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Abstract

Benthic oxygen profiles were acquired using microsensors over two seasonal cycles (December 2001, April and August 2002, January and
May 2003) at two stations differently affected by shellfish farming activity in the Thau lagoon (French Mediterranean coast). This study was part
of the Microbent-PNEC Program on the study of biogeochemical processes at the sediment—water interface in an eutrophicated environment.
We explored seasonal and spatial heterogeneity as well as the biogeochemical drivers of oxygen uptake, such as in situ temperature, bottom
water oxygenation and organic matter deposition. O, consumption rates were determined by using a transport-reaction model. Maximum rates
were reached in August and May and minimum rates in December, April or January. The effect of oyster farming on oxygen fluxes was clearly
identified with higher diffusive oxygen uptake in the station inside the oyster parks (C5; 36.8 + 18.5—87.7 4+ 40.8 mmol m~2d™"), compared
with the station lying outside the oyster parks (C4; 8.6 & 2.1—30.7 & 8.3 mmol m > d™!). At C5, the large spatial heterogeneity was statistically
concealing temporal variation, whereas a clear statistical difference between cold and warm periods appeared at C4. In these lagoon sediments,
the seasonal dynamics of diffusive oxygen demand and consumption rates were mainly driven by seasonal temperature variation at both stations,
as well as by seasonal organic matter delivery to the sediment at the station located outside the oyster parks. In the station located below the
oyster parks, seasonal variation of organic matter deposition was dampened by oyster filtering activity. Seasonal temperature variation thus ap-
peared as the major driver of oxygen dynamics in this station. Measurements of total O, uptake rates indicated a significant fraction of microbial
recycling and diffusive transport in oxygen uptake at the station located close to the oyster parks. In the open water site, fauna-mediated O,
transport prevailed in April 2002 (cold conditions), whereas the microbial recycling seemed to dominate in May 2003 (warm conditions).
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Shallow aquatic environments are characterized by high
organic matter (OM) content of the sediment due to intense
pelagic productivity (Kim, 1983; Barranguet et al., 1996;
Witek et al., 2001; Cadée and Hegeman, 2002), which rapidly
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reaches the sea-floor, and to benthic primary production
(Cadée and Hegeman, 1974b; Sundbick and Jonsson, 1988;
Barranguet et al., 1994, 1996; Meyercordt and Meyer-Reil,
1999). In these conditions, high biogeochemical activity is
found in the first centimetres of sediments, where organic
matter is mineralized by a consortium of bacteria using differ-
ent electron acceptors (O,, NO3, metal oxides, sulphate). Ox-
ygen is energetically the most favourable electron acceptor.
Although it plays a minor role as an oxidant in the heterotro-
phic degradation of organic material in coastal environments
(5—25%), which is dominated by anaerobic processes, oxygen
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is a key element of diagenesis, since it acts as a re-oxidizer of
reduced compounds originating from anoxic mineralization by
diffusing up to the oxic zone from deeper layers (Candfield
et al.,, 1993). When steady state between anaerobic degrada-
tion and the reoxidation processes is assumed and minor elec-
tron sinks — such as denitrification and FeS, FeS, burial — are
assessed, oxygen fluxes enable the quantification of carbon
mineralization. Temporal dynamics and spatial distribution
of benthic O, cycle are linked to numerous parameters, which
constitute an important potential for both abiotic and biologi-
cally catalyzed processes, such as temperature (Thamdrup
et al., 1998), bottom water oxygen concentration (Paropkari
et al., 1992; Pedersen et al., 1992; Canfield, 1994; Cai and
Reimers, 1995), organic carbon rain rate (Jgrgensen, 1977;
Froelich et al., 1979; Archer and Devol, 1992; Candfield
et al., 1993) or phytobenthic primary production (Nixon,
1981; Bay, 1984; Barranguet et al., 1994, 1996; Olesen and
Lundsgaard, 1995; Pasqualini et al., 1998).

The Thau lagoon (France) is characterized by a large diver-
sity of ecosystems (Barranguet and Alliot, 1995; Mazouni
et al., 1996; Plante-Cuny et al., 1998): (i) the shallow parts lo-
cated close to the shore (1—5 m) are colonized by macroalgae,
and the oxygen budget displays net production during daylight
in summer; (ii) the deeper parts exhibit sediments with various
degrees of coverage by microphytes, and oxygen respiration
dominates. The presence of oyster parks in the deeper area
of the lagoon (Crassostrea gigas) induces larger sediment
oxygen demand in these areas. Moreover, different seasonal
patterns in the oxygen budget also appeared, with generally
higher oxygen respiration in summer and higher oxygen
production in both summer and winter (Barranguet and Alliot,
1995).

The benthic bell jar technique enables measurement of total
O, uptake, which represents the community oxygen demand of
the sediment; it is an integrated measure of diffusive, advective
and fauna-mediated O, consumption (Archer and Devol, 1992;
Glud et al., 1994a). However, beyond the quantification of total
oxygen fluxes, depthwise distribution of aerobic processes (re-
sponsible for O, respiration and production) and depthwise
distribution of the processes which create the sediment oxygen
demand cannot be determined with this technique. In this study,
in situ electrochemical microsensors were used to perform high
resolution measurements of dissolved O, in interstitial waters.
The O, microprofiles enable the calculation of the diffusive
fluxes and consumption rates within the oxic zone (Rasmussen
and Jgrgensen, 1992; Berg et al., 1998).

