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Almtraet-Benthic microbial respiration and diffusive oxygen uptake were measured, and used to 
calculate rates of aerobic mineralisation of organic matter and concomitant CO* production at the 
sediment water interface in the abyssal region of the Crozet Basin. This study was part of the 
ANTARES-I cruise on the R.V. Marion Dufreme, in the Permanent Gpen Ckean Zone of the 
Southern Ocean on a south to north transect from 52” to 42”s in the Indian Ocean. 

At all stations, oxygen penetrated much deeper than 10 cm. Aerobic respiration was maximal in 
the top 1 cm (10-96 nmol cmw3 day-‘), was always detectable down to 5 cm depth, and at some 
stations even to 10 cm depth. Total depth-integrated oxygen consumption corresponded to within 
f 25% of the diffusive oxygen uptake across the sediment water interface. The shape of the profile 
indicated that a diffusive downward flow of oxygen occurred below 10 cm depth. Thymidine 
incorporation experiments suggested that bacteria, present at depths of between 15 cm and 1 m in the 
sediment, were in a dormant state or growing extremely slowly. However, rapid DNA-synthesis 
started within 4 h after thymidine was added, indicating a deep bacterial biosphere in Southern 
Gcean sediments. It is proposed that the diffusive downward flux of oxygen below 10 cm depth 
sustains aerobic bacterial metabolism and survival at greater depths. 

Along the transect, the total depth-integrated oxygen uptake peaked at 48”s close to the Polar 
Front, and at the Subantarctic and Subtropical Convergence Frontal Zone. Nevertheless, in general, 
the differences were not very pronounced. The average value of depth-integrated microbial 02- 
consumption was 0.61 mmol m-* day- ‘, which is equivalent to a carbon mineralisation rate of 2.3 g 
C me2 year-‘. These observations, together with relatively high Electron Transport System (ETS)- 
values (6.6 ~1 02 g-’ h-‘) and bacterial numbers (4 x lo9 g-’ dry weight) in the top centimeter, 
imply that this region is less oligotrophic than previously assumed. 0 1997 Elsevier Science Ltd. 

INTRODUCTION 

The objectives of the French JGOFS programme are to contribute to a comprehensive 
knowledge of physical, chemical and biological oceanic processes that govern the global 
cycles of carbon and other elements associated with organic material (Gaillard and Treguer, 
1993). It is anticipated that a better understanding of the global biogeochemical cycles will 
allow us to asses the impact of natural and anthropogenic perturbations. The “ANTARES” 
programme focuses on the Southern Ocean, which is a key zone for the generation of global 
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scale oceanic currents. This large ocean, which encompasses about 20% of the total oceanic 
surface, is quite isolated from anthropogenic influences and is generally considered to be 
oligotrophic (Jacques and Treguer, 1986). Primary production in surface water is much 
lower than would be expected, considering the relatively high availability of inorganic 
nutrients (Jacques and Minas, 1981). 

Primary production in the Southern Ocean is expected to vary seasonally and is the 
subject of the French companion programme ANTARFIX. Spatial variations are mainly 
due to oceanic circulation. For example, the mixing of surface waters in frontal zones may 
favour primary production, act as biological barriers for plankton and fishes (Deacon, 
1982), and modify sinking rates of particles. One of the aims of this first ANTARES cruise 
was to study the response of the benthos to variations in primary productivity. Therefore, a 
south-north transect was studied at longitudes of 56 and 58”E and from 52 to 42”s. This 
transect intersects the Polar Front (PF) near 49”s and the Subantarctic and Subtropical 
Convergence Frontal Zone (SAF-STF) at 4445’S (Gamberoni et al., 1982). 

The carbon flux at the sediment-water interface depends on the rates of primary 
production in surficial waters, the sinking of organic particles in the water column, and their 
degradation during this downward transport (Suess, 1980; Pace et al., 1987). At the 
sediment-water interface, carbon is either recycled through benthic metabolism or 
incorporated as refractory organic matter by burial. In deep-ocean sediments, the carbon 
flux represents only a minor part of primary production, and thus the burial flux is low. 
However, because deep-sea areas cover the major part of the oceans, on a global scale the 
burial of refractory organic matter represents an important sink for organic carbon, and its 
preservation may last over long geological time periods (Emerson et al., 1985). Knowledge 
on how variations of primary production influence the fate (recycling or burial) of organic 
carbon at the sediment-water interface is crucial for understanding the global carbon cycle. 

The aim of this study was to determine benthic microbial respiration rates and oxygen 
uptake as a measure of mineralisation rates and thus estimate rates of CO* production and 
carbon recycling by aerobic benthic microorganisms. Mathematical modelling of oxygen 
profiles was used to calculate the sedimentary depth distributions of in situ microbial 
respiration. These were compared with depth distributions of bacterial numbers, potential 
ETS activities (Packard, 1971) and sedimentary organic matter. Quantification and 
modelling of the early diagenesis of sedimentary organic matter are presented in a 
companion paper (Rabouille et al., submitted). 

