial oxy-
gen flux in photosynthetically active sediments. We
conclude that the knowledge of the magnitude and of
the variability of boundary layer flows is indispensable
when attempting to assess sediment-water oxygen
fluxes in such systems.
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