Using this type of microsensors for the first time in the Thau
lagoon, the aim of the present study was, first, to describe the
spatiotemporal distribution and variability of benthic oxygen
cycle in two stations located outside and inside oyster parks
over a seasonal cycle. In this paper, we also explore the causes
of the seasonal variation of oxygen dynamics by analysing dif-
ferent drivers, such as in situ temperature, bottom water oxygen-
ation and organic matter input on the sea-floor. With the data set
gathered during this study, spatial heterogeneity on different
space scales was investigated: from small scale heterogeneity of
in situ oxygen microprofiles to differences in biogeochemistry

on the lagoon scale. A comparison between a restricted set
of benthic chamber fluxes and diffusive fluxes was finally
performed to investigate the role of irrigation in the oxygen
budget.

2. Materials and methods
2.1. Study sites

The Thau lagoon is located in the south-eastern France, near
Montpellier. This lagoon covers an area of 75 km?, has a length
of 19.5 km and a width of 4.5 km. The water depth varies from 4
to 10 m with a mean depth of 5 m. One characteristic of the la-
goon is the presence of an important shellfish farming activity
which covers 20% of the total surface. The present study was
carried out in two different sampling stations, outside (station
C4: N 43°24.018, E 3°36.703) and inside (station C5: N
43°25.994, E 3°39.657) the oyster parks (Fig. 1). The data pre-
sented in this paper were gathered over five cruises: December
2001, April 2002, August 2002, January 2003 and May 2003.
The sediment consists of mud with a mean grain size between
10 and 20 um. Reported fluxes of the particle-reactive radio-
nuclides ***Th (24.1 days) and "Be (53.3 days) show higher
values at site C5 (3.2—14.4Bqm 2d™") than at C4 (1.5—
4.2 Bq m~2d ") (Schmidt et al., 2007). According to these au-
thors, this could be explained by the proximity of the shellfish
farms at C5, which might prompt enhanced deposition. The up-
per 4 mm of the sediment shows a mean porosity of 0.9 4 0.05
for both stations.
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Fig. 1. Sampling site and locations of the two stations in the Thau lagoon (sta-
tion C4 outside the shellfish farming area and station CS5 inside the shellfish
farming area).
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2.2. Microelectrodes measurements

2.2.1. Oxygen measurements

During the expeditions, in situ measurements of five verti-
cal O, microprofiles were acquired using a microprofiler (Uni-
sense”), together with one resistivity profile on a single
deployment. The profiler, mounted on a tripodal frame, was
positioned by divers on the sea-floor, with minimum sediment
disturbance. A minimum time period of 30 min was allowed
before starting the measurement program. After this waiting
period when the profiler had stabilized on the sea-floor, the
cylinder was lowered by a pre-programmed motorized system.
Dissolved oxygen concentration was measured by polaro-
graphic oxygen microelectrodes provided with a built-in refer-
ence and an internal guard cathode (Revsbech, 1989). The O,
microsensor had an outer diameter of 100 um at its tip, a stir-
ring sensitivity below 1%, a 90% response time below 10 s and
a current drift of less than 2% per hour. The electrode signals
were recorded in the overlying water both before and after the
profile, so as to assess the stability of measurements. A thresh-
old of 10% for this variation was used, and profiles displaying
larger variations were not considered in this study. Linear
calibration of microelectrodes was achieved between bottom
water oxygenation estimated by Winkler titration (Grasshoff
et al., 1983) and the anoxic zone of the sediment. The vertical
resolution of measurements was 100 or 200 pm. The position
of the sediment—water interface (SWI) relative to the in situ
oxygen profiles was determined using a modified version of
the technique of Sweerts et al. (1989), which defined the
SWI as the first point in the oxygen gradient after the initial
linear oxygen decrease in the diffusive boundary layer (DBL)
with an upward slope of more than 20% (see Section 2.3).

2.2.2. Resistivity measurements

Resistivity measurements were performed with an electrode
similar to that described by Andrews and Bennett (1981). The
probe consisted of a narrow strip of epoxy (45 x 15 x 5 mm)
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in which four thin parallel wires were embedded 4 mm apart,
leaving only their tips in electrical contact with sea-water. Re-
cordings were made at 100 or 200 pm as for the oxygen but
the actual resolution is lower. Laboratory tests showed that
the resistivity signal in water overlying a flat sediment surface
increases at a distance of 4—5 mm, which is the limit of the
vertical resolution in detecting the sediment—water interface.
Nevertheless, in the sediment, the electrical field between
the measuring wires decreases due to the presence of mud,
prompting an increased resolution of better than 4—5 mm al-
though it is difficult to estimate it accurately (Andrews and
Bennett, 1981). We estimate the vertical depth resolution of
the resistivity signal in the sediment to be 1 or 2 mm. Voltage
outputs were first calibrated for resistivity using measurements
in standard solutions made of KCI. Resistivity recordings were
then converted to inverse formation factor (F _1) values by
dividing the resistivity of supernatant water by the resistivity
at each depth (Berner, 1980):

_ wa
R

F71

where Ry, is the average resistivity in bottom water and R, is
the mean resistivity at a given depth z. The inverse formation
factor has been translated into porosity values using the empir-
ical Archie relation: F~! = ¢™, where m is determined exper-
imentally by the type of sediment (Ullman and Aller, 1982).
These authors estimated that, for coastal muddy sediments
where porosity > 0.7, the value used for m should be 2.5—3.
In both stations, surface porosity measurements were slightly
above 0.9 and we used m = 3. Fig. 2 shows all the resistivity
profiles measured during cruises in C4 and C5, which we
used to calculate oxygen fluxes and consumption rates.