METHODS 

Study area 

Shipboard laboratory measurements of sedimentary oxygen profiles were carried out 
during the ANTARES I cruise (29 March-l 8 May 1993) on the R.V. Marion Dufresne at 10 
stations in the Crozet Basin along a south-north transect from 52‘S in the Southern Ocean 
to 42”s in the Indian Ocean. The geographic location of the sediment stations is presented in 
Table 1. 

Sampling 

The sediment samples were collected with a multiple SMBA corer (Barnett et al., 1984) 
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Table 1. Situation and characteristics of the stations. KTB = SMBA-multiple 
corer; KGL= Kullenbergpiston corer 

Stations 
Code of the 

sampling operation 
Latitude 

(“S) 
Longitude 

(“El 
Depth 

(m) 

M3* 

H2 

HI 

Sl 

s2 

s3 

S6 

S-l 

S8 

s9 

KTB 06 
KTB 10 

KTB 13 

KTB 11 

KTB 16 

KTB 19 

KTB 21 

KTB 23 
KGL 08 

KTB26 

KTB28 

KTB33 

51” 58’ 53 61” 07’ 84 4710 
51” 58’78 61” 07’ 12 4780 

50” 00’91 57”59’60 4600 

48” 59’ 59 51” 59’ 16 4395 

47” 59’ 98 55” 59’ 74 4240 

47”00’47 58” 00’ 76 4540 

45” 58’ 16 55” 59’ 08 4200 

45” 00’ 10 57” 58’ 29 4550 
45” 01’ 22 58” 00’ 62 4550 

43” 58’ 34 55” 58’ 35 4460 

43” 00’ 73 58” 00’ 4? 4730 

42”00’86 58” 02’ 38 4795 

*KTB 06 used for oxygen profile; KTB 10 used for ETS measurements. 

which preserves a virtually undisturbed sediment-water interface. The corer was equipped 
with 12 acrylic cores of 6 cm inner diameter. Temperatures increased during core recovery 
(1.5-2 h), as shown by comparison of CTD data and shipboard measurements of overlying 
water, whereas oxygen concentrations in the overlying water remained virtually unchanged. 
South of the SAF-STF, the temperature increase was low (3-5”(Z), but within and to the 
north of the SAF-STF, the increase was 8-13°C. Once on-board, a core was immediately 
transferred to an ice-cooled box and the in situ temperature of 0-2°C was re-established. The 
intact cores maintained under these conditions were used for the measurements of pore 
water oxygen profiles. 

Afterwards, the cores were sliced into 1 cm slices by repeating the following procedure. A 
l-cm acrylic ring of the same diameter was put on top of the core. The sediment was gently 
pushed upwards with a plunger into the ring until the surface of the sediment was level with 
the rim of the ring. The sediment was cut below the ring by using a sharp nylon wire and the 
1 cm sediment slice was transferred to a sterile Petri dish. Some portions were used for 
shipboard measurements of potential activities of Electron Transport System (ETS), whilst 
other portions were immediately frozen at - 18°C and stored for laboratory analyses of 
wet and dry weight, porosity, and organic matter content. Further portions for bacterial 
counts were fixed in borate-buffered (neutral pH) formaldehyde at a final concentration of 
3% (v/v). 

One set of deep cores was collected with a Kullenberg piston corer. Soon after the core 
was brought on deck, the sediment in the centre, which was undisturbed, was subsampled 
with a sterile scalpel blade and placed into sealed Venoject glass ampoules with a nitrogen 
atmosphere for thymidine incorporation experiments. The ampoules were transferred to a 
water bath and incubated at the in situ temperature. 
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Analyrical methods 

Pore water oxygen profiles. Oxygen profiles were determined shortly after the sediment 
samples were collected using small Polarographic Oxygen Sensors (POS) (Revsbech el al., 
1980; Reimers et al.. 1984; Helder and Bakker, 1985; Jorgensen and Revsbech, 1985; 
Reimers el al., 1986; Reimers, 1987; Revsbech and Jorgensen, 1986). The experiments were 
conducted at in situ temperatures (0-2C) in a refrigerated box. The overlying water was not 
stirred in order to prevent atmospheric contamination. 

Ten centimeter needle POS, which are simple cathode-type electrodes very similar in 
design to sensors described by Helder and Bakker (1985) were obtained from Dr Van 
Gemerden (University of Groningen, The Netherlands). The electrodes were polarised at 
- 750 mV against a reference electrode (Diamond General Ref. no. 334) which was inserted 
in the overlying water. The cathode was a gold-plated platinum wire with a tip diameter of 
approximately I5 pm; the hydrophobic gas permeable membrane was composed of 
cellulose nitrate (4 Sandee, personal communication, 1986). Typical 100% readings were 
around I6 namp. and the 90% response time of the electrode was between 0.5 and 2 min. 
After stabilising for 2-3 min. the electrode reading remained constant whilst the electrode 
was located at a fixed position in the sediment. In general, drift of the electrode signal was 
less than 10% after I h. A high quality coaxial cable and the stainless steel casing of the 
electrode provided shielding against electrical noise. Nevertheless, frequent rough weather 
conditions, with waves ranging from 8 to 15 m, caused electrical instability, negatively 
influencing the quality of the profiles. 

