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Abstract

Coastal sediments represent sites of major importance for many biogeochemical processes, including organic matter mineralisation. These
sediments are frequently subjected to intermittent physical forcing resulting in resuspension, which potentially influences sediment processes. In
this study we investigated how the frequency and duration of resuspension events affect organic matter mineralisation rates, by creating con-
ditions where the resuspension effect was as isolated as possible from other factors possibly affecting the mineralisation rate. Results show
that continuous resuspension or resuspension in 12 h intervals double the mineralisation rates compared to sediments not subjected to water
turbulence (2.0 + 0.2 vs. 1.1 & 0.3 pmol =CO, (g d.w)~1d™1). However, when subjected to short resuspension events (5 s) once every 24
or 48 h the sediment mineralisation rate were enhanced even more, to 5.2 & 0.3 umol =CO, (g d.w.)~' d™'. Longer intervals between resuspen-
sion events (72—96 h) did not affect the mineralisation rate compared to no water turbulence. This indicates that resuspension enhances min-
eralisation rates, and that even very short resuspension events can influence sediment carbon and nutrient cycling to a large extent if occurring
often enough. Hence, sediment mineralisation rate measurements without resuspension may significantly underestimate mineralisation rates.
However, given our results, it is possible that continuous low-level shear stress in coastal areas may be enough to stimulate mineralisation,
and then specific events with increased shear stress and resuspension may not cause any additional enhancement. Therefore, to illuminate po-
tential effects of resuspension on mineralisation under field conditions, more information about the level of shear stress that is required to affect
mineralisation rates is needed.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Marine sediments represent sites of carbon metabolism and
preservation of large regional and global importance, and it is
well known that continental margin sediments provide a major
sink for organic carbon (Hedges and Keil, 1995). In addition,
an important part of the mineralisation of organic matter
takes place at the sediment-water interface. The interface is

* Corresponding author.

E-mail addresses: carst@tema.liu.se (C. Stahlberg), david.bastviken@geo.
su.se (D. Bastviken), bosseh@tema.liu.se (B.H. Svensson), larra@tema.liu.se
(L. Rahm).

! Present address: Department of Geology and Geochemistry, Stockholm
University, SE-106 91 Stockholm, Sweden.

0272-7714/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ecss.2006.06.022

characterised by a high chemical and biological activity, and
the importance of sediment processes relative to processes in
the water column increases with reduced water depth (Smith,
1974). Hence, knowledge on the mineralisation of organic
matter in coastal sediments is important for our understanding
of carbon cycling. In addition, organic matter mineralisation
causes an exchange of nutrients that may affect the biological
productivity in the water column.

Mineralisation rates in sediments depend on many factors,
e.g. organic matter characteristics, temperature, pH, redox
potential, and bioturbation. These factors have been studied
extensively, and are often used to estimate mineralisation rates
in modelling studies (e.g. Tromp et al., 1995; Boudreau, 2000;
Berg et al., 2003; Aller, 2004). Another important factor is the
physical forcing governing exchange processes between the
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sediment and the water mass. Waves and currents generate
shear stress and turbulence that drive diffusive boundary layer
fluxes (Boudreau, 1997), ventilation of porous bottoms (Shum
and Sundby, 1996), as well as resuspension (Blomqvist and
Larsson, 1994; Soulsby, 1997). The latter frequently occurs
in both deep seas and coastal areas (Blomqvist and Larsson,
1994; Valeur et al., 1995; Vangriesheim et al., 2001; Thomsen
et al., 2002). Resuspension in coastal areas is mainly caused
by surface waves and tides, while in deep sea resuspension
is primarily due to currents. In the shallow, tideless, Baltic
Proper the physical forcing of the sediments are to a significant
degree induced by surface waves (Brydsten, 1993; Jonsson
et al., 2002).

From a theoretical perspective, resuspension may signifi-
cantly enhance mineralisation rates by e.g. exposing a larger
surface area of recently settled organic material to microbial
attack. In addition, compared to under diffusive conditions,
turbulence may increase the substrate supply rates by reducing
the thickness of the diffusive boundary layer surrounding mi-
croorganisms and sediment particles. Resuspension events
also result in addition of both molecular oxygen (O,) and re-
cently settled organic matter into the sediment, a release of
pore water, and exposure of previously buried organic matter
to oxic conditions.

