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ABSTRACT: Oxygen fluxes in shallow marine sediments exceeded calculated oxygen fluxes based on 
molecular diffusion of oxygen. Oxygen fluxes measured with bell jars in a stagnant lagoon, combined 
with oxygen gradients measured with microelectrodes (bell jar/microelectrode method), resulted in 
apparent sediment hffusion coefficients 2 to 3 times higher than the molecular coeff~cient. We have 
developed a new method to calculate the apparent sediment diffusion coefficient from oxygen gradient 
measurements and independently measured downward-directed oxygen production fluxes, both mea- 
sured with microelectrodes (microelectrode gradientlproduction method). Diffusion coefficients calcu- 
lated In this way differed at most 13 % from the apparent sediment diffusion coefficients calculated 
using the bell jar/microelectrode method. The microelectrode gradient/production method was applied 
to emerged sediments of the Oosterschelde estuary (SW Netherlands), and apparent diffusion coeffi- 
cients for these sediments exceeded molecular diffusion by 2 to 5 times. Dark oxygen gradients 
measured with microelectrodes were used to calculate the oxygen consumption rate of the sediment. 
The Q l o  value for this rate ranged from 1.3 to 2.7. Two types of oxygen consumption rates were 
distinguished. A light-independent oxygen consumption rate depending on diffusion from the overlying 
water or air was found, varying between 0.63 to 3.65 mm01 O2 m-2 h-' at  different stations. This 
consumption increased by 12 to 14 % of the gross oxygen production during the emersion period in 
light, in the presence of benthic microalgal production. A net outflux of maximum 45 mm01 O2 m-2 was 
found for the entire emersion per~od,  whereas over a 24 h period production and consumption of oxygen 
were in equilibrium. Thus, mineral~zation and respiration processes within the sediment consume most 
of the oxygen produced by benthic microalgae on a daily basis. 

INTRODUCTION 

In recent years great progress has been made in 
research on oxygen transport and cycling in marine 
sediments, both deep-sea (Reimers et  al. 1984, Reimers 
1987) and intertidal (Rutgers van der Loeff et al. 1981, 
Baillie 1986, Andersen & Helder 1987). 

Sediment oxygen consumption can be measured 
indirectly in bell jars or cores as the decrease of oxygen 
concentration in the enclosed overlying water column 
(Rutgers van der Loeff et  al. 1981, Van Es 1982, Grant 
1986, Reimers & Smith 1986, Andersen & Helder 1987), 
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or directly in the sediment as described by Revsbech & 

Jsrgensen (1983). In bell jars, net oxygen fluxes are 
measured. There is no distinction between gross pro- 
duction, consumption and transport of oxygen. 

The development of microelectrodes to assess dis- 
solved oxygen in marine sediments (Revsbech et  al. 
1980) and the light-dark shift method for photosynthe- 
tic production measurements (Revsbech & Jsrgensen 
1983) are important for s tudes  of oxygen evolution in 
undisturbed sediments. Although microelectrodes pre- 
cisely measure actual concentrations and thus oxygen 
gradients, oxygen fluxes can only be estimated, since 
simultaneous measurement of the sediment diffusion 
coefficient is not possible. Oxygen fluxes can be calcu- 
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lated with Fick's first law of diffusion: F = - D  X 6c/hx, 
in which D - the diffusion coefficient and 6c/6x = the 
slope of the oxygen profile. Jsrgensen & Revsbech 
(1985) and Kuenen et al. (1986) calculated oxygen 
fluxes from the slope of the oxygen profile in the 
diffusive boundary layer (in the overlying water) and 
the molecular diffusion coefficient. The apparent sedi- 
ment diffusion coefficients are often much higher than 
molecular diffusion due to bio-irrigation and biotur- 
bation (Krantzberg 1985, Reimers & Smith 1986, 
Andersen & Helder 1987, Silverberg et al. 1987), 
evapotransport (Baillie 1986), and overlying water 
current velocity (Booy et al. in press). Lindeboom et al. 
(1985), Reimers & Smith (1986) and Baillie (1986) com- 
bined oxygen fluxes from bell jars or incubated cores, 
with oxygen gradients in sediments (microelectrode 
technique) for apparent diffusion coefficient measure- 
ments. They found apparent sediment diffusion coeffi- 
cients, for shallow-water marine environments, up to 
10 times higher than the molecular diffusion coeffi- 
cient. 

For diffusion coefficient and oxygen consumption 
rate measurements on emerged sediments these 
methods are very inaccurate and do not match in situ 
conditions. In bell jars there is oxygen exchange with 
overlying water and not with air. Primary production 
rates cannot reach the values measured on emerged 
sediments due to light extinction (De Jong et al. un- 
publ.). 