2.2.3. Flux and consumption rate calculations

The diffusive flux estimates for the oxygen microprofiles
were achieved through two different methods. We first calcu-
lated the diffusive oxygen uptake or flux (DOU) at the SWI
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Fig. 2. Inverse formation factor profiles from in situ resistivity measurements of stations C4 and C5 in the Thau lagoon in the upper 1 cm of the sediment column.
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following Fick’s First Law: DOU = F~'D[dO,/dz],_,, where
D is the molecular diffusion coefficient at in situ temperature
and [dO,/dz],_, is the oxygen gradient at the SWI. In order to
avoid using the inverse formation factor, the DOU can be cal-
culated within the DBL from DOU = Dy[dO,/dz]pg, , where
[dO,/dz] g, is the oxygen concentration gradient within the
DBL. The DBL is determined as the intersection between
the extrapolated linear O, gradient and the constant O, value
in the overlying water (Jorgensen and Revsbech, 1985). In
this study, calculations have been based on the interstitial
data mainly due to insufficient oxygen measures in the DBL
preventing determination of an accurate value of dO,/dz in
the DBL. To check the validity of the calculations, O, fluxes
were also calculated with the help of PROFILE software,
which uses a curve fitting approach by adjusting the calculated
oxygen profile to the observed one (Berg et al., 1998). Con-
trary to Fick’s First Law, this method takes into account the
entire profile and is less sensitive to the choice of SWI. On
the other hand, results depend directly on the quality and fit-
ting of the in situ oxygen profiles. The two boundary condi-
tions correspond to zero oxygen concentration and flux
values at the redox front. Volume-specific O, consumption
rates or respiration rates (Rop,) were calculated by dividing
DOU by O, penetration depth.

2.3. Methodological biases

The spread of the diffusive fluxes determined by the gradi-
ent method is partly attributable to the identification of the
SWI. Since diffusive boundary layer localization and associ-
ated constant gradient were not always obvious due to vertical
resolution (100—200 um), we determined the SWI as the posi-
tion depth of the maximum oxygen gradient within the first
millimetre below the first oxygen decrease. We estimated the
vertical error on the SWI localization to be equal to the verti-
cal scale unit used (i.e. =100 or 200 um), which would corre-
spond to a 10—20% underestimation of the flux if the real
interface was located slightly above or below this maximum.
The diffusive flux calculated with the interface gradient
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method was then estimated using this maximum oxygen gradi-
ent corresponding to the two successive oxygen concentrations
at the SWI. This can lead to an over-estimation of the flux and
could have caused some of the observed variability.

For the PROFILE method, which takes into account the
whole oxygen profile, one clear potential bias is the use of av-
erage values for the porosity profile, since it is integrated over
some area and depth interval (Epping and Helder, 1997;
Elberling and Damgaard, 2001). This sensitivity to the shape
of porosity profile may reduce the accuracy of oxygen con-
sumption rates’ estimates. Nevertheless, oxygen fluxes calcu-
lated with the PROFILE and the interface methods were
similar and reproduced the pattern of the diffusive fluxes.
This excludes a major artefact of the interface localization
through the gradient method and confirms the calculations of
oxygen fluxes.

3. Results
3.1. In situ temperature and bottom water oxygenation

The temperature of bottom water followed a seasonal pattern
and varied throughout the year between 9.6 °C in December
2001 and 23 °C in August 2002, while dropping to a minimum
of 8.5 °C in January 2003 (Fig. 3). The cruises were artificially
separated into two groups, the cold (December 2001, April
2002, January 2003) and warm (August 2002, May 2003)
periods where temperature was, respectively, below and above
the average annual temperature of 15 °C. During our expedi-
tions, the oxygen concentration in bottom waters varied from
160+ 8 to 320+ 16 umol L™ at C4 and from 194 +8 to
315 + 8 umol L~ 'at C5, the lower values being measured dur-
ing warm periods. All measurements of bottom water oxygen-
ation during cold periods corresponded to 100% saturation,
and varied from 100% to 68% (May 2003 at C4) during warm
periods. Scatter of oxygen values for warm periods (August
2002 and May 2003) indicates short-term variations of oxygen
concentrations in bottom waters, linked to stratification and ver-
tical mixing of the water column. Moreover, except in May

25 1
__ 20+
o
<
g 15
=}
2
©
]
2 10 -
£
o
[
5,
—— C4-C
0 T T T T T T T T T 1
5 & 8 & g
O S <)) < N
§ & & & 3

Fig. 3. Mean bottom water oxygenation (umol L") and bottom temperature (°C) of stations C4 and C5 in the Thau lagoon measured during five cruises: December

2001, April 2002, August 2002, January 2003 and May 2003.