Previous measurements of mineralisation rates of organic
matter in marine surface sediments have been performed with-
out or with weak turbulence above the sediment surface (e.g.
Osinga et al., 1996; Moodley et al., 1998; Silverberg et al.,
2000; Arnosti and Holmer, 2003). Experiments comparing
mineralisation with and without resuspension are rare, and to
our knowledge there are no previous studies on the effect of
frequency and duration of resuspension events on mineralisa-
tion rates. Hence, it is unclear if previous measurements of
sediment mineralisation rates with unspecified turbulence re-
gimes are comparable with each other. In addition, potential
effects of the frequency and duration of resuspension events
are important not only for understanding mineralisation
processes at the micro scale, but also for assessing large scale
impact of resuspension on mineralisation rates over time; In
shallow near shore areas more or less continuous or diurnal
resuspension can be found, while short resuspension events
occur in deeper areas when wave activity is enhanced by
winds and storms. In the current study we therefore experi-
mentally tested how the frequency and duration of resuspen-
sion events affected organic matter mineralisation rates in
marine surface sediment. An array of factors affects the
organic matter mineralisation under natural conditions, but
since we were interested in studying the specific impact of
resuspension events, we created conditions under which resus-
pension was as isolated as possible from other factors.

2. Methods
2.1. Experimental set-up

Sediment and bottom water samples were collected in
Krabbfjirden (58°49'09” N, 17°34'25" E), northwest Baltic

Proper, in June 2003. Eight sediment cores (d = 80 mm)
were collected with a Kajak-corer at approximately 35 m
depth. The top 10 mm of the sediment cores were sliced off,
and stored in the dark at in situ temperature (46 °C) during
transport to the laboratory and until the incubation was started
the following day. During the transport and storage, the sedi-
ment was overlain by a thin layer of bottom water, which
was in contact with air. In addition, brackish bottom water (sa-
linity 6.4) was collected approx. 2 m above the bottom with
a 5-L Niskin-sampler and transferred to 10-L plastic vessels.
The water was stored in the dark at 46 °C and was purged
with air to achieve O, saturation at the start of the experiment.

The day after the collection of sediment and water, the wa-
ter column above the sediment was decanted, and all the top
10-mm sediment slices were mixed together thoroughly. Sed-
iment water content was 61.6% (dried at 105 °C until constant
weight; SIS, 1981), and organic matter content was 6.6% of
the dry sediment (loss of ignition at 550 °C 2 h; SIS, 1981).
The sediment was dominated by very fine sand and silt,
91% of sediment grains was smaller than 0.125 mm and 6%
was between 0.125 and 0.25 mm. Samples of 20 ml wet sedi-
ment (corresponding to 9.8 + 0.1 g d.w; mean & SD) was
added to 330 ml glass infusion bottles. 270 ml of the aerated
bottom water was added to each infusion bottle, which were
then sealed, leaving a head space of 40 ml air. Another
50 ml of air was added to increase the pressure and reservoir
of O,. The infusion bottles were closed with 17-mm thick bu-
tyl rubber stoppers (Rubber B.V., the Netherlands), and se-
cured with aluminium caps. The stoppers were pierced with
two PVC tubes, one short (5 mm diameter, 25 mm long) and
one longer (5 mm diameter, 130 mm long). On both tubes
3-way luer-lock valves were mounted to allow withdrawal of
headspace and water, respectively. Both tubes and stoppers
had been long-term leached in ethanol and subsequently in
brackish water before the incubation started.