In this study we calculated apparent oxygen diffu- 
sion coefficients using Fick's first law of diffusion with 
(1) oxygen flux measurements in bell jars, combined 
with corresponding gradients measured with micro- 
electrodes, and (2) downwards directed oxygen fluxes 

from direct microelectrode photosynthesis measure- 
ments, combined with oxygen gradients. Both methods 
were compared in the stagnant saline Lake Gre- 
velingen. The second method was applied on emerged 
intertidal flats of the Oosterschelde estuary (SW 
Netherlands) to calculate sediment consumption rates. 
These consumption rates, combined with oxygen pro- 
duction measurements (De Jong et al. unpubl.), were 
used to calculate oxygen budgets over the emersion 
period and a 24 h period. 

MATERIALS AND METHODS 

Investigation area and sampling sites. Oxygen pro- 
duction and consumption were measured at different 
locations in the former estuary Lake Grevelingen 
(closed in 1971), and in the Oosterschelde estuary, SW 
Netherlands (Fig. 1). Lake Grevelingen is now a stag- 
nant lagoon. It is 24 km long, 4 to l 0  km wide and has a 
water surface of 108 km2 and a salinity of 30 Ym. During 
17 to 22 September 1986, sediment samples were taken 
at a water depth of 3 and 7 m (Stn 6 ) .  At 3 m, light- 
limited benthic primary production took place (De Jong 
et al. unpubl.), whereas at 7 m no benthic primary 
production could be detected, at light intensities less 
than 1 % of surface irradiance. The Oosterschelde estu- 
ary is a tidal system of ca 370 km2 (45 km length and 4 
to 10 km width). In April 1986 measurements were 
made at 5 stations chosen on intertidal flats (Fig 1, Stns 
1 to 5). Stns 1, 2, 3 and 4 were situated along tidal 
channels and were more influenced by tidal dynamics 
than was Stn 5, located adjacent to a salt marsh. The 
emersion period varied between 5 and 7 h. In general, 

Fig. 1. Sampling stahons in the 
Oosterschelde Estuary and Lake 

Grevelingen, SW Netherlands 



Hofman et al.: Oxygen budgets in intertidal sediments 263 

salinity of the interstitial water ranged from 27 to 36 "/00 
during the period of emersion. Oxygen consumption 
rates and net oxygen production rates were measured 
with bell jars and oxygen microelectrodes. 

Bell jar method. Bell jars were made of plexiglass 
cylinders (i.d. 45 cm, height 33 cm). They had a remov- 
able lid in which a YSI oxygen electrode (Model no. 
5739, Yellow Springs Instr., Inc.), a thermistor and a 
stirring device were mounted. The cylinders were 
gently pushed into the sediment (3 to 5 cm deep) by 
SCUBA divers. The divers checked whether the sedi- 
ment surface was undisturbed. If so, the lid was closed 
and measurement started. Oxygen and temperature 
were recorded continuously during 2 to 8 h. Oxygen 
production was measured in clear bell jars. For con- 
sumption measurements during the light period, some 
bell jars were covered with black plastic sheets. The 
bell jar measurements were finished before oxygen 
concentration reached 50 O/O saturation or 150 % over- 
saturation in overlying water. Oxygen increase and 
decrease were linear. In the light no oxygen bubbles 
appeared in the bell jars during the measuring periods 
of 2 to 4 h. The water column was stirred continuously 
at such a rate that oxygen gradients in the sediment, 
measured with microelectrodes inside and outside the 
bell jars, showed no significant differences. The macro- 
oxygen electrodes were calibrated a t  the beginning 
and end of each incubation period, and oxygen concen- 
trations of water overlying the sediment cores were 
measured with the Winkler method (Bryan et al. 1976). 
At the start of each bell jar experiment, sediment sam- 
ples were taken directly outside the bell jar with plexi- 
glass corers (i.d. 6 cm), with l 0  to 15 cm overlying water 
for microelectrode measurements. At the end of each 
experiment, sediment samples were taken outside and 
inside the bell jars. Then the bell jars were moved to a 
new site, and a new measurement started. Measure- 
ment periods lasted 36 h, in which bell jars were moved 
5 to 6 times. 

For oxygen production and consumption measure- 
ments on the emerged flats of the Oosterschelde estu- 
ary, 2 cores were taken at the same time and measured 
immediately with microelectrodes, one under in situ 
light conditions and the other in the dark. A detailed 
description of in situ light measurements will be given 
in a future paper (De Jong e t  al. unpubl.). 

Microelectrode method. Primary production and 
oxygen micro-gradents were measured with oxygen 
microelectrodes as described by Revsbech et al. (1983) 
and de Jong et  al. (unpubl.). In the construction of 
microelectrodes, cellulose nitrate membranes show 
several advantages over DePeX as  used by Revsbech & 
Jargensen (1983). The cellulose nitrate membrane is 
very thin and is simply made by dipping the electrode 
in cellulose nitrate dissolved in acetone. For measure- 

ments, selected microelectrodes had a 90 % response 
time <0.05 S and a tip diameter of 5 to 10 pm. Oxygen 
profiles were measured with a spatial resolution of 
100 pm. Oxygen production by photosynthesizing 
benthic microalgae was measured by darkening light- 
exposed sediment cores for a few seconds and record- 
ing the subsequent decrease in oxygen concentration, 
as discussed by Revsbech & J ~ r g e n s e n  (1983) and 
Kuenen et al. (1986). Oxygen production rates were 
measured with a spatial resolution of 50 pm (De Jong et  
al. unpubl.). Microelectrodes were calibrated by read- 
ing the electrode signal in the overlying water above 
the boundary layer. The oxygen concentration was 
determined by a 2- or 3-fold Winkler titration (Bryan et  
al. 1976). The readings in the anoxic part of the sedi- 
ment were used as  zero values. Electrode readings 
were linear with oxygen concentration. 