K. Dedieu et al. | Estuarine, Coastal and Shelf Science 72 (2007) 393—405

2003 where the oxygen concentration of bottom water was
higher under the oyster park, oxygen concentrations were sim-
ilar outside and inside the culture areas.

3.2. Oxygen microprofiles

A total of 85 oxygen profiles were performed at two stations
during the five cruises of this study (Fig. 4). They highlighted
temporal and spatial heterogeneity on different scales. Among
all profiles, oxygen penetration depths ranged from 0.4 to
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5.6 mm with an annual average of 2.9 and 1.2 mm at C4 and
C5, respectively. On a seasonal basis, the shallowest penetra-
tions of oxygen were measured during the warm periods of
August 2002 and May 2003 for both stations (Table 1).
Furthermore, the oxic zone thickness was twice as large at C4
as at C5 during these cold periods. A less significant difference
in O, penetration depth appeared between the two stations in
August 2002 and May 2003. This seasonal variation correlated
well with the temperature increase and the bottom water oxygen
decrease, which corresponded to a narrowing of the oxic zone.
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Fig. 4. Oxygen microprofiles (umol L™") as a function of depth (mm) at stations C4 and C5 during the five cruises.
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Table 1

Annual average and mean seasonal values of oxygen penetration depths (mm),
diffusive oxygen uptake (mmolm >d ') and volumetric consumption rates
(umol cm > d ™) at stations inside (C5) and outside (C4) the shellfish farming
area calculated according to the interface gradient method (Fick’s First Law)

Diffusive O,

O, penetration Volume-specific O,

depth uptake consumption
(mm) (mmolm~2d7 1) (pmol em3d™h
December 2001
C4 32+09 15.5+£4.7 53+£25
(6] 1.7+1.1 36.8 £ 18.5 32.84+252
April 2002
C4 39+£1.0 11.0+2.7 3.0£1.0
C5 1.4+0.5 39.7+16.7 33.8+26.7
August 2002
C4 12+0.1 29.8+13.3 247+ 11.1
C5 0.7+£0.2 72.6 +34.6 113.6 £78.4
January 2003
C4 54+£1.0 8.6+£2.1 1.7+0.7
(6] 1.3+0.5 5224+10.8 48.8+24.1
May 2003
C4 09+0.2 30.7+8.3 37.1+18.1
C5 0.7£0.3 87.7+£40.8 1514+ 111.1
Annual average
C4 29 18.9 14.4
C5 12 57.8 76.1

During cold periods of December 2001, April 2002 and January
2003 characterized by similar bottom water oxygenation, oxy-
gen microprofiles systematically showed higher O, penetration
depths at station C4 outside the shellfish farming area than at
C5, located in the oyster parks. At the decimetre scale (corre-
sponding to the distance between electrodes), oxygen micropro-
files from each deployment showed a spatial heterogeneity
illustrated by different oxic gradients and penetration depths.
The presence of an oxygen peak at depth in the profile at C4
in December 2001 certainly indicates the presence of biological
structures.

3.3. Diffusive oxygen uptakes and respiration rates

All profiles showed a decrease in oxygen with increased
depth, indicating oxygen consumption in the sediments studied.
In order to calculate DOU and Ro, values for the two oxygen
profiles partially acquired in January 2003 at site C4, profiles
were extrapolated with the numerical model of early diagenesis
developed by Soetaert et al. (1996a,b) (Fig. 5). The annual av-
erage of seasonal DOU values was about three times as large at
station C5, located under the oyster parks, as at C4 lying outside
the shellfish farming area; this highlights a biogeochemical gra-
dient on the lagoon scale (Table 1). Maximum values of diffu-
sive oxygen fluxes through the SWI were found in August
2002 and May 2003 at both stations, whereas minimum values
were reached during cold periods. A fair consistency between
DOU and R, calculated from the interface method and those
provided by the PROFILE software (differences lower than
10% in most instances) confirms the validity of these calcula-
tions. Respiration rates follow the same seasonal and space

0, (umol.L™")
0 100 200 300

Depth (mm)

E C4-Jan03

Fig. 5. Extrapolation of the oxygen microprofiles obtained in January 2003 at
C4 obtained with the numerical model FEMME.

pattern, with larger values in August 2002 and May 2003 than
during cold periods for both stations. Moreover, the vertical dis-
tribution of oxygen consumption rates calculated from PRO-
FILE (data not shown here) revealed intensified activity
mostly at the oxic—anoxic boundary, indicating that reduced
chemical species diffusing from deeper layers significantly con-
tributed to the oxygen consumption in these sediments.

4. Discussion

The main features of this benthic environment emerging
from the above results are (1) the seasonal variation of the ben-
thic oxygen demand and (2) the large spatial heterogeneity on
all space scales (centimetres to kilometres). On the lagoon
scale, the diffusive oxygen fluxes calculated for the station
outside the oyster parks (C4) were of the same order of mag-
nitude as previously reported oxygen fluxes for shallow re-
gions of the coastal ocean, e.g. Aarhus Bay, Denmark
(Rasmussen and Jgrgensen, 1992; Glud et al., 1994b, 2003),
Northern Adriatic (Epping and Helder, 1997), Golfe de Fos,
French Mediterranean Sea (Rabouille et al., 2003) or Seto In-
land Sea, Japan (Nakamara, 2003), whereas the site within the
oyster parks exhibited larger oxygen demands. In the Thau la-
goon, diffusive oxygen fluxes and consumption rates displayed
maximum values during the warmer periods at both stations.
This temporal variability can be driven by different forcings
such as bottom water oxygenation, sea-water temperature
and organic matter supply to the sediment; these are three
important control factors for both abiotic and biologically cat-
alyzed processes (Jgrgensen, 1996; Epping and Helder, 1997,
Thamdrup et al., 1998). In order to estimate their influence on
the seasonal variability of DOU and Ro,, we examine each of
these parameters in the following sections.