All the bottles were incubated in a horizontal position (i.e.
lying down), rendering a sediment surface area of approxi-
mately 55 cm®. The sediment resting on the curved inner
wall of the horizontally incubated bottles resulted in a maxi-
mum thickness of 3 mm. The bottles were placed in a dark cli-
mate chamber at the in situ temperature of +6 °C. During
incubation they were subjected to four different treatments:
(1) six bottles were continuously shaken on a rotary table
(75 rpm, Infors AG), keeping the uppermost sediment con-
stantly resuspended, (2) six bottles were shaken at 12-h inter-
vals (i.e. shaken for 12 h and then left still for 12 h; the same
shaking intensity as for treatment 1), (3) six bottles were man-
ually shaken for 5 s only at the sampling occasions, followed
by 24—96 h without resuspension. Treatment (4) included 12
undisturbed bottles. Duplicate bottles of the latter were sam-
pled at each sampling occasion, but were removed from the
experiment after sampling, since the sampling procedure
caused resuspension (see Section 2.2), and, hence, thereafter
could not be regarded as undisturbed bottles. In treatments 1
and 2 we estimate that at least 0.5 mm of the sediment was re-
suspended and the remaining sediment not becoming sus-
pended was induced to move around in the bottles due to
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the shaking on the rotary table. Hence all sediment in treat-
ments 1 and 2 was clearly affected by the turbulence. The re-
suspension frequency and durations were not selected
according to observed patterns in the sampling area. However,
in shallow areas more or less continuous (treatment 1) or diur-
nal (treatment 2) resuspension generally occurs, while short
resuspension events (treatment 3) can occur in deeper areas
when, e.g., wave activity is enlarged by winds and storms.

2.2. Sampling

All the 18 bottles in the resuspension treatments (treatments
1—3) were sampled at seven occasions during the 16 days of
incubation: 24, 48, 89, 136, 207, 303, and 375 h after the in-
cubation start. Treatment 4 (with no resuspension) was sam-
pled at 24, 65, 112, 183, 279, and 351 h after the incubation
start.

Just before withdrawal of samples, each bottle was turned
five times to mix all sediment into the water, to even out po-
tential concentration gradients, and to make it possible to with-
draw homogenous samples of sediment—water slurries. 15 ml
of headspace was withdrawn using a plastic syringe (20 ml,
Plastipak, Becton Dickinson) connected to the 3-way luer-
lock valve with short tubing. The headspace sample was trans-
ferred to a 30-ml evacuated glass infusion vial. 20 ml of nitro-
gen gas was subsequently added to create an overpressure to
facilitate withdrawal of gas for analyses. Just after headspace
sampling, a 10-ml sample of the sediment-water slurry was
collected for determination of the amount of dissolved gases.
The slurry was withdrawn from the 3-way luer-lock valve
with long tubing, and was subsequently transferred to a 60-
ml syringe (Plastipak, Becton Dickinson) through a 3-way
luer-lock valve. Concentrated H,SO, (0.5 ml) was added to
give a final pH <2, which converts inorganic carbon to
CO,. Subsequently, 30 ml nitrogen gas was added to the sy-
ringe through the valve. The closed syringe was then vigor-
ously shaken for 60 s to equilibrate the dissolved gases in
the water with the syringe headspace. The syringe headspace,
representing a sample of the total inorganic carbon in the
slurry, was transferred to a 30-ml evacuated glass infusion
vial. Tests with agitation of acidified sediment slurries for up
to 90 h did not yield higher amounts of inorganic carbon.
This suggests that agitation during 60 s was enough to include
potential dissolution of particulate carbonates in the sediment,
or that such particulate carbonates were not present. There-
fore, we consider our measurements to represent the total
amount of inorganic carbon present in the slurries.

The total sample volume withdrawn from the bottles of
treatments 1—3 was replaced by the same amount of air,
with known concentrations of CO, and O,, to maintain the
pressure in the bottles. The barometric pressure was recorded
during all samplings. All the 30-ml infusion vials were stored
in the dark until analysis for CO, and O,.

pH was measured in randomly selected bottles at the start
(n=4) and at the termination of the incubation-period
(n=06).

2.3. Chemical analyses and calculations

CO, measurements were made on a GC-TCD (Shimadzu
8A, carrier gas He 30 ml min~!, inj./det. 120 °C, column
60 °C). A pre-column filled with 1 g Mg(ClO,4),-grains was
used to trap water vapour (e.g. Klemedtsson et al., 1986).
All vials were analysed by at least two injections. Additional
injections were made if the coefficient of variation for the
peak areas was larger than 5%.