Porosity. Porosity is defined as  the volume of inter- 
connected porewater relative to the volume of total 
sediment, provided that it is saturated with water 
(Berner 1980, Ullman & AUer 1982). Sediment was 
sampled once a day (Oosterschelde intertidal sediment 
around low tide), and sliced in 1 or 2 mm layers up to 
10 mm depth. The water content of each 2 mm slice 
was related to its porosity. This factor was used to 
calculate porosity for the top millimeters of the sedi- 
ment from the known water content at each sampling 
time. 
Assumptions and calculations. 

Assumptions: For diffusion coefficient and oxygen 
consumption rate calculations the following assump- 
tions were made: 

(1) The oxygen flux into the sediment can be  
described by Fick's first law of diffusion: 

where Fo2 = flux of oxygen (mmol O2 m-2 h-'); @ = 

mean porosity for aerobic sediment layer; D, = appar- 
ent sediment diffusion coefficient (m2 h-'); and S02/6x 
= oxygen concentration gradient over depth interval X 
(mmol O2 m-4). 

(2) The apparent sediment diffusion coefficient is 
constant over the oxic sediment layer. 

Calculation o f  the apparent sediment diffusion coef- 
ficient: ( A )  Bell jar/microelectrode method (Lindeboom 
et  al. 1985, Baillie 1986). The net oxygen flux (Fo2 be" lar) 

across the sediment-water interface is calculated from 
the rate of change in oxygen concentration in the water 
inside the bell jar. The oxygen gradient (602/6x) in the 
sediment is measured with microelectrodes (Fig. 2). 
The diffusion coefficient is calculated from: 

Da = -Fo2 bell jar/(@ 60216~) .  P)  
Apparent sediment diffusion coefficients, measured 
during a dark period with downward oxygen fluxes 
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Fig. 2. Scheme of bell jar/m~croelectrode method according to 
Lindeboom et al. (1985) (a) Downward oxygen flux (mmol 
m-* h-') measured with bell jar, and downward-directed 
oxygen gradient (mmol m-4) measured with microelectrode in 
the dark. (b) Upward flux and upward-directed gradient in the 

light 

(Fig. 2a) or during a light period with upward oxygen 
fluxes (Fig. 2b), are of the same order of magnitude. 

(B) Microelectrode oxygen gradient/production 
method. Oxygen production, oxygen consumption and 
diffusion of oxygen over depth interval xo - xl result in 
an upward-directed oxygen gradient (b02/bxu,) and an 
upward-directed flux (Foz Fig. 3a). Oxygen produc- 
tion at depth interval x l  - x2, oxygen consumption, and 
diffusion of oxygen over depth interval xl -x3 together 
result in a downward-directed oxygen gradient (b02/ 
8xdown). We assumed that the integrated independently 
determined oxygen production at depth interval xl -x2 
(Fol down) was the source of oxygen over interval x l  -x3. 

Oxygen 
production 

Oxygen gradient 
in the light 

The apparent diffusion coefficient can be calculated 
from: 

Oxygen consumption rates on emerged flats can now 
be calculated from the dark profiles (Fig. 3c) by com- 
bining the value of D,, calculated according to Eq. (3), 
with the O2 gradient measured in the dark. For this last 
calculation 6O2/8xdark should be  constant in time. 

RESULTS 

Apparent sediment diffusion coefficients in 
submerged sedirnents 

Bell jar/microelectrode method 

At Stn 6 in Lake Grevelingen, we  measured oxygen 
fluxes with bell jars and oxygen gradients with mi- 
croelectrodes. Porosity was 0.60 ? 0.03 at Site 1, -7 m 
(n = 8);  and 0.68 k 0.06 at Site 2,  -3 m (n = 32). Net 
oxygen fluxes measured in bell jars, microelectrode- 
determined oxygen gradients and mean porosity of the 
upper 2 mm of the sediment were substituted in Fick's 
first law of diffusion (Eq. 2), to obtain apparent sedi- 
ment diffusion coefficients. At the site with a depth of 
? m a mean apparent sediment diffusion coefficient of 
12.0 X 10P6 m2 h-' (i.e. 3.3 X 1oP5 cm2 S-') (an-' = 

1.0 x 10e6, n = 11; 16, l ? ,  18 September 1986) was 
found; and at the site with a depth of 3 m a coefficient 
of 11.8 X 1 0 - ~  m2 h-' (anPl = 0.8 X 1 0 - ~ ,  n = 6; l ? ,  18, 
19, 22 September 1986) was found (Table 1).  