With respect to spatial variations in diffusive oxygen fluxes,
we used the large number of profiles measured at given time
spots to investigate the spatial heterogeneity at different space
scales from centimetre to decametre (deployment to station
scale) and its evolution over time throughout the seasons.
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In many coastal sediments, faunal activity greatly influ-
ences sediment structure (Solan and Kennedy, 2002) and can
contribute significantly to the benthic O, consumption (Aller,
1998; Kiristensen, 2000; Wenzhofer and Glud, 2004). From
oxygen measurements with transparent benthic chamber
(Thouzeau et al., 2007), the total oxygen uptakes were calcu-
lated and compared with diffusive O, uptakes, so as to evaluate
the effects of fauna activity on oxygen uptake rates.

4.1. Temporal variations of the oxygen uptake rates

4.1.1. Temperature effect

Temperature is an important environmental control of the
benthic microbial activity in marine sediments (Hartwig,
1978; Rasmussen et al., 1983; Grant, 1986; MaclIntyre and
Cullen, 1995). In the Thau lagoon, which shows large temper-
ature variations (5 °C in winter and 25 °C in summer) due to
its Mediterranean climatic forcings and shallowness, the tem-
perature effect may be an important factor. Since different

processes may have different temperature dependencies, the
effect of temperature variations may not only induce qualita-
tive shifts in benthic micro/macro-fauna composition and
community structure, but also change the organic matter turn-
over rates. The effect of temperature on a biological process,
such as aerobic mineralization, is traditionally expressed
through the Q¢ factor which quantifies the direct temperature
dependence of the process rate across a temperature range of
10 °C. According to Thamdrup et al. (1998), the O, for aer-
obic respiration in the coastal and temperate sediments of
the Aarhus Bay (Denmark) was published to be ca. 2.5. In
Hancke and Glud’s (2004) study, short-term temperature ef-
fects on respiration were investigated in diatom-dominated
benthic communities. Q¢ values for aerobic respiration
(Ro,) ranged from 2.6 to 5.2.

Fig. 6 represents the average values for DOU and Rp, and
their associated standard deviation calculated at in situ temper-
ature for each time period at both stations (DOUr,

in situ?

Ro,-1,,4,) and re-calculated at the mean annual temperature
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Fig. 6. Seasonal average values of diffusive oxygen uptake (DOU) and oxygen consumption rates (Ro, ) calculated at in situ temperature (DOUyz, .., Ro,-7;, 4. ) and
at the mean annual temperature (DOUr, ., Ro,-1,,) during the five cruises for different values of Q.
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(DOUr,,, Ro,-7,)- The difference between the raw seasonal
variation and the normalized curve enables the estimation of
the temperature variation effect on diffusive oxygen fluxes
and volumic consumption rates throughout the year. We
used the Arrhenius relation to calculate Ro,-r,, and DOU7,,
and we considered a mean seasonal Q¢ of 2.5 for aerobic res-
piration and diffusive oxygen uptake for the studied sites.
However, sensitivity tests for higher values of Q;y are dis-
cussed in this section.

As far as aerobic respiration rates are concerned, Ro,-7;,
varied by a factor of 9.4 at C4 and 3.4 at C5 between warm
and cold periods, for a seasonal temperature variation of
~ 10 °C. When Ry, is normalized with respect to the mean an-
nual temperature, seasonal variations decrease significantly at
station C4 and disappear altogether at station C5. At station
C4, almost 60% of the seasonal variation is lost when the sea-
sonal variation of temperature is removed. Temperature thus
represents a large part of Ro,-r, ,, seasonal variation at C4
and the major factor at C5, with a Q;o=2.5. Higher values
of Oy, as calculated by Hancke and Glud (2004), would in-
crease the temperature control on aerobic respiration at station
C4. For example, calculations of Ro,-r,, from Q19 =5 induce
a significant decrease in seasonal variation of aerobic respira-
tion, which indicates that temperature becomes the major
driver at station C4. However, such high values are specific
to these diatom mat environments, and values around 2.5 are
more common for coastal sediments dominated by respiration.

Regarding oxygen fluxes, a clear seasonal variation of
DOUry,, ., appeared at both stations, with the maximum reached
during warm periods. Seasonal variation of DOUr, . was
higher at station C4 than at C5, since average values of
DOU between warm and cold periods varied by a factor of
2.6 at C4 and 1.9 at C5. When DOU is re-calculated at the
mean annual temperature, seasonal variations decreased by
a factor of ca. 2 at station C4. This indicates that a significant
fraction (around 50%) of the seasonal variation is driven by
temperature in the Thau lagoon for the tested periods. At sta-
tion C5, normalization to average temperature smoothed out
the peaks appearing in summer at in situ temperature. The
temporal variability disappeared entirely on the temperature-
normalized DOU curve, and it is clear that temperature is
the major driver of the small temporal variability at station
C5. The remaining temporal variability observed on the tem-
perature-normalized DOU and Ro, curve points towards other
factors which also contribute to the seasonal variations. The
lower values of O for diffusive oxygen exchange and impact
on seasonal DOU mean that the temperature effect and its sea-
sonal variations are considerably reduced by the diffusive
constraints.