O, in the bottle headspace were randomly analysed to
confirm that the headspace O, was not depleted during the in-
cubations. The O, measurements were performed on the GC-
TCD (Shimadzu 8A, carrier gas Ar 30 ml minfl, inj./det.
100 °C, column 60 °C). All vials were analysed by at least
two injections as above.

pH was analysed using a pH-meter (PHM93, Radiometer,
Copenhagen) calibrated with pH 7.001 and 10.000 solutions
(Radiometer Analytical), respectively.

Total amounts of inorganic carbon in the bottles were cal-
culated with the Ideal Gas Law formula, pp,V = nRT, and
Henry’s Law, C,q = Kppawm, Where pp, is the partial pressure
of the gas (Pa), V is the volume of the gas (m3), n represent
the amount of the compound in moles, R is the gas constant
(8.3141 mol ! Kil), T is the temperature (K), C,q is concen-
tration of the dissolved gas in the water (M), K}, is Henry’s
constant (M atm™~', which depends on gas temperature and
water salinity; here a K; value of 0.0398 was used (Butler,
1991)), and payy is the partial pressure of the gas in atmo-
spheres. The change in the sum of the total inorganic carbon
(ZCO,) in both headspace and water was used to estimate
mineralisation rates. Corrections were made for temperature
and pressure changes, the gas additions after sampling, as
well as for the changes in sediment amount and water volumes
and headspace volumes caused by sampling.

2.4. Statistical analysis

The change in £CO, through time was evaluated using lin-
ear regression. To compare the regression slopes of the four
treatments, analysis of covariance, ANCOVA was used. This
analysis tests whether there is a significant difference between
the slopes of linear regression lines (Sokal and Rohlf, 1995).
The analyses were performed using the statistical software
package SPSS 11.5 for Windows. The significance level was
set to 5%.

3. Results and discussion
3.1. Mineralisation rates

There was a clear increase of 2CO, in all bottles, ranging
from 16 to 40 umol 2CO, (g d.w.)"!. The accumulation of
2CO, showed a significant linear increase (p < 0.05) over
time in treatments 1, 2, and 4, while treatment 3 showed
a two-step increase, both however linear (p < 0.05) (Fig. 1).
The linear increases allowed calculation of mineralisation
rates (umol XCO, (g dw) 'd™!; ie. the production of
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Fig. 1. Accumulated amount of 2CO, in the four different treatments. The production of 2CO, is normalised to the amount of sediment (d.w.) in the individual
bottles at sampling occasion. Error bars denote the standard deviation. Where not visible, the deviation is smaller than the symbols. Lines represent linear regres-

sions, significant for each treatment (p < 0.05).

3CO, is normalised to the amount of sediment (d.w.) present
in the individual bottles at each sampling occasion) from the
regression slopes. Comparison of the mineralisation rates
showed that the average rates in treatments 1 and 2 (continu-
ously resuspended and resuspended at 12-h intervals, respec-
tively) were not significantly different (p > 0.05) from each
other, but twice as large as the undisturbed bottles in treatment
4 (p < 0.05; Table 1). Since no disturbance was induced dur-
ing the incubation of treatment 4, the only exchange between
sediment and water was by diffusion. This most likely created
gradients within the sediment, as well as at the sediment—wa-
ter interface and in the water column. Since the sediment and
water were well mixed before sample withdrawal, our samples
did not reveal such gradients, but rather represent integrated
values for each bottle. It should be noted that the experimental
preparations caused sediment redistribution in bottles of all

Table 1

treatments, including treatment 4. Hence, mineralisation rates
in all treatments may initially have been influenced of sedi-
ment mixing and turbulence.