Microelectrode oxygen gradient/production method 

Gross oxygen production and oxygen gradients in 
the light were measured simultaneously at Stn 6 (Lake 
Grevelingen, -3 m) with microelectrodes. Downward- 
directed oxygen fluxes, calculated from the production 
measurements, and corresponding oxygen gradients 

Oxygen gradient 
in the dark 

Rg.  3. Scheme of microelectrode 
oxygen gradient/production 
method. (a) Oxygen production 
(mM h-') measured with micro- 
electrode, and oxygen fluxes 
(mmol m-' h-'). (b) Oxygen gra- 
dient (mmol m-4) measured with 
microelectrode in the light. (c) 
Oxygen grahent  measured in 

the dark 
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Table 1. Apparent sediment diffusion coefficients ( X  10-%' h- ' ) ,  porosity, and production-consumption relation (production: 
P,,,,,,; consumption: Ri ,  mmol m-' h- ')  for Oostel-schelde Stns 1 to 5 and Grevelingen Stns 6a ( -3  m) and 6b (-7 m) 

Stn Apparent sediment diffusion 
coefficient (n) 

Porosity (n) Production-consumption relation 

25.7 ? 5.1" (9) 
37.3 ? 8.0" (9) 
14.2 k l .?"  (5) 
12.8 f 3.0" (2) 
31.2 k 5.0d (8) 
10.3 t I S d  (10) 
11.8 t 0.8" (6) 
12.0 ? l.O"l1) 

" Apparent sediment diffusion coefficient calculated by microelectrode oxygen gradient/production method 
" Apparent sediment diffusion coefficient calculated by bell jar/microelectrode method (no production determined) 

were substituted in Eq. (3),  and apparent sediment 
diffusion coefficients were calculated. We found an 
apparent diffusion coefficient of 10.3 X 10-6 m2 h-' 
(on_, = 1.5 X I O - ~ ,  n = 10; 22 September 1986). This 
value differs less than 13 % from the sediment diffusion 
coefficient found with the bell jar/microelectrode 
method. 

In a core sampled at a depth of 3 m in Lake Gre- 
velingen, oxygen gradients and gross oxygen produc- 
tion rates were measured at different light intensities, 
at time intervals of 10 min (Fig. 4). In this figure the 
oxygen gradient (602/6xa,,,,), the corresponding gross 
oxygen production and thus the downward-directed 
oxygen flux (Fol down)  increased with increasing surface 
irradiance. The calculated apparent sediment diffusion 

coefficients were 10.8, 10.5 and 10.8 X 1 0 - ~  mZ h-' at 
surface irradiances of respectively 83, 172 and 310 p,E 
m-2 S-'. Thus, increasing downward-lrected oxygen 
fluxes resulted in a corresponding increase in oxygen 
gradients, but D, remained constant. 

We assumed the downward-directed oxygen produc- 
tion in interval xl  - x2 to be an oxygen flux through 
interface xl  (Fig. 3a).  The influence of the known inter- 
val thickness (X[ - x2), which differs from the assumed 
zero thickness, on the calculation of D, was checked. 
We calculated the ratio of X, - x2 (thickness of oxygen 
production interval) to X, - x3 (oxygen penetration) 
depth), and compared the apparent sediment diffusion 
coefficients with this ratio. At stations with a large 
number of measurements, no significant correlation 

Fig. 4 .  Oxygen grad~ents  and gross oxygen production measured with microelectrodes in Lake Grevelingen sediment at  different 
sediment surface irradiances. Measurements were taken at time intervals of 10 min 
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was found at the 5 O/O level (r = 0.25, n - 16; r = 0.46, 
n = 11). Thus, D, does not depend on the ratio of 
oxygen production interval to oxygen penetration 
depth. We conclude that the thickness of the production 
interval xl - x2 has no effect on the calculation of D,. 

Apparent sediment diffusion coefficients 
in emerged sediments 

The microelectrode oxygen gradienWproduction 
method for calculating apparent sediment diffusion 
coefficients was used on the intertidal flats of the Oos- 
terschelde estuary during the emersion period. Dark 
oxygen gradients and the apparent diffusion coeffi- 
cients obtained were used to calculate oxygen con- 
sumption rate of the sediment (Table 1). The calculated 
apparent sediment diffusion coefficients varied from 
12.8 X 1 0 - ~  m2 h-' (i.e. 3.6 X 10-5 cm2 S-') at Stn 4 to 
37.3 X 1 0 - ~  m2 h-' (i.e. 10.4 X 1OP5 cm2 S-') at Stn 2 
(April 1986). 