The signal was sensitive to stirring, as a 5-6% Increase was observed in flowing versus 
stagnant water. Therefore all calibrations were performed in stagnant seawater. For each 
measurement a two-point calibration was performed. In the overlying water the POS signal 
was related to an independent Winkler determination of dissolved oxygen. The commonly 
used zero-current calibration in the anoxic part of the sediment (Revsbech and Jorgensen, 
1986) was excluded because no anoxicconditions were found in the top IO cm. Therefore, the 
current at zero Oz was determined in seawater samples poisoned with NazSOj. The 
occurrence of the stirring effect, relatively high Oz-consumption rates, and slow response 
times in the sediment indicate that the electrode signal suffered from diffusion artefacts in 
stagnant media; the amplitude of this artefact was dependent on the diffusion characteristics 
of the sediment (Revsbech, 1989). Thus, the signal is dependent on the ratio 9. D,/Do, where 4 
is the porosity, D, the bulk sedimentary diffusion coefficient (Berner, 1980) and Do the 
diffusion coefficient in water (Broecker and Peng, 1974). To check for this phenomenon, we 
calibrated the electrode in a sterilised apparatus that comprised an artificial sediment with 
&D,/c#ID,, = 0.6, deposited in stagnant, well oxygenated, sterilised seawater. The electrode 
signal decreased by 15% when the electrode was moved from the overlying water into the 
sediment. Therefore, the calculations ofoxygen concentrations in pore waters had to take this 
effect into account. We assumed that at the same Oz concentrations, the electrode signal 
decreased linearly with ~.D,/Do. Hence, pore water oxygen concentrations can be calculated 
if d.D,/DO is known for the sediment. This parameter was calculated from the sediment 
porosityaccordingtotheempiricalformula4.D,/Da= @“(m= 2.5)(UllmanandAller, 1982). 

Electron transport system (ETS) activities. ETS measurements were performed on-board 
directly after the determinations of oxygen pore water profiles. The sediment samples, 
amended with the reagents, were incubated for 30 min periods at ambient temperature (I 8- 
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24°C). The ETS data were recalculated to expected values at 20°C to compare with other 
published data, and to expected values at the in situ temperature to compare with respiration 
rates, according to the Arrhenius relationship, assuming an activation energy of 
42 kJ mol-’ INT reduced (Brugeaille, 1988). A modification of the method originally 
described by Owens and King (1975) was used, which allows rapid and accurate 
determination of small samples (Relexans, 1996a,b). The modification is based on the use 
of microtiter plates (96 holes of 400 ~1) and a corresponding calorimeter. Thus, with small 
amounts of homogenate and reagents the assay could be replicated. Four replicates were 
made for each determination, and the coefficient of variation was normally less than 5%. 

Sediment porosity (4) and dry weight. Known volumes of sediment samples were directly 
frozen at - 18°C and kept at this temperature until gravimetrically analysed in the 
laboratory on the shore. Porosity (4) was determined as the weight loss (v/v) upon complete 
drying of known sediment volumes at 50°C. 

Organic matter. Frozen sediment samples were freeze-dried and homogenized. Total 
organic matter (TOC) was determined using a HS LECO Analyser. Extractable lipids, 
carbohydrates and proteins were determined for two stations. Proteins were extracted in 
0.1 M NaOH at 50°C for 2 h (Daumas et al., 1979) and determined by calorimetry 
(Bradford, 1976), using ovalbumin as a standard. Labile carbohydrates were defined as the 
fraction extracted in aqueous solution (10 min at lOO’C), and were determined according 
the method of Dubois et al. (1956), modified by Montreuil and Spik (1963). Glucose was 
used as a standard. Lipids were extracted with methanol-chloroform using the method of 
Bligh and Dyer (1959), and determined gravimetrically after completely evaporating the 
solvent. It was assumed that the C-content of the extracted lipids, carbohydrates and 
proteins was 50% in order to express their weights as a percentage of TOC. 

Bacterial total counts. The extraction of bacteria from sediment was optimised by 
preliminary experiments. Portions (1 cm3) of fixed sediment were treated with 
pyrophosphate (final concentration of 5 mM) and disrupted for 45 s in an ultrasonic bath 
(Bransonic) at 14 W. Dilutions of 10m3 to 10v5 were prepared in filtered (0.22 pm) and 
autoclaved seawater with 3% formaldehyde and stained with 4’-6-diamidino-2- 
phenylindole (DAPI) at a final concentration of 0.1% and counted by epifluorescence 
microscopy (Porter and Feig, 1980). 

Bacterial growth potential and rates in deep core sediments. Bacterial growth rates were 
measured in deep anoxic sediment cores by following the incorporation of tritiated 
thymidine into bacterial DNA using methods described by Moriarty (1990), modified for 
deep-sea sediments (Moriarty et al., 1991). The samples were incubated in Venoject 
ampoules under anoxic conditions using a Nz-atmosphere, with tritiated thymidine at a 
specific activity of 82 Ci mmol-’ and a concentration of 1 PM. A time course of 24 h was 
followed in order to determine the possible occurrence of increased incorporation after a lag- 
period, which would indicate that the thymidine itself could be used as a growth substrate. 