Treatment 3 (manually resuspended at sampling occasions)
showed during the initial 6 days of incubation a fivefold min-
eralisation rate compared to treatment 4, and more than twice
the rates estimated in treatments 1 and 2 (Table 1). However,
after the 6 initial days the mineralisation rate decreased to the
same rate as treatment 4. The decline of the mineralisation rate
in treatment 3 occurred at the same time as the total mineral-
isation had reached the same level as treatments 1 and 2 had at
the end of the incubation (25 umol 2CO; (g d.w.)fl). This
suggests that the amount of labile OM was depleted. However,
since treatments 1 and 2 did not show a decline in their
mineralisation rate, a decrease of mineralisable OM in the
bottles is not the most likely explanation to the decline in

Mineralisation rates, intercepts and coefficient of determination, retrieved for linear regressions for each treatment. SE denotes standard error. All regressions were

significant (p < 0.05)

n Days of incubation Mineralisation rate Intercept + SE R?
(umol C (g d.w.)'d™") £ SE

Treatment 1; Continuous 30 16 (375 h) 20+0.2 476+ 1.5 0.80
Treatment 2; Interval 28 16 (375 h) 2.0£0.1 454+ 1.1 0.90
Treatment 3; Manual 42 16 (375 h)

Days 1—6 52403 3.1+ 1.1 0.92
Days 6—16 1.1 £0.2 520+ 1.7 0.69
Treatment 4; Not resuspended 12 15 (351 h) 1.1 +£0.3 48.1 £2.5 0.54
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mineralisation rate in treatment 3. In addition, the mineralisa-
tion in treatment 3 continued, and after the decline a further
10 pmol =CO, (g d.w.)~" was produced. A more probable ex-
planation to the decline after day 6 is the longer time intervals
between the resuspension events.

3.2. Possible explanations

There are several possible explanations why treatments 1
and 2, and the first 6 days of treatment 3 yielded higher min-
eralisation rates than treatment 4 (without resuspension);
Resuspended particles expose a larger surface area for a
microbial attack; pore water is mixed into the water column,
releasing dissolved organic matter and mineralised nutrients,
potentially increasing substrate and nutrient availability (Fan-
ning et al., 1982; Hopkinson, 1985; Blackburn, 1997; Christi-
ansen et al., 1997; Morin and Morse, 1999). It has also been
shown that release of aged organic matter from anoxic to
oxic environments increases the mineralisation significantly
(Aller, 1998; Hulthe et al., 1998; Bastviken et al., 2004). In ad-
dition, resuspension events result in a redistribution of the sur-
face sediment, mixing OM into the surface sediment.
Furthermore, turbulence decreases the thickness of boundary
layers surrounding particles and bacteria, potentially resulting
in a more rapid transfer of nutrients into bacterial cells and in-
hibiting the development of anoxia. We cannot distinguish the
effect of any of these factors based on the present experiment.

It has been shown that methane-producing archaea in paddy
soil are disturbed by turbulence (Dannenberg et al., 1997), and
the disturbance caused by a resuspension event may negatively
affect syntrophic bacteria. A continuous, or long and frequent,
resuspension event may prevent the formation of certain syn-
trophic consortia, e.g. in biofilms, or advantageous successions
of different bacteria. This in turn may give rise to less efficient
OM mineralisation. The much higher mineralisation rate in
treatment 3 may be due to the 24—48 h of calm conditions be-
tween the short resuspension events, allowing the formation of
stable communities. However, an increase of the calm period
to 72—96 h reduced the mineralisation rate to the levels of
the diffusion-controlled conditions in the non-resuspended
bottles in treatment 4. Although speculative, this potential in-
teraction between microbial community structure and turbu-
lence could provide an explanation for our results.

To estimate the potential contribution of oxic degradation
in the different treatments, the O, content in the porewater af-
ter the mixing events was calculated. The pore water volume
was calculated from the water content of the sediment taking
the porosity into account. O, saturation was assumed after
each mixing period and O, solubility at different temperatures
was considered. The calculations show that approximately
5 pmol O, was present in the pore water. Given the minerali-
sation rates, this amount could be consumed within 6 (treat-
ment 2—3) and 12 (treatment 4) hours, respectively. Hence,
anoxia probably occurred in parts of the pore water in all treat-
ments except treatment 1, which was continuously mixed. The
rate of mineralisation in anoxic versus oxic conditions is de-
bated (Bastviken et al., 2003). However, we cannot exclude

that anoxic conditions in the sediment pore water may have
hampered mineralisation rates in our experiment, and particu-
larly so in treatment 4. Yet, if anoxia in the pore water was the
most important factor there should have been a greater differ-
ence between treatments 1, 2 and 3, due to differences in ex-
posure to anoxic conditions. Such a difference was not
observed. Thus, we conclude that potential differences be-
tween sediment mineralisation under oxic versus anoxic con-
ditions may have contributed to the results but are unlikely
to provide the full explanation. The overlying water in all
treatments was oxic during the whole incubation-period,
even though there could have evolved a suboxic gradient
above the sediment surface in treatments 3 and 4, and to
a lower extent in treatment 2.