Oxygen consumption and production 

Net oxygen fluxes and gross oxygen production 
in submerged sediments 

Measurements of surface irradiance, gross photo- 
synthesis (microelectrodes) and net oxygen fluxes (bell 
jars) over an  11 h period (22 September 1986) in Lake 
Grevelingen are shown in Fig. 5. Surface irradiance 
reached maximum values of 200 PE m-' S-'. between 
13:OO and 14:15 h (Fig. 5a). In the underwater sedi- 
ments of Lake Grevelingen, photosynthesis remained 
light-limited. Microalgal biomass was measured, and 
apparent microalgal photosynthetic efficiencies were 
calculated from incubations (De Jong et al. unpubl.). 
Hence, microalgal gross oxygen production rate could 
be  calculated a t  each light intensity (Fig. 5b). Six time 
intervals were distinguished in which the net oxygen 
flux measured in the bell jar remained fairly constant 
(Fig. 5c) .  Similar periods were detected in the pattern 
of daily surface irradiance. Net oxygen fluxes meas- 
ured with the bell jars were negative at very low light 
intensities at the beginning and end of the light perlod 
(minimum value of -0.8 mm01 O2 m-2 h-' ). Net oxy- 
gen flux increased up to 3.3 mm01 O2 m-' h-' at the 
highest light intensities. For each time interval the 
mean net oxygen flux was also calculated from the 
microelectrode measurements (gross oxygen produc- 
tion - oxygen consumption). These fluxes corre- 
sponded with the bell jar fluxes, although values were 
less pronounced and varied between -0.7 and 2.2 
mm01 O2 m-2 h-'. 

Fig. 5. (a) Irradiance, (b) gross oxygen production calculated 
from microelectrode measurements, and (c) net oxygen flux as 
measured with bell jars (-) and microelectrodes ( - - - - - )  during 
a light period in Lake Grevelingen (22 Sep 1986) at a depth of 

3 m 

Net oxygen fluxes and gross oxygen production 
in emerged sedlments 

Gross oxygen production and total oxygen consump- 
tion rates were measured with microelectrodes during 
the light period on the emerged flats of the Ooster- 
schelde estuary. The results from Stn 6 (Lake Gre- 
velingen) and Stns 1 and 5 (Oosterschelde) are pre- 
sented in Fig. 6. At the Grevelingen station (22 Sep- 
tember 1986) oxygen production started at a light 
intensity of about 10 pE m-2 S-' and increased up to 4.4 
mm01 O2 m-2 h-' at 200 pE S-' (Fig. 6a). During the 
dark period we calculated a constant oxygen consump- 
tion of 1.2 rnrnol O2 m-' h-',  using a constant apparent 
oxygen diffusion coefficient of 10.3 X I O - ~  m2 h-'. 
During the light period, oxygen consumption rates 
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Fig. 6. Gross oxygen production and oxygen consumption 
measured with microelectrodes during a light period at  3 
different stations. (a) Stn 6, in Lake Grevelingen (22 Sep 
1986); (b) Stn 1 and (c) Stn 5, both in the Oosterschelde 

estuary (25 and 10 Apr 1986 respectively) 

showed similar fluctuations to those of gross oxygen 
production rates, reaching maximum values of 2.0 
mm01 0 2  m-' h-' (Fig. 6a). 

Benthic microalgal photosynthesis was limited to the 
period of emersion on the intertidal flats of the Ooster- 
schelde estuary. Gross oxygen production started 
immediately after the onset of emersion and reached 
maximum values of 10.6 mm01 0' m-' h-' at Stn 1 
(25 April 1986; Fig. 6b) and 18.0 mm01 O2 m-' h-' at 
Stn 5 (10 April 1986; Fig. 6c) (De Jong et al. unpubl.). At 
Stns 3 and 5 a steep decrease in production was seen 
due to rainfall. During submersion we found a constant 
oxygen consumption rate of 1.5 mm01 0' m-' h-' at Stn 
1 and 2.8 mm01 O2 m-' h- '  at Stn 5. At the onset of 
emersion and the onset of submersion oxygen con- 
sumption rates showed a temporary decrease to 1.7 and 

2.2 mm01 O2 m-' h-' respectively. During the emersion 
period oxygen consumption increased to 3.6 and 6.3 
mm01 O2 m-' h-' respectively and followed the pattern 
of gross oxygen production (Fig. 6b, c). 

Oxygen consumption in relation to gross oxygen 
production and physico-chemical parameters 

Relations between total oxygen consumption rate 
and temperature, maximum oxygen saturation and 
gross oxygen production rate were calculated. Results 
of linear regression (consumption vs maximum oxygen 
saturation) and geometric mean regression (consump- 
tion vs production) are shown in Fig. 7. The Qlo  values 
of oxygen consumption rates were 1.3 (at Lake Gre- 
velingen), 1.5 (Oosterschelde Stn 1) and 2.7 (Ooster- 
schelde Stn 5).  Good correlations were found between 
maximum oxygen saturation and oxygen consumption 
(r = 0.92, 0.85, 0.65, and n = 10, 7, 10, respectively). 
The correlation coefficients for gross oxygen produc- 
tion vs oxygen consumption rates were 0.66, 0.85 and 
0.59 for Stns 6, 1 and 5 respectively (n = 11, 6, 9). In 
Table 1 the consumption-production relations are 
given for the Oosterschelde intertidal flat stations. An 
oxygen consumption rate depending on diffusion alone 
and independent of the gross oxygen production rate 
was found, ranging from 0.63 to 3.65 mm01 O2 m-2 h-'. 
During the light period an additional oxygen consump- 
tion rate of 12 to 14 '10 of gross oxygen production rates 
was found. 