4.1.2. Importance of bottom water oxygenation

Bottom water temperature and oxygenation are intimately
correlated, since O,y is affected by temperature via the sol-
ubility control. The concentration of dissolved O, ,, season-
ally varies, mostly on account of temperature and salinity
variations. In addition, under-saturation of O, during warm pe-
riods results from water column stratification and respiration

enhanced by higher temperatures. The effect of this O, y,, de-
crease on oxygen uptake was evaluated using a diagenetic
model (Soetaert et al., 1996a,b). This model was used at
steady state. It explicitly describes oxic mineralization, deni-
trification and nitrification whereas all anoxic processes are
lumped. The model parameters were constrained using in
situ data: sedimentation rates (Schmidt et al., 2007), macrofau-
nal reworking activities (Duport et al., 2007), porosity profiles,
bottom water temperature and ions concentrations (O, NO3,
NH;, H,S, SO3~, Mn?**, Fe?") (Anschutz et al., 2007;
Metzger et al., 2007), and sediment profiles of total organic
carbon (Mesnage et al., 2007). Other parameters, such as car-
bon flux, mineralization rate, fraction of the carbon flux which
is decaying fast, degradation constant of fast and slow decay
carbon were adjusted until (1) a good fit with in situ oxygen
profiles was found (not shown here) and (2) DOU calculated
with the model was close to DOU calculated from oxygen pro-
files (Fick’s First Law) at in situ bottom water oxygenation.
Tests were achieved during the warm period of May 2003
where the lowest O, saturation conditions were reached
(68% at C4 and 90% at C5). Once this first step was achieved,
we imposed variations of O, 1, from 100% (250 pmol L_l) to
10% (25 pmol Lfl) of saturation and calculated DOU. Results
in Fig. 7 show that the effects of observed O, ., variations
(hatched area) on DOU are limited, since they induce a de-
crease of ca. 10—15% of DOU at both stations. In extreme
cases of high under-saturation (<20%, i.e. 50 pmol L™") —
which were not experienced during our field measurement pe-
riods — results show higher effects of O,y Vvariations on
DOU. Indeed, all investigated periods showed oxygenated wa-
ters (>68%), and diffusive oxygen demand showed limited
sensitivity to these O, ., variations. However, a large DOU
decrease might be expected in case of severe hypoxia.

4.1.3. Organic matter flux and quality

At site C4, the remaining DOU seasonality after tempera-
ture normalization (Fig. 6) suggests that factors other than
temperature control the biogeochemical dynamics of oxygen
in the sediment of the Thau lagoon. Among several parame-
ters, the organic carbon flux to the sea-floor is a known factor
of temporal variation for temperate ecosystems (Jgrgensen,
1977; Froelich et al., 1979; Archer and Devol, 1992). Indeed,
phytoplankton production which occurs during spring and
summer may impose larger deposition of reactive organic
matter during these time periods. In the Thau lagoon, oxygen
demands, once corrected for the temperature activation of
bacterial activity, display larger values during warm periods
and lower values during cold periods. Additionally, the effect
of oxygen content on DOU in bottom waters is negligible over
the range observed in our field experiments. The residual DOU
variation could then be explained by the seasonal variation in
organic matter input to the sediment.

At site C5, normalization at constant temperature erases
DOU seasonality and even shows a slight increase in the
average between April 2002 and May 2003 (Fig. 6). At this
station located in the oyster parks, most of the organic matter
input to the sediment occurs through molluscs’ faeces or
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Fig. 7. Diffusive oxygen uptake (DOU) expressed in mmol m >d ™' evaluated
by the numerical model FEMME function of bottom water oxygenation
(umol L™"). The grey areas represent the whole measured bottom water oxy-
genation during warm (100—68% of saturation) periods.

pseudo-faeces. Therefore, the seasonal variation of organic
matter deposition linked to phytoplankton dynamics was
dampened by the filtering activity of the oysters less season-
ally marked.

In conclusion, at station C5, seasonal temperature varia-
tions are the only drivers of the seasonal variations of benthic
oxygen demand, whereas in the middle of the lagoon, at sta-
tion C4, the seasonal deposition of organic matter also plays
a significant role.

4.2. Spatial variations of the sediment oxygen demand

The study was designed in a biogeochemical gradient
which extends over several kilometres from shellfish farming
areas to park-free areas. We superimposed on this biogeo-
chemical gradient the spatial variability which was investi-
gated over the decimetre to decametre range. Each
individual set of profiles was concentrated on less than
100 cm? (i.e. the span of O, microelectrodes below the mea-
suring cylinder), and each launch of the profiler was per-
formed in a circle of 100 m in diameter at C4 and 10 m at
CS5, where the mooring of the boat to oyster tables had consid-
erably narrowed the station surface.