As anticipated for closed systems with accumulation of CO5,
pH decreased. The decrease was similar in all treatments, from
7.9 £+ 0.1 (mean + SD) at the start to 6.8 4 0.2 at the end. This
pH-decrease could have hampered the microbial activity and
lowered 2CO,-production accordingly. Thus, the higher activ-
ity, the faster the pH may have been affected, and thereby the
production of CO, should have been most hampered in treat-
ments 1—3. Hence, if pH had this effect, the difference between
treatments 1 —3 and treatment 4 may be underestimated. Chem-
ically, the decrease in pH could give rise to dissolution of car-
bonate from the sediment. However, since tests with
acidification of the slurry-samples followed by agitation up to
90 h showed that our analysis included potential dissolution
of carbonates, the increase of £CO, during the incubation can-
not be referred to as carbonate dissolution.

The sampling interval of 24 h or more did not capture
changes in the mineralisation rates on a short time scale, i.e.
minutes or hours. However, mineralisation rates in the bottles
subjected to the three different frequencies and durations of re-
suspension, indicate that degradation under the duration of the
resuspension only cannot explain our results. More likely, there
was a long-lasting positive effect by the mixing and the turbu-
lence generated in treatments 1—3. The greatest enhancement
of mineralisation rates due to resuspension was shown already
for the treatment with least intensive mixing (treatment 3).
Hence, it is possible that the maximum enhancement of miner-
alisation due to turbulence is reached at lower turbulence levels
than used in treatments 1—3 in this study. Therefore it seems
possible that mineralisation can be enhanced also by near bot-
tom turbulence that does not cause resuspension. If so, the con-
tinuous low-level shear stress in coastal areas may be enough to
stimulate mineralisation and then, according to our results, spe-
cific events with increased shear stress and resuspension may
not cause any additional enhancement. Therefore, to illuminate
if there is any effect of resuspension on mineralisation under
field conditions, more information about the level of shear stress
that is required to affect mineralisation rates is needed.

3.3. Resuspension frequencies and durations in the Baltic
Proper

Collection of data of resuspension frequency and duration,
or wave observations, are to our knowledge not made in the



322 C. Stahlberg et al. | Estuarine, Coastal and Shelf Science 70 (2006) 317—325

sampled area. Deposition studies in the area in 1981—1984
showed, however, frequent presence of resuspended sediment
in the total load (Blomgqvist and Larsson, 1994), indicating that
resuspension occurs in the area. Modelling approaches for the
whole Baltic Proper, based on observed weather conditions
during 1999—2000 as well as grain size, critical stress for
the different grain sizes, and water depth, has shown that sur-
face waves generally induces resuspension of surface sedi-
ments down to 40—60 m of water depth, with durations of
about 1 day up to 2 weeks and frequencies of 1 to 19 times
a month (Danielsson et al., in press). Hence, the chosen fre-
quency and durations of the resuspension events in the exper-
iment appear relevant for Baltic Proper conditions.

3.4. Comparisons with previous studies

The sediment in the bottles got a maximum thickness of
3 mm, and mineralisation rates do not include fluxes from
deeper sediments. Assuming that the mineralisation in the in-
cubated bottles represents the mineralisation in the upper
3 mm of the sediment and using the area of the sediment in
the bottles (55 cmz), our mineralisation rates correspond to
7.2—8.1, 2.7-3.3, and 1.2—2.0mmol Cm >d""', treatment
3, treatment 1 and 2, and treatment 4, respectively. This is
within the lower part of the previously reported range of sed-
iment mineralisation rates (see Table 2), which could be rea-
sonable since this estimate only account for mineralisation
and fluxes in the upper 3 mm of the sediment.