Calculations 

Total sedimentary diffusive oxygen uptake and the depth distribution of in situ oxygen 
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respiration were calculated from the pore water profiles of oxygen in the sediment. We 
assumed that the profile measured on-board reflected the steady state profile at the sea 
bottom. Accordingly, the diffusive flux of oxygen at each depth layer can be calculated by 
using Fick’s first law as it is applied to sediments (Bemer, 1980): 

J(z) = -&, x D,(,) x dC(,)/dz (1) 

where JcZ, represents the oxygen flux, &I the porosity, D,(,) the bulk sedimentary diffusion 
coefficient at the in situ temperature, and dC,,jdz the slope of the oxygen concentration 
gradient; all parameters are dependent on sediment depth (z). The flux at the interface (z = 0) 
equals flux across the sediment-water interface. The bulk sedimentary diffusion coefficient 
Dscrj at the in situ temperature was calculated from the diffusion coefficient in seawater (Do) 
tabulated by Broecker and Peng (1974) according the empirical formula D, = f-’ x DO, 
(m = 2.5) (Ullman and Aller, 1982). 

The steady-state oxygen gradient can be described as a parabolic function of depth (z) for 
sediment layers in which the oxygen consumption rate per unit volume is constant (zero 
order kinetics) and porosity remains equal (Bouldin, 1968). The variation in oxygen 
respiration with depth was determined using a curve-fitting approach, whereby parts of the 
oxygen profile that visually fitted a parabola were used to calculate the oxygen consumption 
per unit volume of the corresponding depth layer (Rasmussen and Jorgensen, 1992). We 
calculated the coefficients of each parabola by quadratic least-square regression analyses 
(i.e. CcZ, = a z2 + b z + c(0)). 

In each depth layer, the oxygen consumption per unit volume was calculated from the 
product of the corresponding quadratic coefficient (a), the sediment porosity and the bulk 
sedimentary diffusion coefficient as: 

R=2xax@xD, (2) 

In sediment depths between 5 and 10 cm, it was sometimes difficult to differentiate between a 
parabola and a straight line. A straight line was preferred if linear regression gave a better 
description than quadratic regression, as indicated by a higher value for the regression 
coefficient. Such a straight line was interpreted as an oxygen consumption rate below the 
detection limit (co.5 nmol cme2 day-‘) and a constant downward flux of oxygen was 
calculated according to Ficks first law (equation 1). The depth-integrated respiration (ZR) 
has been calculated by summing the products of oxygen consumption rates (R) and 
thickness of the different depth layers (Rasmussen and Jorgensen, 1992). 

The diffusive flux of oxygen across the sediment-water interface (Jo) was calculated from 
the quadratic regression in the top part of the sediment, which often comprised the first 
centimeter. Thus, Jo was calculated from the linear coefficient (6) according to: 

Jo = -&, x D,(,) x dC(,,/dz(z = 0) = -b x 4 x D, (3) 

This method does not require a search for a linear part of the profile close to the sediment- 
water interface as proposed by Silverberg et al. (1987), which is often based on a small 
number of measurements that suffer a high degree of imprecision. Moreover, the method we 
used is preferable to the linear approximations of the profile down to 0.7-l cm depth, as 
proposed by Jahnke et al. (1989) because this approximation neglects curvature caused by 
respiration in the top 1 cm. 



Microbial respiration and diffusive oxygen uptake 1059 

RESULTS 

Respiration and dijiisive oxygen uptake. Shipboard oxygen pore water profiles and depth 
distributions of aerobic respiration were successfully obtained at 10 stations (see Table 1); 
detailed profiles are represented in Fig. 1 for the stations M3 (52”S), Hl (49”S), S2 (47”S), 
and S6 (45”s). At all stations, overlying water appeared to be well oxygenated (220- 
240 PM), which was confirmed by independent CTD measurements, and oxic conditions 
were found throughout the top 10 cm of the sediment. South of the PF, as for example on 
station M3, O2 concentrations at 10 cm depth were about 100 PM, indicating a very high 
degree of oxygenation of the sediment. In comparison, at more northern latitudes, O2 
concentrations at 10 cm depth dropped below 50 PM (e.g. Stations S2 and S6; see Fig. 1). 

From the shape of the oxygen profile (see Methods), we could distinguish three general 
regions: a top layer (0 to l-l .4 cm depth), an intermediate layer (l-l .4 to 5-7 cm depth), and 
a deep layer (5-7 to 10 cm depth), characterised by high, intermediate and low or zero 
respiration rates, respectively. At station M3 (52”S), the respiration rate in the top 
centimeter was 42.3 nmol cmV3 day-‘, and an 8-fold lower rate was found between 1 and 
5 cm depth. Between 5 and 10 cm, O2 concentrations remained constant, indicating that 
oxygen consumption did not occur below 5 cm. A similar pattern was found for station Hl 
(49”S), although the top layer was somewhat thicker as it reached down to 1.4 cm. Below 
5 cm, O2 concentrations decreased linearly at least to 10 cm, indicating that between 5 and 
10 cm, respiration was undetectable as at station M3, but a small downward flux into the 
deep core (3.6 nmol cm-* day-‘) appeared to take place. A linear extrapolation of this 
decreasing trend suggested that full anoxic conditions may occur below 26 cm. At station 
S2, which was located in between the PF and the SAF-STF zone, slightly lower respiration 
rates and total diffusive uptake were encountered. However, the intermediate zone was 
somewhat broader and comprised l-7 cm. Below 7 cm, 02 concentrations decreased 
linearly, indicating a downward flux of 1.4 nmol cm-* day-‘. At station S6 (45’S), which 
was in the SAT-STF zone, top and intermediate layers extended from 0 to 1.4 and 1.4 to 
7 cm, respectively. Inbetween 7 and 10 cm, the profile was still clearly curved and a small 
respiration rate of 1 nmol cmm3 day-’ was found (Fig. 1). 