Gross oxygen production and consumption measure- 
ments performed in April 1986 were used to calculate 
an oxygen budget for all Oosterschelde stations over 
the emersion period and a day period (Fig. 8).  Stn 2 
showed the highest values. The integrated gross oxy- 
gen production over the emersion period was 75.8 
mm01 O2 m-2, and the oxygen consumption in the light 
was 30.6 mm01 O2 m-2, resulting in a net oxygen 
outflux during the emersion period of 45.1 mm01 O2 
m-'. Over 24 h, a total oxygen consumption of 98.2 
mm01 O2 m-' and a net oxygen influx of 22.4 mm01 O2 
m-2 were calculated. 

Both during the night and during submersion the flux 
of oxygen was downward into the sediment. Net oxy- 
gen outflux, from the sediment to the atmosphere, 
occurred only during the emersion period. 

DISCUSSION 

Sampling errors 

For the micro-gradient measurements with micro- 
electrodes, sediment cores were taken by hand. Under- 
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Fig. 7 Oxygen consumption in 
relation to maximal oxygen sat- 
uration and gross oxygen produc- 
tion. (a & b) Lake Grevehgen  
station (17-22 Sep 1986). (c & d)  
Oosterschelde Stn 1 (25 Apr 
1986). (e  & f )  Oosterschelde Stn 5 

(9, 10 Apr 1986) 

water sediments can easily be  suspended; thus, sam- 
pling has to be done very carefully. Silverberg et al. 
(1987) concluded from box-core experiments that little 
change in the oxygen gradient occurred during core 
retrieval. On the other hand, Reimers (1987) found 
discrepancies between microelectrode measurements 
in situ and those in box-cored deep-sea sediments; she 
found that oxygen concentrations in the sediment sur- 
face measured in cores were up to twice as high as in 

Fig. 8. Gross oxygen pro- 
duction, total oxygen con- 
sumption and net oxygen 
outflux or influx at 5 inter- 
tidal flats in the Ooster- 
schelde Estuary (April 
1986), calculated over the 
light period (L) and over 24 h 
(D).  Stn l :  25Apr, calculated 
with 7 measurements (L) 
and 11 measurements (D); 
Stn 2: 28 Apr, 6 and 8 meas- 
urements respectively; Stn 
3: 24 Apr, 4 and 6 measure- 
ments; Stn 4 :  23 Apr, 5 and 7 
measurements; Stn 5: 9, 10 
Apr. 9 and 13 measurements 

situ values. Our cores were measured within 15 min 
after careful sampling, and the oxygen concentrations 
in the overlying water did not change during repeated 
measurements. The slopes of the oxygen gradients 
remained constant for at least 10 min. Hence, apparent 
sediment oxygen diffusion coefficients and oxygen 
fluxes are not likely to be changed by sampling and 
measuring and therefore are assumed to be  equal to in 
situ values. 
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Determination of apparent sediment oxygen 
diffusion coefficients 

Bell jar/microelectrode method 

For dark oxygen flux measurements in bell jars it is 
important that oxygen consumption remains constant 
during the measurement. In our experiments, oxygen 
could reach concentrations as low as 60 ~ I M  before the 
oxygen consumption rate started to decline. A constant 
oxygen uptake rate was maintained for several hours in 
undisturbed sediment cores where aerobic respiration 
predominated (Pamatn~at 1971). A nearly constant O2 
consumption down to concentrations of 100 yM was 
found by Hopkinson (1985) and Anderson et  al. (1986). 
Our bell jar experiments were stopped at  half satura- 
tion values (ca 150 PM 02); hence, oxygen depletion 
was not likely to occur. 

Stirring of bell jars often does not simulate in situ 
water currents (Hopkinson 1985). The flow velocity of 
the overlying water influences the oxygen consumption 
rate of the enclosed sediment (Bointon et al. 1981, Booy 
et al. in press). The benthic boundary layer thickness 
and consequently diffusion through this layer depend 
on flow velocity (Liss 1973, Broecker & Peng 1974, 
J ~ r g e n s e n  & Revsbech 1985). Stirring also increases the 
penetration depth of the oxygen (Revsbech et al. 1980, 
Booy et  al. in press). Thus, flow velocities due  to stirring 
in experimental setups have to be checked with in situ 
values. Therefore we chose a stirring velocity at  which 
oxygen gradients measured in sediment inside and 
outside the bell jars had comparable slopes and depths. 
Hence, the apparent sediment diffusion coefficient cal- 
culations using Fick's first law, from oxygen flux meas- 
urements combined with oxygen gradients (bell jar/ 
microelectrode method), will be close to in situ values. 

Microelectrode oxygen gradient/production method 

No correlation was found between the thickness of 
the oxygen production layer, responsible for down- 
ward-directed oxygen flux, and the calculated appar- 
ent sediment diffusion coefficient (the 20 % variation in 
D, must be the effect of other factors such as  spatial 
variation). Different light intensities had no effect on 
D,. Thus, considering this layer as an interface should 
be a fair approach for the determination of the apparent 
sediment diffusion coefficient. 