Resuspension probably primarily occur to the upper 1 mm
of the sediment under natural conditions, but effects of the tur-
bulence may extend deeper into the non-resuspended sediment
by advective flow. In our bottles the maximum sediment depth
was 3 mm or less (the round bottles were laying down during
incubations and the curved inner surface of the bottles resulted
in an average sediment depth well below 3 mm). Hence, the
thickness of the sediment in our bottles appears to have been
in the realistic range given the goal to estimate the potential
resuspension effect. On the other hand, our sediment repre-
sented a mixture of the 10 mm top sediment. Thus, our aver-
age sediment may have been slightly older and less reactive
than the sediment in the top 1—3 mm. Therefore, our mineral-
isation rates may underestimate corresponding rates in the
1—3 mm top sediment under natural conditions.

The contribution of the turbulence effect on depth inte-
grated sediment carbon mineralisation depends on to what
depth the turbulence effects extend. If the turbulence-induced
enhancement of mineralisation primarily occurs through resus-
pension only, the surface millimetre of the sediment is affected
and the depth-integrated effect of turbulence may be minor.
For example, if the top sediment that can be resuspended ac-
count for 10% of the overall depth integrated mineralisation,
and resuspension results in a twofold increase in mineralisa-
tion rates in the resuspended layer, then the overall positive ef-
fect of resuspension will be in the order of 10%. However, this
and other studies (e.g. Forster et al., 1996; Rusch et al., 2001;
Ehrenhauss and Huettel, 2004; Ehrenhauss et al., 2004) indi-
cate that turbulence may also stimulate mineralisation rates

deeper down in the non-resuspended sediment. Therefore,
the combined effect of turbulence on sediment mineralisation,
including resuspension and advective flow, is likely to be
greater than the resuspension effect alone and significant for
the total depth integrated mineralisation.

Valdemarsen and Kristensen (2005) suggest that anoxic in-
cubations with little sediment overestimate mineralisation
rates due to a high relative influence of biofilms. To our under-
standing this could mean that treatment 4 in the present study
may overestimate mineralisation compared to whether more
sediment had been present. Treatments 1—3 are less likely to
be influenced since the disturbance regimes most likely in-
hibited substantial biofilm formation. Hence, if the results of
Valdemarsen and Kristensen (2005) are valid for our experi-
ment, it is possible that our measurements underestimate the
difference between undisturbed sediment and sediment
subjected to resuspension.

Our results, showing a similar and significantly higher min-
eralisation rate in resuspended treatments, are in accordance
with other laboratory experiments and model studies consider-
ing resuspension effects (Hopkinson, 1985, 1987; Sloth et al.,
1996; Wainright and Hopkinson, 1997). However, most of the
previous studies rely on measurements of O, decline, which is
less robust than CO, (Anderson et al., 1986), since O, can be
consumed not only by aerobic respiration, but also by chemi-
cal oxidation of reduced compounds, e.g. sulphide released
from anoxic sediment layers. Hence, studies of O, decline, fol-
lowing upon resuspension, include both mineralisation of or-
ganic matter and chemical consumption of O,, and it is
difficult to know if the consumption of O, fully accounts for
the anoxic mineralisation.

In contrast to our and other studies, one previous study
reports a decrease of the mineralisation rate after a late
autumn resuspension event (Tengberg et al., 2003). As an
explanation Tengberg et al. (2003) suggest varying effects
of resuspension due to bottom conditions as well as of a pos-
sible seasonal dependence on the effect; During winter the
biological activity is low and no fresh organic matter is sup-
plied, and resuspension could decrease the mineralisation by
diluting the organic matter available in the overlying water,
while during the productive time of the year a resuspension
event could have an increasing effect on mineralisation, since
fresh organic matter constantly is supplied and the bacteria
are more active. Our sampling was carried out in June, and
our experiments thereby reflect the situation during the pro-
ductive time of the year when fresh organic matter should
be available in the sediment.