At the 10 stations, the total depth-integrated respiration rates (CR) generally 
corresponded ( f 25%) with the diffusive flux of 02 across the sediment-water interface 
(Jo) (Fig. 2). Along the transect, the total depth-integrated oxygen consumption was 
greatest close to the PF (48”s) and at the SAF-STF sites; minima were found at 50,47-46, 
and 42%. However, the differences were not very pronounced (about two-fold). The average 
value of the depth-integrated 02 consumption rates (CR) was 61 nmol cm-* day-‘, which 
corresponds to 0.22 mol m-* year-‘. 

The top 1 cm was the most actively respiring layer, with rates of 10-96 nmol cmm3 day-‘, 
which accounted for 44-92% of total sedimentary 02 consumption. Respiration was always 
detectable down to 5 cm depth. Below 5 cm, 02 consumption was only detected at the SAF- 
STF sites and at 47”s. However, most profiles indicated that oxygen diffused down into the 
core below 10 cm, and that anoxic conditions may occur deeper in the core, perhaps below 
25-35 cm depth. 

ETS-activities, and general sediment features. The values of sediment porosity (4), total 
organic carbon (TOC), ETS activities, and bacterial numbers are tabulated in Table 2 for 
each station. ETS values and bacterial numbers have been expressed both per unit volume 
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Fig. 1. Oxygen pore water profiles (squares) and depth distributions of oxygen consumption 
(stippled bars) at four different stations. Cross indicates 02 concentrations in bottom waters obtained 
from CTD measurements 2&30m above the sediment surface. Arrows indicate the values of 
calculated fluxes in nmol O2 cmw2 day-’ across the sediment-water interface (Jo), and in the deep 

sediment. 
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Fig. 2. Depth integrated oxygen consumption (stacked bars) and diffusive oxygen flux across the 
sediment-water interface (Jo) for the different stations as a function of their latitude. PF = Polar 

Front (PF); SAF-STF = Subantartic and Subtropical Convergence Frontal Zone (SAF-STF). 

and per unit sediment dry weight to allow comparisons with published data. In the top 
centimeter, TOC averaged 4.3 mg g-‘, ranging from 3.0 to 5.4 mg g-’ (SD = 0.7). No clear 
pattern was observed along the S-N transect. TOC content decreased to 2.3 mg g-’ on 
average (range 1.32-2.65, SD = 0.40) in the 9-10 cm depth layer. Often, this constant 
concentration in deeper sediment layers is considered to be refractory organic matter. 
Hence, on average, about 2 mg g- ’ TOC represents labile organic matter that is catabolised 
by the resident microbiota. 

Sediment porosities were highest in the superficial sediment layers (O-2 cm) to the South 
of the PF, attaining values of 95% at station M3. The sediment at this station consisted 
almost exclusively of dead diatom fiustules. North of the PF, the sediments were richer in 
clay particles, and consequently porosities dropped to 0.8 in the top layers. A small decrease 
of porosity with depth was observed at all stations. 

ETS values are measures of potential activities because they have been measured around 
20°C using saturating concentrations of physiological electron donors (NADH and 
NADPH). The highest ETS activities were found at the PF (station Hl, 49”s) and 
minimal values at more southern latitudes. Apart from these observations, no clear trend 
was found along the transect. The average ETS value in the top cm was 6.6 ~1 O2 h-’ g-’ 
(range 3.2-14.4; SD = 3.7). 

Bacterial cell numbers in the top layer averaged 3.8 x lo9 per g sediment (DW) in the top 
centimeter and decreased by one order of magnitude in the depth layer at 2-3 cm. Cell 
numbers in the top centimeter were comparable to or higher than values found in the 
tropical Atlantic (Rowe and Deming, 1985; Relexans et al., 1996), but cell numbers 
decreased more rapidly with depth in the Southern Ocean. 