4.2.1. The biogeochemical gradient: lagoon scale

Between stations C4 and CS5, significant differences in sea-
sonal average DOU and Rq, values have been measured and
can reach a factor of 6 (Table 1). Higher concentrations of par-
ticulate and dissolved organic carbon at the SWI, as well as
more labile organic matter were found at site C5 than at C4
(from hydrogen index measurements in December 2001, April
2002 and May 2003, Mesnage et al., 2007). The difference

between stations is explained by their localization in the
lagoon: C5 situated in the oyster parks is subjected to more
biodeposition compared to C4 situated in a free water zone.
Deposition of higher OM quality and quantity at C5 would
explain the larger oxygen demand and aerobic respiration rates
compared to C4.

4.2.2. At smaller scales

Another characteristic which dominates in this benthic sys-
tem is the large heterogeneity on small space scales. The scat-
tering observed in O, profiles and fluxes at the station level
was also observed at the decimetre scale (during one deploy-
ment). At site C5, O, flux scatter during each cruise was very
important, especially during warmer periods of higher benthic
activity: a factor of 6.6 in May 2003 and 4 in August 2002
were found between the minimum and maximum values
(Fig. 6). The spatial heterogeneity of oxygen demand on this
space scale can be linked to small scale processes such as local
deposition of organic matter (Archer and Devol, 1992), hori-
zontal diffusion of oxygen from biological structure (faunal
burrows; Jgrgensen and Revsbech, 1985), or enhanced avail-
ability of reduced chemical species (Rabouille et al., 2003).
Two of these processes involve an increase in benthic O, de-
mand (increase of OM quality and quantity of deposition or in-
crease of reduced chemical species), whereas the presence of
lateral diffusion of oxygen would create greater oxic penetra-
tion depth and a decrease in O, gradients, thereby decreasing
the apparent benthic oxygen demand. This is illustrated for
stations C4 and C5 with profiles of larger oxygen penetration
depth (Fig. 4; C4 — April 2002 and C5 — December 2001).

4.3. Seasonal variation and spatial heterogeneity

In order to investigate the seasonal evolution of spatial het-
erogeneity, statistical plots of DOU were performed by sepa-
rating the values in classes of 10 mmolm 2d~"' at C5 and
5mmolm 2d~! at C4, to account for the lower range of
fluxes for this station (Fig. 8). Different types of distribution
(e.g. skewed to right, platykurtic, Gaussian) appeared, with
larger oxygen flux scatter at site C5 than at C4, especially dur-
ing August 2002 and May 2003.

At site C4, we did not perform a large enough number of
measurements to statistically evaluate the DOU distribution
pattern for each season and associated small scale processes.
However, a seasonal variation seems to appear in the DOU dis-
tribution, with higher spatial heterogeneity during warm pe-
riods. Larger values of oxygen demand (>35 mmolm 2d™")
are measured in summer but do not appear in winter. These
might be related to hot spots of organic matter mineralization
linked to organically rich particles.

At site CS5, the rare and larger values represent ca. 10% of
the measured values and contribute 12—13% to the average
DOU when they are included in the data set. As in station
C4, these might reflect a patchy distribution of highly labile
organic carbon and the presence of hot spots of bacterial
OM degradation (Glud et al., 1996). Spatial heterogeneity
appeared to vary seasonally, with lower heterogeneity during
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colder periods. At C5, Db values at the sediment interface
show an increase in benthic activity during summer, especially
in August 2002 (Schmidt et al., 2007).

To evaluate the importance of spatial heterogeneity com-
pared to the seasonal variation of oxygen demand, a test was
performed on the mean DOU values and their associated spatial
heterogeneity at in situ and normalized temperature (Table 2).
Since variance between groups of DOU was not homogeneous,
we chose to use the non-parametric test of Kruskal—Wallis. At
station C4, a clear statistical difference appeared between DOU
of cold and warm periods at in situ temperature, with a confi-
dence level greater than 95%. When normalized to the reference
temperature, the difference between warm and cold periods de-
creases, but there still is a statistical difference with a confidence
level of 75%. In this case, temporal variability was higher than
spatial heterogeneity on the station scale. Station C5 shows

a different pattern, with DOU groups at both in situ and refer-
ence temperatures statistically grouped in a single population:
low x? indicates that discrimination between cold and warm pe-
riods is not statistically significant (confidence level lower than
50%). For this specific station (C5), large spatial heterogeneity
is statistically hiding temporal variability.

4.4. Importance of fauna for the benthic O, uptake

In coastal environments, it is well documented that fauna
plays an important role in the mineralization of organic material
and the exchange of solutes across the sediment—water inter-
face (Aller, 1978; Kristensen, 1985; Rasmussen and Jgrgensen,
1992). The fauna increases O, uptake by creating secondary
oxic surfaces within the sediment and through their own respi-
ration. In marine sediments, the total oxygen uptake (TOU) rep-
resents the oxygen balance between production and respiration
through processes such as diffusive, advective exchanges and
fauna-mediated O, uptake. The difference between TOU and
DOU mainly quantifies the fauna-mediated O, uptake (Glud
et al., 2003; Wenzhofer and Glud, 2004). Data presented here
are average TOU values determined from oxygen measure-
ments inside transparent benthic chambers (Thouzeau et al.,
2007) and mean DOU values evaluated from in situ oxygen mi-
croprofiles at stations C4 and C5 during April 2002 and May
2003 (Fig. 9). In order to compare similar sediment conditions,
one positive oxygen flux at station C5 (April 2002) was ex-
cluded from the mean TOU calculation because this flux was es-
timated outside the main C5 station with different coverage by
microphytobenthos and light conditions. Moreover, the close
(but not exactly similar) spatial positioning of benthic chamber
and microelectrodes and their different surface area coverage do
not allow to accurately quantify the faunal activity in each sta-
tion, but only to compare the faunal activity heterogeneity at the
lagoon scale.