The apparent sediment diffusion coefficients calcu- 
lated from the downward-directed oxygen production 
flux and corresponding oxygen gradients (microelec- 
trode oxygen gradient/production method) showed a 
difference of 13 % compared to the bell jar measure- 
ments. This difference could be an  effect of infaunal 
activity, which does affect the net oxygen flux meas- 

urements made in bell jars, but it is not included in the 
downward-directed production fluxes measured with 
microelectrodes. Oxygen gradients can be seriously 
disturbed by macrofauna (Meyers e t  al. 1987). Only 
smoothed, undisturbed oxygen gradients were used for 
our calculations, thereby excluding the effects of mac- 
rozoobenthos. Meiofaunal oxygen consumption is 
included in the microelectrode measurements. 

Our calculated apparent sediment diffusion coeffl- 
cients (D,) for Grevelingen sediment exceed the molecu- 
lar oxygen diffusion coefficient (Broecker & Peng 1974) 
by a factor of 2. These coefficients are comparable to 
those found by Lindeboom et al. (1985), measured at 
Lake Grevelingen at a depth of 1.8 m, being 17.1 X I O - ~  
m2 h-' (calculated as mean sediment diffusion coefficient 
and corrected for porosity, @ 5 0.7, according to Ullman & 
Aller 1982). Revsbech et  al. (1980) found apparent 
diffusion coefficients ranging between 10.4 x 1 O P 6  and 
24.5 X 1oP6 m2 h-' for subtidal sandy sediments. 

Increasing diffusion coefficients result in increasing 
nutrient fluxes. Silicate fluxes, for example, were found 
to exceed molecular diffusion by 2.2  to 6.1 times in 
intertidal sediments (Helder & Andersen 1987) and 2 to 
10 times in sediments at a depth of 6 to 22 m (Rutgers 
van der Loeff et al. 1987), both in the presence of 
macrobenthos. Deep-sea sediment research resulted in 
oxygen diffusion coefficients near molecular diffusion 
(Do), Do = 4.5 X I O - ~  m2 h-' (Reimers & Smith 1986). On 
intertidal flats apparent oxygen diffusion coefficients 
1.4 to 3.2 times higher than molecular diffusion (Do = 

7.2 x 1 0 - ~  m2 h-') were found by Anderson & Helder 
(1987). Baillie (1986) calculated apparent oxygen diffu- 
sion coefficients ranging from 10.7 to 135.8 X 1OP6 m2 
h-'. In the latter 2 studies apparent oxygen diffusion 
coefficients were calculated from gradients and fluxes 
measured in cores with an overlying water column. 
Baillie (1986) immersed her cores taken from exposed 
sediment, before measuring oxygen microprofiles. 

The apparent sediment diffusion coefficients calcu- 
lated with the microelectrode oxygen gradient/produc- 
tion method in exposed cores under in situ conditions 
fall within in the same range: 12.8 to 37.3 X 1 O P 6  m2 
h-'. However, they are not influenced by manipulation 
with overlying water, and approach actual values bet- 
ter. The apparent sediment oxygen diffusion coefficient 
is enhanced by the activity of the micro-, meio- and 
macroinfauna. Their activity results in water currents in 
the sediment. 

Net oxygen fluxes 

The microelectrode production and consumption 
measurements were compared with bell jar experi- 
ments in Lake Grevelingen (Fig. 5c). Apparent oxygen 
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diffusion coefficients measured with both techniques 
were similar, apart from the effect of macrofaunal activ- 
ity, which increased the influx of oxygen to the sedi- 
ment in the bell jar and thus the calculated apparent 
sediment diffusion coefficient. 

Net oxygen fluxes measured within the bell jars and 
with microelectrodes (gross production corrected for 
oxygen consumption in the light) showed some differ- 
ences but the same trend (Fig. 5c). These differences 
can be  explained by phytoplankton production in the 
overlying water a t  increasing or high light intensities or 
by respiration at decreasing or low light intensities. The 
bell jar measurements were not corrected for this 
phenomenon. Results of oxygen production measure- 
ments in the bell jars are very similar to the observa- 
tions of Lindeboom et al. (1985). 

In Lake Grevelingen sediment oxygen production, 
and hence production-enhanced oxygen consumption 
rates, occurred during the entire light period (Fig. 6a). 
On the Oosterschelde intertidal flats, these processes 
only took place during emersion in the light (Fig. 6b, c). 
As the tide comes in primary production stops, presum- 
ably due to sudden light extinction and physical disturb- 
ance of the sediment-inhabiting microalgae. The water 
is very turbid in the Oosterschelde estuary and water 
depths increase fast during flood-tide (0.5 m within half 
an hour), so that no light reaches the sediment surface. 
As a whole, gross oxygen production rates measured 
during the emersion period with microelectrodes were 
of the same order of magnitude as those found in 
intertidal sediments with water-filled bell jars by Rugers 
van der Loeff et  al. (1981), Van Es (1982), Rizzo & Wetzel 
(1985) and Baillie (1986). However, De Jong et  al. 
(unpubl.) showed that microalgae adapted to a perma- 
nent thin water layer exhibited similar chlorophyll- 
based production rates, but lower gross oxygen produc- 
tion rates, compared to air-exposed microalgae. 