The presumed biological availability of the organic matter was studied in more detail at 
stations Hl (49%) and at station S6 (45”S), where TOC contents were highest and lowest, 
respectively. In the top centimeter, the proportion of extractable proteins, carbohydrates 
and lipids was 6.5 and 10% of TOC at stations Hl and S6, respectively. At both stations, the 
proportion of extractable proteins, carbohydrates and lipids decreased with depth, and was 
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Table 2. Sediment porosity, total organic matter (TOC) content, Electron Transport System (ETS) activities, and 
total bacterial counts determined by DAPI-staining in dyerent depth layers at the various stations 

ETS* DAPI count 
Depth TOC 

Station Sample (cm) Porosity (mg g- ‘) (PI h-’ cm-‘) @I h-’ g-‘) (x IO8 cme3) (x 10’ g-l) 

M3 

M3 

H2 

HI 

Sl 

s2 

s3 

S6 

S7 

S8 

s9 

KTB06 (o-1) 0.94 4.23 

(4-5) 0.95 3.17 
KTB IO (&2) 0.95 3.18 

(2-3) 0.91 2.37 

(4-5) 0.80 2.73 
KTB13 ((r-1) 0.91 4.34 

(2-3) 0.90 3.51 

(4-5) 0.86 2.79 
(9-10) 0.86 2.04 

KTB 11 (o-1) 0.89 5.41 

(2-3) 0.88 4.18 

(4-5) 0.85 2.94 
(9-10) 0.83 2.39 

KTB 16 (&I) 0.89 4.83 

(2-3) 0.86 3.89 

(4-5) 0.85 3.29 
(9-10) 0.84 2.63 

KTB 19 (G-1) 0.82 4.65 

(2-3) 0.82 3.48 

(4-5) 0.82 3.4 
(9-10) 0.82 2.65 

KTB21 (s-1) 0.81 4.82 

(2-3) 0.81 3.98 

(4-5) 0.79 3.34 
(9-10) 0.78 2.29 

KTB23 (&I) 0.78 3 

(2-3) 0.72 3.2 

(4-5) 0.72 2.48 
(9-10) 0.7 1.32 

KTB26 (O-1) 0.81 4.49 

(2-3) 0.79 4.14 

(4-5) 0.8 3.13 
(9-10) 0.75 2.22 

KTB28 (&I) 0.80 3.88 

(2-3) 0.78 3.25 

(4-5) 0.76 2.16 
(9-10) 0.76 2.2 

KTB33 (&I) 0.8 4.44 

(2-3) 0.78 3.03 

(4-5) 0.76 2.73 
(9-10) 0.75 2.31 

1.18 9.9 
1.07 6.9 
2.3 9 
1.2 8.3 
0.56 2.6 
0 0 
0 0 
2.74 14.1 
2.18 8.4 
1.21 3.8 
1.37 3.8 
2.04 10.5 
0.79 3.10 
0 0 
0.71 2.10 
2.21 5.1 
0.62 1.50 
0.28 0.70 
0 0 
2.90 7.6 
2.01 4.0 
0.37 0.8 
0.36 0.8 
1.65 3.2 
0.48 0.8 
0.20 0.3 
0 0 
2.23 4.5 
1.71 3.0 
0.4 0.6 
0 0 
1.73 3.4 
1.26 2.2 
0.4 0.6 
0 0 
2.07 4.1 
1.69 3.0 
0.36 0.6 
0.24 0.4 

1.1 8.6 

14 96.9 
1.7 7.8 

6.1 31.4 
1.9 7.3 

13 
1.7 

_ 

67 
6.6 

13 30.1 
0.48 1.2 

8.9 23.5 
0.66 1.3 

6.5 12.6 
1.3 2.1 

30 60.4 

17 
1.25 

8.7 
2.9 

33.3 
2.2 

17.1 
5.2 

*ETS values calculated at 20°C (see Methods section). (- = not determined). 

equal to 5.5% of TOC between 2 and 5 cm. In contrast, a marked difference was found at 
9-10 cm, where ratios were as low as 2.0 and high as 5.3% for stations Hl and S6, 
respectively. It thus appears that at depth (9-10 cm), organic carbon available for bacteria1 
growth was clearly present at station S6, whilst being markedly depleted at station HI. This 
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Fig. 3. Respiration/ETS ratios (R/ETS) for the different stations as a function of their latitude. 
PF = Polar Front (PF); SAF-STF = Subantarctic and Subtropical Convergence Frontal Zone (SAF- 

STF). 

difference coincided with the fact that only at station S6 was respiration still detected at 
these depths. 

Comparisons of respiration, ETS and other parameters. In order to compare respiration 
rates and ETS values, the latter have been recalculated to the expected values at in situ 
temperature (see Methods). With the curve-fitting approach used here for the oxygen 
profiles, depth distributions of aerobic respiration can be compared directly with other 
parameters determined in sediment slices. It was found that 44% of the variations of oxygen 
uptake rates was explained by the total bacterial number (P<O.Ol). Surprisingly, the 
regression of 02 uptake rate on ETS was not significant. In contrast, ETS was strongly 
correlated with TOC content (55% of variance explained, P<O.Ol). 

The ratio of 02 uptake rate versus ETS (R/ETS) representing the in situ respiration as a 
fraction of the potential rate is depicted for the different stations in Fig. 3. For the entire 
sedimentary column, the R/ETS ratio was 0.01 to 0.06, which was in the range found for 
other oligo- and mesotrophic deep-sea sediments (Christensen, 1983; Relexans et al., 1996). 
However, much higher ratios were found in the top centimeter, i.e. 0.02 to 0.15. The top 
centimeter ratios were greatest close to the PF (48”s) and at the SAF-STF sites (4543”s). A 
higher R/ETS ratio probably indicates a less severe limitation of organic carbon supply, 
which would explain why the ratio is highest in the top part of the sediment. The peaks at 
48”s and at the SAF-STAF sites indicate an increased supply rate of organic material from 
an enhanced downward flux in the frontal regions. 