4. Conclusions

We conclude that even short resuspension events (5 s) may
enhance the mineralisation rates of organic matter in surface
sediments even more than a continuous resuspension, if the
resuspension events occur frequently (more often than once
every 48 h). This indicates that given this minimum frequency,
short-term resuspension may enhance mineralisation rates for
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Table 2
Mineralisation rates in sediments from shallow marine areas
Area Depth Sediment type Time of year ~ Mineralisation rate  Mineralisation rate Method® Reference
(m) undisturbed resuspended
(mmol Cm~2d™") (mmol Cm2d™")
N.W. Baltic Proper 30 Silty sand June 12-2.0° 2.7-8.1° Stirred/unstirred This study
chamber; 2CO,
S. Baltic Proper 2-9.5 Medium sand  Annual mean 0.6 (non-dredged 6 (dredged area) Core (sliced); NHf-  Graca et al. (2004)
area) and NOj3 fluxes,
denitrification, and
SO2~ reduction®
Kiel Bight 20 Late spring 10.3 In situ chamber; O,  Balzer (1984) and
refs. therein
Late summer 7.2
Winter 4.1
Swedish fjord 6 Winter 7.8—9.0 In situ chambers; Anderson et al. (1986)
>CO,
Autumn 18.7—20.3
Inner Danish sea 15 Mean March— 29 In situ POC Valeur et al. (1995)
November Deposition rate -
POC accumulation
rate
Inner Danish sea 4 Silty sand July 101—155 Core; 2CO, Lomstein et al. (1998)
Inner Danish sea 4 Silt (covered July 50 500 In situ mesocosms; Sloth et al. (1996)
with benthic (023
microphytes)
Skagerrak 190—-380 April 5.9-19.9 Core; 2CO, Arnosti and Holmer
(2003) and refs. therein
Skagerrak, 10—16  Soft and January 12—35 (in situ) 4—15 (in situ) Benthic chamber; Tengberg et al. (2003)
archipelago muddy 2CO,
17.2—40.6 (lab)
North Sea 24 Fine sand Annual mean 10 Chamber/core; Osinga et al. (1996)
0, + SO0;~
45 30
N.W. Adriatic Sea 18 February 3—18 In situ benthic Moodley et al. (1998)
chamber; O,
April 18—20
September 23—-47
Gulf of St. Lawrence 80 Fine sand June 9.9 (Miscou Core; O, Silverberg et al. (2000)
and cont. margin Channel)
of Nova Scotia 250—700 1.4—3.6 (Cont.
margin of

Nova Scotia)

? Where O,-consumption rates are presented, no corrections for possible chemical oxidation have been performed.

® Calculated for the upper 3 mm sediment only.

¢ Measured anoxic mineralisation pathways only, but bottom water was in all cases but one well oxygenated.

some time after the actual resuspension, and that a lower shear
stress, not causing resuspension, might be enough to stimulate
mineralisation rates. The level of the shear stress that enhances
mineralisation rates to the measured level is still to be identi-
fied. More infrequent short-term resuspension (5 s of resuspen-
sion less often than every 72 h) appeared to result in lower
mineralisation rates compared to at more frequent resuspen-
sion. Hence, the enhancement of mineralisation rates after re-
suspension appears to be limited to approximately 48 h after
the resuspension.

Still, according to our results storm events can affect sedi-
ment mineralisation over extensive areas for a period that may
be substantially longer than the actual storm event. Further-
more, our results infer that also infrequent resuspensions of
deep-lying sediments, or even low-level turbulence causing
advective flow but not resuspension, may be of substantial

importance for the general turnover of organic matter in
aquatic environments. This should influence the sediment me-
tabolism of, e.g., nutrients and pollutants. Thus, turbulence
events are important for our understanding of sediment pro-
cesses on both micro- and macro scales, and an underestima-
tion of the actual mineralisation rates may be inherent in
experiments done without considering turbulence. Obviously
there is also a need for further studies accounting for the tur-
bulence effects in various sediment types.

The indications from this study, that even short resuspension
events may affect sediment processes for considerable time pe-
riods, mean that local weather patterns may influence sediment
processes. For example, the storm frequency, and thereby the
wave-induced bottom friction, has increased from the 1960s
to the 1990s over the Baltic Sea (Alexandersson et al., 2000),
the North Sea, and the North Atlantic (Gulev and Hasse,
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1999). In all, this calls for studies of how physical forcing af-
fects aquatic biogeochemistry.
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