Atstation C4, TOU was three times larger than DOU in April
2002, which indicates that ca. 2/3 of O, uptake was fauna-me-
diated at that time. TOU was statistically equivalent to DOU in
May 2003 (Fig. 9). These results are in accordance with the fau-
nal analysis under the benthic chambers from Thouzeau et al.
(2007), which evidenced the presence of a rich and diverse

Table 2

Average DOU in mmolm 2d ™" and their associated standard deviations for
all seasons investigated at in situ and mean annual temperature (DOUr, .
and DOU7,,,). x> Values calculated with the series of DOU are displayed. Con-
fidence level for the ability to distinguish cold and warm data sets appears on
the last row

1

Station C4 Station C5

bOUy,,,  DOUy, DOUy,,,  DOUg,
December 2001 1554+47 21.0+3.8 36.8+18.5 48.0+19.1
April 2002 11.0+£27 142424 39.7+16.7 39.9+10.0
August 2002 29.6 £ 133 20.7+4.0 72.6+34.6 443+11.1
January 2003 8.6+£2.1 149+28 5224+10.8 56.6+8.5
May 2003 30.7+83 244442 87.7+£40.8 649+17.7
x? 9.8 6.9 22 26
Degree of freedom 5 5 5 5
Confidence level (%) >95 >75 and <90 <50 <50
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Fig. 9. Total oxygen uptake (TOU) (white bars) measured under transparent
benthic chambers and diffusive oxygen uptake (DOU) (hashed bars) measured
from microsensors at stations C4 and C5 during April 2002 and May 2003, in
mmolm2d ™.

faunal community with a large irrigation potential in April 2002
(e.g. polychaetes and bivalves) whereas in May 2003, macro-
faunal population density decreased and less irrigating fauna
was found at C4. At station CS5, average TOU measured in
a transparent benthic chamber was similar to DOU in April
2002 and May 2003, indicating that the governing oxygen
transport is mainly diffusive. This is consistent with the fauna
analysis of this sediment area showing no fauna larger than
1 mm, which indicates that the irrigation potential was limited
(Thouzeau et al., 2007). Therefore, diffusive transport domi-
nated at C4 in May 2003 and at C5 in April 2002 and May
2003, as compared with the macrofaunal activity. The similari-
ties observed between diffusive and total oxygen uptake indi-
cate that faunal type and size are the main constraints on
fauna-mediated transport, rather than the type of environment
as often postulated in the literature (Aller, 1998; Kristensen,
2000; Wenzhofer and Glud, 2004). It is also worth observing
the seasonal change of the fauna-mediated oxygen flux and
the low irrigation potential of these eutrophied environments
where benthic fauna is impacted by sulphide especially at site
C5 (Thouzeau et al., 2007).

5. Conclusion

In this paper, benthic oxygen distribution and dynamics in
a Mediterranean lagoon were investigated over different
seasons in two stations located outside (C4) and inside (C5)
shellfish farming area. Calculations were carried out using in
situ oxygen profiles to determine the spatiotemporal pattern
of benthic oxygen uptake.

Seasonal variations of diffusive O, demand appeared at C4,
whereas at C5 the large spatial heterogeneity was statistically
concealing temporal variability, despite DOU mean seasonal
variation by a factor of two. Maximum O, fluxes were reached
during warm periods. Spatial DOU heterogeneity as evidenced
by microelectrode measurements was very high, and reached

a factor of 2.2 at C4 and 6.6 at C5 between minimum and max-
imum values.

The drivers of the oxygen uptake’s seasonal variation were
identified: temperature variation (with a Q19 =2.5) and labile
organic matter availability at site C4. At site C5, temperature
was the major driver for the small temporal variability,
whereas the seasonal variation of organic matter deposition
linked to phytoplankton dynamics was largely dampened by
the filtering activity of the oysters, which generated most of
the organic matter input to the sediment. The natural variation
of bottom water oxygenation appeared negligible for aerobic
respiration during all investigated periods.

A significant difference in oxygen demand appears between
the two stations investigated: C5 shows larger oxygen uptake
than C4 throughout the year. This is certainly linked to the
presence of intensive oyster farming close to C5, whereas
C4 is in a free water zone, less subjected to biodeposition.
On smaller space scales, DOU and Ro, scatter can be linked
to small scale processes such as local organic matter deposi-
tion. At site C5, the presence of rare and high DOU values
could represent hot spots of bacterial organic matter degrada-
tion. Our results also indicate a larger DOU and Ro, spatial
heterogeneity on a small scale during warm periods than for
cold periods with higher benthic activity. Finally, the microbial
recycling and diffusive transport seem to dominate at the sta-
tion located close to the oyster parks (C5). At station C4, the
fauna-mediated oxygen flux appears to dominate the oxygen
transport during cold climatic conditions, whereas the diffu-
sive transport seems to be dominant during warm periods.
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