Bacterial growth rates in deep cores. In one set of experiments, conducted at station S6 in 
deep core sediments recovered with a piston corer, bacterial DNA synthesis was detected 
after 4 h incubation under anoxic conditions (Fig. 4). Care was taken not to contaminate the 
samples. Although there was no significant growth within the first 4 h of incubation, DNA 
synthesis was detected after 8 h and continued at least up to 24 h. Bacterial growth rates 
were faster in the deeper core sample (115 cm) than in the shallower sample (15 cm), and this 
was directly correlated with bacterial numbers of 5 x lo7 and 1 x 10’ per cm3, respectively. 
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Fig. 4. Anaerobic bacterial growth in deep sediment core (KGL 08) from station S6 (453). Time 
course of tritium incorporation into bacterial DNA after the addition of tritiated thymidine. The 

samples were incubated under anoxic conditions. 

DISCUSSION 

To the best of our knowledge, this report presents the first estimates on microbial 
respiration processes in deep-sea sediments of the Southern Ocean. The sediment 
characteristics reported here compare well with oligo- to mesotrophic deep sea sediments 
in the tropical eastern Atlantic Ocean (Jahnke et al., 1989; Relexans et al., 1996) the latter 
study using similar methodologies as described in this paper. The top centimeter of the 
Southern Ocean sediments is richer in TOC (the mean TOC value was 4.3 mg g- ’ versus 2.5 
and 3.9 mg g-’ in tropical northeastern Atlantic in oligotrophic and mesotrophic sites, 
respectively) while the average ETS value of 6.8 ~1 02 hh’ g-’ (at 20°C) was intermediate 
between the values in the oligotrophic (2.7) and the mesotrophic (7.2) tropical northeastern 
Atlantic sites. Furthermore, the average depth-integrated O2 consumption rate of 
0.22 mol m-* year-’ was slightly higher than values reported for the tropical east 
Atlantic oligotrophic site (0.20 mol me2 year-‘) (Jahnke et al., 1989; Relexans et al., 
1996). Thus, the intensity of benthic processes in the Southern Ocean reflects that this ocean 
is less oligotrophic than previously assumed (cf. Jacques and Minas, 1981; Jacques and 
Treguer, 1986). 

It generally has been observed that oxygen consumption rates calculated from pore-water 
profiles are lower than those measured during whole sediment incubation techniques using 
benthic chambers, and this difference still remains a matter of debate (Rowe and McNichol, 
1991). We presume that the calculations based on pore water profiles give values that 
predominantly comprise the fraction due to the microorganisms that are dependent on 
diffusive oxygen flow, and therefore do not include oxygen uptake by meio- and macrofauna 
that actively pump oxygenated water into the sediment from the overlying water. This 
opinion is supported by recent observations that have shown that total oxygen uptake in the 
deep sea measured by the benthic chamber technique equals or exceeds the rate calculated 
from pore water profiles by a factor of 1 to 4, with the actual difference factor positively 
correlating with macrofaunal densities (Archer and Devol, 1992; Glud et al., 1994). 

Despite the relatively high microbenthic respiration rates, Southern Ocean sediments 
were very well oxygenated, as the top 10 cm were always oxic, and oxygen appears to 
penetrate deeper than 25 cm. The bottom waters are rich in oxygen (230-250 PM), and a 
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high diffusive flux in the sediment itself due to high porosities would assist in maintaining 
high oxygen concentrations in sediment. 

The total depth-integrated oxygen uptake was highest close to the PF (48”s) and at the 
SAF-STF sites, indicating increased settling of biogenic material in the frontal zones. 
Assuming a benthic C/O ratio of 0.85 (Hargrave, 1973), the average depth-integrated O2 
consumption rate of 0.22 mol mm2 year-’ corresponds with a carbon mineralisation rate of 
2.3 g C rnb2 year-‘. 

Free-falling remote “Lander” profiling devices are preferable for measuring in situ 
benthic oxygen profiles (Reimers et al., 1986; Reimers, 1987; Glud et al., 1994). Because such 
a device was not available during the ANTARES expedition, we employed shipboard 
measurements as soon as possible after core recovery. Several factors may, however, 
jeopardise the accuracy of shipboard measurements. These include contamination from the 
atmosphere, decompression, and temperature increases during core recovery. It has been 
argued that the latter represents the main cause of changes in profiles of pore water solutes 
(Glud et al., 1994). We believe for several reasons that the profiles presented in this paper are 
reasonably resistant to manipulation compared to those made in warmer and more 
eutrophic areas. Firstly, temperature increases during core recovery were small, especially 
south of the SAF-STF sites (2-3°C). Secondly, the maximum top 1 cm respiration rates in 
the cores were normally about 40 nmol cmB3 day-‘; i.e. about 2 nmol cme3 h-‘. In the 
upper centimeter where oxygen still exceeded 100 PM of 02, Fick’s second diffusion law 
indicates that a two- to three-fold increase or decrease of microbial respiration due to 
temperature increase or decompression would result in, at most, 2-5% concentration 
changes after 1 h. Furthermore, under steady-state conditions, the total depth integrated 
respiration @CR) calculated from the curvature of the profile should correspond to the 
diffusive oxygen flux across the sediment-water interface (Jo). In the present study, these 
values coincided within f 25%. Hence, it appears that the deviations from the in situ steady 
state conditions were small, especially if one takes into account that frequent rough 
conditions gave rise to electrical noise that lowered the accuracy of the oxygen electrode 
readings. Despite these considerations, care must be undertaken in interpreting the 
shipboard data as they tend to overestimate benthic microbial consumption (Reimers et 
al., 1986; Jahnke et al., 1989; Glud et al., 1994). 