At the beginning and end of the emersion period, 
temporary changes in oxygen gradients were often 
noticed. Oxygen gradients were temporarily less steep 
and oxygen penetrated deeper into the sediment. 
When calculating oxygen fluxes we assumed a con- 
stant sediment diffusion coefficient. This resulted in 
dips in consumption rates (Fig. 6c). However, it is not 
likely that consumption rates change that fast. Prob- 
ably the incoming or outgoing tide flushes the intersti- 
tial water, and hence changes the apparent sediment 
oxygen diffusion coefficient temporarily. 

Oxygen consumption relations 

The calculated Qlo  values for oxygen consumption 
agree well with literature values, ranging from 1.4 to 
3.2 (Pamatmat 1971, Olanczuk-Neyman & Vosjan 1977, 

Hopkinson 1985, Andersen & Helder 1987). However, 
these Qlo values resulted from field measurements, and 
auto-correlations with other factors can play an impor- 
tant role (Hophnson 1985). 

Good correlations were found between oxygen con- 
sumption and maximum oxygen saturation, and 
between oxygen consumption and gross oxygen pro- 
duction. The maximum oxygen saturation is positively 
affected by both primary production and temperature. 
High oxygen saturation results in oxygen transport to 
deeper sediment layers. This results in more oxygen- 
consuming biomass and oxidation of reduced compo- 
nents in these layers, and hence in higher total oxygen 
consumption rates. 

Dark oxygen influx of the Oosterschelde intertidal 
sediment (0.6 to 3.7 mm01 O2 m-2 h-') IS an order of 
magnitude higher than that found in deep-sea sedi- 
ment [0.02 to 0.15 mm01 m-' h-' (Reimers & Smith 
1986, Grant & Schwinghamer 1987, Silverberg et  al. 
1987)j. Hopkinson (1985) measured oxygen consump- 
tion rates of 1.6 to 4.4 mm01 m-2 h-' i n his domes, 
placed on nearshore sediment without the presence of 
benthic primary production. Van Es (1982) found a 
dark community respiration on intertidal flats of 0.6 to 
2.8 mm01 0' m-' h-' i n water-filled bell jars. Our 
higher oxygen consumption rates during primary pro- 
duction agree well with those measured by Rizzo & 

Wetzel (1985) (3.1 to 4.3 mm01 0' m-' h-') and by 
Baillie (1986) (3.5 to 18.7 mm01 m-' h-') on intertidal 
flats in the presence of microalgal oxygen production. 
Rizzo & Wetzel (1985) also show production-enhanced 
oxygen consumption rates on a sandflat and a mudflat 
(cf. their Figs. 2 & 3). For phytoplankton, respiration is 
assumed to be  proportional to the maximum photo- 
synthetic rate. According to literature cited by Parsons 
et al. (1977), the total respiration rate for phytoplankton 
is ca 10 '10 of primary production. Our higher values 
(dark oxygen consumption increased by 12 to 14 '/o of 
gross oxygen production) can be explained by the fact 
that microelectrode measurements include all chemical 
and biological oxygen-consuming processes. For differ- 
ent stations in the Ems-Dollard Estuary, Van Es (1982) 
found a dark oxygen consumption rate of 1.3 mm01 O2 
m-2 h-' and a production-enhanced consumption rate 
of 38 %. This high factor can be the result of an under- 
estimation of the primary production (measured in 
well-miued water-filled bell jars), higher oxygen con- 
sumption rates which included macrofaunal respira- 
tion, and/or a stirring effect. The above-mentioned 
production-enhanced consumption rates all fall within 
the range given by Langdon (1988) for phytoplankton 
(12 to 40 %). 

In the presence of benthic primary producers, up to 
between 60 and 70 % of the oxygen produced is con- 
sumed immediately within the sediment. This 
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phenomenon is described by Kuenen et al. (1986) for 
artificial filter biofilms. High oxygen consumption rates 
and production-enhanced oxygen consumption rates in 
artificial diatom biofilms were found by Jensen & 

Revsbech (1989) as well. However, we were able to 
measure these processes in natural benthic diatom 
mats very accurately with the microelectrode oxygen 
gradient/production method. This method permits very 
precise calculation of oxygen budgets. Annual oxygen 
budgets for the Oosterschelde intertidal sediments will 
be published elsewhere (S. A. De Jong & P. A. G. 
Hofman unpubl. data). 

The sheltered stations (2 and 5) showed the highest 
oxygen production and oxygen consumption rates 
(Fig. 8), which may be due to a higher organic carbon 
content. Nevertheless, on a 24 h basis oxygen consump- 
tion equals or exceeds primary production, and no 
oxygen is left for non-sediment-inhabiting organisms. A 
net oxygen outflux to the water column over a 24 h 
period can only be achieved at high microphytobenthos 
biomass (visible diatom mats) and high light intensities. 
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