Aerobic respiration was highest in the top centimeter, with values ranging from 10 to 
96 nmol cmm3 day- ‘, representing 44 to 92% of the total sedimentary 02 consumption. At 
all stations, respiration was still detectable up to 5 cm depth, but the rate decreased by a 
factor of eight. This decrease corresponded with an order of magnitude decrease of bacterial 
numbers from the top centimeter to 2-3 cm depth. In general, 44% of the differences in 
respiration rate were explained by differences in bacterial numbers. Furthermore, at the 
SAF-STF sites (45--43’S), respiration was still detected as deep as 10 cm (l- 
2 nmol cmp3 day-‘), indicating that these depths were supplied with organic carbon 
available for bacterial growth, perhaps due to bioturbation. In this respect, the sum of 
extractable proteins, carbohydrates and-lipids as a percentage of TOC has been proposed as 
an index of the bioavailability of organic carbon (Khripounoff and Rowe, 1985). The values 
found in the Southern Ocean ranged from 6.5 to 10% in the top centimeters, which 
compares well with the values found in the tropical Atlantic Ocean (Khripounoff and Rowe, 
1985). Extractable proteins, carbohydrates and lipids amounted to 5.3% of TOC at the 
SAF-STF station S6 (45”s) at 9-10 cm, whilst the corresponding value was only 2% at 
station Hl (49”s) outside the frontal zones. This difference is in agreement with the 
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differences in deep respiration rates (at 9-10 cm) that were 1 nmol cmm3 day-’ and below 
the limit of detection at station S6 and station H 1, respectively. 

At several stations, O2 concentration decreased linearly with depth and was found in 
layers between 5-7 and 10 cm. This indicated that although respiration rates were below 
their limit of detection (about 0.5 nmol cmp3 day-‘), a diffusive downward flow of oxygen 
occurred to layers below 10 cm depth at rates ranging from 1.4 to 5.1 nmol cmW2 day-‘. 
Linear extrapolation of the profiles indicated that anoxic conditions possibly occur below 
25540 cm depth. Previously, such a profile shape has been interpreted as an indication of a 
deep reaction layer, rich in organic C (Jahnke et al., 1989). 

Microscopic observations of samples from piston cores showed that bacteria were present 
in deep (l-15 m) sediment layers, often in numbers exceeding 10’ cmp3. Although bacterial 
growth was not apparent in the deep core within the first 4 h of incubation at a temperature 
of only 1°C it was clear that bacteria were present that could respond in that time to the 
presence of thymidine and incorporate it into DNA. The rapid rates of DNA synthesis 
detected after 8 h and continuing up to 24 h were probably due to the use of thymidine as a 
carbon and energy source. Alternatively, the preparation of a slurry from the original 
sediment may have resulted in increased availability of organic substrates due to dissolution 
of sorbed organic substrates (cf. Keil et al., 1994). The bacterial growth rates were faster in 
the deeper core sample (115 cm) than the shallower core, and bacterial numbers were five 
times greater in the deeper sample. The sedimentation rates may be around 1 cm per lOO- 
1000 years in this region (J.-L. Reyss, personal communication, 1995), so it is likely that 
these bacterial populations were surviving for periods of up to 100,000 years. 

Similar results were found in deep sediments on the Australian continental shelf (Moriarty 
et al., 1991). Others have reported bacterial populations at depths of many metres in marine 
sediments, even though these sediments are very old. Morita and Zobell(1955) found viable 
bacteria in sediments at water depths of 1700-6000 m and sediment depths down to 4 m or 
more, indicating ages of up to 500,000 years. Recently viable and diverse bacterial 
populations have been found in Pacific deep-sea sediments down to 500 m depth in the 
sediment (Parkes et al., 1994). Apparently, bacterial communities in deep sediments are a 
common feature, and mechanisms ensuring survival during extremely long periods are 
important questions (Kennedy et al., 1994). Moreover, “refractory organic matter” may be 
less refractory than originally suggested, but rather is metabolised at extremely low rates. 
Recently, it has been shown that intrinsically labile compounds, which are reversibly sorbed 
to mineral surfaces, are degraded lo-’ times more slowly than free compounds (Keil et al., 
1994). Therefore, we propose that the diffusive downward flux of oxygen below 10 cm depth 
sustains a slow rate of bacterial metabolism and thus survival of bacteria at relatively great 
sediment depths. These bacteria are not exclusively confined in a deep reaction layer, rich in 
organic C (cf. Jahnke et al., 1989) but occur more homogeneously throughout the sediment. 
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